
A HPLC-ESI-MS/MS Study of      

Hydroxybenzoic Acids and Related Derivatives in 

Commercial Seaweed Biostimulants and their 

Plant Growth Bioactivity 

 

Thesis submitted in fulfilment of the requirements of the degree of 
Doctor of Philosophy 

 

by 

 

Daniel Collins 

BSc (Hons) (Chemical Sciences) 

 

 

 

Institute for Sustainable Industries and Livable Cities 

Victoria University 

 
 

May 2022 



i 
 

ABSTRACT 
The rapidly growing world population, increasing severity of climate change, and constantly evolving 

environmental pressures have drawn into question whether current agricultural practices can meet the 

growing food demands healthily, equitably and sustainably. This has resulted in the rising popularity of 

natural biostimulants, particularly seaweed extracts, to increase crop productivity in an eco-friendly and 

safe manner. To better understand the complex modes of action underpinning the well-reported 

benefits of seaweed biostimulants to crops, their phytochemical composition requires further 

characterisation. Hydroxybenzoic acids, a subclass of phenolic acids, are an important class of 

phytochemicals and the aim of this study was to characterise their profile in commercial seaweed 

biostimulants. This work used modern analytical technologies to investigate salicylic acid and other 

benzoic acid derivatives in a commercial seaweed biostimulant, and then assessed the biological activity 

of the monohydroxybenzoic acids using plant growth assays.  

Qualitative HPLC-ESI-MS/MS methods were developed for the analysis of hydroxybenzoic acids and 

related derivatives. The various benzoic acid derivatives investigated include monohydroxybenzoic 

acids, dihydroxybenzoic acids, trihydroxybenzoic acids, methoxylated hydroxybenzoic acids, 

methoxylated benzoic acids, and an amino substituted benzoic acid. The HPLC-ESI-MS/MS methods 

for the analysis of the various derivatives were then employed to investigate the presence of these 

compounds in the commercial seaweed biostimulant. The compounds found to be present were the 

monohydroxybenzoic acids, 2,3- and 3,4-dihydroxybenzoic acid, syringic acid, and anthranilic acid.    

A HPLC-ESI-MS/MS method for the analysis of the monohydroxybenzoic acids was optimised and 

partially validated for the quantification of salicylic acid and its isomers in a commercial seaweed 

biostimulant. Sample preparation employed acidified acetonitrile partitioning of the seaweed 

biostimulant before mixed-mode solid-phase extraction. The three isomers were successfully separated 

using a reversed-phase biphenyl stationary phase with a methanol/water mobile phase acidified with 

formic acid. The MS/MS detection employed the characteristic MRM transition of m/z 137  93 of 

the monohydroxybenzoic acids. The concentrations of 2-, 3- and 4-hydroxybenzoic acid in a 

commercial seaweed biostimulant were found to be 137, 3409, and 1748 µg/L, respectively.  

Tomato seedling plant growth bioassays were conducted to investigate the biological effects of salicylic 

acid and its isomers on plant growth. Fresh and dry root and shoot weight data along with longest root 

length data were assessed to evaluate the biological effects of the various treatments on tomato seedling 

growth. It was found that a significant increase in root growth was observed when the commercial 

seaweed biostimulant was fortified with a combination of the three monohydroxybenzoic acids, using 

dosages that correlate to the concentrations determined in the seaweed biostimulant in this study.   





iii 
 

DEDICATION 
I would like to dedicate this thesis in loving memory of the friends and family that are no longer with 

us; with whom I will sadly not be able to share this achievement.  

 

  



iv 
 

ACKNOWLEDGEMENTS 
It is extraordinarily difficult to find the words to thank all those who have helped make this 
achievement a reality. If I have missed anyone, I do apologise. 

First and foremost, I would like to express my sincere thanks and gratitude to my principal supervisor, 
Associate Professor Domenico Caridi, for his unyielding support of me throughout my PhD journey. 
His immeasurable contributions of time and energy along with his extensive knowledge of analytical 

chemistry were essential to the completion of this research project and publication of this thesis. I am 
indebted to him for his devotion and compassion throughout my research journey, which was not 

without its hard times. It has truly been an honour learning at your side. 
I am very grateful to my industry research supervisor, Dr. Tony Arioli, at Seasol International, Australia, 
for his ongoing support, positivity, and great knowledge of plant biology and agriculture. Without your 

patience, dedication and encouragement the completion of this project would not have been possible. 
Additionally, I would like to extend my thanks to Seasol for facilitating the bioassay studies at their 
research laboratories and greenhouses. Special thanks also to Marianne Weisser for her technical 

assistance with the bioassays. 
My thanks to my associate supervisor, Professor Andrew Smallridge, for his willingness to assist and 

provide advice during the research project, and for the countless hours spent revising and editing this 
thesis. You had high expectations and were demanding, but only to ensure that I continued to strive 
to be the best possible researcher I could be, for that I am thankful. 

Special thanks to Associate Professor Randall Robinson and the other science academics for the 
morale-boosting chats. Thank you to those at the research office whose support and creativity in the 
final stages of the PhD were priceless. Though I was not fortunate enough to work alongside many 

other chemistry researchers in the laboratory, there were other research students whose support I am 
incredibly thankful for, in particular, Sam, Gayle, Amber and Silke. Special thanks to the technical staff 

at Victoria University including Nishantha, Melinda, Larry, Min, and Stacey, as well as Joseph Pelle 
formally of Victoria University. 
Thanks to the team at Shimadzu for all their technical assistance and support throughout the PhD, in 

particular, Rudi, Hung and Peter, as well as Dr. Paul Wynne formally of Shimadzu. Thanks also to the 
team at Analytical Consulting Services, Kensington, Australia, for valuable discussions, in particular, 
Sandy and Vince.  

Thanks to my friends and family for all their love and support. This collective of irreplaceable people 
in my life give me the confidence to be me and provide me strength when I need it. I unconditionally 

love every last one of you and look forward to sharing this achievement with you. Special thanks to 
Dr. Kaylene Evers for her role in nurturing my mental health.   
Finally, my loving partner Natalie. I can’t thank you enough for your unwavering support, love and 

patience throughout this difficult and time-consuming period of my life. I adore you.   



v 
 

TABLE OF CONTENTS 

ABSTRACT ............................................................................................................................... I 

DECLARATION...................................................................................................................... II 

DEDICATION ....................................................................................................................... III 

ACKNOWLEDGEMENTS .................................................................................................... IV 

TABLE OF CONTENTS ........................................................................................................ V 

LIST OF TABLES ................................................................................................................ XIII 

LIST OF FIGURES ................................................................................................................ XV 

LIST OF ABREVIATIONS ................................................................................................. XXI 

CHAPTER 1: LITERATURE REVIEW .................................................................................. 1 

1.1 INTRODUCTION ................................................................................................................................. 1 

1.1.1 The Problem: Agriculture is Currently Not Meeting Global Demands. .............................. 1 

1.1.2 Past Solutions: What Can We Learn from Past Strategies? .................................................... 1 

1.1.3 Emergent Strategies: What Are They and What Are Their Limitations? ............................. 2 

1.1.4 Biostimulants: Their Research and Development for Future Prospects. ............................. 2 

1.1.5 This Research Project’s Focus and Position in The Literature. ............................................. 3 

1.2 BIOSTIMULANTS ................................................................................................................................. 4 

1.2.1 What Are Biostimulants? .............................................................................................................. 4 

1.2.2 Biostimulants’ Definition and Distinction from Fertilizers. ................................................... 4 

1.2.3 Biostimulant Classifications. ........................................................................................................ 5 

1.3 ALGAL BASED BIOSTIMULANTS ..................................................................................................... 9 

1.3.1 Introduction to Algal Based Biostimulants. .............................................................................. 9 

1.3.2 Seaweed and Seaweed Extracts in Agriculture.......................................................................... 9 

1.3.3 Evidence for Improved Plant Growth and Development. .................................................. 10 

1.3.4 Evidence for Increased Resistance to Abiotic Stressors. ...................................................... 10 

1.3.5 Evidence for Increased Resistance to Biotic Stressors. ......................................................... 11 

1.3.6 Evidence for Influencing Plant Rhizosphere. ......................................................................... 12 

1.3.7 Seaweed Extracts’ Composition: Known and Postulated. .................................................... 12 

1.4 PHENOLIC PHYTOCHEMICALS ...................................................................................................... 14 

1.4.1 What Are Phytochemicals? ........................................................................................................ 14 

1.4.2 Secondary Metabolites’ Biosynthesis, Diversity, and Classifications. ................................. 14 



vi 
 

1.4.3 Phenolic Class of Phytochemicals and Their Classification. ................................................ 15 

1.4.4 Phenolic Acids. ............................................................................................................................ 16 

1.4.5 Phenolic Acid Biosynthesis. ....................................................................................................... 16 

1.4.6 Hydroxybenzoic Acids and Other (C6-C1) Derivatives. ........................................................ 17 

1.4.6.1 Salicylic Acid (2-hydroxybenzoic acid). .................................................................................... 18 

1.4.6.2 3-hydroxybenzoic acid and 4-hydroxybenzoic acid (m-HBA and p-HBA). ............................. 19 

1.5 CHEMICAL ANALYSIS ...................................................................................................................... 22 

1.5.1 Introduction to Metabolite Analysis. ........................................................................................ 22 

1.5.2 Metabolomics: Analytical Methodologies. ............................................................................... 22 

1.5.3 Metabolomics: Analytical Techniques and Instrumentation. ............................................... 22 

1.5.4 Sampling and Sample Storage. ................................................................................................... 24 

1.5.5 Sample Preparation: Extraction and Purification Methods. ................................................. 24 

1.5.5.1 Solvent Extraction. ................................................................................................................. 25 

1.5.5.2 Acid and Alkaline Hydrolysis. ............................................................................................... 25 

1.5.5.3 Ultrasonic-assisted Extraction. ................................................................................................ 26 

1.5.5.4 Microwave-assisted Extraction. ............................................................................................... 26 

1.5.5.5 Supercritical Fluid Extraction. ............................................................................................... 27 

1.5.5.6 Enzyme-assisted Extraction. ................................................................................................... 27 

1.5.5.6 Solid-phase Extraction. ........................................................................................................... 27 

1.5.5.8 The Quechers Method. ............................................................................................................ 30 

1.5.6 Chromatographic Separation. .................................................................................................... 30 

1.5.6.1 Liquid Chromatography. ......................................................................................................... 30 

1.5.7 Mass Spectrometry. ..................................................................................................................... 31 

1.5.7.1 MS Ionisation. ........................................................................................................................ 32 

1.5.7.1.1  Electrospray Ionisation (ESI). ................................................................................................... 32 
1.5.7.2 MS Mass Analysis. ................................................................................................................ 33 

1.5.7.2.1  Quadrupole. ............................................................................................................................ 34 
1.5.7.3 Tandem MS. .......................................................................................................................... 35 

1.5.7.3.1  Triple Quadrupole Tandem MS. .............................................................................................. 35 
1.5.7.4 MS Detection.......................................................................................................................... 37 

1.5.8 LC-MS Data Analysis. ................................................................................................................. 37 

1.5.9 Method Development, Validation and Verification. ............................................................. 38 

1.5.9.1 Method Validation – Performance Characteristics ................................................................... 39 

1.5.9.2 Method Validation – LCMS Specific Aspects Including Ionisation Suppression by Matrix 

Effects. 40 



vii 
 

1.6 CHEMICAL ANALYSIS OF PHENOLICS IN ALGAE AND TERRESTRIAL PLANTS .................... 42 

1.7 THE USE OF HYDROXYBENZOIC ACIDS IN AGRICULTURE .................................................... 55 

1.7.1 Summary of Key Observations from Exogenous Investigations ........................................ 60 

1.8 AIMS AND OBJECTIVES ................................................................................................................... 62 

1.9 THESIS OUTLINE ............................................................................................................................. 63 

CHAPTER 2: METHODS AND MATERIALS ..................................................................... 64 

2.1 INTRODUCTION ............................................................................................................................... 64 

2.2 COMMERCIAL SEAWEED BIOSTIMULANT SAMPLES .................................................................. 64 

2.3 CHEMICALS, MATERIALS AND REAGENTS ................................................................................. 65 

2.4 PREPARATION OF HYDROXYBENZOIC ACID STANDARD SOLUTIONS ................................. 66 

2.4.1 Hydroxybenzoic Acid Standard Solutions used in Qualitative Investigation .................... 66 

2.4.1.1 Primary Stock Standard Solutions. ......................................................................................... 66 

2.4.1.2 Secondary Stock Standard Solutions........................................................................................ 66 

2.4.1.3 Individual Working Standard Solutions. ................................................................................. 66 

2.4.1.4 Mixed Working Standard Solutions. ...................................................................................... 66 

2.4.2 Preparation of Standard Solutions for Validation Study and Quantitation of 

Monohydroxybenzoic Acids. ................................................................................................................... 67 

2.4.2.1 Standard Solution for Instrument Repeatability. ...................................................................... 67 

2.4.2.2 Standard Solutions for Linearity. ............................................................................................ 67 

2.4.2.3 Standard Spike Solution for Recovery. ..................................................................................... 67 

2.4.2.4 Standard Additions Solutions. ................................................................................................ 68 

2.4.3 Preparation of Standard Solutions for the Qualitative Analysis of Hydroxybenzoic Acids 

and Related Derivatives. ........................................................................................................................... 68 

2.4.3.1 Individual Standard Solutions for Qualitative Analysis of Benzoic Acid Derivatives. .............. 68 

2.4.3.2 Mixed Standard Solutions for Qualitative Analysis of Benzoic Acid Derivatives. ................... 69 

2.5 SAMPLE EXTRACTION AND PREPARATION PROCEDURES ...................................................... 69 

2.5.1 Partitioning. .................................................................................................................................. 69 

2.5.2 Sample Identification Spiking. ................................................................................................... 70 

2.5.3 Solid-Phase Extraction. .............................................................................................................. 70 

2.5.3.1 Preparation of Solid-Phase Extraction Solvents. ...................................................................... 71 

2.5.4 Standard Additions. ..................................................................................................................... 71 

2.5.5 Sample Extraction Workflow for Validation Study and Quantitation. ............................... 71 

2.6 ANALYTICAL INSTRUMENTATION, MATERIALS AND METHODS ........................................... 73 

2.6.1 Analytical Instrumentation and Materials. ............................................................................... 73 



viii 
 

2.6.2 Analytical Method Development. ............................................................................................. 74 

2.6.2.1 Method for MRM Voltage Optimisation. ............................................................................... 74 

2.6.2.2 Methods for MS Optimisation ................................................................................................ 75 

2.6.2.3 Methods for LC Phase Investigation and Optimisation ............................................................ 76 

2.6.2.4 Methods for Positive Ion Mode MS Optimisation .................................................................... 77 

2.6.2.5 A HPLC-ESI-MS/MS Method for the Qualitative and Quantitative Analysis of 

Monohydroxybenzoic Acids in a Commercial Seaweed Biostimulant. ......................................................... 78 

2.6.2.6 A HPLC-ESI-MS/MS Method for the Qualitative Analysis of Dihydroxybenzoic Acids in a 

Commercial Seaweed Biostimulant. ............................................................................................................ 79 

2.6.2.7 A HPLC-ESI-MS/MS Method for the Qualitative Analysis of Trihydroxybenzoic Acids in a 

Commercial Seaweed Biostimulant. ............................................................................................................ 80 

2.6.2.8 HPLC-ESI-MS/MS Methods for the Qualitative Analysis of Vanillic, Syringic, and 

Anthranilic Acids in a Commercial Seaweed Biostimulant. ....................................................................... 81 

2.6.2.9 HPLC-ESI-MS/MS Methods for the Qualitative Analysis of Veratric and Eudesmic Acids in 

a Commercial Seaweed Biostimulant. ......................................................................................................... 82 

2.7 PLANT GROWTH BIOASSAYS – GREENHOUSE EXPERIMENTS ............................................... 83 

2.7.1 Plant Preparation. ........................................................................................................................ 83 

2.7.2 Preparation of Treatment Solutions. ........................................................................................ 83 

2.7.3 Experiment 1 – Pilot Bioassay................................................................................................... 84 

2.7.4 Experiment 2 – Repeatability Bioassay .................................................................................... 85 

2.7.5 Quantitative Parameters ............................................................................................................. 85 

2.7.5.1 Longest Root Length ............................................................................................................... 85 

2.7.5.2 Fresh and Dry Root Weight .................................................................................................... 85 

2.7.5.3 Fresh and Dry Shoot Weight .................................................................................................. 86 

2.7.6 Data Analysis ................................................................................................................................ 86 

CHAPTER 3: METHOD DEVELOPMENT FOR THE TARGETED METABOLOMIC 

HPLC-ESI-MS/MS QUALITATIVE ANALYSIS OF HYDROXYBENZOIC ACIDS AND 

RELATED DERIVATIVES IN A COMMERCIAL SEAWEED BIOSTIMULANT ........... 87 

3.1 INTRODUCTION ............................................................................................................................... 87 

3.1.1 Chapter 3 Outline. ....................................................................................................................... 89 

3.2 PRELIMINARY QUALITATIVE INVESTIGATION OF SALICYLIC ACID AND ITS ISOMERS ..... 90 

3.2.1 Preliminary Qualitative Investigation of Monohydroxybenzoic Acids using HPLC-ESI-

MS/MS........................................................................................................................................................ 91 



ix 
 

3.3 HPLC-ESI-MS/MS METHOD DEVELOPMENT FOR THE QUALITATIVE ANALYSIS OF 

HYDROXYBENZOIC ACIDS AND RELATED DERIVATIVES IN A COMMERCIAL SEAWEED 

BIOSTIMULANT .............................................................................................................................................. 94 

3.3.1 Investigation and Optimisation of MS Conditions. ............................................................... 94 

3.3.1.1 Determination of the Pseudomolecular Ion and Fragment Ions. ................................................ 94 

3.3.1.2 Determination of the Characteristic MS/MS Transition. ........................................................ 95 

3.3.1.2.1  MS/MS Transition of Monohydroxybenzoic Acids .................................................................. 96 
3.3.1.2.2 MS/MS Transition of Dihydroxybenzoic Acids .......................................................................... 96 
3.3.1.2.3 MS/MS Transition of Trihydroxybenzoic Acids ......................................................................... 97 
3.3.1.2.4 MS/MS Transition of Methoxylated Hydroxybenzoic Acids ..................................................... 97 
3.3.1.2.5 MS/MS Transition of Methoxylated Benzoic Acids .................................................................. 97 
3.3.1.2.6 MS/MS Transition of Aminobenzoic Acids ............................................................................... 98 

3.3.1.3 Optimisation of the MS/MS Collision Conditions. ................................................................. 98 

3.3.1.4 Final Optimised MS/MS Methods for Simultaneous Analysis. .............................................. 99 

3.3.2 Investigation and Optimisation of LC Phases and Conditions.......................................... 100 

3.3.3 Chromatographic Investigation of Monohydroxybenzoic Acids. ..................................... 101 

3.3.4 Chromatographic Investigation of Dihydroxybenzoic Acids............................................. 105 

3.3.5 Chromatographic Investigation of Trihydroxybenzoic Acids. ........................................... 111 

3.3.6 Chromatographic Investigation of Hydroxybenzoic Acid Related Derivatives. ............. 116 

3.3.7 Additional LC Considerations Prior to Sample Analysis .................................................... 121 

3.4 PRELIMINARY QUALITATIVE INVESTIGATION OF HYDROXYBENZOIC ACIDS AND 

RELATED DERIVATIVES IN A COMMERCIAL SEAWEED BIOSTIMULANT ......................................... 123 

3.4.1 Identification of Dihydroxybenzoic Acids in a Commercial Seaweed Biostimulant ...... 124 

3.4.2 Identification of Trihydroxybenzoic Acids in a Commercial Seaweed Biostimulant ..... 126 

3.4.3 Identification of Vanillic Acid in a Commercial Seaweed Biostimulant ........................... 128 

3.4.4 Identification of Syringic Acid in a Commercial Seaweed Biostimulant .......................... 130 

3.4.5 Identification of Veratric Acid in a Commercial Seaweed Biostimulant .......................... 132 

3.4.6 Identification of Eudesmic Acid in a Commercial Seaweed Biostimulant ....................... 134 

3.4.7 Identification of Anthranilic Acid in a Commercial Seaweed Biostimulant .................... 136 

3.5 SUMMARY OF THE FINDINGS OF THE QUALITATIVE STUDY ................................................ 138 

3.5.1 Identification of Hydroxybenzoic Acids and Related Derivatives in a Seaweed 

Extract 138 

3.5.2 Identification of Hydroxybenzoic Acids and Related Derivatives in a Commercial 

Seaweed Biostimulant ............................................................................................................................. 139 

3.6 CONCLUSION .................................................................................................................................. 142 



x 
 

CHAPTER 4: METHOD OPTIMISATION AND VALIDATION FOR THE TARGETED 

METABOLOMIC HPLC-ESI-MS/MS QUANTITATIVE ANALYSIS OF 

MONOHYDROXYBENZOIC ACIDS IN A COMMERCIAL SEAWEED 

BIOSTIMULANT .................................................................................................................. 143 

4.1 INTRODUCTION ............................................................................................................................. 143 

4.1.1 Chapter Outline ......................................................................................................................... 144 

4.2 OPTIMISATION OF SAMPLE PREPARATORY PROCEDURES .................................................... 145 

4.2.1 Sample Matrix Complexity. ...................................................................................................... 145 

4.2.2 Partitioning Using Quechers Methodology. .......................................................................... 147 

4.2.3 Solid-Phase Extraction of Monohydroxybenzoic Acids. .................................................... 147 

4.3 PARTIAL VALIDATION OF THE NEW METHOD ....................................................................... 151 

4.3.2 Evaluation of Method Validation Parameters. ..................................................................... 152 

4.3.2.1 Linearity. .............................................................................................................................. 152 

4.3.2.2 Instrument Repeatability. ...................................................................................................... 157 

4.3.2.3 Method Repeatability. ........................................................................................................... 158 

4.3.2.4 Instrument Detection and Quantitation Limits. ..................................................................... 159 

4.3.2.5 Matrix Effects. ..................................................................................................................... 160 

4.3.2.6 Method Recovery. .................................................................................................................. 161 

4.3.3 Summary of Partial Method Validation. ................................................................................ 162 

4.4 SIMULTANEOUS QUANTIATIVE ANALYSIS OF 2-, 3-, AND 4-HYDROXYBENZOIC ACID IN A 

COMMERCIAL SEAWEED BIOSTIMULANT USING HPLC-ESI-MS/MS .............................................. 164 

4.4.1 Identification and Quantitation of 2-, 3- and 4-Hydroxybenzoic Acid in a Seaweed 

Extract. ...................................................................................................................................................... 165 

4.4.2 Identification and Quantitation of 2-, 3- and 4-Hydroxybenzoic Acid in a Commercial 

Seaweed Biostimulant. ............................................................................................................................ 166 

4.5 CONCLUSION .................................................................................................................................. 167 

CHAPTER 5: THE BIOLOGICAL ROLE OF SALICYLIC ACID AND ITS ISOMERS IN 

SEAWEED EXTRACTS ........................................................................................................ 168 

5.1 INTRODUCTION ............................................................................................................................. 168 

5.1.1 The Use of Salicylic Acid in Agriculture. ............................................................................... 168 

5.1.2 Plant Tolerance to Stresses. ..................................................................................................... 169 

5.1.3 The Role of Salicylic Acid in Plant Tolerance to Stresses. .................................................. 169 

5.1.4 Agricultural Biostimulants. ....................................................................................................... 170 

5.1.5 Investigating the Role of Salicylic Acid and its Isomers in Seaweed Extracts. ................ 170 



xi 
 

5.1.6 Chapter Outline ......................................................................................................................... 171 

5.2 BIOASSAY DESIGN – TREATMENT DOSAGES BASED ON DATA FROM CHAPTER 4 ......... 171 

5.3 PLANT GROWTH BIOASSAYS RESULTS ...................................................................................... 172 

5.3.1 Experiment 1 – Pilot Bioassay................................................................................................. 172 

5.3.1.1 Experiment 1 Root Length Results ....................................................................................... 172 

5.3.1.2 Experiment 1 Root Weight Results ....................................................................................... 173 

5.3.1.3 Experiment 1 Shoot Weight Results ..................................................................................... 175 

5.3.2 Experiment 2 – Repeatability Bioassay .................................................................................. 177 

5.3.2.1 Experiment 2 Root Length Results ....................................................................................... 177 

5.3.2.2 Experiment 2 Root Weight Results ....................................................................................... 178 

5.3.2.3 Experiment 2 Shoot Weight Results ..................................................................................... 180 

5.3.3 Phenotypical Observations ...................................................................................................... 182 

5.4 DISCUSSION .................................................................................................................................... 183 

5.4.1 The Plant Growth Parameters ................................................................................................. 183 

5.4.1.1 Fresh Root Weight ................................................................................................................ 183 

5.4.1.2 Dry Root Weight .................................................................................................................. 184 

5.4.1.3 Longest Root Length ............................................................................................................. 185 

5.4.1.4 Fresh and Dry Shoot Weight ................................................................................................ 185 

5.4.2 The Study and the Broader Scientific Literature .................................................................. 185 

5.4.2.1 Plant Efficacy of Monohydroxybenzoic Acids Alone .............................................................. 186 

5.4.2.2 Plant Efficacy of Monohydroxybenzoic Acids in Combination with Seasol Seaweed Extract .. 187 

5.4 CONCLUSION .................................................................................................................................. 190 

CHAPTER 6: SUMMARY AND FURTHER WORK ........................................................... 191 

6.1 GENERAL CONCLUSION .............................................................................................................. 191 

6.2 CHAPTER OUTCOMES AND KNOWLEDGE CONTRIBUTION ................................................. 192 

6.2.1 Chapter 3 – Method Development for the Targeted Metabolomic HPLC-ESI-MS/MS 

Qualitative Analysis of Hydroxybenzoic Acids and Related Derivatives in a Commercial Seaweed 

Biostimulant. ............................................................................................................................................ 192 

6.2.2 Chapter 4 – Method Optimisation and Validation for the Targeted Metabolomic HPLC-

ESI-MS/MS Quantitative Analysis of Monohydroxybenzoic Acids in a Commercial Seaweed 

Biostimulant. ............................................................................................................................................ 193 

6.2.3 Chapter 5 – The Biological Role of Salicylic Acid and its Isomers in Seaweed 

Extracts ..................................................................................................................................................... 194 

6.3 RECOMMENDATIONS FOR FUTURE RESEARCH ....................................................................... 196 



xii 
 

REFERENCES ...................................................................................................................... 198 

APPENDIX A – SUPPLEMENTAL DATA FOR CHAPTER 3 .......................................... 213 

A.1 PRODUCT ION SCAN MS2 MASS SPECTRA ................................................................................. 213 

A.2 HYDROXYBENZOIC ACID RELATED DERIVATIVES LC INVESTIGATION 

CHROMATOGRAMS ...................................................................................................................................... 222 

A.3 PRODUCT ION SCAN (POSITIVE MODE) MS2 MASS SPECTRA ............................................... 228 

APPENDIX B – SUPPLEMENTAL DATA FOR CHAPTER 4 ......................................... 229 

B.1 LINEARITY DATA........................................................................................................................... 229 

B.2 RESPONSE FACTOR DATA ........................................................................................................... 229 

B.3 RESIDUALS DATA .......................................................................................................................... 230 

B.4 INSTRUMENT REPEATABILITY DATA ........................................................................................ 230 

B.5 INSTRUMENT DETECTION AND QUANTITATION LIMITS DATA .......................................... 231 

B.6 METHOD REPEATABILITY DATA ............................................................................................... 231 

B.7 MATRIX EFFECTS AND RECOVERY DATA ................................................................................ 232 

B.8 RECOVERY CALCULATIONS TABLE............................................................................................ 234 

B.9 QUANTITATION DATA FOR MONOHYDROXYBENZOIC ACIDS ............................................ 234 

APPENDIX C – SUPPLEMENTAL DATA FOR CHAPTER 5 ......................................... 237 

C.1 EXPERIMENT 1 DATA ................................................................................................................... 237 

C.2 EXPERIMENT 2 DATA ................................................................................................................... 239 

 

  



xiii 
 

LIST OF TABLES 
1) Table 1.2 A summary of biostimulant classifications including origin/source material, methods of 

production, composition and bioactive compounds, hypothesised modes of action, and biological 

effects 13. ................................................................................................................................................................ 8 

2) Table 1.5.9.1 A summary of the method validation performance characteristics and notes on how 

to determine/evaluate them. Adapted from 107 .............................................................................................39 

3) Table 1.6a A summary of various methods of analysis of phenolics in algae by HPLC with 

spectrophotometric detection. Including the algae species, the target phenolics, the analytical 

instrumentation and methodology, and the reference. .................................................................................46 

4) Table 1.6b A summary of various methods of analysis of phenolics in algae by HPLC with mass 

spectrometric detection. Including the algae species, the target phenolics, the analytical instrumentation 

and methodology, and the reference. ..............................................................................................................51 

5) Table 1.6c A summary of various methods of analysis of phenolics in terrestrial plants by HPLC 

with spectrophotometric or mass spectrometric detection. Including the plant species, the target 

phenolics, the analytical instrumentation and methodology, and the reference. .....................................53 

6) Table 1.7 A summary of studies investigating the effects of the exogenous application of 

hydroxybenzoic acids on plants for improved agricultural outcomes . .....................................................59 

7) Table 2.2 The product analysis of the undiluted Seasol Commercial Seaweed Concentrate, sourced 

from Seasol at https://www.seasol.com.au/wp-content/uploads/2017/03/Product-Analysis-Seasol-

Commercial-Seaweed-Concentrate-April-2017.pdf 202 .................................................................................64 

8) Table 2.3 A comprehensive list of all chemicals, materials and reagents used throughout this 

research project. ..................................................................................................................................................65 

9) Table 3.1 List of hydroxybenzoic acids and related derivatives investigated in this study. Including 

structural information relative to their C6-C1 backbone. ............................................................................88 

10) Table 3.3.1.1 Determination of the Pseudomolecular and Fragment Ions .......................................95 

11) Table 3.3.1.3 Optimisation of the MS/MS Collision Conditions ......................................................99 

12) Table 3.3.1.4 Final Optimised MS/MS Methods for Simultaneous Analysis ...................................99 

13) Table 3.3.3 Peak assignments for monohydroxybenzoic acids ....................................................... 101 

14) Table 3.3.4 Peak assignments for dihydroxybenzoic acids ............................................................... 105 

15) Table 3.3.5 Peak assignments for trihydroxybenzoic acids .............................................................. 111 

16) Table 3.3.6a Determination of pseudomolecular and fragment ions of veratric and eudesmic acid 

in positive ion mode ........................................................................................................................................ 120 

17) Table 3.3.6b Optimised MS/MS collision conditions for veratric and eudesmic acids in positive 

ion mode ........................................................................................................................................................... 120 



xiv 
 

18) Table 4.3.2.1 Linear Calibration Data for Monohydroxybenzoic Acids ........................................ 153 

19) Table 4.3.2.2 Instrument Repeatability Data for Monohydroxybenzoic Acids ............................ 158 

20) Table 4.3.2.3 Method Repeatability Data for Monohydroxybenzoic Acids .................................. 159 

21) Table 4.3.2.4 Instrument Detection and Quantitation Limits for Monohydroxybenzoic Acids 159 

22) Table 4.3.2.5 Matrix Effects Data for Monohydroxybenzoic Acids .............................................. 160 

23) Table 4.3.2.6 Method Recoveries for Monohydroxybenzoic Acids ............................................... 161 

24) Table 4.4 Concentrations of Monohydroxybenzoic Acids in Commercial Seaweed Biostimulant

 ............................................................................................................................................................................ 164 

25) Table 5.3.1.1 Experiment 1 Longest Root Length Results ............................................................... 172 

26) Table 5.3.1.2 Experiment 1 Root Weight Results .............................................................................. 173 

27) Table 5.3.1.3 Experiment 1 Shoot Weight Results ............................................................................ 175 

28) Table 5.3.2.1 Experiment 2 Longest Root Length Results .............................................................. 177 

29) Table 5.3.2.2 Experiment 2 Root Weight Results ............................................................................. 178 

30) Table 5.3.2.3 Experiment 2 Shoot Weight Results ............................................................................ 180 

 

  



xv 
 

LIST OF FIGURES 
1) Figure 1.4.3 Phenolic phytochemicals classification adapted from Martinez et al. and Shahidi et al. 
44, 51 ........................................................................................................................................................................15 

2) Figure 1.4.4 The structural framework for the two classes of phenolic acids: hydroxybenzoic acids 

(C6-C1) and hydroxycinnamic acids (C6-C3). ..................................................................................................16 

3) Figure 1.4.5 Shikimic acid pathway in biosynthesis of phenolic compounds; showing shikimic and 

chorismic acids as the common precursors for the synthesis of L-Phe, L-Tyr, and L-Trp and a diverse 

array of phenolic compounds. Reproduced from Francenia Santo et al. 41, 52. ..........................................17 

4) Figure 1.4.6.1 The structures of salicylic acid and some of its common conjugates. SA: salicylic acid, 

SAG: SA 2-O-β-D-glucoside, SGE: SA glucose ester, MeSA: methyl salicylate, and MeSAG methyl 

salicylate 2-O-β-D-glucose. Reproduced from Rivas-San Vincente et al. 58. .............................................18 

5) Figure 1.4.6.2 The structures of 2-hydroxybenzoic acid (o-hydroxybenzoic acid or o-HBA), as well 

as its two isomers 3- or m-HBA, and 4- or p-HBA 65 ...................................................................................20 

6) Figure 1.5.3 The standard analytical workflow for LC-MS metabolomics analysis adapted from Aszyk et al. 

including common examples and variations for each major step 41, 75, 77. .........................................................23 

7) Figure 1.5.5.7a The typical SPE procedure reproduced from Andrade-Eiroa et al critical review 

article titled: Solid-phase extraction of organic compounds: a critical review (Part 1) 90........................28 

8) Figure 1.5.5.7b The SPE procedure for the profiling of phytohormones by Mikami et al reproduced 

from Mori et al critical review article titled: Phytohormones in red seaweeds: a technical review of 

methods for analysis and a consideration of genomic data 41, 93 .................................................................29 

9) Figure 1.5.7.1.1 A schematic depicting the Electrospray principle including: (1) the capillary, (2) the 

Taylor cone, (3) aerosol droplet, (4) Coulomb explosion generating finer droplets, and (5) complete 

desolvation and generation of dry analyte ions. The black dots represent analyte ions. Reproduced from 

Smoluch et al.  104. ...............................................................................................................................................33 

10) Figure 1.5.7.2.1 Schematic of a cylindrical quadrupole mass analyser. Showing the arrangement of 

the four rods mounted along an xy plane set parallel in the z-direction. Reproduced from Smoluch et 

al. 104. .....................................................................................................................................................................34 

11) Figure 1.5.7.3.1 The four operating modes of a triple quadrupole mass spectrometer dependent 

on the Q1 and Q3 mass analysers’ operation modes: (a) Product ion scanning, (b) Precursor ion 

scanning, (c) Neutral loss scanning, and (d) Multiple ion monitoring. Reproduced from Maher et al. 106.

 ...............................................................................................................................................................................36 

12) Figure 2.5.5 An example workflow schematic for sample extraction and preparation for the 

method for the quantitative analysis of monohydroxybenzoic acids in a commercial seaweed 

biostimulant. ........................................................................................................................................................72 



xvi 
 

13) Figure 2.7.3 A representative photo of the tomato seedling plant growth assay set up, as per 

Experiment 1 with seven treatment/control solutions each with 6 replicate plants, commenced 

6/10/21. ...............................................................................................................................................................84 

14) Figure 3.2.1 Chromatogram showing the separation and identification of salicylic acid in a spiked 

sample using an octadecylsilane (C18) reverse-phase HPLC column with an acetonitrile/water mobile 

phase modified with formic acid. The LC-MS chromatogram was run in SIM mode at 137 m/z 206. 90 

15) Figure 3.2.2a Extracted ion chromatograms (m/z 137) of each monohydroxybenzoic acid 

standard solution and sample extract. The mobile phase consisted of: Solvent A - water modified with 

0.1 % (v/v) formic acid, Solvent B - acetonitrile. The gradient LC time program used was: 10 % (v/v) 

B from 0 – 1 min, increase from 10 % to 40 % (v/v) B from 1 – 10 min, increase from 40 % to 90 % 

(v/v) B from 10 – 14 min, hold at 90 % (v/v) B from 14 – 15.5 min. The MS was configured in full 

scan mode scan mode with a scan range of 100 – 400 m/z. .......................................................................92 

16) Figure 3.2.2b A product ion chromatogram of the sample extract. The three target peaks of 

interest are labelled with their respective retention times and their MS2 spectra is displayed below the 

chromatogram. LC conditions similar to Figure 3.2.2a. ...............................................................................93 

17) Figure 3.3.3a Chromatograms showing the separation of the three monohydroxybenzoic acids on 

the Polaris C18, Raptor C18, and Raptor Biphenyl columns respectively; all with an acetonitrile/water 

mobile phase with formic acid modification run under the LC-MS/MS conditions outlined in (Chapter 

2.6.2.3). .............................................................................................................................................................. 103 

18) Figure 3.3.3b Chromatograms showing the separation of the three monohydroxybenzoic acids on 

the Polaris C18, Raptor C18, and Raptor Biphenyl columns respectively; all with a methanol/water 

mobile phase with formic acid modification run under the LC-MS/MS conditions outlined in (Chapter 

2.6.2.3). .............................................................................................................................................................. 104 

19) Figure 3.3.4a Chromatograms showing the separation of the six dihydroxybenzoic acids on the Polaris 

C18, Raptor C18, and Raptor Biphenyl columns respectively; all with an acetonitrile/water mobile phase with 
formic acid modification run under the LC-MS/MS conditions outlined in (Chapter 2.6.2.3). ....................... 108 

20) Figure 3.3.4b Chromatograms showing the separation of the six dihydroxybenzoic acids on the 

Polaris C18, Raptor C18, and Raptor Biphenyl columns respectively; all with a methanol/water mobile 

phase with formic acid modification run under the LC-MS/MS conditions outlined in (Chapter 

2.6.2.3). .............................................................................................................................................................. 109 

21) Figure 3.3.4c Chromatogram showing the separation of the six dihydroxybenzoic acids on the 

Raptor Biphenyl column with a methanol/water mobile phase with formic acid modification, after 

altering the mobile phase composition from 30 % to 20 % (v/v) methanol. Run under the LC-MS/MS 

conditions outlined in (Chapter 2.6.2.6). ..................................................................................................... 110 



xvii 
 

22) Figure 3.3.5a Chromatograms showing the separation of the three trihydroxybenzoic acids on the 

Polaris C18, Raptor C18, and Raptor Biphenyl columns respectively; all with an acetonitrile/water 

mobile phase with formic acid modification run under the LC-MS/MS conditions outlined in (Chapter 

2.6.2.3). .............................................................................................................................................................. 113 

23) Figure 3.3.5b Chromatograms showing the separation of the three trihydroxybenzoic acids on the 

Polaris C18, Raptor C18, and Raptor Biphenyl columns respectively; all with a methanol/water mobile 

phase with formic acid modification run under the LC-MS/MS conditions outlined in (Chapter 

2.6.2.3). .............................................................................................................................................................. 114 

24) Figure 3.3.5c Chromatogram showing the separation of the three trihydroxybenzoic acids on the 

Raptor Biphenyl column with a methanol/water mobile phase with formic acid modification, after 

altering the mobile phase composition from 30 % to 15 % (v/v) methanol. Run under the LC-MS/MS 

conditions outlined in (Chapter 2.6.2.7). ..................................................................................................... 115 

25) Figure 3.3.6a Chromatograms (overlayed) of vanillic (blue) and syringic (red) acids on the Raptor 

Biphenyl column with a methanol/water mobile phase with formic acid modification run under the 

LC-MS/MS conditions outlined in (Chapter 2.6.2.3). ............................................................................... 117 

26) Figure 3.3.6b Chromatogram of anthranilic acid on the Raptor Biphenyl column with a 

methanol/water mobile phase with formic acid modification run under the LC-MS/MS conditions 

outlined in (Chapter 2.6.2.3). ......................................................................................................................... 118 

27) Figure 3.3.6c Chromatograms (overlayed) of veratric (blue) and eudesmic (red) acids on the 

Raptor Biphenyl column with a methanol/water mobile phase with formic acid modification run under 

the LC-MS/MS conditions outlined in (Chapter 2.6.2.3). ........................................................................ 118 

28) Figure 3.3.6d Chromatograms (overlayed) of veratric (blue) and eudesmic (red) acids on the 

Raptor Biphenyl column with a methanol/water mobile phase with formic acid modification, after 

altering the mobile phase composition from 30 % to 50 % (v/v) methanol, respectively. Run under the 

LC-MS/MS conditions outlined in (Chapter 2.6.2.9). ............................................................................... 119 

29) Figure 3.3.6e Chromatograms (overlayed) of veratric (blue) and eudesmic (red) acids on the 

Raptor Biphenyl column with a methanol/water mobile phase with formic acid modification, using 

their positive ionisation mode MS/MS transitions. Run under the LC-MS/MS conditions outlined in 

(Chapter 2.6.2.9). ............................................................................................................................................. 121 

30) Figure 3.4.1 Chromatograms of a dihydroxybenzoic acid mixed standard solution, a sample, and 

a spiked sample; each analysed using the Raptor Biphenyl column with a methanol/water mobile phase 

with formic acid modification and the 153  109 m/z MRM transition. Full LC-MS/MS conditions 

outlined in (Chapter 2.6.2.6). ......................................................................................................................... 125 



xviii 
 

31) Figure 3.4.2 Chromatograms of a trihydroxybenzoic acid mixed standard solution, a sample, and 

a spiked sample; each analysed using the Raptor Biphenyl column with a methanol/water mobile phase 

with formic acid modification and the 169  125 m/z MRM transition. Full LC-MS/MS conditions 

outlined in (Chapter 2.6.2.7). ......................................................................................................................... 127 

32) Figure 3.4.3 Chromatograms of a vanillic acid standard solution, a sample, and a spiked sample; 

each analysed using the Raptor Biphenyl column with a methanol/water mobile phase with formic acid 

modification and the 167  152 m/z MRM transition. Full LC-MS/MS conditions outlined in (Chapter 

2.6.2.8). .............................................................................................................................................................. 129 

33) Figure 3.4.4 Chromatograms of a syringic acid standard solution, a sample, and a spiked sample; 

each analysed using the Raptor Biphenyl column with a methanol/water mobile phase with formic acid 

modification and the 197  182 m/z MRM transition. Full LC-MS/MS conditions outlined in (Chapter 

2.6.2.8). .............................................................................................................................................................. 131 

34) Figure 3.4.5 Chromatograms of a veratric acid standard solution, a sample, and a spiked sample; 

each analysed using the Raptor Biphenyl column with a methanol/water mobile phase with formic acid 

modification and the 183  139 m/z MRM transition. Full LC-MS/MS conditions outlined in (Chapter 

2.6.2.9). .............................................................................................................................................................. 133 

35) Figure 3.4.6 Chromatograms of a eudesmic acid standard solution, a sample, and a spiked sample; 

each analysed using the Raptor Biphenyl column with a methanol/water mobile phase with formic acid 

modification and the 213  154 m/z MRM transition. Full LC-MS/MS conditions outlined in (Chapter 

2.6.2.9). .............................................................................................................................................................. 135 

36) Figure 3.4.7 Chromatograms of an anthranilic acid standard solution, a sample, and a spiked 

sample; each analysed using the Raptor Biphenyl column with a methanol/water mobile phase with 

formic acid modification and the 136  92 m/z MRM transition. Full LC-MS/MS conditions outlined 

in (Chapter 2.6.2.8). ......................................................................................................................................... 137 

37) Figure 4.2.1 Chromatograms showing the difference between a partitioning extract and an SPE 

extract of a sample. The chromatograms are in Q3 Scan analysis mode with a mass range of m/z 100 

- 400. The mobile phase consisted of: Solvent A - water modified with 0.1 % (v/v) formic acid, Solvent 

B - acetonitrile. The gradient LC time program used was: 10 % (v/v) B from 0 – 2.5 min, increase from 

10 % to 90 % (v/v) B from 2.5 – 15 min, increase from 40 % to 90 % (v/v) B, hold at 90 % (v/v) B 

from 15 – 17 min. ............................................................................................................................................ 146 

38) Figure 4.2.3 Interaction of salicylic acid and the salicylate ion with the mixed-mode sorbent. Image 

adapted from Biotage SPE technical information 253. ............................................................................... 148 

39) Figure 4.2.3 Chromatograms investigating the presence of the monohydroxybenzoic acids in 

various SPE solutions to determine any breakthrough and ensure complete selective elution. The 



xix 
 

chromatograms are in SIM analysis mode at 137 m/z. The mobile phase consisted of: Solvent A - 

water modified with 0.1 % (v/v) formic acid, Solvent B - acetonitrile. The gradient LC time program 

used was: 5 % (v/v) B from 0 – 5 min, increase from 5 % to 50 % (v/v) B from 5 – 30 min, and 

increase from 50 % to 90 % (v/v) B from 30 – 35 min. .......................................................................... 150 

40) Figure 4.3.1 Chromatograms showing the separation of the three monohydroxybenzoic acids in 

the seaweed biostimulant sample prepared using the methodology described in Section 2.5.5. 

Chromatographed on the Raptor Biphenyl column with a methanol/water mobile phase with formic 

acid modification run under the LC-MS/MS conditions outlined in (Chapter 2.6.2.5). ..................... 151 

41) Figure 4.3.2.1a Linearity study plots for 2-hydroxybenzoic acid consisting of a standard calibration 

plot, a standardized residuals plot, and a response factor plot. ............................................................... 154 

42) Figure 4.3.2.1b Linearity study plots for 3-hydroxybenzoic acid consisting of a standard calibration 

plot, a standardized residuals plot, and a response factor plot. ............................................................... 155 

43) Figure 4.3.2.1c Linearity study plots for 4-hydroxybenzoic acid consisting of a standard calibration 

plot, a standardized residuals plot, and a response factor plot. ............................................................... 156 

44) Figure 4.3.2.4 The equations used to calculate the instrument detection limit (IDL) and instrument 

quantitation limit (IQL). ................................................................................................................................. 159 

45) Figure 4.3.2.6 The equation used to calculate the precent recovery where: C1 = measured concentration 

of spiked sample, C2 = measured concentration of unspiked sample, and C3 = concentration of spike 107. 161 

46) Figure 5.3.1.1 Tomato longest root length after 14 days treatment with Seasol control, Water 

control, 2-hydroxybenzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, a 2-, 3- & 4-

hydroxybenzoic acid mix, and Seasol + 2-, 3- & 4-hydroxybenzoic acid mix. Error bars represent 

standard error of the means (n = 6). Means denoted with the same letter do not differ significantly at 

P < 0.05. ............................................................................................................................................................ 173 

47) Figure 5.3.1.2 Tomato fresh root weight (A) and dry root weight (B) after 14 days treatment with 

Seasol control, Water control, 2-hydroxybenzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, 

a 2-, 3- & 4-hydroxybenzoic acid mix, and Seasol + 2-, 3- & 4-hydroxybenzoic acid mix. Error bars 

represent standard error of the means (n = 6). Means denoted with the same letter do not differ 

significantly at P < 0.05. ................................................................................................................................. 174 

48) Figure 5.3.1.3 Tomato fresh shoot weight (A) and dry shoot weight (B) after 14 days treatment 

with Seasol control, Water control, 2-hydroxybenzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic 

acid, a 2-, 3- & 4-hydroxybenzoic acid mix, and Seasol + 2-, 3- & 4-hydroxybenzoic acid mix. Error 

bars represent standard error of the means (n = 6). Means denoted with the same letter do not differ 

significantly at P < 0.05. ................................................................................................................................. 176 



xx 
 

49) Figure 5.3.2.1 Tomato longest root length after 14 days treatment with Seasol control, Water 

control, 2-hydroxybenzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, a 2-, 3- & 4-

hydroxybenzoic acid mix, and Seasol + 2-, 3- & 4-hydroxybenzoic acid mix. Error bars represent 

standard error of the means (n = 6). Means denoted with the same letter do not differ significantly at 

P < 0.05. ............................................................................................................................................................ 178 

50) Figure 5.3.2.2 Tomato fresh root weight (A) and dry root weight (B) after 14 days treatment with 

Seasol control, Water control, 2-hydroxybenzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, 

a 2-, 3- & 4-hydroxybenzoic acid mix, and Seasol + 2-, 3- & 4-hydroxybenzoic acid mix. Error bars 

represent standard error of the means (n = 6). Means denoted with the same letter do not differ 

significantly at P < 0.05. ................................................................................................................................. 179 

51) Figure 5.3.2.3 Tomato fresh shoot weight (A) and dry shoot weight (B) after 14 days treatment 

with Seasol control, Water control, 2-hydroxybenzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic 

acid, a 2-, 3- & 4-hydroxybenzoic acid mix, and Seasol + 2-, 3- & 4-hydroxybenzoic acid mix. Error 

bars represent standard error of the means (n = 6). Means denoted with the same letter do not differ 

significantly at P < 0.05. ................................................................................................................................. 181 

52) Figure 5.3.3 Representative tomato plants after 14 days treatment with Seasol control (T1), Water 

control (T2), 2-hydroxybenzoic acid (T3), 3-hydroxybenzoic acid (T4), 4-hydroxybenzoic acid (T5), a 

2-, 3- & 4-hydroxybenzoic acid mix (T6), and Seasol + 2-, 3- & 4-hydroxybenzoic acid mix (T7). A) 

Front-on view for observation of the root growth and, B) Top view for observation of shoot growth 

and health.......................................................................................................................................................... 182 

53) Figure 5.4.1.2 Tomato seedling dry root weight after 14 days treatment with Seasol control and 

Seasol + 2-, 3- & 4-hydroxybenzoic acid mix in Experiments 1 and 2. Error bars represent standard 

error of the means (n = 6). Means denoted with the same letter do not differ significantly at P < 0.05.

 ............................................................................................................................................................................ 184 

 

  



xxi 
 

LIST OF ABREVIATIONS 
 
ANOVA analysis of variance 
APCI  atmospheric pressure chemical ionisation 
API  atmospheric pressure ionisation 
C18  octadecylsilane-bonded silica 
C8  octylsilane-bonded silica 
CE  collision energy 
CID  collision-induced dissociation 
DC  direct current 
DHBA  dihydroxybenzoic acid 
d-SPE  dispersive solid-phase extraction 
EAE  enzyme-assisted extraction 
EIC  extracted ion chromatograph 
ESI  electrospray ionization 
GC  gas chromatography 
GC-MS  gas chromatography mass spectrometry 
HBA  hydroxybenzoic acid 
HMDB  human metabolome database 
HPLC  high performance liquid chromatography 
LC  liquid chromatography 
LC-MS  liquid chromatography mass spectrometry 
LSD  least significant difference 
MAE  microwave-assisted extraction 
MALDI  matrix-assisted laser desorption ionisation 
MHBA  monohydroxybenzoic acid 
MRM  multiple reaction monitoring 
MS  mass spectrometry 
MS/MS  tandem mass spectrometry 
MSDS  material safety data sheet 
NATA  National Association of Testing Authorities, Australia 
NMR  nuclear magnetic resonance  
ODS  octadecylsilane-bonded silica 
PDA  photodiode array detection (also referred to as DAD) 
PI  product ion scanning analysis mode 
Q  quadrupole mass analyser (often followed by a number denoting quadrupole position) 
QqQ  triple quadrupole mass spectrometry 
Quechers “quick, easy, cheap, rugged and safe” 
RF  radio frequency 
RIC  reconstructed ion chromatograph 
RP-LC  reversed phase liquid chromatography 
SFE  supercritical fluid extraction 
SIM  selective ion monitoring 
SPE  solid-phase extraction 
THBA  trihydroxybenzoic acid 
TIC  total ion chromatograph 
TOF  time-of-flight mass spectrometry 
UAE  ultrasound-assisted extraction 
UHPLC  ultra high performance liquid chromatography 
UV  ultraviolet 
UV/Vis  ultraviolet-visible 



1 
 

CHAPTER 1: LITERATURE REVIEW 
 

1.1 INTRODUCTION 

1.1.1 The Problem: Agriculture is Currently Not Meeting Global Demands. 

The rapidly growing world population, increasing severity of climate change, and constantly evolving 

environmental pressures have drawn into question whether current agricultural practices can meet the 

growing food demands healthily, equitably and sustainably 1, 2. The Food and Agricultural Organization 

of the United Nations (FOA) estimates that around one in every nine people in the world were 

undernourished in 2018 2. This indicates that global agricultural productivity is currently inadequate to 

meet demands; therefore modern agricultural systems require new and innovative solutions to meet 

future demands with the global population set to rise to approximately 9.7 billion by the year 2050 3. 

Current and past agricultural practices have been a significant contributor to environmental change 

whilst simultaneously being heavily impacted on by climate change in a chain of negative impacts that 

only reinforce themselves 4. Therefore, a paradigm shift is required away from practices deemed 

‘unclean’ and towards mitigation and adaptation strategies that can ensure global food security in a 

sustainable manner 3, 4. The FOA outlines sustainable agricultural practices (SAP) that have five major 

attributes: conserves resources, environmentally non-degrading, technically appropriate, economically 

viable, and socially acceptable 5.  

 

1.1.2 Past Solutions: What Can We Learn from Past Strategies? 

Since the 1960s the agricultural industry has been undergoing a ‘Green Revolution’ that has seen an 

increase in global food security 2, 6. The greatly improved agricultural capacity was achieved by high 

agronomic research investment rates, high-yielding crops, mechanization, heavy irrigation, and the use 

of synthetic fertilizers and pesticides 2, 6. These agricultural practices resulted in the world population 

being better fed, but at what cost? One negative aftereffect was the over-reliance on synthetic nitrogen 

based fertilizers as well as pesticides for the increase in crop yield 7, 8. The over-application of these 

synthetic fertilizers has had negative implications such as: degradation of soils due to processes such 

as leaching causing acidification, pollution of water ways by run-off causing eutrophication, and 

broader environmental pollution such as increase emissions of nitrous oxide in the atmosphere, a 

seriously potent greenhouse gas 6, 8. Likewise, the negative impacts of the misuse and excessive use of 

pesticides has consequences; with the World Health Organization (WHO) estimating at least 3 million 

cases of pesticide poisoning each year 9. Whilst past strategies greatly increased agricultural capacity, 
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they have failed to meet increasing global food demands whilst inadvertently neglecting their impact 

on the environment and human health 7.  

 

1.1.3 Emergent Strategies: What Are They and What Are Their Limitations? 

Current and future strategies for increasing agricultural productivity should follow sustainable 

agricultural practices guidelines whilst remaining adaptable to changing climate patterns, widespread 

pests, and evolving pathogens 3. This highlights the complexity of agricultural systems and why 

multidisciplinary research utilizing diverse and complementary technologies is the best way to 

understand how future global food demands can be met sustainably 2. Advances in science continue 

to broaden the horizons of what research is possible, allowing for discoveries important to agricultural 

systems involving: more efficient resource use, plant stress management and tolerance, plant-microbe 

interactions, as well as other novel enhancements for productivity 6, 10. These advances allow for new 

innovative technologies to assist in improving agricultural productivity in more sustainable ways. For 

example, the use of genomics and other ‘omics technologies to help elucidate the genetic basis for 

desirable agricultural traits has assisted in crop breeding strategies and the targeted production of 

improved varieties of crops 3. Unfortunately though, the genome editing tools require lengthy breeding 

programs and suffer from poor public perception limiting their overall effectiveness 3, 11. Scientific 

advances can also help to provide a biological basis to existing strategies, prompting their further 

development. A sustainable strategy that has seen a resurgence is the move to biological methods for 

the regulation of plant growth and development, and mitigation of environmental stressors to improve 

productivity 12, 13. This has resulted in the rising popularity of natural biostimulants to increase crop 

productivity in an eco-friendly and safe manner 8. While the number of scientific papers reporting the 

benefits of biostimulants is increasing, there are still challenges facing their further development; these 

can be categorized as scientific, technical and regulatory in nature 13, 14.  

 

1.1.4 Biostimulants: Their Research and Development for Future Prospects. 

The challenges that biostimulants face are largely due to their complex composition: which is a result 

of their diverse sources, and the processes used for production and formulation 13, 14. The continued 

use and optimization of biostimulants relies on the characterization of their chemistry and their modes 

of action, but biostimulants are often highly complex mixtures which makes them particularly 

challenging to characterize 13, 14. With advances in modern analytical equipment and techniques, namely 

separation science combined with spectrometric/spectrophotometric analysis, a more complete 

characterization of biostimulants and their possible modes of action may be achieved 9, 13. Furthermore, 
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the ability to be able to separate individual compounds from these complex mixtures, identify them 

and quantify them will help to elucidate their biochemical composition and modes of action, and allow 

us to further optimize them 13. Ultimately, the use, certification and registration of biostimulants will 

continue to be hindered without a collaborative multidisciplinary effort to identify active components 

and modes of action 13. This includes specialist chemistry research to supplement the work being 

conducted by plant physiologists, biologists and agronomists 13.  The benefits of research and 

experimentation with biostimulants is not limited just to their efficacy, there is also a significant 

biological case that it may help to identify novel compounds and biological processes that might have 

otherwise have gone undiscovered 13. The discovery of novel biologically active molecules and modes 

of action in biostimulants along with novel plant physiological processes are both important in 

achieving the goal of meeting global food production demands 13. 

 

1.1.5 This Research Project’s Focus and Position in The Literature. 

A class of biostimulants that has shown great potential for enhanced agricultural productivity are 

seaweed extracts 1. Seaweed extracts benefits to crops have been widely reported in scientific literature 

although they, like many other multicomponent biostimulants, are complex and require further 

characterization of their compositions and modes of action 1, 13. Seaweeds composition shares many 

similarities with plants: containing many important plant growth promoting molecules as well as 

bioactive secondary metabolites 15. These secondary metabolites are more often referred to as 

phytochemicals: naturally occurring chemical compounds found ubiquitously in plants that are 

important defence molecules 16. There are many classes of phytochemicals which are classified in 

reference to their molecular structure 16. One class of phytochemicals known as phenolic acids, 

contains salicylic acid (2-hydroxybenzoic acid) which is a particularly important plant molecule found 

ubiquitously throughout the plant kingdom 17. Salicylic acid is well researched: it is involved in many 

plant physiological processes from seed germination to disease resistance 17. Characterizing salicylic 

acid and similar phenolic acids in seaweed extracts may help to better understand some of the modes 

of action of the observed benefits of seaweed extracts. This work aimed to use modern analytical 

technologies to identify salicylic acid and related derivatives in seaweed extracts with the goal to provide 

invaluable information for producers and manufacturers, farmers and the broader agricultural industry, 

as well as the scientific community. All of which is working towards the end goal of improving 

agricultural practices and productivity in order to meet global food demands sustainably and equitably. 

A detailed review of the research on biostimulants, phytochemicals, analytical instrumentation and 

methods, and agriculturally focused bioactivity studies will be presented in the following sections of 

this chapter.  
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1.2 BIOSTIMULANTS 

1.2.1 What Are Biostimulants? 

Biostimulants are currently poorly defined and include an array of products that have been described 

as ‘hormone-containing products’, ‘metabolic enhancers’, ‘plant conditioners’, ‘biogenic stimulants’, 

and ‘biofertilizers’ to name a few 13, 14. This is mostly due to the diversity in the nature of biostimulants, 

their physiological functions or ‘modes of actions’, their agricultural/horticultural functions, and their 

economic and environmental benefits 14. The nature of biostimulants refers to the physical product, 

usually being either substances or microorganisms 14. Substances can be individual compounds but are 

more often complex mixtures of chemicals extracted from biological materials 13, 14. The ‘modes of 

actions’ refers to any interactions with plant cellular mechanisms that affect whole-plant processes or 

illicit a physiological response 14. Any modes of action that can scientifically demonstrate increased 

plant productivity and crop performance therefore give the biostimulant agricultural function 14. These 

agricultural functions include enhanced crop quality, nutrition efficiency, and stress tolerance 14, 18. 

Finally these agricultural functions translate into economic and environmental benefits such as 

enhanced nutritional value, higher crop yields, and reduced environmental degradation etc. 14.  

 

1.2.2 Biostimulants’ Definition and Distinction from Fertilizers. 

What is clear is the acceptance that biostimulants are defined by what they are not; biostimulants are 

not simply fertilizers nor pesticides 13, 14. Fertilizers provide essential plant nutrients such as nitrogen 

(N), phosphorus (P) and potassium (K) which play a pivotal role in plant growth and development 19. 

Biostimulants’ effects should be distinct from any that arise due to the nutrient content in order to 

draw a clear line between them and fertilizers 14. For this reason Patrick du Jardin proposes the 

following definition: “A plant biostimulant is any substance or microorganism applied to plants with 

the aim to enhance nutrition efficiency, abiotic stress tolerance and/or crop quality traits, regardless of 

its nutrient content” 14. This definition of biostimulants is focused on the agricultural functions and 

doesn’t address the complications that arise due to the complex composition of many biostimulant 

products whose components are not fully defined and characterized 13, 14. Yakhin et al adds to this by 

acknowledging that biostimulants may contain molecules that act synergistically in one or more plant 

physiological process, and furthermore that biostimulants may have properties that simply cannot be 

elucidated by identification of the individual components and their combinations 13. Such is the 

complexity of biostimulants that it is suggested that they are emergent and cannot be understood by a 

reductionist method alone, and thus they are more than the sum of their components 13. This is 

integrated into the definition that is proposed by Yakhin et al: “a formulated product of biological 

origin that improves plants productivity as a consequence of the novel, or emergent properties of the 
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complex constituents, and not as a sole consequence of the presence of known essential plant nutrients, 

plant growth regulators, or plant protective compounds” 13.  

 

1.2.3 Biostimulant Classifications. 

The diversity in the nature of biostimulants as well as their modes of action has made defining 

biostimulants disputable: with no universally legal or regulatory definition accepted anywhere in the 

world 14. These same characteristics have made the development of defined biostimulant categories 

also difficult, however there are now some common categories being recognised 14. Proposed 

categories have in the past been based on: the natural raw materials, the origin of the active ingredient, 

the mode of action, and even their use or mode of application 13. What is evident is the categorization 

of biostimulants by their origin has become the most widely accepted, and although this method of 

categorization does not provide information on their mode of action it still facilitates the discovery 

process and provides the framework for comparison for related products 13, 14. Yakhin et al presented 

an extensive analysis of the majority of reported biostimulants in the literature, which was divided into 

6 categories based on origin: bacteria, fungi, algae, higher plants, animal raw materials, and humate-

containing raw materials 13. A summary of the biostimulant classification table presented by Yakhin et 

al is shown below in Table 1.0, it includes the following key details: sources, production, composition, 

and activities 13.  
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Origin/source of raw 
material 

Methods of production Composition and bioactive 
compounds 

Hypothesised modes of action Biological effects 

Bacteria 

Living microorganisms. 

 

Non-living microorganisms 
and their metabolites. 

 

Cultivation. 

 

Cultivation, acid or alkali or 
enzymatic hydrolysis, 
fermentation. 

Auxin like substances, cytokinins, 
betaines, gibberellins, amino acids, 
oligopeptides, peptidoglycans, 
lypopolysaccharides, melatonin.  

Stimulate nitrogen uptake, maintaining 
soil fertility, hormonal influence, 
stimulate amino acid synthesis, increase 
pigments, increase antioxidants, abiotic 
and biotic stress resistance, activation of 
systemic resistance.  

Increased germination rate, 
improved growth and plant 
quality, increased productivity 
and yield.  

Fungi 

Living microorganisms. 

 

Non-living microorganisms 
and their metabolites. 

 

Cultivation. 

 

Fermentation, 
lyophilisation.  

Amino acids, auxin like substances, 
betaines, carbohydrates, chitosan, 
cytokinins, exopolysaccharides, 
gibberellins, melatonin, minerals, 
nucleic acids, oligopeptides, 
polyglucuronic acid, siderophores, 
vitamins.  

Increase nutrient uptake, stimulate 
nitrogen uptake, increase enzyme 
activity, hormonal influence, stimulate 
amino acid synthesis, increase total 
carbohydrates, protein and phenols, 
increase pigments, induce plant 
defence, enhance stress tolerance both 
abiotic and biotic, influence rhizosphere.  

Increased germination rate, 
improved growth and plant 
quality, increased number of 
flowers and fruit, increased 
productivity and yield.  

Algae 

Various species of algae, 
primarily large biomass 
kelps. 

 

 

 

 

 

 

Acid or alkali hydrolysis, 
aqueous extraction, cell 
burst/rupture, pressure 
and/or temperature 
treatment, enzyme-assisted 
extraction (EAE), 
fermentation, microwave-
assisted extraction (MAE), 
solvent extraction, 
supercritical fluid extraction 
(SFE), ultrasound-assisted 
extraction (UAE). 

Abscisic acid, alginic acid, auxins, 
auxin like substances, betaines, 
carbohydrates, cytokinins, 
gibberellins, carrageenans, lipids, 
melatonin, minerals (Na, Ca, Cu, 
Fe, I, K, Mg, P, S, B, Mn, Zn, Co, N, 
Cl etc.), oligosaccharides, pepsin, 
phenolic compounds, 
polysaccharides, proteins, sterols.  

Increase nutrient absorption and 
fertilizer efficiency, increase mineral 
uptake, efficient water uptake, auxin-, 
cytokinin-, gibberellin-like activity, 
modulation of phytohormones, 
regulation of gene expression, increase 
photosynthetic efficiency, increase total 
carbohydrate, protein, phenolic content, 
enhance antioxidant activity, delay 
senescence, reduce transpiration, 
enhance stomatal conductance, alter 
root architecture, modulation of root 
exudates, strengthen cell walls, enhance 
abiotic and biotic stress resistance, 
enhance locally plant immunity.  

Increased number of fruit and 
fruit quality, enhanced root 
development, improved growth, 
stimulate growth, increased 
productivity and yield.  
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Origin/source of raw 
material 

Methods of production Composition and bioactive 
compounds 

Hypothesised modes of action Biological effects 

Higher Plants 

Parts of higher plants 
include: seed, leaves, and 
roots and exudates from 
various species.  

 

 

Alkaline hydrolysis, 
aqueous extraction, 
fermentation, solid-liquid 
extraction, enzymatic 
hydrolysis, solvent 
extraction, microwave 
extraction, pressure and/or 
temperature treatment. 

Amino acids, auxins, 
carbohydrates, catalase, cytokinins, 
elements (N, P, K, Na, S, Ca, Mg, 
P, B, Fe, Zn, Cu, Mn, Ni, Cl, Mo, 
Co, etc.), ellagitannins, enzymatic 
antioxidants, flavonols, flavonoids, 
flavanones, enzymatic proteins, 
gibberellins, glycosides, humic 
acids, lignin, lipids, polyphenols, 
melatonin, oligosaccharides, 
organic acids, phenolic acids, 
polyphenols, tannins, vitamins, 
triglycerides, volatile compounds.  

Increase nitrogen assimilation, increase 
phosphate uptake, induce changes in 
root architecture, auxin-, cytokinin-, 
gibberellin-like activity, hormonal 
regulation, gene expression regulation, 
improve photosynthetic rate and 
efficiency, increase chlorophyll, simulate 
metabolism, increase biochemical 
contents, increase in osmolytes, 
regulation of enzyme activity, 
modulating antioxidant systems, 
improved water use efficiency, 
regulation of stomata, enhance 
resistance to abiotic and biotic stress, 
antimicrobial and antifungal activity. 

Stimulated growth, increased 
seed germination, increased 
growth, improved rooting, 
increased number of flowers 
and fruits, positive effects on 
development, increased food 
quality, productivity and yield.  

Animal Raw Materials 

Wastes and by-products 
from industries such as 
leather processing and 
seafood industry, etc.  

 

 

 

 

 

Acid hydrolysis, chemical 
hydrolytic processes, 
enzymatic hydrolysis, 
thermal hydrolytic 
processes.  

Elements (Na, S, K, Ca, Mg, P, Fe, 
Zn, Cu, Mn, Ni, B, etc.), fat, amino 
acids, melatonin, organic matter, 
peptides, protein.  

Improve nutrient utilization, induce 
morphological changes in root 
architecture, auxin-, cytokinin-, 
gibberellin-like activity, change hormonal 
levels, effects on biosynthesis of plant 
growth regulators (PGR), synergistic 
effect with exogenous PGR, induction of 
gene expression, increase enzymatic 
activity, accelerate metabolic rates, 
accelerate photosynthesis rate, increase 
pigment, protein, phenolic, and key 
elemental content, enhance abiotic and 
biotic stress resistance, stimulate growth 
and activity of beneficial microbes, 
improve antioxidant activity. 

Improved growth and 
development, better root 
formation, induction of 
flowering, reduced fruit drop, 
better fruit uniformity and 
quality, greater yields.  
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Origin/source of raw 
material 

Methods of production Composition and bioactive 
compounds 

Hypothesised modes of action Biological effects 

Humate-Containing Raw 
Materials 

Composts, agro-industrial 
wastes, leonardite, lignin, 
peat, soil, vermicompost, 
volcanic soil, and waste 
materials.  

 

 

 

 

 

 

 

Extraction, 
thermochemolysis.  

Amino acids, cellulose, elements 
(C, H, N, O, Ca, Cu, Fe, K, Na, P, 
S, Si, Zn, etc.), fatty acids, 
flavonoids, humic substances, 
lignins, lipids, microorganisms, 
peptides, phenolic acids, phenols, 
plant hormones, auxins, 
brassinosteroids, cytokinins, 
gibberellins, proteins.  

Induce nitrous oxide synthesis, increase 
nitrate uptake, enhance nutrient uptake, 
increase translocation of elements (root-
to-shoot), auxin-, cytokinin-, gibberellin-
like activity, hormonal regulation, 
regulate gene expression, stimulate 
various metabolic pathways, alter 
primary and secondary metabolism, 
increased chlorophyll and carotene 
content, regulation of photosynthesis, 
increase assimilation of N, C and S, 
increase protein, phenol content, 
stimulate enzymatic activity, enhance 
phenylpropanoid metabolism, alter 
REDOX homeostasis, enhance stress 
tolerance, change root architecture, 
stimulate chloroplast division, alter 
rhizosphere communities.  

Activated growing processes, 
increased growth and biomass, 
increased root size and 
branching, increased yields.   

1) Table 1.2 A summary of biostimulant classifications including origin/source material, methods of production, composition and bioactive compounds, hypothesised modes 
of action, and biological effects 13.  
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1.3 ALGAL BASED BIOSTIMULANTS 

1.3.1 Introduction to Algal Based Biostimulants. 

Algal based biostimulants, namely seaweed extracts represent much of the commercial biostimulant 

market 20. There are dozens of commercial seaweed products that are widely used to promote 

agricultural productivity 14, 21. Seaweed extracts are promising natural products that maintain 

environment integrity and are generally regarded to be: biodegradable, non-toxic, non-polluting and 

non-hazardous 13, 22. They are a sustainable solution for improving and protecting agricultural systems 

that is eco-friendly and even suitable for organic farming practices 20, 22. Research into algal based 

biostimulants has shown a plethora of benefits from the promotion of plant growth and development, 

to increased resistance to both abiotic and biotic stressors that only stand to increase in severity due to 

the changing climate 1, 23. Whilst the modes-of-action of these benefits are not well understood there 

is a consensus that it is not simply supplementation of the macronutrients that is their driving force 

and instead; it is the diverse range of biologically active components that are responsible for the 

physiological effects in plants 15, 24.  

 

1.3.2 Seaweed and Seaweed Extracts in Agriculture. 

There are nearly 10,000 different species of seaweed; they range in size from microscopic 

phytoplankton to the large biomass kelps 15. Seaweeds or macroalgae as they are often referred to are 

plant-like organisms that are classified based on their pigmentation into green, red, and brown algae 24. 

Their diversity in both species and habitats has resulted in the synthesis of a vast range of bioactive 

secondary metabolites with interesting activities, some with structures that cannot be found in other 

organisms 25. Seaweeds are most commonly found in intertidal zones on rocks and other hard substrata 

and are consequently exposed to extremely variable environmental conditions such as temperature, 

salinity and light 22. Consequently, the production of different stress related compounds essential for 

their survival 21, 22. Studies have revealed the use of seaweeds throughout history in diverse cultures, 

for purposes including but not limited to: food, medicine, and agriculture 15. The direct application of 

seaweeds on crops to improve soil nutrition and stimulate plant growth was employed for centuries, 

however, since the 1950s the use of whole seaweeds has been superseded by the use of liquid seaweed 

extracts 1, 15.  The ease of use of the liquid seaweed extracts pioneered the establishment of a 

commercial seaweed extract industry in the late 1950s; subsequently the scientific benefits of seaweed 

extracts have been extensively investigated 1, 15, 21, 23, 24, 26, 27.  
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1.3.3 Evidence for Improved Plant Growth and Development. 

The scientific investigation into the benefits of seaweed extracts have been reported in peer-reviewed 

literature for decades; significantly, it was this mounting evidence that resulted in seaweed extracts 

gaining acceptance as plant biostimulants 1, 15. Numerous benefits have been reported on a wide range 

of plant species using various seaweed extracts 28. Consequently there are several review articles each 

with an extensive list of reported growth and development benefits that include but are not limited to: 

promotion of budding and flowering, increased nutrient uptake, improved germination rates, increases 

in quality (size/taste/yield) of fruit, increased root and leaf development, and enhanced photosynthetic 

activity 1, 15, 22, 24, 27. In order to highlight the types of experiments being conducted to test for these 

benefits a few specific examples will be provided. An Australian study testing the impacts of a seaweed 

extract on broccoli establishment conducted two field experiments; the study used a seaweed extract 

made from Durvillaea potatorum and Ascophyllum nodosum in which seedling were soaked before being 

planted in two contrasting soil types and receiving three more applications of the seaweed extract over 

approximately three weeks 29. The broccoli seedlings establishment was measured using leaf number, 

stem diameter and leaf area all of which showed significant increases; demonstrating that the extract 

had the capacity to improve the establishment of broccoli seedlings in Australian farm settings 29. 

Another study in Australia investigated the effect of two seaweed extracts on the growth and 

development of lettuce growing under glasshouse conditions 30. The first seaweed extract used is made 

from A.nodosum and the second is made from D.potatorum, Durvillaea antarctica and A.nodosum 30. The 

effect of application rates of the two seaweed extracts on increasing lettuce crop performance was 

measured using plant height, shoot biomass, root biomass and leaf chlorophyll content; and it was 

shown that both seaweed extracts could increase crop performance 30.  

 

1.3.4 Evidence for Increased Resistance to Abiotic Stressors. 

The application of seaweed extracts are not limited only to improved growth and development, there 

is also a considerable volume of evidence in support of their effects on abiotic stress tolerance. Abiotic 

stresses adversely affect agricultural productivity, accounting for considerable loss in crop production 

globally 15. The intensive agricultural practices of the past contributed to unfavourable conditions that 

are being exacerbated by the extreme weather patterns brought on largely due to the changing climate; 

consequently, abiotic stress mitigation strategies are an area for significant concern for future 

agricultural productivity 1, 15. Seaweed extracts have been demonstrated to reduce the impacts of abiotic 

stress across a wide variety of plant species in various growing environments; these abiotic stresses 

include: freezing, drought, water logging, salinity, and extreme temperatures 1, 15, 21, 24. For example, a 

study conducted by Elansary et al investigated the role of a seaweed extract in enhancing the growth 
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and phytochemical composition of medicinal shrubs during drought stress simulated in controlled 

greenhouse conditions 31. Two medicinal shrubs Spiraea nipponica and Pittosporum eugenioides were treated 

with a seaweed extract of A.nodosum weekly over 8 weeks in drought conditions; a reduction in the 

impacts of drought due to seaweed extract application were determined by enhanced morphological, 

physiological, and biochemical performances 31. One of the most common abiotic stresses is soil 

salinity which is amongst the most concerning globally; however, studies have demonstrated that the 

application of seaweed extracts can increase plant tolerance to salinity stresses 24. An experiment 

investigating salinity tolerance in Arabidopsis after treatment with a commercial seaweed extract showed 

that extract-treated plants were more tolerant of salt stress; furthermore, this research highlights the 

multi-disciplinary approach necessary to elucidate the molecular mechanisms involved 24. Due to the 

complexity of abiotic stress resistance in plants, often involving a large number of genes to mediate 

the plant response to stress; the study analysed a whole genome transcriptome of Arabidopsis which 

revealed the upregulation of genes known to be involved in alleviating salt, drought and cold stresses, 

whilst downregulating other genes that are negative regulators of salt stress 15, 24.  

 

1.3.5 Evidence for Increased Resistance to Biotic Stressors. 

Agricultural productivity is constantly being reduced by various biotic stressors including pests and 

pathogens such as bacteria, fungi and viruses 21. Currently, in the agricultural industry the most 

common disease control method involves the application of pesticides; however, this has a number of 

disadvantages including: development of resistant strains, off-target effects, high cost, 

bioaccumulation, as well as environmental and health hazards 32. Thankfully, plants have evolved 

inducible defence mechanisms that are capable of being activated by various elicitors 21, 24. Seaweed 

extracts present a crop protection strategy without the associated disadvantages the current disease 

control methods possess; this is due to seaweed extracts containing important bioactive compounds 

capable of inducing defence responses against pathogens by acting as a primer or elicitor 21. As a result 

there are many studies that demonstrate the ability of seaweed extracts to suppress pathogenic 

infections 1, 21, 24. For example, Jayaraman et al. published two significant studies in 2008 and 2011, 

which looked at the efficacy of a commercial seaweed extract on reducing the incidence of pathogens 

in greenhouse carrots and cucumbers 32, 33. The greenhouse-grown carrots were treated with a seaweed 

extract of A.nodosum and inoculated with two fungal pathogens: Alternaria radicina and Botrytis cinerea; it 

was shown that the seaweed extract enhanced disease resistance and increased the activity of well-

known defence-related enzymes 33. The greenhouse cucumber plants were treated with a seaweed 

extract of A.nodosum before being inoculated with four fungal pathogens: Alternaria cucumerinum, 

Didymella applanata, Fusarium oxysporum, and B.cinera 32. The disease incidence of all four pathogens tested 
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was significantly reduced, activities of defence-related enzymes were enhanced, and a higher level of 

phenolic phytochemicals were accumulated in treated plants 32. As for the role of seaweed extracts in 

insect management, the extracts themselves do not appear to directly have insecticidal activity; instead 

the biologically active components of the extracts seem to induce insect defence responses in the plants 
24. It has been postulated that the application of seaweed extracts can help to modulate plant defence 

mechanisms, some of which may protect against insect pests 24.   

 

1.3.6 Evidence for Influencing Plant Rhizosphere. 

Interestingly, recent studies have revealed that seaweed extracts not only increase plant resistance to 

biotic stressors but conversely, may potentially promote the colonisation of commensal soil-bound 

bacteria effectively influencing the rhizosphere 1, 21, 24. The rhizosphere is “the soil surrounding a root in 

which physical, chemical and biological properties have been changed by root growth and activity” and includes the 

coexistence of a “large number of microorganisms such as bacteria, fungi, protozoa and algae” 34. The application 

of seaweed extracts to the plant or soil has been reported to alter the rhizosphere via direct and indirect 

methods 21, 24. Direct application of seaweed extracts to soils can improve the soils ability to support 

microbial populations; as has been observed in soils with alginate present, the benefits of which alters 

the soil structure into a more conducive environment for microbial growth 21. Another example of 

direct soil treatment with a seaweed extract is a study that observed the increased activity of nod-

forming bacteria in plants treated with an extract of A.nodosum; this improved plant growth presumably 

due to increased nitrogen fixation 35. There are also complex interactions between the microbial 

population and the roots mediated through root exudates that can be influenced by seaweed extract 

treatment 21. Seaweed extracts can induce production of root exudates in the plant that interact with 

bacteria, indirectly influencing the rhizosphere microbiome 21.  

 

1.3.7 Seaweed Extracts’ Composition: Known and Postulated. 

Seaweed extracts are heterogeneous in nature, containing a diverse range of organic and inorganic 

components 15. Their chemical composition depends largely on two main variables: the species of 

origin of the extract, and the method of extraction used during the manufacturing process 15. The 

commercial seaweed extract industry uses a diverse range of extraction procedures in its manufacturing 

processes; including acid or alkali hydrolysis, and cellular disruption via pressure or fermentation in 

order to release the beneficial components into the extract 1, 21. Whilst seaweeds are known to improve 

the levels of important soil nutrients for plant growth such as N, P and K; research into the chemical 

composition of seaweed extracts revealed that the extracts contained insufficient concentrations of 
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these common macronutrients to explain the observed benefits 15, 27. Therefore, it was proposed that 

the benefits of seaweed extracts were predominantly mediated by plant growth-promoting compounds 

and elicitors 15. Various seaweeds and seaweed extracts have been shown to have a diverse array of 

minerals that enhance nutrition and have critical roles in plant development such as Na, B, Fe, Se, Si, 

Ca, S, Mg, Zn, Mn, Cu, Ni, Co, F, Cr, and Cd 27. Seaweeds are known to contain diverse polysaccharides 

that constitute cell walls and are sometimes used as storage components within a cell; these have 

varying chemical structures and are often specific to different algae taxa, for example alginates, 

fucoidans and laminarins in brown algae 21, 27. Of the natural bioactive compounds reported in 

seaweeds, the plant growth promoting compounds with cytokinin-like, auxin-like and gibberellin-like 

activities have received plenty of attention due to their potential for elucidating the modes-of-action 

of the extracts benefits on plants 1, 24. Due to the important role that betaines play in plant stress 

tolerance, they are often reported in seaweed extracts 1, 15. Seaweeds, in particular brown seaweeds 

which are the most common source for commercial seaweed extracts, are rich in phenolic secondary 

metabolites 15. Brown seaweeds have been shown to have a high total phenolic content as well as a 

diverse range of phenolic compounds; these phenolic secondary metabolites are often synthesized 

under stress to protect cells and cellular components via antioxidant activity for example and are critical 

to plant metabolic processes 15. The complexity of seaweed extracts is such that there are many other 

important molecules yet to discover and characterise 1. Furthermore, the effects of commercial seaweed 

extracts may be attributed to single, additive, synergistic or even antagonistic action of these important 

compounds; thus further investigation into their composition is critical 24. 
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1.4 PHENOLIC PHYTOCHEMICALS 

1.4.1 What Are Phytochemicals? 

Phytochemicals are a large group of naturally occurring chemical compounds found in plants; ‘phyto’ 

meaning plant in Greek 16, 36. Nevertheless, the term phytochemicals is often used to denote plant 

secondary metabolites 16, 36, 37. Plants just like all living things produce chemicals to survive: these 

organic compounds are divided into two large groups: primary and secondary metabolites 38, 39. Primary 

metabolites are chemical compounds such as carbohydrates, proteins, and lipids; they are essential for 

growth and development as well as cell maintenance and are generally considered to be ubiquitous 

throughout the plant kingdom 38, 39. Plant secondary metabolites are a diverse group of non-nutrient 

compounds thought primarily to be involved in defence and overall survival; they are often associated 

with plants organoleptic properties such as colour, taste, smell and texture 37, 39. Secondary metabolites 

are commonly found in low levels and vary in their distribution in plants; with some molecules being 

species specific 39, 40. Then there are phytohormones: simple endogenous signalling molecules that 

regulate the physiological functions in plants 40, 41. Like primary metabolites phytohormones are 

involved in plant growth and development, and are considered ubiquitous; however, similar to 

secondary metabolites phytohormones are non-nutrients involved in defence and responses to stress, 

and are active in relatively low concentrations 40, 41.  

 

1.4.2 Secondary Metabolites’ Biosynthesis, Diversity, and Classifications. 

There are thousands of secondary metabolites that have been identified with upwards of 100,000 

predicted to exist 40, 42. The biosynthesis begins from basic pathways, such as glycolysis or shikimic acid 

pathways from primary metabolite precursors and subsequently diversifies 38. The secondary 

metabolite biosynthetic pathways are primarily dependent on the cell type and developmental stage; 

additionally, studies have shown that their production is highly susceptible to environmental cues such 

as climate and soil conditions as well as environmental stress 39, 42. Much of the stepwise pathways, 

genes, and enzymes involved in the production of secondary metabolites have been well represented 

and catalogued in the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database 43. 

Based on their biosynthetic pathways and their chemical composition secondary metabolites are most 

often classified into three groups: nitrogen-containing compounds (alkaloids), phenolic compounds, 

and terpenes (terpenoids) 38, 42. In conjunction with the three classifications mentioned above some 

extend the number of groups to include phytosterols and sulphur-containing compounds 16, 37.  
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1.4.3 Phenolic Class of Phytochemicals and Their Classification. 

Phenolic compounds are the most abundant of secondary metabolites in plants; particularly in fruits, 

vegetables, spices, teas and grains 44-46. In plants, phenolic compounds are involved in many 

physiological functions including growth, development, and defence against UV light, insects, viruses, 

bacteria and even other plants 46, 47. Not just limited to plants, phenolic compounds are also found in 

fungi and bacteria 47, 48. Phenolics are prominent in the human diet and are a major contributor to the 

organoleptic characteristics of many plant based foodstuffs; furthermore, some phenolics can be used 

as food additives that help to prolong shelf-life 45. They have a wide range of biological and 

pharmacological properties, most notably as strong natural antioxidants; additional important 

properties include: anti-inflammatory, anticancer, antimicrobial, antiviral, antiallergenic, 

antithrombotic, immunoregulatory, anti-diabetic, cardio protective and more 45, 46. Phenolics are 

diverse, with an extensive range of structures from the simplest phenol comprised of one hydroxyl 

functional group attached to an aromatic ring, to complex polymeric compounds 40, 49. Defined by their 

chemical structure, phenolics can be classified into ‘simple and complex’ or ‘flavonoids and non-

flavonoids’ but are often reported as three main classes: phenolic acids, flavonoids, and other phenolics 

(e.g. lignans, tannins, stilbenes) 16, 44, 50. An outline of phenolic phytochemical classification is presented 

below in Figure 1.4.3. 

 

 
1) Figure 1.4.3 Phenolic phytochemicals classification adapted from Martinez et al. and Shahidi et al. 44, 51 
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1.4.4 Phenolic Acids. 

One of the main classes of phenolic compounds is phenolic acids; these simple aromatic acids have 

one carboxylic acid group attached to a benzene ring with one or more hydroxyl or methoxyl groups 

attached 46, 50. Phenolic acids are most abundant in sources such as the seeds and skins of fruits, and 

the leaves of vegetables where they are mostly present in conjugated forms (as glycosides, amides and 

esters) but are also found in their free form (organic acids) and bound form (attached to cell wall 

constituents) 45, 46. As presented in Figure 1.4.3 phenolic acids are classified into two sub-classes: 

hydroxybenzoic acids and hydroxycinnamic acids; with hydroxycinnamic acids being more prevalent 

in nature than their counterparts 45, 46. The two subclasses are distinctive from one another due to the 

carbon skeleton of their chemical structure; hydroxybenzoic acids have a C6-C1 framework where as 

hydroxycinnamic acids have a C6-C3 framework as shown in Figure 1.4.4 45. Moreover, the structural 

difference is that in hydroxycinnamic acid the carboxylic acid moiety is attached to the benzene ring as 

an unsaturated propionic acid 50.  Though the two sub-classes have different carbon skeletons they 

both arise naturally through the same biosynthesis pathway: the shikimate pathway 46, 47.  

 
2) Figure 1.4.4 The structural framework for the two classes of phenolic acids: hydroxybenzoic acids (C6-C1) and 

hydroxycinnamic acids (C6-C3). 

 

1.4.5 Phenolic Acid Biosynthesis. 

Phenolic acids like most of the phenolics in plants, bacteria and fungi are biosynthesised by the 

shikimate or shikimic acid pathway; a biochemical pathway that is a major link between primary and 

secondary metabolism particularly in higher plants 46, 52. Since the molecules that are produced through 

the shikimate pathway play an important role in plant defence and adaptation to their environment; 

the shikimate pathway is upregulated when secondary metabolite biosynthesis is needed 52, 53. The 

shikimate pathway is responsible for the conversion of simple carbohydrate molecules that arise from 

other metabolic pathways such as glycolysis, into shikimic acid and then finally chorismic acid 46, 52. 

This pathway consists of seven sequential enzymatic steps, which have been well characterised along 
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with the seven enzymes involved 52, 53. Chorismic acid is the key branch point to post-chorismic acid 

pathways that produce the aromatic amino acids: L-phenylalanine (L-Phe), L-tyrosine (L-Tyr), and L-

tryptophan (L-Trp) 52. These aromatic amino acids are crucial components of protein biosynthesis as 

well as precursors for many secondary metabolites including phenolic acids 52. As seen in Figure 1.4.5 

many phenolic compounds are synthesised from L-Phe and L-Tyr; including hydroxybenzoic acids. 

Additionally, hydroxybenzoic acids and other C6-C1 derivatives are also biosynthesised via other 

chorismic acid branch points 52, 53. 

 
3) Figure 1.4.5 Shikimic acid pathway in biosynthesis of phenolic compounds; showing shikimic and chorismic acids 
as the common precursors for the synthesis of L-Phe, L-Tyr, and L-Trp and a diverse array of phenolic compounds. 

Reproduced from Francenia Santo et al. 41, 52. 

 

1.4.6 Hydroxybenzoic Acids and Other (C6-C1) Derivatives.  

A variety of natural hydroxybenzoic acid derivatives exist. These derivatives include benzoic acid 

derivatives that have undergone aromatic hydroxylation such as: salicylic acid, p-hydroxybenzoic acid 

(4-hydroxybenzoic acid), protocatechuic acid (3,4-dihydroxybenzoic acid), and gallic acid (3,4,5-

trihydroxybenzoic acid) 45, 47. There are also those derivatives that have undergone aromatic 

methoxylation that include: vanillic acid (4-hydroxy,3-methoxybenzoic acid), isovanillic acid (3-

hydroxy,4-methoxybenzoic acid) and syringic acid (4-hydroxy,3,5-dimethoxybenzoic acid) 45, 50. Finally 
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there are benzoic acid derivatives that are lacking a hydroxyl moiety and are therefore not strictly 

hydroxybenzoic acid derivatives, but are often analysed in the same collective due to structural 

similarities. These benzoic acid derivatives include molecules like veratric acid (3,4-dimethoxybenzoic 

acid) and amino-substituted derivatives such as anthranilic acid (2-aminobenzoic acid) 47, 54. Many of 

these various benzoic acid derivatives are often found methylated, glycosylated or conjugated with 

amino acids or Coenzyme A (CoA) 55. The structural differences and modifications of these benzoic 

acid derivatives alters their critical properties including: volatility, stability, and activity, which has direct 

implications on their functional roles 55. The plants ability to make small modifications to these 

compounds provides it control over their active forms, regulating specific functions including signalling 

and/or storage 55. The importance of control over the activity of these small molecules is most evident 

in the most common benzoic acid derivative: salicylic acid, which is a potent phytohormone involved 

in regulating many plant functions most notably defence against pathogens 56. 

 

1.4.6.1 Salicylic Acid (2-hydroxybenzoic acid). 

Salicylic acid is a plant growth regulator which is present ubiquitously throughout the plant kingdom 
57. It is a phenolic acid that was first extracted nearly two centuries ago; its chemical properties have 

been well characterised as well as its in vivo biosynthesis and metabolic pathways in plants 17. Salicylic 

acid’s basic structure is a benzene ring with a carboxylic acid group (COOH) and a single hydroxyl 

group (OH) at the 2 position (ortho) of the aromatic ring; with salicylic acid mainly found as methylated 

or glycosylated conjugates, as shown in Figure 1.4.6.1 below 58.  

 
4) Figure 1.4.6.1 The structures of salicylic acid and some of its common conjugates. SA: 

salicylic acid, SAG: SA 2-O-β-D-glucoside, SGE: SA glucose ester, MeSA: methyl salicylate, 
and MeSAG methyl salicylate 2-O-β-D-glucose. Reproduced from Rivas-San Vincente et al. 58. 
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Salicylic acid is an endogenous signal molecule considered to be a potent plant hormone, due to its 

role in regulating a variety of plant development processes during the entire lifespan of the plant 17, 57. 

Best known for mediating immunity in plants, endogenous salicylic acid also plays a crucial role in 

regulating processes such as: thermogenesis, respiration, transpiration, seed germination, cell growth, 

photosynthesis, stomatal closure, ion uptake and transport 17, 59, 60. Besides regulating plant growth and 

developmental processes, endogenous salicylic acid also modulates plant responses to various abiotic 

stresses including: salinity, heat shock, drought, UV light, heavy metal toxicity, and osmotic stress 17, 61. 

Endogenous salicylic acid serves as a critical signal molecule in regulating plant defence response to 

various pathogens (biotic stressors); activating local immune responses at the site of infection 17, 59, 60. 

Along with the localised response to a pathogenic attack, salicylic acid can induce a systemic defence 

response; this type of response to pathogenic attack is known as systemic acquired resistance 59, 62. 

Recent research has shown that salicylic acid is essential for systemic acquired resistance establishment 

and therefore, it plays a crucial role in the coordination of the plant immune response during plant-

pathogen interactions 63. During recent years salicylic acid’s role in modulating plant-microorganism 

interaction has received particular attention. Recently, it has been found that plant immune signalling 

drives selection from the available soil microbial communities to form the soil microbiome; and more 

significantly, that endogenous salicylic acid plays a major role in modulating such colonisation of the 

root 10. In the same study the effect that exogenous salicylic acid application would have on the 

composition of the soil microbiome was investigated; concluding that exogenous salicylic acid 

significantly alters the composition of the soil microbiome 10. Exogenous salicylic acid’s role in plant 

pathogen defence was first realised when tobacco plants were treated with aspirin (acetyl salicylic acid); 

salicylic acid and aspirin induced the expression of the pathogenesis-related proteins which is a key 

marker for the induction of systemic acquired resistance 64. These studies conclude that the application 

of salicylic acid mediates plant response to biotic stress; this is critical because it suggests that the 

presence of salicylic acid in seaweed biostimulants may be play a role in their observed attributes of 

increased plant productivity and agricultural functions.  

 

1.4.6.2 3-hydroxybenzoic acid and 4-hydroxybenzoic acid (m-HBA and p-

HBA). 

Salicylic acid has two structural isomers, these monohydroxybenzoic acids (MHBAs) differ from 

salicylic acid by the location of the hydroxyl substitution on the benzene ring; located at either position 

3 (meta) or 4 (para); as shown in Figure 1.4.6.2 65. 
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5) Figure 1.4.6.2 The structures of 2-hydroxybenzoic acid (o-hydroxybenzoic acid or o-HBA), as 

well as its two isomers 3- or m-HBA, and 4- or p-HBA 65 

 

Of the two isomers, less is known about 3-HBA; it has been reported in avocados, blueberries, 

cranberries, medlar, cluster beans, grapefruits, and olive oil 66, 67. It is a major phenolic compound 

found in various melons; these include the peels of maazoun cultivar of Cucumic melo and Sharlyn 

melons, and the rinds of watermelons 67. Some potential health benefits of 3-HBA include its usage in 

dyslipidemia treatment and glucose metabolism regulation; although pharmacologically 3-HBA 

remains the least explored of the MHBAs 45, 68. Due to the anti-inflammatory and analgesic properties 

of salicylic acid and its synthetic derivative acetyl-salicylic acid (aspirin), both 3- and 4-HBA have been 

investigated for similar properties in animal models 68. Khan et al found that 3- and 4-HBA did possess 

aspirin like activity in rodent assays, however they were quantifiably lower and there was some other 

inhibitory activity that required further investigation; furthermore low daily doses of both 3- and 4-

HBA were effective in stress resistance in laboratory rodents 68.  

There have been more investigations into 4-HBA than 3-HBA. It has been reported in fungi and plants 

and many dietary sources such as carrot, eggplant, parsley, beans, mustard and lettuce 45, 47. It is well 

known for its anti-fungal and anti-microbial properties 67, 69. This is due to 4-HBA being the backbone 

for a class of compounds known as parabens; ester derivatives of 4-HBA with various alkyl chains or 

benzyl groups attached to the hydroxyl group 69. Parabens have been used for decades as preservatives 

in products such as pharmaceuticals, foodstuffs and cosmetics; they have more recently been shrouded 

in controversy due to their estrogenic activity and that they may act as weak endocrine disruptors 69. 

In plants, 4-HBA is best known for being an allelochemical; a chemical that is released by one plant or 

organism that affects the germination, growth, development, or reproduction of other plants or 

organisms 70, 71. For example Huang et al. reported that 4-HBA suppressed the root growth of cucumber 

by reducing meristem activity and cell length 70. Interestingly, in that same study Huang et al. found 

that the exogenous application of a salicylic acid derivative salicylhydroxamate (N,2-

dihydroxybenzamide) was able to partially restore the root growth inhibited by 4-HBA; this requires 

further investigation but suggests potential synergistic activities between these compounds with similar 
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structures 70. Another study that highlights the importance of investigating these derivatives was 

conducted by Kamaya et al. 72. Using unicellular green algae as bioassays to determine aquatic 

environmental toxicity, Kamaya et al. observed the varying toxicity levels of benzoic acid and the three 

MHBAs; with 4-HBA being the least toxic of the three 72. Noting that 4-HBA exhibited hormesis-like 

effects; inhibiting growth at high concentrations but stimulating growth at lower concentrations 72. 

Additionally, they observed that 4-HBA had diminishing effects on the toxicity exhibited by 2-HBA, 

which was the most toxic of the three MHBAs 72. Finally it is worth noting that the concentrations 

employed in this study were significantly higher than known environmental concentration levels. 
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1.5 CHEMICAL ANALYSIS 

1.5.1 Introduction to Metabolite Analysis. 

Phenolic acids are just one group of the complex mixture of different metabolites present within an 

organism. A whole set of metabolites for an organism or biological sample at a specific time point is 

considered their metabolome 73. The time element of the metabolome reflects the dynamic nature of 

the interaction between an organism’s genome and its environment 73, 74. The metabolome includes 

endogenous metabolites that are produced by the organism such as the primary and secondary 

metabolites, as well as exogenous metabolites that are not produced by the organism such as 

contaminants or additives 73. The comprehensive qualitative and quantitative analysis of a subset or all 

of the metabolites in biological systems and samples is known as metabolomics 73, 75. Metabolomics 

attempts to identify and detect changes in metabolites in biological systems in order to characterise 

biochemical pathways and better understand the biology of an organism and its response to 

environmental stimuli 74, 75.  

 

1.5.2 Metabolomics: Analytical Methodologies. 

Metabolomics encompasses several conceptual analytical approaches that when combined provide a 

holistic profile of the metabolome; with the specificity of the approach being dependent on the 

objectives of each individual study 74. An approach known as metabolomic profiling aims at 

simultaneously analysing as many metabolites in a biological sample as possible to provide a holistic 

view of the metabolism of the sample or to characterise new metabolites and metabolic pathways 74. A 

combination of targeted and untargeted analyses are employed for metabolomic profiling 74. Targeted 

analyses focus on a set of selected, known metabolites and aims for identification and quantification 

often using authenticated pure standards and/or databases 74, 76. Untargeted analyses best reflect the 

aims of metabolic profiling as the objective is to reproducibly detect as many metabolites as possible. 

In this approach the chemical identity of detected metabolites does not need to be hypothesized prior 

to data acquisition and any quantification performed is relative as the goal is the widest metabolic 

coverage achievable 74, 76. A different conceptual approach to metabolic profiling is metabolic 

fingerprinting, which aims not to identify or quantify any individual peaks but instead provide 

metabolic signatures or patterns for the characterisation of phenotypes 73, 74.  

 

1.5.3 Metabolomics: Analytical Techniques and Instrumentation. 

Much of the advancement in metabolomic research can be attributed to the improvement of analytical 

techniques and instrumentation, further enabled by the emerging data handling tools and software 
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platforms that allow for adequate handling, storage, normalization, and evaluation of the complex 

metabolic data generated by the subsequent techniques 73, 74. A well-conceived analytical method should 

have a systematic plan to extract, purify, separate, detect and identify the metabolites in even the most 

complex sample matrices 73. The most common technologies and instrumentation employed in 

metabolomic analyses are the hyphenated chromatography-mass spectrometry techniques 74, 76. 

Combinations of liquid or gas chromatography separation techniques coupled with mass spectrometry 

provide powerful tools for metabolite profiling with good reproducibility and wide metabolome 

coverage 74, 75. Liquid chromatography-mass spectrometry (LC-MS) is the most commonly used 

technique; this is due to LC not requiring the derivatisation steps often seen in GC-MS, and mass 

spectrometry having higher sensitivity and more widespread availability than nuclear magnetic 

resonance spectroscopy (NMR) 75. Consequently, there exists a standard analytical workflow for LC-

MS metabolomic analysis as shown in Figure 1.5.3.  

 
6) Figure 1.5.3 The standard analytical workflow for LC-MS metabolomics analysis adapted 

from Aszyk et al. including common examples and variations for each major step 41, 75, 77. 
 

Excluding sampling and sample storage protocols, the workflow begins at sample preparation which 

can involve extraction, purification, and/or enrichment techniques 75, 77. Following sample preparation 

is chromatographic separation where the chosen method must have high resolving power in order for 

high selectivity and sensitivity 73. Next is the most crucial step in mass spectrometry, ionization; the 
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ionization efficiency dictates the number and abundance of metabolites that can be detected 75. LC-

MS analysis gives rise to the collection of enormous sums of chromatographic and spectral data that 

can then be processed and subjected to chemometric data analysis for statistical significance and 

robustness 75. Finally the identification and quantification of metabolites can be interpreted in the 

context of metabolic pathway models 73, 75.  

The remainder of Section 1.5 will discuss the key techniques and instrumentation used for metabolomic 

LC-MS analysis following the keys steps in Figure 1.5.3; throughout which the discussion will focus on 

the techniques and instrumentation used in this study including: solid-phase extraction, Quechers 

(partitioning), liquid chromatography electrospray ionisation tandem mass spectrometry, and method 

validation. 

 

1.5.4 Sampling and Sample Storage. 

When studying metabolites, sampling methods, sample processing and sample storage require 

consideration 73, 78. Sampling methods need to be representative of the organism or sample and its 

environment; randomised sampling methods help to reduce sampling biases for example 73. 

Additionally sampling must remain as fast as possible to mitigate the speed with which organisms 

respond to their surrounding environmental conditions; which additionally helps to reduce biochemical 

activity 73. Moreover, sampling methods often involve risks of contamination and degradation which 

must be pre-emptively assessed and solved 78. After washing the sample free of contaminants the next 

step is to rapidly inactivate all biochemical and enzymatic activities in a process known as quenching 
73. There are different methods of quenching that often involve drying, sudden drops in temperature, 

and the removal of water with one of the best methods for adequate quenching being freeze-drying 73, 

78. After the removal of water, algal samples for example are often homogenised into a powder that is 

then suitably stable for long-term storage in dry and preferentially water free environments 73, 78.  

 

1.5.5 Sample Preparation: Extraction and Purification Methods. 

Following on from the initial sampling/storage biological samples are not yet suitable for instrumental 

analysis, nor would they be optimal for application as a biostimulant because the metabolites are not 

released yet and an effective extraction process is required 73. The first step is cell disruption, rupturing 

the cell walls to release the contents of the cells 73, 79. Then there are various extraction techniques that 

can be used individually or in combination in order to recover the target metabolites and obtain the 

desired type of extract 21, 73. Some of these extraction/purification techniques are selective for specific 
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types of molecules and others involve extracting the largest total sum of molecules whilst reducing any 

breakdown or enzymatic degradation to avoid altering the metabolite profile 73. The various common 

extraction/purification techniques include: solvent extraction, acid or alkaline hydrolysis, ultrasonic-

assisted extraction, microwave-assisted extraction, supercritical fluid extraction, enzyme-assisted 

extraction, solid-phase extraction, and the Quechers method 21, 75, 80, 81.   

 

1.5.5.1 Solvent Extraction. 

The traditional sample preparation method that is sometimes referred to as liquid extraction or liquid-

liquid extraction when performed with two immiscible phases, solvent extraction uses the solubility of 

the target molecules in various extraction solvents to separate or extract the target molecules from the 

sample 80, 81. An example of a study that employed solvent extraction as a method of sample preparation 

was the simultaneous analysis of salicylic acid and jasmonic acid by Liquid Chromatography 

Electrospray Ionisation Mass Tandem Mass Spectrometry (LC-ESI-MS/MS) in crude extracts of 

cucumber 82. Segarra et al chose a methanol/water solvent combination acidified with 1 % v/v acetic 

acid for the extraction of quick-frozen cucumber roots; the extraction was centrifuged and repeated, 

supernatants collected and dried, and resuspended in an acetonitrile/water solution acidified with 0.05 

% v/v acetic acid 82. Finally the resuspended extracts were filtered and analysed by LC-ESI-MS/MS; 

the solvent extraction was successful in providing an extract suitable for the fast and highly sensitive 

quantitation of salicylic and jasmonic acids 82. Due to the lack of specificity of solvent extractions it is 

common to obtain extracts containing many compounds from the sample including unwanted 

interfering compounds, therefore solvent extraction often serves as the first step in sample preparation 

methods that target only a specific type of molecule 75. For whole metabolome (untargeted) studies it 

is more common to use a gradient of solvents increasing in polarity successively where collecting the 

fractions from various solvents offers a higher recovery of all the metabolites and therefore a more 

total representation of the metabolome 73.  

 

1.5.5.2 Acid and Alkaline Hydrolysis. 

Widely used hydrolysis processes that involve the use of a strong acid or base to produce an extract 

can be performed on an industrial scale; for example, alkaline hydrolysis is the most common extraction 

method for commercial seaweed extracts made from A.nodosum 21, 83. Acid hydrolysis is commonly 

performed with sulfuric or hydrochloric acid and is most well-known for breaking glycosidic bonds, 

and reducing polysaccharides to their monosaccharide building blocks and solubilizing sugars 83. Acid 

hydrolysis is reported to result in the loss of some phenolics though, particularly complex phenolics as 
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it causes the degradation of various types of molecules 21, 83. This loss of phenolic compounds is 

reduced when using alkaline hydrolysis and this is the sample treatment method of choice for recovery 

of phenolic compounds, particularly the more stubborn ‘bound’ phenolics 83. Alkaline hydrolysis is 

known to break down glycosidic and ester bonds, breaking down complex polysaccharides and 

liberating glycosylated metabolites; furthermore, alkali treatment has been documented to produce 

novel compounds as a result of degradation, rearrangement, condensation and base catalysed synthetic 

reactions 21, 83. The crude extracts obtained from acid and alkaline hydrolyses have proven to have 

many benefits, hence their use in the production of many commercial biostimulants; however, further 

sample treatment would be required to yield an extract suitable for instrumental analysis 21.  

 

1.5.5.3 Ultrasonic-assisted Extraction. 

An eco-friendly method of extracting bioactive metabolites from many different samples that utilises 

common laboratory equipment is ultrasound- or ultrasonic-assisted extraction (UAE) 81, 84. A study 

that demonstrates the promise and efficacy of UAE was conducted by Oniszczuk et al. aiming to 

optimise a ultrasound-assisted extraction procedure for the LC-ESI-MS/MS analysis of phenolic acids 

from kale 85. Their study found that UAE offered a higher yield of the compounds in a shorter time 

using less solvent; which proved to be repeatable 85.  

 

1.5.5.4 Microwave-assisted Extraction. 

Another extraction method considered to be eco-friendly is microwave-assisted extraction (MAE); 

commonly used for the isolation of polysaccharides, proteins, and polyphenols it has been shown to 

increase extraction efficiency of phenolic compounds from various brown algae species 21, 84, 86. The 

study conducted by Yuan et al investigated the phenolic compound extraction efficiency using MAE in 

four brown algae species: A.nodosum, Laminaria japonica, Lessonia trabeculate, and Lessonia nigrecens 86. The 

algal samples were subjected to a conventional solid-liquid extraction at room temperature for four 

hours as a baseline phenolic extraction; then separate algal samples were extracted using MAE 86. A 

higher crude yield and total phenolic content was obtained for all four brown algae species using MAE 

when compared to the conventional solid-liquid extraction method, which resulted in the algae extracts 

produced though MAE having higher free radical scavenging ability and higher ferric reducing power 

amongst other important activities measured 86. The extracts were also subjected to LC-DAD-ESI-

MS/MS analysis whereby 17 phenolic compounds were tentatively identified 86.   
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1.5.5.5 Supercritical Fluid Extraction. 

An efficient method that is also considered eco-friendly due to its lack of toxic solvents is supercritical 

fluid extraction (SFE) 21. Used primarily to selectively isolate heat-sensitive compounds such as 

pigments and fatty acids; SFE protects the sample material from thermal or biochemical degradation, 

as seen most commonly in the decaffeination of coffee beans 21, 84, 87. A study that demonstrates both 

the application and optimisation of SFE is the investigation of the antioxidant capacity of extracts of 

the red algae Gracilaria mammillaris produced by SFE 88. Using CO2 with ethanol as a co-solvent, Ospina 

et al investigated various pressures, temperatures, and co-solvent concentrations on the extraction yield, 

antioxidant activity, and total content of phenols and carotenes 88. Their results demonstrated SFE’s 

capabilities as an effective means for extracting important molecules and revealed G.mammillaris as a 

promising source of antioxidants 88.  

 

1.5.5.6 Enzyme-assisted Extraction. 

An extraction method for the release of bioactive molecules that is a little more specific is enzyme-

assisted extraction (EAE) 21, 83. A study that demonstrates the comparative investigations currently 

being performed with EAE is the study of antioxidant activities of the brown seaweed Ecklonia radiate 

extracts prepared by microwave-assisted enzymatic extraction 89. The study conducted by 

Charoensiddhi et al investigated EAE by comparing it to a more traditional acidic hydrolysis extraction 

and combining it with a MAE; the extraction of phlorotannins and antioxidant compounds from the 

E.radiata samples would then be evaluated by two antioxidant activity assays 89. Three carbohydrases 

and three proteases were selected for the investigation which saw significantly higher yields in total 

phlorotannin content and antioxidant activity of the extracts obtained by EAE and microwave-assisted 

enzymatic extraction 89.  

 

1.5.5.6 Solid-phase Extraction. 

Solid-phase extraction (SPE) is the most frequently used method for the extraction of organic 

compounds from environmental, clinical, biological, food, and beverage samples 80, 90. There are a wide 

variety of SPE materials and sorbents available with different selective applications 80, 90. The typical 

SPE procedure consists of four main steps as shown in Figure 1.5.5.7a:  

1. Conditioning the SPE materials to increase the effective surface area and reduce interferences, 

2. Loading a liquid sample onto a solid phase capable of retaining the target analytes, 

3. Washing away interfering and undesired molecules, and 

4. Eluting the target analytes. 
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7) Figure 1.5.5.7a The typical SPE procedure reproduced from Andrade-Eiroa et al critical 

review article titled: Solid-phase extraction of organic compounds: a critical review (Part 1) 90. 

Depending on the SPE sorbent there are a number of retention mechanisms that are assumed to 

facilitate the process; the current theories consider simultaneous contributions from both the retention 

mechanisms observed in LC, as well as the partitioning observed in liquid-liquid extraction 90. As in 

LC, there are various SPE materials and sorbents that are commercially available, covering a wide range 

of analytes and consequently countless applications 90. The most commonly used mechanisms are: 

reversed-phase, normal-phase, ion-exchange, mixed-mode (ion exchange + reverse-phase), adsorption, 

and more recently magnetic SPE 90. Different SPE mechanisms have varying procedures specific to 

the type of retention; therefore, a few examples will be provided to showcase the efficacy and variability 

of SPE, with particular focus on the analysis of phenolic acids and/or seaweed extracts.  

A study with a conventional SPE procedure was conducted by Rajauria et al with the aim of optimising 

and validating a qualitative and quantitative HPLC method for the analysis of polyphenols in seaweed 
91. A HPLC-DAD-ESI-MS/MS method was used for the analysis of 7 phenolic compounds in the 

brown seaweed Himanthalia elongata using a sample extraction method involving a methanol solvent 

extraction followed by SPE 91. The crude methanol extract of the seaweed sample was extracted using 

a C-18 SPE cartridge, with the developed method being validated and deemed satisfactorily sensitive 

and reproducible for the identification and quantitation of the phenolic compounds in the seaweed 91.  

An example of the miniaturization of the SPE technique is the study that aimed to develop a method 

for the isolation of phenolics from sea algae before rapid resolution (RR) LC-ESI-MS/MS 92. In that 

study Klejdus et al used the newer micro-elution SPE (µ-SPE) plate technology to analyse phenolic acid 

derivatives in the four sea algae species: Sargassum muticum, Undaria pinnatifida, Chondrus crispus and 

Cystoseira abies-marina 92. They developed and optimised a range of sample preparation techniques, 

evaluated the µ-SPE plate technique and compared it to conventional SPE, and identified and 
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quantified benzoic and cinnamic acid derivatives by RRLC-ESI-MS/MS 92. The µ-SPE plates were 

filled with different cartridges with 5 different sorbents which provided a great insight into the 

comparative efficacies of the various extraction procedures, as well as the exciting new possibilities of 

µ-SPE for the isolation of bioactive phenols from algal samples 92.  

In a study conducted by Mikami et al. they used multiple SPE sorbents in succession on a single sample 

to profile nine phytohormones in the two red algae species: Bangia fuscopurpurea and Pyropia yezoensis 93. 

Acidified acetonitrile extracts of the seaweeds were fractionated using the successive SPE procedure 

which began with the reversed-phase sorbent, from which the hydrophobic eluate was evaporated and 

reconstituted in acidified water before being loaded onto a ready mixed-mode cation-exchange and 

reversed-phase sorbent. The basic fraction from the Oasis MCX was used for the analysis of three 

phytohormones while the acidic fraction from the Oasis MCX was split in two; one portion of it being 

used for the analysis of salicylic acid, and the other portion being subjected to the mixed-mode weak 

anion-exchange and reversed-phase SPE sorbent. The eluate from the Oasis WAX was used for the 

analysis of the remaining acidic phytohormones. Figure 1.5.5.7b shows the successive SPE procedure 

that was used to identify the four phytohormones indoleacetic acid, N-isopentenyladenine, abscisic 

acid and salicylic acid in red seaweeds 93.  

 
8) Figure 1.5.5.7b The SPE procedure for the profiling of phytohormones by Mikami et al 
reproduced from Mori et al critical review article titled: Phytohormones in red seaweeds: a 

technical review of methods for analysis and a consideration of genomic data 41, 93 
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1.5.5.8 The Quechers Method. 

The final sample preparation method that will be discussed is a widely recognized method developed 

for pesticide residue analysis in agricultural products that has subsequently been applied in other fields 

of research 75, 94. The ‘QuEChERS’ technique (Quick, Easy, Cheap, Effective, Rugged and Safe) 

employs partitioning prior to dispersive SPE (d-SPE) and is rapidly being adopted due to its low cost, 

high throughput, easy performance and high efficiency 75, 94. The original method which employed a 

1:1 sample to solvent ratio, acetonitrile as the extraction solvent and magnesium sulfate (MgSO4) and 

sodium chloride (NaCl) salts in a 4:1 ratio was shown to be efficient for many analytes in a variety of 

samples; however, adjustments have since been made to optimise the method for even more analytes, 

samples matrices, and instrumental analysis techniques 94, 95. Most modifications to the Quechers 

method centred around three key variables: the extraction solvent, the salt, and the d-SPE sorbent; as 

a result there are now several iterations of the Quechers method commercially available with many 

companies offering to accommodate the preferences of customers 94. A study that demonstrates the 

use of Quechers-based extraction methods in marine samples was conducted by Cunha et al; in which 

they developed and validated a method for the simultaneous quantification of bisphenol A and 

tetrabromobisphenol A in fish, mussels and seaweed samples 96. They developed a method using the 

partitioning extraction following the Quechers procedure but then opted for a liquid-liquid extraction 

instead of the classic Quechers approach of d-SPE; finding that it promoted a better removal of 

interferences, better recoveries, and greater sensitivity 96.    

 

1.5.6 Chromatographic Separation. 

Even with the most sophisticated and selective sample preparation procedure, the resultant extract of 

a biological sample is still a complex mixture of chemical compounds 97. Therefore, separation methods 

are required to chemically analyse individual compounds in these complex mixtures 76, 97. It is common 

for the different chromatographic methods to be categorised by their mobile phase; the two most 

prevalent methods being liquid chromatography (LC) and gas chromatography (GC) 98, 99. For the 

analysis of phenolic compounds the LC method is more commonly employed, as no time-consuming 

derivatisation process is required 80, 100. 

 

1.5.6.1 Liquid Chromatography. 

The various LC methods include normal-phase, reversed-phase, ion-exchange, and size-exclusion; 

however, the most suitable for the analysis of phenolic compounds is reversed-phase chromatography 

(RP-LC) 98, 100. Reversed-phase liquid chromatography uses a polar mobile phase and non-polar 
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stationary phase; therefore, the elution order is based on increasing molecular hydrophobicity, with the 

most polar compounds eluted first 99. Stainless steel columns with an internal diameter of 1 – 5 mm 

are packed with silica particles ranging in size from 2 – 5 µm for High-Performance Liquid 

Chromatography (HPLC) systems and <2 µm for Ultra High-Performance Liquid Chromatography 

(UHPLC) systems 97, 100. The silica particles act as a support for the functional bonded-phase usually 

consisting of organic functional groups such as straight-chain octyl- (C8) or octadecyl-groups (C18), 

and aromatic phenyl-groups 98, 101. The mobile phase selection for RP-LC depends on the nature of the 

target analyte(s); however, it is often water mixed with common solvents such as methanol or 

acetonitrile, and for the analysis of phenolics often includes small concentrations of an acidic modifier 

such as acetic or formic acid 76, 100. The most widely used detectors for HPLC were spectrophotometric 

detectors such as UV/Vis or Photodiode Array that are based upon absorption of ultraviolet and/or 

visible radiation 98. There are also detectors available that are based upon fluorescence, refractive index, 

and electrochemical detection to name a few; however, they are more analyte specific and are less 

universal 98. In more recent years mass spectrometric (MS) detection began to replace absorption 

detection methods as the preferred system; MS not only offers increased selectivity and sensitivity, but 

also provides structural information for the target analytes as well as any well resolved unknown 

compounds within the sample 102.  

 

1.5.7 Mass Spectrometry. 

Mass spectrometry is a technique that allows for qualitative identification and quantitative 

determination of analytes in an expansive range of samples 103. Modern hyphenated techniques include 

but are not limited to: GC-MS, LC-MS, capillary electrophoresis mass spectrometry (CE-MS), and 

inductively coupled plasma mass spectrometry (ICP-MS) 104. Of all of the hyphenated analytical 

techniques it is LC-MS that has had the most success, consequently there is an ever-growing wide range 

of fields where LC-MS is applied from medical/clinical settings to environmental research, and more 

recently the emergent fields of “omics science”; most notably metabolomics 75, 102. There are a number 

of different modern mass spectrometers often categorised by the techniques they employ for ionisation 

and mass analysis; for example matrix-assisted laser desorption ionisation – time-of-flight mass 

spectrometry (MALDI-TOF) or electrospray ionisation – tandem mass spectrometry (ESI-MS/MS) 
104, 105.  
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1.5.7.1 MS Ionisation. 

For a substance to be analysed by mass spectrometry, it needs to be ionisable; hence why many consider 

ionisation the most important step in MS 104. There are many ionisation techniques that transform 

samples into the gas-phase ions required for mass analysis; these are classified into ‘soft’ or ‘hard’ 

ionisation techniques according to the amount of energy they impart on the analyte 103, 105. The most 

important and popular techniques in many fields of study including metabolomics are the ‘soft 

ionisation techniques such as electrospray ionisation (ESI) and atmospheric pressure chemical 

ionisation (APCI); these soft ionisation techniques, along with MALDI produce little to no 

fragmentation as the formed ions have little excess energy 77, 102, 103.  

 

1.5.7.1.1  Electrospray Ionisation (ESI). 

Electrospray ionisation (ESI) is the most commonly used technique among the group of API methods 

and is the leading ionisation technique when coupling LC with MS 105. It is a soft ionisation technique 

that is able to transfer ions from solution to the gas phase at atmospheric pressure; owing to its ability 

to produce multiply charged ions, ESI allows for the mass spectrometric analysis of larger molecules 

with high molecular masses typically not amenable to MS such as proteins 104. The principle of 

operation for ESI is based upon the basic technique of electrospray; where a solution in pumped 

through a capillary that has a high electric potential applied to it 103, 104. As a result the solution forms 

a cone-shaped structure at its end, from which droplets are emitted; this is known as the Taylor cone 

named after Sir Geoffrey Taylor who described the influence of electric potential on liquid 104. The 

generation of the Taylor cone facilitates the release of very fine droplets that depending on the potential 

applied to the capillary, would contain either an excess of positive or negative charge 103. The 

concentration of the charge at the droplet’s surface coupled with the evaporation of the solvent leads 

to electrostatic repulsion that exceeds the Rayleigh limit and overcomes the surface tension of the 

droplets; this droplet instability leads to a Coulomb explosion 104. Coulomb explosions create many 

more fine droplets, until complete evaporation of the solvent is achieved and ‘dry’ ions are released 104. 

This process from the Taylor cone formation to the successive Coulomb explosions that create the dry 

analyte ions is shown in Figure 1.5.7.1.1 below taken from Smoluch et al 104.  
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9) Figure 1.5.7.1.1 A schematic depicting the Electrospray principle including: (1) the capillary, (2) the 

Taylor cone, (3) aerosol droplet, (4) Coulomb explosion generating finer droplets, and (5) complete 
desolvation and generation of dry analyte ions. The black dots represent analyte ions. Reproduced 

from Smoluch et al.  104. 

 

Modern ESI interfaces have come a long way since the early beginnings of electrospray and now 

include/implement different features to improve the efficiency and therefore the sensitivity 105. This 

includes the use of an inert gas such as nitrogen along with heating in various arrangements to improve 

the efficiency of ion formation by assisting in solvent evaporation 103. Furthermore, ESI is well known 

to be affected by the flow rate of the solvent through the capillary, with lower flow rates having a 

higher efficiency of electrospray ionisation; the use of heating and gases is particularly important at 

higher flow rates in supporting efficient evaporation 104. The final interesting feature built in to most 

modern ESI interfaces is an orthogonal, or close to orthogonal capillary axis; the capillary axis being 

from the electrospray capillary (component 1 in Figure 1.5.7.1.1 above) to the heated capillary inlet 

(component 5 in Figure 1.5.7.1.1 above) that leads to the internal parts of the MS under vacuum 104. 

That capillary axis is often tilted close to 90º which initially seems unfavourable as the spray is not 

directed towards the instrument; however, the spray is directed, almost independently of that angle by 

the electric potential difference as well as the higher vacuum 104. As it is the electric potential difference 

that directs the spray and guides the ions into the analyser, an orthogonal arrangement sees only 

charged ions enter the inlet capillary; causing less non-ionised components and impurities to enter the 

system, decreasing background noise and preventing system contamination 104.  

  

1.5.7.2 MS Mass Analysis. 

Following the generation of gaseous ions in the ionisation sources the mass analysers are responsible 

for the filtering and separation of the ions 103. Furthermore, some mass analyser designs allow for 

trapping or further fragmentation of selected ions 103. There are various types of common mass 

analysers including time-of-flight, magnetic sector, quadrupole, ion trap, Fourier transform – ion 

cyclotron resonance, and the most recent type of mass analyser, the Orbitrap 105. These common mass 
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analysers have differing principles and designs that provide variability in: their measurable mass-to-

charge ratio range, mass resolution and accuracy 103.  

 

1.5.7.2.1  Quadrupole. 

The quadrupole mass analyser is comprised of four hyperbolically or cylindrically shaped metal rod 

electrodes; they are arranged in two pairs, set parallel to each other and the ion beam trajectory in the 

z-direction and mounted in a square configuration along an xy plane (see Figure 1.5.7.2.1 below) 104, 

105. The quadrupole mass analyser works by generating an electrical field through the application of 

radiofrequency (RF) and direct current (DC) across pairs of opposing rods 103, 104. By varying the DC 

and RF signals the quadrupole mass analyser changes its selectivity for the m/z of ions that will have 

a stable enough trajectory to pass through to the detector 104. These scans can be performed rapidly as 

it only requires manipulation of the electric field, which is an important advantage of quadrupole mass 

analysers and why they are often paired with continuous ionisation sources and coupled with 

chromatographic separation techniques 104. 

 
10) Figure 1.5.7.2.1 Schematic of a cylindrical quadrupole mass analyser. Showing the 
arrangement of the four rods mounted along an xy plane set parallel in the z-direction. 

Reproduced from Smoluch et al. 104. 

 

One disadvantage of quadrupoles is their comparatively low resolution, operating at unit resolution; 

however, their ability to rapidly switch between selected m/z values along with their relatively low price 

and ruggedness make them one of the most common mass analysers 104, 105. When the DC signal in 

quadrupoles is reduced to zero the entire ion beam can be guided/focussed through the analyser; a 

feature that is used to transfer ions and allows for combination with other mass analysers 104. This 

focussing/guiding is particularly important in ion guides, often found between the ion source and mass 

analyser, and in collision cells in triple quadrupole instruments (discussed further in tandem MS below) 
103, 105.  
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1.5.7.3 Tandem MS. 

Tandem mass spectrometry can be referred to as tandem MS, mass spectrometry/mass spectrometry 

(MS/MS or MS2), or in the case of multiple consecutive stages of fragmentation (MS3, MS4… MSn) 104, 

105. The advent of tandem mass spectrometry was driven by the lack of structural information attained 

when utilising ‘soft’ ionisation techniques, due to their characteristic lack of spontaneous fragmentation 
105. The basic goal of tandem MS is to select and isolate a particular ion known as a precursor ion, then 

induce fragmentation by breaking some of the precursor ion’s covalent bonds and subject the resulting 

fragment ions known as product ions to further mass spectrometric analysis 104. The two strategies 

employed to achieve separation of the precursor ion from the remaining ions prior to fragmentation 

are known as: tandem-in-time, and tandem-in-space 105. Tandem-in-time utilises the capabilities of 

some mass analysers that can store ions of interest, including the various ion trap mass analysers 104. In 

these mass analysers all ions except for the target precursor ion can be removed, then fragmentation 

can be performed before re-analysing the resultant product ions all within the same trapping space; 

making it possible to repeat the process in generations of fragmentations sequentially in time 104. 

Tandem-in-space involves the combination of multiple mass analysers within a single mass 

spectrometer; most often a combination to two mass analysers mounted either side of a collision 

chamber in which the fragmentation occurs 104, 105. The mass analysers commonly found in tandem-in-

space instruments include combinations of quadrupole and time-of-flight mass analysers; with the 

prototypical tandem-in-space depiction being a triple quadrupole tandem mass spectrometer 103, 105.  

 

1.5.7.3.1  Triple Quadrupole Tandem MS. 

Triple quadrupole mass spectrometers (QqQ) are the most prevalent example of tandem-in-space mass 

spectrometers; furthermore, they are particularly powerful when coupling tandem mass spectrometry 

with chromatographic techniques: GC-MS/MS and LC-MS/MS 103, 105. Early triple quadrupole mass 

spectrometers took advantage of the RF-only quadrupoles (q) ion-guiding potential and mounted these 

between two quadrupole mass analysers; however, it is more common for modern triple quadrupole 

instruments to utilise a hexapole (h) or octapole (o) in the place of the RF-only quadrupole, as they 

have improved ion-guiding capabilities 104, 105. It is in these hexapole/octapole collision cells where 

fragmentation occurs; whilst there are many methods of inducing fragmentation the most commonly 

employed in triple quadrupole instruments is collision-induced dissociation (CID) 105. Collision-

induced dissociation is generally realised by accelerating the precursor ions into a collision cell 

containing a neutral inert gas such as nitrogen; with fragmentation occurring as a result of collisions 

with the inert gas 103, 105. Mounted either side of the collision cell are the quadrupole mass analysers 

used for mass analysis (scanning m/z range) and/or ion selection (fixed m/z isolation); operation of 
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these quadrupoles in different combinations of their scanning/fixed modes gives rise to the four 

different operating modes of a triple quadrupole mass spectrometer (shown in Figure 1.5.7.3.1 below) 
103, 106.  

 
11) Figure 1.5.7.3.1 The four operating modes of a triple quadrupole mass spectrometer dependent on the Q1 and 

Q3 mass analysers’ operation modes: (a) Product ion scanning, (b) Precursor ion scanning, (c) Neutral loss 
scanning, and (d) Multiple ion monitoring. Reproduced from Maher et al. 106. 

 

In product scanning mode the first quadrupole (Q1) is set to a value that selects for the known 

precursor ion; the selected ion enters the collision cell where it undergoes fragmentation by CID, then 

the fragments or product ions are analysed in the third quadrupole (Q3) operating in m/z scanning 

mode 103, 106. In precursor ion scanning Q1 and Q3 operation modes are flipped; the focus is on a 

specific product ion in Q3 while Q1 scans the m/z range looking for precursor ions that share/generate 

a particular product ion 104. Neutral loss scanning has Q1 and Q3 both operating in synchronous 

scanning modes, focussing on the detection of a specific mass difference between precursor and 

product ions; helping to provide identification of molecules having specific structural features or 

conjugational complexes 104, 106. The last of the four operating modes of triple quadrupole mass 

spectrometry is multiple ion monitoring (MIM) also commonly referred to as multiple reaction 

monitoring (MRM) 105, 106. In this final mode of operation both Q1 and Q3 are selecting for 

predetermined m/z values: the precursor ion in Q1, and one of its product ions in Q3 104. A single 

reaction (precursor  product ion fragmentation specific to a molecule) can be monitored in a mode 
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known as single reaction monitoring (SRM), or thanks to the fast scanning speed of modern 

instruments multiple reactions for many different target analytes can be monitored in a single analytical 

run in MRM mode 104.  

 

1.5.7.4 MS Detection. 

Following the introduction of scanning mass spectrometers, electron multipliers became predominant 

due to their cost efficiency, sensitivity, and reliability 104, 105. Electron multipliers consist of several 

electrodes called dynodes, upon contact with the first dynode an ion’s kinetic energy is sufficient to 

dislodge a few electrons which creates an electron cascade travelling through the dynodes, generating 

a measurable current 104. There are other ion-counting detectors that work using similar principles as 

the electron multiplier, these include the microchannel, photomultiplier, and channel multiplier 104, 105.  

These detectors quantitatively transform the ion current into an electrical current, the data from which 

is presented as a mass spectrum: a two-dimensional representation of the signal intensity (y-axis) as a 

function of the m/z (x axis) 104, 105. When observing a mass spectrum the most intense signal/peak is 

commonly known as the base peak, and it is standard practice to normalise/scale the mass spectrum 

such that the base peak is 100 % intensity making visual comparisons easier 105. Other important peaks 

found in a mass spectrum are: the molecular ion (M+•) – the intact ionised molecule found in ‘hard’ 

ionisation methods; the pseudomolecular ion ([M+H]+ or [M-H]-) – protonated or deprotonated intact 

ionised molecule found in ‘soft’ ionisation methods; fragment ions – several peaks at lower m/z caused 

by fragmentation of the molecular ion, referred to as product ions in tandem mass spectra; cluster ions 

(e.g. [2M-H]-) – formations due to two or more of the same ionised molecule complexing; and lastly, 

adducts (e.g. [M+Na]+ or [M+NH4]+) – complexes formed between the ionised molecule and metal 

ions, anions or cations 105.  

 

1.5.8 LC-MS Data Analysis. 

When mass spectrometers are employed as chromatographic detectors, a third dimensions of 

information is gained; a major contributor to the success of the LC-MS technique 102, 105. The sum of 

all ion intensities of each successive spectra when plotted as a function of time is known as the total 

ion chromatogram (TIC), from which the signal intensity of a specific m/z or m/z range can be 

extracted in a ‘reconstructed’ or ‘extracted’ ion chromatogram (RIC and EIC), respectively 105. Whilst 

TICs offer an abundance of data for identification of the components of a sample, when quantitation 

is the goal ion chromatograms can be collected with the mass analyser operating in a more targeted 
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mode either for a specific m/z in selected ion monitoring mode (SIM) or multiple m/z in multiple ion 

detection mode (MID) 105. Lastly, as discussed in the Triple quadrupole tandem mass spectrometry 

section LC-MS analyses when using tandem MS have the potential to add a fourth dimension to the 

analysis; in which there are four main operating modes for data collection depending on the application 
104, 105.  

 

1.5.9 Method Development, Validation and Verification. 

Many analytical methods involve a large number of parameters that require optimisation in order to 

achieve the desired performance, particularly instrumental methods such as those employing LC-MS 

systems 102. Throughout method development the performance of an analytical method is checked and 

monitored to ensure reliable results; however, more extensive activities such as method validation and 

verification are indispensable for providing objective evidence that a method is truly fit for purpose 102, 

107. Typically, a more complex method necessitates a more extensive validation and analytical methods 

employing LC-MS are notorious for their complexity; not just because of the instrument complexity 

but also because LC-MS is often utilised on the most complex of samples 102. Further to the inherent 

necessity for validation, it has become increasingly more important due to regulations affecting 

laboratories requiring validation of methods, particularly for accreditation purposes, as well as scientific 

journals requiring validation data for publication of analytical research 102. This had led to various 

international organisations and conferences issuing validation guidance documentation for 

laboratories, both universal and sector-specific 102. Harmonised validation guidelines between the 

European Union (EU), Japan and the United States were developed in the 90s within the International 

Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) 102. 

Additionally, validation guidelines have been published by groups such as the Association of Official 

Analytical Chemists (AOAC), the International Union of Pure and Applied Chemists (IUPAC), and 

the United States Food and Drug Administration (FDA) 102. In Australia the National Association of 

Testing Authorities (NATA) is the recognised national accreditation authority for analytical 

laboratories and as such their technical note entitled “General Accreditation Guidance – Validation 

and verification of quantitative and qualitative test methods” is considered the gold standard 107. Whilst 

the analytical community is in agreement of the importance of method validation as well as the various 

performance parameters that require evaluation, there is diversity in the methodology employed for 

validation and the acceptance criteria 102, 107.  
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1.5.9.1 Method Validation – Performance Characteristics 

Method validation involves the investigation and evaluation of several key method performance 

characteristics, listed in Table 1.5.9.1 below and adapted from the NATA technical note 107. The depth 

of evaluation during the validation is determined by the status of the method under consideration and 

the requirements of its intended application 107. A balance between costs, risks and technical 

capabilities, method validation in most cases involves the investigation of only a handful of the 

performance characteristics 102, 107. Most guidelines provide only a general discussion on the 

performance characteristics including their definition, calculation and interpretation (as seen in Table 

1.5.9.1); therefore, the analyst(s) are often tasked with: identifying which specific characteristics require 

evaluation, designing the method for evaluation, and determining the acceptance criteria 102.  

Performance  

Characteristic 

Procedure(s) for determination/evaluation  

Limit of detection 
and quantitation 

Replicate analysis at multiple concentrations including a concentration close to zero, or 
replicate analysis at a concentration estimated to be equal to twice the LOQ. Use blanks and a 
range of standards or samples containing low concentrations of analytes.  

Separate determinations may be required for different matrices. 

Sensitivity Analysis of spiked or artificially contaminated samples or standards prepared in sample extract 
solutions. Initial check for satisfactory gradient for plot of response vs concentration. 

Selectivity Analysis of reagent and matrix blanks, standards and matrix samples spiked with standards to 
which known concentrations of suspected interfering molecules have been added. 

Linearity of 
calibration 

Duplicate measurements of standards evenly spaced over expected concentration range of 
samples. 

Measuring interval Evaluation of bias and possibly LOQ determinations. 

Matrix Effects Analysis of matrix blanks or matrix spiked with standards. 

Trueness; bias Analysis of replicates. Reference samples should be matrix and concentration matched with 
samples. 

Precision 
(Repeatability and 
Reproducibility) / 
Accuracy 

Replicate analysis for each sample matrix type under stipulated conditions.  

For comparing precision of two methods, the F-test is recommended. 

For accuracy, compare each mixture’s true value vs. the measured result. 

Ruggedness Introduce appropriate limits to method parameters likely to impact results if not carefully 
controlled. Investigated if necessary: single variable tests, and multi variable tests. 

Measurement 
Uncertainty 

Calculate a reasonable, fit-for-purpose estimate of MU. Ensure estimates are aligned with the 
concentration(s) most relevant to the users of the results.  

2) Table 1.5.9.1 A summary of the method validation performance characteristics and notes on how to 
determine/evaluate them. Adapted from 107 
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1.5.9.2 Method Validation – LCMS Specific Aspects Including Ionisation 

Suppression by Matrix Effects. 

There are practical aspects for LC-MS method development and validation that require consideration, 

particularly when comparing to other LC detectors 102, 108. These include but are not limited to: 

• There is a large number of LC-MS parameters that can be optimised that impact performance 

• MS as a detector generally has poorer repeatability when compared to other LC detectors such 

as spectrophotometric detectors (UV and Fluorescence); this has implications for evaluating 

trueness, precision and accuracy (often requiring a larger number of replicates for their 

evaluation) 

• MS detectors can be strongly influenced by the sample matrix and matrix variations, causing 

ionisation suppression or enhancement which has implications for a methods trueness 102, 108 

For the MS detectors that utilise the ‘soft’ API methods, especially ESI, the influence of the matrix on 

ionisation efficiency has come to be the most important source of error; with matrix effects being 

dubbed the ‘Achilles heel’ of HPLC-ESI-MS/MS and related methods 102, 107, 109. Generally in analytical 

chemistry matrix effects are “the combined effects of all components of the sample other than the 

analyte on the measurement of the quantity”; furthermore any “specific component that can be 

identified as causing an effect is referred to as an interference” 102, 110. In LC-MS this most commonly 

occurs in the form of coeluting compounds that either reduce (ionisation suppression) or increase 

(ionisation enhancement) the analyte signal 102, 111. Whilst the exact mechanisms of matrix effects are 

unknown, various hypotheses explaining the complex mechanisms have been published in reviews; 

Cappiello et al list multiple hypotheses across their several reviews of matrix effects including for 

example, competition for available charges and access to the droplet surface in ESI 109, 111-113. The 

evaluation of matrix effects is crucial for developing and validating LC-MS methods; initially there were 

two main strategies of evaluating matrix effects: post-extraction addition and post-column infusion 109, 

110, 113. Post-column infusion provides only qualitative assessment of matrix effects, while the post-

extraction method provides a quantitative assessment; a modified post-extraction method known as 

the Slope Ratio Analysis was devised that overcame the need for a matrix blank and provided semi-

quantitative assessment of matrix effects across a range of concentrations 110. Where matrix effects 

have been assessed and confirmed they should be eliminated or significantly reduced; however, 

completely eliminating matrix effects may not be possible or practical and in such a case methods for 

compensating for them are required 102, 114. There is no universal approach for reducing matrix effects 

and instead there are many strategies that fall into three main categories: sample preparation 

modifications (such as sample dilution or more extensive sample clean-up), chromatographic 

modifications (improved separation or varying stationary/mobile phases for additional selectivity), and 
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mass spectrometric modifications (using a different ionisation source, polarity or mode) 110, 114, 115. If 

the matrix effects cannot be significantly reduced then efforts should be focussed on compensating 

for them by using an appropriate calibration methodology 110, 114. The convenient and most widely 

accepted calibration method for matrix effects compensation is dependent on the availability of a blank 

matrix, known as the matrix-matched calibration; when a blank matrix is not available the two 

commonly employed methods for compensation are internal standard calibration and standard 

addition calibration 110, 114, 115.  
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1.6 CHEMICAL ANALYSIS OF PHENOLICS IN ALGAE AND 

TERRESTRIAL PLANTS 

There is a growing interest in the study of seaweeds and their bioactive phenolic compounds with 

applications in a range of industries such as: pharmaceutical, food, cosmetic, and agricultural 116, 117. 

However, much of the investigation into phenolics in macroalgae has been focussed on the phenolic 

compounds unique to or abundant in algae; for example phlorotannins and marine bromophenols 25, 

118-120. Additionally, like other phytochemicals such as phytohormones, much of the methodology for 

their analysis was developed in terrestrial plants and may not be directly applicable to algae 41. 

Therefore, the development of innovative strategies for their analysis in seaweeds, along with the 

adaption/conversion of established methods from terrestrial plants to seaweeds is a growing area of 

research 41, 116.  

The analysis of phenolics in seaweeds is a multi-step process involving various extraction techniques 

(described in Section 1.5.5) and analytical methods for their separation, identification, characterisation, 

and quantification 121. Typically, phenolic compounds are separated using liquid chromatography, 

before detection with either spectrophotometric methods such as UV/Vis, or mass spectrometric 

methods such as ESI-MS 100. A review of HPLC methods using spectrophotometric and spectrometric 

detection employed to analyse phenolic compounds in algae based samples is presented in Table 1.6a 

and b, respectively. As previously discussed, there is a larger body of research pertaining to the analysis 

of phenolics in terrestrial plants which often serve as the foundations to the development of methods 

in seaweeds and algae; therefore a similar review of the literature for HPLC methods used for the 

analysis of phenolics in terrestrial plants is presented in Table 1.6c. The literature review revealed 

common approaches used for the chromatographic analysis of phenolics in algae/plant samples. 

Following the Table 1.6a-c a summary of chromatographic, spectrophotometric and spectrometric 

approaches is shown below. 
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Algae Species Phenolics Analytical Instrumentation and Methodology Reference(s) 

Acanthaphora spicifera, 
Graciliaria edulis, Padina 
gymnospora, Ulva 
fasciata, and 
Enteromorpha flexuosa 

Caffeic acid, p-coumaric 
acid, gallic acid, 
chlorogenic acid, 3,4-
dihydroxybenzoic acid 

HPLC, No column information provided, kept at 35ºC 

Gradient elution, Solvent A: 50mM sodium phosphate and 10 % (v/v) methanol, Solvent B: 
70 % (v/v) methanol, delivered at 1.0 mL/min, 100 min run time, 20 µL injection 

Abirami and 
Kowsalya, 2017 122 

Chondrus crispus  Gallic acid, protocatechuic 
acid, p-hydroxybenzoic 
acid, Gentisic acid, 
catechin, p-coumaric acid, 
cinnamic acid 

HPLC-DAD, Symmetry C18 250 x 4.6 5 µm column,  

Gradient elution, Solvent A: acetonitrile, Solvent B: 0.1 % (v/v) phosphoric acid in water, 
delivered at 1.0 mL/min, 60 minute run time, 10 µL injection 

DAD set at 280, 320 and 360 nm 

Alkhalaf, 2021 123 

Turbinaria conoides and 
Turbinaria ornate  

Chlorogenic acid, caffeic 
acid, 2,5-dihydroxybenzoic 
acid, coumaric acid, ferulic 
acid, salicylic acid, gallic 
acid, syringic acid, + more 

HPLC-DAD, Phenomenex C18 Luna 150 x 4.6 mm 5 µm column, fitted with guard column 

Gradient elution, Solvent A: methanol, Solvent B: HPLC water with 0.2 % (v/v) acetic acid, 
delivered at 0.6 mL/min, 60 min run time, 50 µL injection 

DAD set to 374 and 277 nm 

Chakraborty and 
Joseph, 2016 124 

Laminaria and 
Ascophyllum nodosum 

Gallic acid, protocatechuic 
acid, vanillic acid, caffeic 
acid, p-coumaric acid, 
syringic acid and p-
hydroxybenzoic acid 

HPLC-UV/Vis, TM-LC 18 Supelcosil fitted with pre-column 

Isocratic elution, mobile phase: water/n-butanol/acetic acid (80.5:18:1.5 v/v/v), delivered at 
1.2 mL/min, 20 µL injection 

UV/Vis set to 275 nm 

Ertani et al., 2018 125 

26 seaweed species (11 
brown, 5 green, and 10 
red) 

Gallic acid, protocatechuic 
acid, catechin, caffeic acid, 
vanillic acid, syringic acid, 
salicylic acid, p-coumaric 
acid, + more 

UHPLC-DAD, Zorbax SB-C18 250 x 4.6 mm 5 µm column, kept at 40ºC 

Gradient elution, Solvent A: phosphoric acid in water, Solvent B: methanol/acetonitrile 
50:50 (v/v), delivered at 0.8 mL/min, 5 µL injection 

DAD detection at 280, 235, 255, 210, 320, 340, 360, and 520 

Farvin et al., 2019 126 

Cystosira myrica, Padina 
gymnospora, Sargassum 
aspirofolium, Sargassum 
latifolium, Sargassum 
muticum, Turbinaria sp. 

Coumarin, Ellagic acid, 
kaempherol, naphthalene, 
phenanthrene, resorcinol 
acid, ferulic acid 

HPLC-DAD, C18 column, 

Solvent A: methanol, Solvent B: 2 % (v/v) acetic acid in water, delivered at 1.0 mL/min, 15 
min run time 

DAD set to 240, 245 and 250 nm 

Fouda et al., 2019 
127 
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Dictyota dichotoma and 
Padina pavonica 

Protocatechuic acid, p-
hydroxybenzoic acid, p-
coumaric acid, t-ferulic 
acid, o-coumaric acid 

HPLC-UV/Vis, UltraAqueous C18 250 x 4.6 mm 5 µm column 

Gradient elution, Solvent A: 0.2 % (v/v) phosphoric acid in water, Solvent B: 
methanol/acetonitrile 50:50 (v/v), delivered at 0.8 mL/min 

UV detection at 280 nm 

Generalić Mekinić et 
al., 2021 128 

Cladophora glomerata 
and mixture of baltic 
seaweeds 

Phytohormones including 
auxins (indoleacetic acid) 
and cytokinins  (kinetin) 
and abscisic acid 

HPLC-PDA, Phenomenex Luna C18 150 x 4.6 mm 5 µm column, kept at 25ºC 

Gradient elution, Solvent A: acetonitrile, Solvent B: water with formic acid, delivered at 1 
mL/min, 30 min run time, 20 µL injection 

PDA detector set to 214 nm 

Górka and 
Wieczorek, 2017 117 

Ulva lactuca, Caulerpa 
racemosa, Acanthophora 
spicifera, Sargassum 
dentifolium 

Hydroxybenzoic acid, gallic 
acid, resorcinol, 
chlorogenic acid, vanillic 
acid, coumaric acid, 
salicylic acid, ferulic acid, 
cinammic acid 

HPLC-UV/Vis, Kromasil 150 x 4.6 mm C18 column 

Isocratic elution, mobile phase: methanol/water/tetrahydrofuran/acetic acid (23:75:1:1 
v/v/v/v), delivered at 1.0 mL/min 

UV detection at 280 nm 

Hamed and 
Messiha, 2018 129 

Ankistrodesmus sp., 
Spirogyra sp., Euglena 
cantabrica, Caespitella 
pascheri 

Gallic acid, epicatechin, 
chlorogenic acid, 
protocatechuic acid, 
syringic acid, catechin 

HPLC-DAD, Pursuit XRs C18 250 x 4.6 mm 5 µm column fitted with guard column 

Gradient elution, Solvent A: water with 0.1 % (v/v) formic acid, Solvent B: methanol, 
delivered at 1.0 mL/min, 21 min run time, 20 µL injection 

DAD detection set to 270 and 324 nm  

Jerez-Martel et al., 
2017 130 

Cladophora glomerata Gallic acid, syringic acid, 
3,4-dihydroxybenzoic acid, 
vanillic acid, 4-
hydroxybenzoic acid, 3-
hydroxybenzoic acid 

HPLC-PDA, Phenomenex C18 250 x 4.6 mm 5 µm column,  

Elution and mobile phase details not provided, run times vary up to 60 min 

PDA detection at 280 nm 

Korzeniowska et al., 
2020 131 

Dunaliella tertiolecta 

Phaeodactylum 
tricornutum 

Various phenolics 
including: gallic acid, 
protocatechuic acid, vanillic 
acid, syringic acid, Gentisic 
acid 

HPLC-DAD, Pursuit XRs C18 250 x 4.6 mm 5 µm column with guard column fitted, kept at 
27ºC 

Gradient elution, Solvent A: Milli-Q water with 0.1 % (v/v) formic acid, Solvent B: methanol, 
delivered at 1.0 mL/min, 60 µL injection 

DAD set to 270, 324 and 373 nm 

López et al., 2015 132 

 

Rico et al., 2013 133 
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Edible algal products 
from: 5 brown, 2 red and 1 
green seaweed, 

As well as 1 
cyanobacterium  

Vairous flavanols and the 
phenolic acids: gallic acid 
and 4-hydroxybenzoic acid 

HPLC-DAD, C18 Kinetex 150 x 4.6 mm 2.6 µm column, kept at 23ºC 

Gradient elution, Solvent A: water with 1 % (v/v) acetic acid, Solvent B: 
water/acetonitrile/acetic acid (67:32:1 v/v/v), delivered at 1 mL/min, 35 min run time 

DAD set to 275 nm 

Machu et al., 2015 
134 

Saccharina japonica (both 
studies) 

Gallic acid, chlorogenic 
acid, Gentisic acid, 
protocatechuic acid, p-
hydroxybenzoic acid, 
vanillic acid, caffeic acid 
and syringic acid 

HPLC-UV/Vis, Nucleosil 100-5 C8 250 x 4.6 mm 5 µm column 

Gradient elution, Solvent A: water with 0.1 % (v/v) glacial acetic acid, Solvent B: 
acetonitrile with 0.1 % (v/v) glacial acetic acid, delivered at 0.8 mL/min, 30 min run time 

UV/Vis detection at 280 nm 

Nkurunziza et al., 
2021 135 

Vo Dinh et al., 2018 
136 

Caulerpa racemosa and 
Ulva lactuca 

Gallic acid, chlorogenic 
acid, gentisic acid, 
protocatechuic acid, p-
hydroxybenzoic acid, 
vanillic acid 

HPLC-UV, Nucleosil C8 Column 

Gradient elution, Solvent A: water with 0.1 % (v/v) acetic acid, Solvent B: acetonitrile with 
0.1 % (v/v) acetic acid, delivered at 1.0 mL/min, 

UV detection at 280 nm 

Pangestuti et al., 
2021137 

16 seaweed species 
including 8 brown, 2 green 
and 6 red 

 

Fucus serratus and 
Polysiphonia fucoides 

Gallic acid, protocatechuic 
acid, Gentisic acid, p-
hydroxybenzoic acid, 
chlorogenic acid, vanillic 
acid, syringic acid, caffeic 
acid, salicylic acid, 
coumaric acid, and ferulic 
acid (same in both studies) 

HPLC-DAD, Zorbax Eclipse XDB C8 150 x 4.6 mm 5 µm column 

Isocratic elution, mobile phase: methanol/water with 10 mM ammonium acetate buffer 
(12:88 v/v) pH 5.4, delivered at 1.0 mL/min 

DAD set to 280 nm 

Sabeena Farvin and 
Jacobsen, 2013 138 

 

 

Sabeena Farvin and 
Jacobsen, 2015 139 

Nannochloropsis salina, 
Nannochloropsis 
limnetica, Desmodesmus 
sp., Chlorella sorokiniana, 
Phaeodactylum 
tricornutom and Dunaliella 
salina 

Gallic acid, 2,5-
dihydroxybenzoic acid, 3,4-
dihydroxybenzoic acid, 
chlorogenic acid, 4-
hydroxybenzoic acid, 
syringic acid, salicylic acid, 
+ more 

HPLC-DAD, Progidy ODS-3 250 x 4.6 mm 5 µm 

Gradient elution, Solvent A: de-ionised water with phosphoric acid pH 3, Solvent B: 
acetonitrile, delivered at 0.9 mL/min, 70 min run time, 20 µL injection 

DAD set to 280 nm 

Safafar et al., 2015 
140 
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Sargassum virgatum Gallic acid, protocatechuic 
acid, p-hydroxybenzoic 
acid, gentisic acid, vanillic 
acid, syringic acid, 
cinnamic acid, + more 

HPLC-UV/Vis, Kromasil C18 150 x 4.6 mm 3.5 µm column, kept at 25ºC 

Gradient elution, Solvent A: water with 1 % (v/v) acetic acid, Solvent B: 
water/acetonitrile/acetic acid (67:32:1 v/v/v), delivered at 1 mL/min, 20 µL injection 

UV detection set to 280 nm 

Semaida et al., 2022 
141 

Ulva lactuca, 
Enteromorpha intestinales 
and Cladophora 
vagabunda 

Gallic acid, protocatechuic 
acid, Gentisic acid, p-
hydroxybenzoic acid, 
vanillic acid, caffeic acid, 
salicylic acid, benzoic acid, 
ferulic acid, elagic acid and 
p-coumaric acid 

HPLC-DAD, Zorbax Eclipse XDB C8 150 x 4.6 mm 5 µm column 

Isocratic elution, mobile phase: methanol/water with 10 mM ammonium acetate buffer 
(12:88 v/v) pH 5.4, delivered at 1.0 mL/min 

DAD set to 280 nm 

Sirbu et al., 2019 142 

Gracilaria dura Gallic acid, vanillic acid, 
sinapic acid, p-coumaric 
acid, hydroxybenzoic acid, 
Phloroglucinol, catechol 
and cinnamic acid  

HPLC-PDA, Luna5-C18 250 x 4.6 mm, kept at 27ºC 

Isocratic elution, mobile phase: water with potassium hydrogen phosphate/acetonitrile 
(75:25 v/v)), delivered at 1.0 mL/min 

UV/Vis detection at 254 nm 

Sumayya et al., 
2020 143 

Sargassum cinereum, 
Sargassum ilicifolium, 
Sargassum tenerrimum 
and Sargassum wightii 

Tannic acid, gallic acid, p-
hydroxybenzoic acid, 
vanillic acid, p-coumaric 
acid and ferulic acid 

HPLC-PDA, Nova-Pak C-18 4 µm 4.6 x 250 mm column, kept at 24ºC 

Isocratic elution, mobile phase: water/methanol/acetonitrile (5:3:2 v/v/v) with 0.2 % (v/v) 
triethylamine pH 3.3, delivered at 1.0 mL/min, 15 min run time 

PDA detection at 280 nm 

Waghmode and 
Khilare, 2018 144 

Undaria pinnatifida and 
Laminaria digitata 

Gallic acid, 2,5-
dihydroxybenzoic acid, 
epicatechin and 
epigallocatechin 

HPLC-UV, Phenomenex C18 150 x 4.6 mm 3µm column, kept at 23ºC 

Gradient elution, Solvent A: water with 1 % (v/v) acetic acid, Solvent B: 
water/acetonitrile/acetic acid (67:32:1 v/v/v), delivered at 1.0 mL/min 

UV detection at 275 nm 

Zaharudin et al, 
2018 145 

3) Table 1.6a A summary of various methods of analysis of phenolics in algae by HPLC with spectrophotometric detection. Including the algae species, the target phenolics, 
the analytical instrumentation and methodology, and the reference.   
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Algae Species Phenolics Analytical Instrumentation and Methodology Reference 

Ascophyllum nodosum, 
Bifurcaria bifurcate, and 
Fucus vesiculoses  

Phlorotannins, phenolic 
acids, and flavonoids 

LC-DAD-ESI-MS/MS, Zorbax SB C18 150 x 3.0 mm 3.5 µm column, kept at 25ºC 

Gradient elution, Solvent A: 2.5 % (v/v) acetic acid in water, Solvent B: 2.5 % (v/v) acetic 
acid in methanol, delivered at 1.0 mL/min, 75 min run time 

DAD data collected at 240 and 370 nm 

Triple quadrupole, ESI source, negative ion mode, mass range of m/z 100 – 1600 Da 

Agregán et al., 2017 
146 

Ascophyllum nodosum  Phlorotannins LC-MSn, Synergi Hydro C18 2.0 x 150 mm 4 µm column 

Gradient elution, Solvent A: HPLC water with 0.1 % (v/v) formic acid, Solvent B: 
acetonitrile with 0.1 % (v/v) formic acid, delivered at 0.3 mL/min, 35 min run time 

DAD collected in 200-600 nm, and 280, 365, 520 nm 

Ion trap, ESI source, negative and positive ion modes, mass range of m/z 80-2000, then 
data-dependent analysis MS/MS for three most intense ions  

Second MS analysis: Orbitrap, full scan accurate mass, data-dependent analysis at MS2 
and MS3 

Allwood et al., 2020 
147 

Phaeodactylum 
tricornutum, Diacronema 
lutheri, Porphyridium 
purpureum, 
Haematococcus pluvalis, 
Chlorella vulgaris, 
Tetraselmis suecica 

Phloroglucinol, p-coumaric 
acid, ferulic acid, caffeic 
acid, catechin, quercetin, 
kaempferol, apigenin, 
luteolin, genistein, + more 

UHPLC-MS/MS, Waters Acquity ethylene bridged hybrid BEH-shield RP18 3.0 x 150 mm 
1.7 µm and BEH phenyl 2.1 x 100 mm 1.7 µm columns, kept at 40ºC 

Gradient elution, Solvent A: UHPLC water with 0.1 % (v/v) formic acid, Solvent B: 
acetonitrile with 0.1 % (v/v) formic acid, delivered at 0.5 mL/min, 23 min run time 

Triple quadrupole, ESI source, negative ion mode, MRM with analyte specific transitions 
and collision energies 

Goiris et al., 2014 148 

Bifurcaria bifurcate, 
Cystoseira humilis, 
Cystoseira stricta, Fucus 
spiralis and Gelidium 
sesquipedale 

Quinic acid, malic acid, 
fumaric acid, gallic acid, 
protocatechuic acid, 4-
hydroxybenzoic acid, 
hesperidin 

LC-MS/MS, C18 revered-phase Inertsil ODS-4 150 x 4.6 mm 3 µm C18 column, kept at 
40ºC 

Gradient elution, Solvent A: water with 5 mM ammonium formate and 0.1 % (v/v) formic 
acid, Solvent B: methanol with 5 mM ammonium formate and 0.1 % (v/v) formic acid, 
delivered at 0.5 mL/min, 29 min run time, 4 µL injection 

Triple quadrupole, ESI source, negative ion mode, MRM with analyte specific transitions 
and collision energies 

Grina et al., 2020 149 
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Monostroma 
oxyspermum, Ulva 
fasciata, Ulva lactuca, 
Ulva linza, Ulvareticulata 
and Ulva taeniata 

Plant growth regulators 
including gibberellic acid, 
Abscisic acid, indole-3-
acetic acid, salicylic acid, + 
more 

HPLC-DAD & ESI-MS, Phenomenex Luna-C18 5 µm 4.6 x 250 mm column, kept at 35ºC 

Isocratic elution, mobile phase: methanol/water (60:40 v/v) with 0.6 % (v/v) acetic acid, 
delivered at 1.0 mL/min, 50 µL injection 

UV detection at 208, 254 and 265 nm 

ESI-MS identification, Quadrupole-TOF, ESI source, negative and positive ion modes, 
MS/MS mass fragmentation pattern analysis 

Gupta et al., 2011 150 

Spongiochloris spongiosa 
and cyanobacteria 
species 

Hydroxybenzaldehydes, 
cinamic acid derivatives, p-
hydroxybenzoic acid, 
protocatechuic acid, gallic 
acid, vanillic acid, and 
syringic acid  

HPLC-ESI-MS, Zorbax SB-C18 75 x 4.6 mm 3.5 µm column, kept at 30ºC 

Gradient elution, Solvent A: water with 0.2 % (v/v) acetic acid, Solvent B: acetonitrile, 
delivered at 1.1 mL/min, 15 min run time, 0.5 – 20 µL injections 

Single quadrupole, ESI source, negative ion mode, pseudomolecular ion monitoring, 
structural identification using in-source collision induced dissociation at 100 V 

Klejdus et al., 2009 
151 

Cystoseira abies-marina, 
Undaria pinnatifida, 
Sargassum muticum, 
Chrondrus crispus 

Hydroxybenzaldehydes, 
cinamic acid derivatives, p-
hydroxybenzoic acid, 
protocatechuic acid, gallic 
acid, salicylic acid, vanillic 
acid, and syringic acid 

Rapid Resolution (RR) LC-MS/MS, Zorbax SB-C18 2.1 x 50 mm 1.8 µm column, kept at 
26ºC 

Gradient elution, Solvent A: water with 0.2 % (v/v) acetic acid, Solvent B: acetonitrile, 
delivered at 0.8 mL/min, 4.5 min run time, 0.2 – 5 µL injections 

Triple quadrupole, ESI source, negative ion mode, MRM with analyte specific transitions at 
20 eV collision energy 

Klejdus et al., 2017 
92 

Jania rubens Phenolic acids syringic acid 
and a potential syringic acid 
sulfate  

UPLC-ESI-MS & UPLC-ESI-MSn, HSS T3 100 x 1.0 mm 1.8 µm column 

Gradient elution, Solvent A: water with 0.1 % (v/v) formic acid, Solvent B: acetonitrile with 
0.1 % (v/v) formic acid, delivered at 0.15 mL/min, 3.1 µL injection 

MS analysis with quadrupole TOF MS, ESI source, negative ion mode, mass range of m/z 
100 - 1000 

MSn analysis with ion trap, ESI source, positive and negative mode, 20 eV collision energy 

Maghraby et al., 
2022 152 

Halimeda sp, Spyridia 
hypnoides, Valoniopsis 
pachynema, Gracilaria 
fergusonii, Amphiroa 
anceps 

Non-targetted screening 
identifying phenoic acids 
such as: 4-hydroxybenzoic 
acid and 4-coumaric acid 

UHPLC-ESI-MS/MS, Thermo Accucore C18 100 x 2 mm 2.6 µm column, kept at 25ºC 

Gradient elution, Solvent A: water with 0.1 % (v/v) formic acid, Solvent B: methanol with 
0.1 % (v/v) formic acid, delivered at 0.2 mL/min, 70 min run time 

Orbitrap MS, ESI source, positive and negative ion mode, mass range of m/z 100 - 1500 

Mahomoodally et al., 
2020 153 
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Pyropia yezoensis, Bangia 
fuscopurpurea 

Salicylic acid  LC-ESI-MS/MS, Zorbax Eclipse XDB-C18  

Gradient elution, Solvent A: water with 0.1 % (v/v) formic acid, Solvent B: acetonitrile with 
0.1 % (v/v) formic acid  

Triple quadrupole, ESI source, negative ion mode, MRM transitions at 12 eV collision 
energy 

Mikami et al., 2016 93 

18 seaweed species 
including 7 red, 2 green 
and 9 brown 

Identified compounds 
include: benzoic acid, p-
hydroxybenzoic acid, 
vanillic acid 3-sulfate 

Untargeted LC-MS/MS, Fortis C18 100 x 2.1 mm 1.7 µm column, kept at 30ºC 

Gradient elution, Solvent A: water with 0.1 % (v/v) formic acid, Solvent B: acetonitrile with 
0.1 % (v/v) formic acid, delivered at 0.4 mL/min, 25 min run time, 5 µL injection 

Quadrupole TOF MS, ESI source, negative ion mode, full mass scan with range m/z 50 – 
1000, for MS/MS analyses collision energy was between 10 and 40 eV 

Nørskov et al., 2021 
154 

Gracilaria beckeri, 
Ecklonia maxima, Ulva 
rigida and Gelidium 
pristoides 

Phlorotannins, flavonoids, 
and phenolic acids 
including: vanillic acid, 
syringic acid 

UHPLC-ESI-QTOF-MS, Acclaim RSLC C18 2.1 x 100 mm 2.2 µm 

Gradient elution, Solvent A: water with 0.1 % (v/v) formic acid, Solvent B: acetonitrile with 
0.1 % (v/v) formic acid, delivered at 0.3 mL/min, 40 min run time 

Quadrupole-TOF, ESI source, positive ion mode, collision energy of 40 eV 

Olasehinde et al., 
2019 155 

Spongiochloris spongiosa, 
Anabaena doliolum, 
Porphyra tenera and 
Undaria pinnatifida  

Hydroxybenzaldehydes, 
cinamic acid derivatives, 
and the hydroxybenzoic 
acids derivatives: p-
hydroxybenzoic acid, 
protocatechuic acid, gallic 
acid, salicylic acid, vanillic 
acid, and syringic acid 

HPLC-ESI-MS, Zorbax SB-C18 150 x 4.6 mm 3.5 µm column, kept at 30ºC 

Gradient elution, Solvent A: water with 0.2 % (v/v) acetic acid, Solvent B: acetonitrile, 
delivered at 1.1 mL/min, 15 min run time, injections range from 0.5 – 25 µL 

Single quadrupole, ESI source, negative ion mode, pseudomolecular ion monitoring, 
additional structural information detected using in-source CID 

Onofrejová et al., 
2010 156 

Himanthalia elongata Phloroglucinol, gallic acid, 
chlorogenic acid, caffeic 
acid, ferulic acid, + more 

HPLC-DAD-ESI-MS, Atlantis C-18 250 x 4.6 mm 5 µm column fitted with guard column, 
kept at 25ºC 

Gradient elution, Solvent A: water with 0.25 % (v/v) acetic acid, Solvent B: 
acetonitrile/water (80:20 v/v) with 0.25 % (v/v) acetic acid, delivered at 1.0 mL/min 

DAD set to 254, 280 and 320 nm 

Triple quadrupole, ESI source, negative ion mode, mass range of m/z 100 - 1000 

Rajauria, 2018 91 
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Himanthalia elongata m-hydroxybenzaldehyde, p-
hydroxybenzaldehyde, 
Phloroglucinol, gallic acid, 
gallic acid 4-O-glucoside, + 
more 

HPLC-ESI-MS, Atlantis C-18 250 x 4.6 mm 5 µm column fitted with guard column, kept at 
25ºC 

Gradient elution, Solvent A: water with 0.25 % (v/v) acetic acid, Solvent B: 
acetonitrile/water (80:20 v/v) with 0.25 % (v/v) acetic acid, delivered at 1.0 mL/min 

Triple quadrupole, ESI source, negative ion mode, mass range of m/z 100 - 1000 

Rajauria et al., 2016 
157 

Palmaria spp., Porphyra 
spp., Himanthalia 
elongata, Laminaria 
ochroleuca and undaria 
pinnatifida  

Catechin, epicatechin, 
gallic acid, catechin gallate, 
epicatechin gallate, 
epigallocatechin and 
epigallocatechin gallate 

HPLC-UV and LC-MS, Teknokroma Mediterranean sea-18 150 x 4 mm 3 µm column 

Gradient elution, Solvent A: water with 1 % (v/v) acetic acid, Solvent B: 
water/acetonitrile/acetic acid (67:32:1 v/v/v), delivered at 1.2 - 1 mL/min for UV analysis, 
and 0.5 mL/min for MS, 20 µL injection 

UV detection set to 280 nm 

LC-MS, ESI source, negative ion mode, pseudomolecular ion monitoring 

Rodríguez-Bernaldo 
de Quirós et al., 
2010 158 

Laminaria japonica, 
Undaria pinnatifida, 
Sargassum fusiforme and 
Ascophyllum nodosum 

Flavonoids, Phlorotannins 
and the phenolic acids: 4-
hydroxybenzoic acid, 
vanillic acid, gallic acid, 
caffeic acid and ferulic acid 

UPLC-ESI-MS/MS, Acquity BEH HILIC 2.1 x 150 mm 1.7 µm column, kept at 65ºC 

Gradient elution, Solvent A: water with 0.1 % (v/v) formic acid, Solvent B: acetonitrile/water 
(95:5 v/v) with 0.1 % (v/v) formic acid, delivered at 0.4 mL/min 

Quadrupole Orbitrap, ESI source, positive ion mode, mass spectra over the range m/z 60 
– 900, Q-Exactive HF-X secondary mass spectral analysis 

Shen et al., 2021 159 

Gracilaria birdiae and 
Gracilaria cornea 

Gallic acid and apigenin LC-MS/MS, Supelcosil LC-18 C18 250 x 5 mm 

Isocratic elution, Solvent A: methanol, Solvent B; water with 0.1 % (w/v) formic acid, 
mobile phase: (A:B 50:50 v/v), delivered at 0.4 mL/min 

MS/MS, ESI source, negative and positive ion modes, MS/MS collision energy 15 eV 

Souza et al., 2011 
160 

Chlorella minutussima p-hydroxybenzoic acid, 
salicylic acid and 
protocatechuic acid 

UPLC-PDA-MS/MS, BEH C8 1.7 µm 2.1 x 150 mm column, kept at 30ºC 

Gradient elution: Solvent A: water with 7.5 mM formic acid, Solvent B: acetonitrile, 
delivered at 0.25 mL/min, 12 min run time 

PDA scanning from 210 – 699 nm 

Triple quadrupole, ESI source, negative ion mode, MRM using analyte ion transitions at 16 
eV collision energy 

Stirk et al., 2019 161 
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18 tropical seaweeds 
including 7 green, 4 brown 
and 7 red 

Gallic acid, catechin 
hydrate, protocatechuic 
acid, vanillic acid, 
epicatechin, syringic acid, + 
more 

HPLC-DAD and LC-MS, Kinetex Evo C18 5 µm 100 Å 250 x 4.6 mm column, kept at 28ºC 

Gradient elution, Solvent A: water with 1 % (v/v) acetic acid, Solvent B: acetonitrile, 
delivered at 0.7 mL/min, 20 µL injection 

UV detection set to 272, 280 and 310 nm 

Quadrupole TOF for identification by mass fragmentation analysis 

Tanna et al., 2019 
162 

Ecklonia bicyclis, 
Laminaria japonica, 
Sargassum fusiforne, 
Undaria pinnatifida 

17 polyphenols including 
several phenolic acids: 
gallic acid, protocatechuic 
acid, p-hydroxybenzoic 
acid, caffeic acid and p-
coumaric acid 

LC-MS/MS, Zorbax Eclipse XDB-C18 50 x 4.6 mm 1.8 µm column, kept at 50ºC 

Gradient elution, Solvent A: water with 0.05 % (v/v) formic acid, Solvent B: methanol, 
delivered at 1.0 mL/min 

Triple quadrupole, ESI source, negative ion mode, dynamic MRM mode, compound 
specific parameters 

Vlaisavljević et al., 
2021 163 

Ulva intestinalis Various phenolics including 
the phenolic acids: gallic 
acid, vanillic acid, coumaric 
acid, veratric acid, luteic 
acid, valoneic acid, + more 

HPLC-LRMS, Zorbax SB-C18 50 x 2.1 mm 1.8 µm column 

Gradient elution, Solvent A: distilled water with 0.5 % (v/v) formic acid, Solvent B: 
acetonitrile with 0.5 % (v/v) formic acid, delivered at 0.3 mL/min 

Triple quadrupole, ESI source, positive and negative ion modes, mass range of m/z 100 – 
800 

Wekre et al., 2019 
164 

8 seaweed species 
including 3 green, 3 red 
and 2 brown 

22 phenolic acids, 17 
flavonoids, 11 other 
polyphenols and 4 lignans 

LC-ESI-QTOF-MS/MS and HPLC-PDA, Synergi Hydro-RP 80 Å 250 x 4.6 mm 4 µm 
column 

Gradient elution, Solvent A: water with 2 % (v/v) acetic acid, Solvent B: 
acetonitrile/water/acetic acid (50:49.5:0.5 v/v/v), delivered at 0.8 mL/min, 90 min run time 

PDA detection at 280, 320 and 370 nm 

Quadrupole TOF, ESI source, positive and negative ion modes, mass scan range from m/z 
50 – 1300, MS/MS automatic analysis with collision energies of 10, 15 and 30 eV 

Zhong et al., 2020 
165 

4) Table 1.6b A summary of various methods of analysis of phenolics in algae by HPLC with mass spectrometric detection. Including the algae species, the target 
phenolics, the analytical instrumentation and methodology, and the reference.   
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Plant Species Phenolics Analytical Instrumentation and Methodology Reference 

Eucomis autumnalis Hydroxybenzoic acids, 
hydroxycinnamic acids, 
flavonoids 

UHPLC-MS/MS Analysis, BEH C8 1.7 µm 2.1 x 150 mm column, kept at 30ºC 

Gradient elution, Solvent A: 7.5 mM formic acid in water, Solvent B: acetonitrile, delivered 
ay 0.25 mL/min, 12 min run time 

PDA detection at range of 210 – 600 nm 

Triple quadrupole, ESI source, negative ion mode, individual MRM transitions, collision 
energy 16 eV  

Aremu et al., 2015 
166 

Miscanthus sacchariflorus 22 phenolic compounds 
including: veratric acid, 
protocatechuic acid, gallic 
acid, p-hydroxybenzoic 
acid, vanillic acid, Gentisic 
acid, 2,4-dihydroxybenzoic 
acid, salicylic acid, + more 

LC-MS/MS, C18 4.6 x 250 mm 5 µm column, kept at 25ºC 

Gradient elution, Solvent A: water with 0.1 % (v/v) formic acid, Solvent B: acetonitrile in 
water, delivered at 0.7 mL/min, 30 min run time, 10 µL injection 

Triple quadrupole, ESI source, negative ion mode, MRM analysis mode with analyte 
specific transitions and collision energies 

Ghimire et al., 2020 
167 

Trifolium pratense, 
Glycine max, Pisum 
sativum and Ononis 
spinosa 

Isoflavones, cinamic acid 
derivatives, gallic acid, 
protocatechuic acid, p-
hydroxybenzoic acid, 
vanillic acid, syringic acid 

UHPLC-PDA, Zorbax SB CN 50 x 2.1 mm 1.8 µm column, kept at 58ºC 

Gradient elution, Solvent A: water with 0.3 % (v/v) acetic acid, Solvent B: methanol, 
delivered at 0.9 mL/min, 1 µL injection 

PDA detection at 270 nm 

Klejdus et al., 2008 
168 

Tabebuia avellanedae Veratric acid LC-MS/MS, Kinetex C18 100 Å 150 x 2.1 mm 2.6 µm column, kept at 40ºC 

Isocratic elution, mobile phase: methanol:water (50:50 v/v) with 0.1 % (v/v) formic acid, 
delivered at 0.2 mL/min 

Triple quadrupole, ESI source, positive ion mode, MRM transitions at collision energies of 
15, 17, 30 eV 

Naveen et al., 2020 
169 

Rosa rugosa 25 phenolic acids LC-ESI-MS/MS, Eclipse XDB-C18 4.6 x 150 mm 5 µm column, kept at 20ºC 

Gradient elution, Solvent A: water with 0.1 % (v/v) formic acid, Solvent B: acetonitrile with 
0.1 % (v/v) formic acid, delivered at 0.3 mL/min, 22 min run time 

Triple quadrupole – linear ion trap, ESI source, negative ion mode, MRM analysis mode 
with analyte specific transitions and conditions  

Olech et al., 2020 170 
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Olea europea 16 phenolic acids and 
aldehydes 

LC-ESI/ACPI-QTOF MS, Intensity Solo C18 2.1 x 100 mm 1.8 µm column 

Gradient elution, Solvent A: water with 0.5 % (v/v) acetic acid, Solvent B: acetonitrile with 
0.5 % (v/v) acetic acid, delivered at 0.4 mL/min until 10 min then at 0.6 mL/min thereafter 

ESI-QTOF, positive and negative ion modes, 6 eV collision energy, full scan spectra in 
range m/z 30 – 1000, auto MS/MS for fragmentation information 

APCI-QTOF, positive and negative ion modes, full scan spectra in range m/z 30 – 1000, 
auto MS/MS for fragmentation information 

Olmo-García et al., 
2018 171 

Brassica oleracea L. var. 
sabellica 

13 phenolic acids LC-ESI-MS/MS, Zorbax SB-C18 2.1 x 50 mm 1.8 µm column, kept at 25ºC 

Gradient elution, Solvent A: water with 0.1 % (v/v) formic acid, Solvent B: methanol with 
0.1 % (v/v) formic acid, delivered at 0.4 mL/min, 15 min run time 

Triple quadrupole ion trap MS, ESI source, negative ion mode, compound specific MRM 
conditions 

Oniszczuk and 
Olech, 2016 85 

Vaccinium macrocarpon 
(Commercial cranberry 
products) 

47 phenolic acids UPLC-DAD-ESI-TQ MS, Water BEH C18 2.1 x 100 mm 1.7 µm column, kept at 40ºC 

Gradient elution, Solvent A: water/acetic acid (98:2 v/v), Solvent B: acetonitrile/acetic acid 
(98:2 v/v), delivered at 0.5 mL/min, 18 min run time 

DAD detection set to a range from 250 – 420 nm 

Tandem quadrupole MS/MS, ESI source, negative ion mode, specific MRM conditions for 
each compound 

Sánchez-Patán et 
al., 2012 172 

5) Table 1.6c A summary of various methods of analysis of phenolics in terrestrial plants by HPLC with spectrophotometric or mass spectrometric detection. Including the 
plant species, the target phenolics, the analytical instrumentation and methodology, and the reference.  
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Common Liquid Chromatography Conditions 

• The overwhelming majority of methods employed reversed-phase C18 stationary phases, with 

the some methods using the less hydrophobic C8 stationary phase 

• Various column lengths were employed with particles sizes between 3 – 5 µm for most 

analyses, with some UHPLC methods using smaller particle sizes ≤ 2 µm 

• Columns were often kept at around 25 ºC, presumably to prevent temperature fluctuations 

however, some columns were kept at ≥ 50 ºC for some analyses 

• The mobile phase in the majority of cases was a mixture of water with methanol or acetonitrile, 

often modified with acetic or formic acid between 0.1 – 1.0 % (v/v) 

• Most LC methods employed gradient elution, however there were methods that used isocratic 

elution with great success 

• Flow rates are column and detector dependent, but were commonly between 0.2 – 1.0 

mL/min 

• Run times being were as short as 4.5 min and as long as 100 min 

Common Spectrophotometric Detection Conditions 

• UV, UV/Vis, PDA were most often set at wavelengths between 270 – 280 nm for the analysis 

of phenolic acids, with the PDA detectors performing wavelength range scans between 220 – 

420 nm 

Common Mass Spectrometric Conditions 

• The majority of methods employing MS detection used an electrospray ionisation source, most 

often operating in negative ionisation mode but occasionally both positive and negative 

ionisation modes were employed 

• Full scan mode was regularly used for screening purposes within a range of m/z 0 – 1000 

• MS2 or MS/MS spectra were commonly used for positive identification following 

fragmentation, which was most commonly achieved through collision induced dissociation 

• Collision energies varied but were commonly between 10 – 20 eV, and sometimes up to 40 

eV 

• Many MS methods employed MRM for qualitative and quantitative analyses, with the 

pseudomolecular ion serving as the dominant precursor ion 
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1.7 THE USE OF HYDROXYBENZOIC ACIDS IN AGRICULTURE 

Due to the paradigm shift in agricultural strategies towards more sustainable practices to improve 

productivity, there is a considerable amount of research into natural substances that show potential for 

improving crop growth, productivity, and quality whilst assisting to mitigate stress-induced limitations 

due to abiotic and biotic stresses 13, 20, 28. Additional to the research on biostimulants that was previously 

discussed in Section 1.2 and 1.3, there is also an extensive body of work focussed on identifying and 

characterising countless endogenous phytochemicals and their biological activities in plants 13, 28. 

Consequently, it is imperative to exploit this abundance of information on endogenous phytochemicals 

and their role within important plant cellular interactions and processes thereby assisting in elucidating 

the effects of their exogenous application 14, 61. The wealth of knowledge on endogenous 

phytochemicals when combined with the characterisation of the chemical composition of the natural 

biostimulants, provides grounds to resolve the biological mechanisms underpinning the benefits of 

biostimulant application; this information can be used in bioassays and field trials investigating the 

exogenous application potentially uncoupling the relationship between cause and effect 1, 14.   

The studies investigating the exogenous application of important phytochemicals directly to seeds, 

plants, the soil/rhizosphere or the food products pre-/post-harvest tend to focus on the most well 

characterised phytochemicals, such as plant growth regulators or ‘phytohormones’ 28, 61. One potent 

phytohormone that has received a significant amount of attention due to its well characterised role in 

regulating a variety of important physiological processes in plants is salicylic acid 17, 57, 173. The effects 

of exogenous application of salicylic acid have been tested for a range of benefits including improved 

growth and development, particularly under abiotic stress conditions which are only increasing in 

prevalence and severity due to anthropogenic activities 58, 61, 174, 175. Given salicylic acid’s role in plant 

defence, exogenous application has also been investigated for its potential in increasing resistance to 

biotic stresses, as well as influencing the plant-microorganism symbiosis in the rhizosphere 10, 57, 173. 

Table 1.7 below lists a range of studies investigating the exogenous application of salicylic acid aimed 

at naturally improving crop growth, quality, and stress tolerance to improve agricultural productivity. 

Also included in Table 1.7, are studies investigating the exogenous application of other hydroxybenzoic 

acids through bioassays and field studies that share the same goal of improved agricultural productivity.   
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Plant(s) Compound(s) Dosage and Application Effect and Agricultural Outcome Reference(s) 

Wheat (S-24 and MH-
97 cultivars) 

Salicylic acid 0, 0.25, 0.50, 0.75 or 1.00 mM 
treatment through rooting medium for 7 
days 

Promotion of growth and yield, and counteracted salt stress-
induced growth inhibition. Improved photosynthetic capacity 

Arfan et al., 
2007 176 

Barley (Hordeum 
vulgare cv Gerbel) 

Salicylic acid 1mM grain soaking presowing Induced a preadaptive response to salt stress which led to 
increased photosynthetic pigments and helped maintain 
membrane integrity resulting in improved plant growth 

El-Tayeb, 2005 
177 

Pomegranate (Mollar 
de Elche cultivar)  

Salicylic acid, 
acetylsalicylic acid 
and methyl 
salicylate  

1, 5 or 10 mM pre-harvest foliar spray 
treatment 

Higher crop yield, higher quality parameters (firmness, aril colour 
and individual sugars) and higher concentrations of phenolics, 
anthocyanins, and ascorbic acid 

García-Pastor 
et al., 2020 178 

Sweet Cherry (Sweet 
Heart and Sweet Late 
cultivars) 

Salicylic acid and 
acetylsalicylic acid 

0.5 1.0 or 2.0 mM pre-harvest foliar 
spray treatment 

Increased fruit weight and improved quality attributes, higher 
concentration of total phenolics and anthocyanins, higher 
antioxidant activity 

Improved cherry quality and health benefits for consumers 

Giménez et al., 
2014 179 

Wheat (Tirticum 
aestivum L. cv. Raj-
3077) 

Salicylic acid 0, 10-5, 10-4 or 10-3 grain soaking for 3, 
6 or 9 h 

Higher leaf number, increased fresh and dry plant mass, and 
higher nitrate reductase and carbonic anhydrase activities 

10-3 treatment had detrimental effects across all parameters 

Hayat et al., 
2005 180 

Wheat (Triticum 
aestivum L. cvs. 
Cheyenne and 
Chinese Spring) 

Salicylic acid and 4-
hydroxybenzoic 
acid 

0.5 mM hydroponic growth medium 
treatment for 1 day 

4-hydroxybenzoic acid improved the freezing tolerance of the 
Chinese Spring and the drought tolerance of the Cheyenne 

Salicylic acid decreased the drought tolerance of Chinese Spring 
and decreased the freezing tolerance of Cheyenne 

Increased abiotic stress tolerance 

Horváth et al., 
2007 181 

Cucumber (Cucumis 
sativus L.) 

p-hydroxybenzoic 
acid 

0.5 mM hydroponic growth medium 
treatment 

Significant inhibition of root growth observed 

Characterisation of allelopathic properties of the autotoxin p-
hydroxybenzoic acid to improve repeated cultivation outcomes 
and prevent poor growth and crop yield decline  

Huang et al., 
2020 70 
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Cocksfoot (Dactylis 
glomerata L.) 

p-hydroxybenzoic 
acid 

0.1, 0.5, 1.0 or 1.5 mM irrigation 
treatment 3 times 

Reduction of fresh and dry leaf biomass, shoot and root length, 
relative water content and leaf osmotic potential. 

p-hydroxybenzoic acid demonstrated allelopathic potential, for 
controlling noxious weeds/use as a natural bioherbicide 

Hussain et al., 
2015 182 

Arabidopsis thaliana 
(mutants with altered 
immune systems)  

Salicylic acid 0.5 mM spray on leaves and soil Salicylic acid modulates rot microbiome composition and in its 
absence the core root bacterial community composition is 
substantially altered 

Lebeis et al., 
2015 10 

Grapes (Vitis Vinifera 
L. Superior seedless) 

Salicylic acid 0, 1, 2 or 4 mM pre-harvest foliar spray   Significantly reduced weight loss, berry shatter, rachis browning 
index; and preserved berry firmness, separation force, total 
phenol content and colour hue angle 

Delayed cluster ripening and maintaining cluster quality during 
shelf-life at room temperature for four days 

Lo’ay, 2017 183 

Wheat (AtNPR-1 
expressing transgenic 
Bobwhite) 

Salicylic acid 200 µM soil drench Increased content of wheat spikes, enhancing resistance to 
Fusarium head blight caused by Fusarium graminearum 

 

Makandar et 
al., 2012 184 

Tobacco (Nicotiana 
tabacum L.) cell and 
tissue cultures 

3,4-
dihydroxybenzoic 
acid (protocatechuic 
acid) 

0.1, 10 or 1000 µM treatment through 
supplemented growth media 

The highest concentration strongly inhibited leaf tissue 
proliferation, callus growth, shoot regeneration and root growth 

The lowest concentration showed auxin-like activity by 
stimulating cell dedifferentiation, callus induction and rooting of 
leaf tissues 

Mucciarelli et 
al., 2000 185 

Rice (Oryza sativa L. 
drought tolerant Q8 
and drought 
susceptible Q2 
cultivars) 

Vanillic acid and p-
hydroxybenzoic 
acid 

25 or 50 µM foliar spray treatment Both compounds promoted total contents of phenolics, 
flavonoids, pigments, and DPPH scavenging; resulting in drought 
tolerance improvement 

Variable effects that were dose-dependent 

Quan and 
Xuan, 2018 186 

Spinach (Spinacia 
oleracea L. Reflect) 

Salicylic acid 0.5 or 1.0 mM nutrient solution 
treatment  

Salicylic acid did not hamper leaf growth and significantly 
improved freezing tolerance as observed by reduced ion-leakage 
and alleviated oxidative stress 

Shin et al., 
2018 187 
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Lemon (Citrus limon 
L. Burm. F.) 

Salicylic acid and 
methyl jasmonate 

2 mM salicylic acid and/or 10 µM 
methyl jasmonate soak treatment 

Treatment was effective in enhancing chilling tolerance of lemon 
fruit by significantly reducing chilling-induced membrane 
permeability and membrane lipid peroxidation, total phenolics 
was also increased 

Siboza et al., 
2014 188 

Wheat (Triticum 
aestivum L. cv. HD-
2329) 

Salicylic acid 1, 2 or 3 mM foliar spray treatment Treated plants showed a higher moisture content, dry mass, 
enzymatic activity (Rubisco and superoxide dismutase) and total 
chlorophyll 

Salicylic acid plays a role in regulating drought response of 
plants, improving plant growth under water stress 

Singh and 
Usha, 2003 189 

Tomato (Lycopersicon 
esculentum Mill. cv. 
Roma) 

Salicylic acid 0.1 mM root drenching treatment Treated plants had greater survival and relative shoot growth 
rates compared to untreated plants when exposed to salt stress 

Increased photosynthetic, transpiration and stomatal 
conductance rates we observed 

Salicylic acid in appropriate concentrations alleviates salinity 
stress 

Stevens et al., 
2006 190 

Peach (Prunus 
persica L. Batsch. cv. 
‘Flordaking’) 

Salicylic acid 0.5, 1.0, 1.5, or 2.0 mM fruit dipping 
treatment immediately after harvest 

Treated fruit showed increased activity for enzymatic antioxidants 
and radical scavenging, increased fruit firmness, and decreased 
pH during storage and weight loss 

Improved fruit keeping quality during postharvest storage   

Tareen et al., 
2012 191 

Navel Orange (Citrus 
sinensis Osbeck) 

Salicylic acid 0.25 mM treatment solution shoot soak 
and foliar spray 

Upon exposure to citrus canker (Xanthomonas axonopodis pv. 
citri) lower disease incidence rate and small lesion sites were 
observed in treated samples 

Results suggest salicylic acid evoked a cascade of events that 
confer resistance to citrus canker  

Wang and Liu, 
2012 192 

Apricot (Prunus 
armeniaca L. cv. 
Dahuang) 

Salicylic acid 1.0 or 2.0 mM vacuum-infiltration 
treatment of fruit post-harvest 

Treated fruit were investigated for quality attribute especially 
related to antioxidant activity 

Treatment retarded the ripening progress and quality loss, 
increased phenolic and flavonoid content improving post-harvest 
quality particularly during storage 

Wang et al., 
2015 193 
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Cucumber (Cucumis 
sativus L. cv. Jinlv 3) 

Syringic acid 0.1 µmol/g of treatment applied to 150 
g soil containing one cucumber 
seedling 

Treated soil had decreased bacterial community diversity and 
increased fungal community richness and diversity, which may 
exert negative effects on seedling growth through inhibiting plant-
beneficial microorganisms 

Autotoxicity investigation of syringic acid allelopathy  revealed 
important role in the complex interactions between plant and soil 
microorganisms  

Wang et al., 
2018 194 

Chickpea (Cicer 
arietinum L.) 

Salicylic acid 1.0, 1.5 or 2.0 mM foliar spray 
treatment 

Plants treated with 1.5 mM showed induction of peroxidase and 
polyphenol oxidase activities, major components of induced plant 
defence 

Plants treated with 2 mM showed phytotoxic symptoms 

War et al., 
2011 195 

King Protea (Protea 
cynaroides) explants 

3,4-
dihydroxybenzoic 
acid 

1, 5, 25, 50, 75, 100 or 500 mg/L in 
vitro treatment incorporated into growth 
medium 

Explant response was strongly dosage dependent, with non-
observable effects obtained from 1 – 50 mg/L 

75 and 100 mg/L showed an observable increase in root growth, 
particularly 100 mg/L which was significantly longer and had 
higher mean root mass 

The 500 mg/L treatment however appear toxic with severe 
browning far shorter roots and lower mean root mass 

Wu et al., 2007 
196 

Cucumber (Cucumis 
sativus cv. Jinchun 
no.4) 

p-hydroxybenzoic 
acid 

0.25, 0.5 or 0.75 mM treatment 
incorporated into watering nutrient 
solution 

Pre-treatment enhanced antioxidant enzyme activities under heat 
stress, enhancing heat tolerance 

Thus protecting cucumber seedlings from heat stress 

Zhang et al., 
2012 197 

Cucumber (Cucumis 
sativus L. cv. Jinlv 3) 

p-hydroxybenzoic 
acid 

0.1, 0.25, 0.5 or 1.0 µmol/g of 
treatment applied to 150 g soil 
containing one cucumber seedling 

Treatment inhibited seedling growth and stimulated an increase 
in rhizosphere bacterial and fungal communities 

Results indicate that p-hydroxybenzoic acid plays a role in the 
chemical plant-microorganism interactions 

Autotoxic allelopathy of p-hydroxybenzoic acid suggested as one 
cause for soil sickness from continuous monocropping 

Zhou et al., 
2012 198 

6) Table 1.7 A summary of studies investigating the effects of the exogenous application of hydroxybenzoic acids on plants for improved agricultural outcomes . 
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1.7.1 Summary of Key Observations from Exogenous Investigations 

The studies provided in Table 1.7 are only a small fraction of the research investigating the 

exogenous application of important plant phytochemicals with aims to improve agricultural 

productivity; however they provide an overview of the various plant species, compounds, and 

dosages being investigated, along with the methods of application being employed, and the 

biological effects and agricultural benefits observed. When reviewing the research involving the 

exogenous application of important phytochemicals there are a few key observations that warrant 

further discussion. These key observations are: that the biological mechanisms appear to be general 

to plants and not species specific, that dosage is critical, and that the biological mechanisms are 

complex with one phytochemical often eliciting a pleiotropic effect. 

The biological mechanisms that underpin the observed benefits appear in many cases to be 

common amongst plants rather than species specific. By demonstrating that the mechanisms are 

mostly shared across a wide range of crops it further validates the use of natural substances as a 

means for increasing agricultural productivity sustainably. For example, the studies conducted by 

García-Pastor et al. and Giménez et al. investigated the effects of pre-harvest foliar application of 

salicylic acid on pomegranate and sweet cherries; finding that fruit quality was improved in treated 

crops, along with increased antioxidant activity and nutritional content including phenolics and 

anthocyanins 178, 179. Since local and systemic acquired resistance in plants are common pathways 

for pathogenic resistance, phytohormones and elicitor compounds that can induce or regulate these 

pathways serve as a more natural and sustainable way to improve plant resistance to biotic stresses 
173. Some examples are provided for increased resistance to biotic stresses induced by the 

exogenous application of a phytochemical; as in the study conducted by Wang and Liu where 

salicylic acid treatment reduced the disease incident rate of citrus canker in navel oranges 192.  

The effects of the application of phytochemicals whether individually or as part of more complex 

biostimulants are almost always dosage dependent. This is particularly important for 

phytohormones with which even small fluctuations in endogenous concentrations can have drastic 

impacts, as well as allelochemicals many of which have hormetic effects where at low doses they 

exhibit stimulatory effects but show inhibitory effects at high doses 72, 199. Multiple studies 

presented showed varying effects due to dosage including the study by Hayat et al. where wheat 

grains were soaked in salicylic acid solutions of various concentrations prior to sowing; the highest 

concentration having detrimental effects for all measured parameters whilst the lower 

concentrations improved growth and enzymatic activities 180. Another study presented investigated 

the allelochemical, 3,4-dihydroxybenzoic acid (protocatechuic acid), and its effects on root 

formation in the King Protea (Protea cynaroides); they found that plant response was strongly dose 

dependent and that the highest concentration tested appeared to be toxic 196. 
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Finally, the studies investigating phytochemicals often conclude by expressing the need for further 

research into elucidating/unravelling/dissecting the biological mechanisms underpinning the 

observed benefits 200, 201. Whilst a great deal of research has been conducted in an attempt to 

elucidate some biological mechanisms with varying degrees of success, due to their complexity they 

remain poorly understood or incompletely characterised. For phytochemicals such as the 

phytohormones their incomplete characterisation can be due to their pleiotropic nature; where 

often a single phytohormone is involved in regulating many different physiological processes, 

which makes uncoupling the relationship between cause and effect a difficult task for a specific 

phenotypical response 57, 174. Moreover, plants have developed complex phytohormone networks 

in order to survive environmental stresses, involving highly sophisticated ‘crosstalk’ between the 

different phytohormones in order to fine-tune a balanced response between growth/development 

and defence/resistance 173, 200. This plant growth/immunity balance gets more complex with the 

addition of the extra dimension of plant-microorganism interactions, for which there has been a 

wealth of research in recent years investigating the role of phytochemicals in the 

establishment/modulation of the rhizosphere 10, 200. Ultimately, the application of natural 

substances to crops as safe, effective, and environmentally friendly plant growth regulators and 

plant protectors is an already well established sustainable agricultural practice. The continued 

sharing of knowledge and multidisciplinary research effort into these natural substances will 

increase their contribution to improving agricultural productivity in order to meet the growing 

food demands. Of particular importance is the potential for seaweed biostimulants to provide a 

means for optimising the plants growth/immunity balance therefore increasing yield and stress 

tolerance which would have a profound impact on agriculture globally 200.  
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1.8 AIMS AND OBJECTIVES 

The use of natural biostimulants is a sustainable agricultural practice that has been shown to 

improve crop productivity whilst remaining adaptable to changing climate patterns, widespread 

pests, and evolving pathogens. Research on biostimulants has shown that they help to regulate 

plant growth and development, and assist in the mitigation of environmental stresses. Current 

research on biostimulants involves a multidisciplinary effort to further identify the functional 

constituents and elucidate the biological mechanisms underpinning the observed benefits on crop 

productivity. An important plant phytohormone that has been shown to promote plant growth 

and development, which is also critical to plant defence is salicylic acid. It is hypothesized then that 

salicylic acid and structurally related derivatives are present in the commercial seaweed 

biostimulants and contribute to the biostimulants’ observed benefits. 

The aims of this research were three-fold and focussed firstly on the identification of 

hydroxybenzoic acids and related derivatives in commercial seaweed biostimulants; secondly on 

the quantitative determination of salicylic acid and its isomers in a commercial seaweed 

biostimulant; and thirdly the investigation into the role of salicylic acid and its isomers in the 

biological activity of seaweed biostimulants. 

The first aim is the identification of hydroxybenzoic acids in a commercial seaweed biostimulant 

using modern analytical techniques, with the following objectives: 

1. The preliminary identification of monohydroxybenzoic acids in a commercial seaweed 

biostimulant using HPLC-ESI-MS/MS 

2. The development of qualitative HPLC-ESI-MS/MS methods to investigate 

hydroxybenzoic acids and related derivatives in a commercial seaweed biostimulant 

3. The investigation into the less explored reversed phase biphenyl stationary phases for the 

separation of hydroxybenzoic acids and related derivatives 

4. The development and partial validation of a quantitative method using mixed-mode SPE 

sample preparation followed by the HPLC-ESI-MS/MS analysis of the 

monohydroxybenzoic acids in a commercial seaweed biostimulant  

The second aim is the investigation into the role of salicylic acid and its isomers in the biological 

activity of seaweed biostimulants using a plant growth bioassay, with the following objectives: 

1. The investigation of any individual and/or synergistic bioefficacy of aqueous 

monohydroxybenzoic acids solutions on tomato seedling plant growth  

2. The investigation of any synergistic bioefficacy from fortification of the commercial 

seaweed biostimulant with the monohydroxybenzoic acids on tomato seedling plant 

growth 
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1.9 THESIS OUTLINE 

There are six chapters in this thesis as follows: 

Chapter 1 (Literature Review) presents an introduction into agricultural practices and the shift to 

sustainable agricultural practices, introduces biostimulants as one of those practices and details 

algal based biostimulants and their many benefits. It discusses phytochemicals focusing on 

phenolics acids and hydroxybenzoic acids. It then lays out the analytical methodology for the 

chemical analysis of complex samples such as biostimulants before discussing the various analytical 

techniques and instrumentation. Next the methods of analysis for phenolic acids in various algae 

and plants are compiled and compared to provide the foundations for the method development in 

this research. The exogenous application of important phytochemicals is discussed with an 

emphasis on hydroxybenzoic acids and their application to plants for improved agricultural 

productivity and their role in the bioactivity of the seaweed biostimulants. Lastly, the aims and 

objectives of the research project are outlined.  

Chapter 2 (Materials and Methods) presents details on the samples, materials, reagents, methods 

of sample preparation and instrumental chemical analysis. Also included are the methods for the 

root growth bioassay. All described in such a manner that the experiments conducted in this 

research can be repeated. 

Chapter 3 (Results and Discussion I) presents the results for the development and optimisation of 

qualitative HPLC-ESI-MS/MS methods for the identification of hydroxybenzoic acids and related 

derivatives in a commercial seaweed biostimulant.  

Chapter 4 (Results and Discussion II) presents the results for the development and optimisation 

of a HPLC-ESI-MS/MS method for the identification and quantification of monohydroxybenzoic 

acids in a commercial seaweed biostimulant. 

Chapter 5 (Results and Discussion III) presents the results for the investigation of the role of the 

salicylic acid and its isomers in the bioactivity of seaweed biostimulants, investigated through a 

plant growth bioassay. 

Chapter 6 (Conclusions and Future Directions) presents a summary of the discoveries made, 

discusses the conclusions that can be drawn from this research and proposes further research in 

this area.   
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CHAPTER 2: METHODS AND MATERIALS 

2.1 INTRODUCTION 

This chapter outlines the materials, instrumentation and methods used throughout this research 

project. Important information regarding the sample is provided before a comprehensive list of all 

the reagents, chemicals, and materials. Following that, the methodology for the solution and sample 

preparation, and the instrumental and data analysis are described. This includes significant methods 

used during investigatory experiments as well as final optimised methods used for qualitative and 

quantitative purposes. The final part of this chapter outlines the bioassay methodology used in this 

research project as adapted from a method developed by Seasol R&D. 

 

2.2 COMMERCIAL SEAWEED BIOSTIMULANT SAMPLES 

Samples were provided in kind by Seasol International, Bayswater, Australia. The commercial 

seaweed biostimulant provided is a liquid seaweed extract marketed as “Seasol Commercial”; which 

is an alkaline hydrolysis product made from two seaweed species – Durvillaea potatorum (sourced 

from King Island and the west coast of Tasmania) and Ascophyllum nodosum (sustainably harvested 

from managed kelp beds in the Northern Hemisphere) 1, 202. The Seasol Commercial Seaweed 

Concentrate is a natural product and as stated in the product information, there are small variations 

in the concentrations of the individual components. A standard chemical technical analysis taken 

from an average of samples across different batches is available and is duplicated in Table 2.2 203. 

The product analysis in Table 2.2 is for the undiluted concentrate, which requires dilution prior to 

use at levels ranging from approximately 1 in 200 to 1 in 500. The provided samples were stored 

in accordance with the guidelines outlined in the MSDS 203.  

Seasol Commercial Seaweed Concentrate 
Composition  Amount Element Amount 

pH 11.5 – 12.5 Calcium (Ca) 458 mg/L 
Total Solids 17 % w/v Cobalt (Co) <0.5 mg/L 
Total Organic Matter 8 % Copper (Cu) <0.5 mg/L 
Specific Gravity 1.1 Iron (Fe) 115 mg/L 
Appearance Dark Brown Liquid, Seaside Odour Magnesium (Mg) 972 mg/L 
Filtration 150 µm Manganese (Mn) 2 mg/L 
  Molybdenum (Mo) <0.5 mg/L 

Element Amount Selenium (Se) <0.5 mg/L 
Nitrogen (N) 0.2 % w/v Silicon (Si) 56 mg/L 
Phosphorus (P) 0.02 % w/v Sodium (Na) 6820 mg/L 
Potassium (K) 3.7 % w/v Sulphur (S) 2574 mg/L 
Boron (B) 15 mg/L Zinc (Zn) 5 mg/L 

7) Table 2.2 The product analysis of the undiluted Seasol Commercial Seaweed Concentrate, sourced from Seasol 
at https://www.seasol.com.au/wp-content/uploads/2017/03/Product-Analysis-Seasol-Commercial-Seaweed-
Concentrate-April-2017.pdf 203 



65 
 

2.3 CHEMICALS, MATERIALS AND REAGENTS 

A comprehensive list of all chemicals, materials and reagents used throughout this research project 

are collated along with their source in Table 2.3. 

Chemical/Material/Reagent Source 
LCMS Grade Methanol (Optima®) Fisher Chemical A456-4 
LCMS Grade Water (Optima®) Fisher Chemical W6-4 
LCMS Hypergrade Acetonitrile (LiChrosolv®) Merck 1.00029.2500 
LCMS Grade Formic Acid (Optima®) Fisher Chemical A117-50 
LC Grade Methanol (LiChrosolv®) Merck 1.06018.4000 
LC Grade Acetonitrile (LiChrosolv®) Merck 1.00030.4000 
HPLC Grade 2-propanol (Chromasolv®) Sigma-Aldrich 34863-4L 
Formic Acid, Reagent Grade, ≥95 % Sigma-Aldrich F0507-500ML 
Hydrochloric Acid, AR Grade, 34 % Merck 6.10307.2511 
Ammonium Hydroxide, 25 – 30 % NH3 basis Sigma Aldrich 05003 
Ultrapure Water (18 MΩ resistivity) Purite Select HP Water Purification System 
LC-Pak® Ultrapure Water – Trace Organics Filter Merck LCPAK00A1 
Salicylic acid, ≥99.0 % Sigma-Aldrich S5922-100G 
3-hydroxybenzoic acid, ≥99 % Honeywell Fluka 54610-50G 
Sodium 4-hydroxybenzoate, ≥96 % Sigma-Aldrich H3766-25G 
2,3-dihydroxybenzoic acid, 99 % Sigma-Aldrich 126209-5G 
2,4-dihydroxybenzoic acid, 97 % Sigma-Aldrich D109401-5G 
Gentisic acid, 98 % Sigma-Aldrich G-5254 
2,6-dihydroxybenzoic acid, 98 % Sigma-Aldrich D109606-25G 
3,4-dihydroxybenzoic acid, ≥97 % Sigma-Aldrich 37580 
3,5-dihydroxybenzoic acid, 97 % Sigma-Aldrich D110000-100G 
2,3,4-trihydroxybenzoic acid, 97 % Sigma-Aldrich 253847-5G 
2,4,6-trihydroxybenzoic acid monohydrate, 90 % Sigma-Aldrich 367346-25G 
Gallic acid, 97.5 – 102.5 % Sigma-Aldrich G-7384-1KG 
Vanillic Acid, ≥97 % Sigma-Aldrich 94770-10G 
Syringic Acid, ≥95 % Sigma-Aldrich S6881-5G 
3,4-dimethoxybenzoic acid, ≥99 % Sigma-Aldrich D131806-100G 
3,4,5-trimethoxybenzoic acid, 99 % Sigma-Aldrich T69000-100G 
Anthranilic Acid, 98+ % Sigma-Aldrich A89855-500G 
EVOLUTE EXPRESS AX SPE Columns 60 mg/ 3 mL (Biotage) Biotage 613-0006-BXG 
0.45 µm PTFE 25 mm Syringe Filters (PHENEX) Phenomenex AF0-0512 
Amber Verex HPLC Vials 2 mL (Phenomenex) Phenomenex AR0-3801-13 
Verex HPLC Vial Screw Caps 8 mm (Phenomenex) Phenomenex AR0-8857-13-B 
Verex HPLC Vial Inserts 175 µL w/ bottom spring (Phenomenex) Phenomenex AR0-4521-12 

Consumable items below are from the university bulk stock 
5000 µL Clear Pipette Tips Centrifuge tubes 5, 15, 20 and 50 mL 
1000 µL Blue Pipette Tips Disposable Luer Lock Syringes 1, 3, 5 and 10 mL 
200 µL Yellow Pipette Tips pH test strips 
10 µL Clear Pipette Tips  

8) Table 2.3 A comprehensive list of all chemicals, materials and reagents used throughout this research project.  
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2.4 PREPARATION OF HYDROXYBENZOIC ACID STANDARD 

SOLUTIONS 

This section details the preparation of various hydroxybenzoic acid and related derivatives standard 

solutions used in the qualitative and quantitative investigations described in Chapters 3 and 4, 

respectively.  

 

2.4.1 Hydroxybenzoic Acid Standard Solutions used in Qualitative 

Investigation 

2.4.1.1 Primary Stock Standard Solutions. 

The primary stock standard solutions were made to a concentration of 4000 mg/L. This involved 

accurately weighing out the equivalent of 20 mg of each hydroxybenzoic acid using an analytical 

balance before volumetrically pipetting 5 mL of HPLC grade methanol with 0.1 % (v/v) formic 

acid. These stock solutions were mixed until complete dissolution by inversion and then vortexed 

for 1 minute.  

 

2.4.1.2 Secondary Stock Standard Solutions. 

Secondary stock solutions of each hydroxybenzoic acid were prepared to a concentration of 200 

mg/L by direct dilution.  A 100 µL aliquot of the primary stock standard solution was diluted to 2 

mL with LCMS grade methanol/water 30:70 (v/v) with 0.1 % (v/v) formic acid.  

 

2.4.1.3 Individual Working Standard Solutions. 

Individual working standard solutions of each hydroxybenzoic acid were prepared to a 

concentration of 0.5 mg/L by direct dilution. A 5 µL aliquot of the secondary stock standard 

solution was diluted to 2 mL in a HPLC vial with LCMS grade methanol/water 30:70 (v/v) with 

0.1 % (v/v) formic acid. 

  

2.4.1.4 Mixed Working Standard Solutions. 

Mixed working standard solutions were prepared for the monohydroxybenzoic acids, 

dihydroxybenzoic acids, and trihydroxybenzoic acids for the LC investigation and optimisation 

experiments. The concentration of the mixed working standard solutions used for the LC 

investigation and optimisation experiments catered for the different instrument response observed 

for the various hydroxybenzoic acids and related derivatives. Further dilution of the 200 mg/L 

secondary stock solutions allowed for the preparation of the following mixed standard solutions 

in LCMS grade methanol/water 30:70 (v/v) with 0.1 % (v/v) formic acid.  
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a) The monohydroxybenzoic acid mixed standard solution was prepared via direct dilution 

to the concentrations of 25, 500 and 200 µg/L for 2-, 3- and 4-hydroxybenzoic acid, 

respectively. 

b) The dihydroxybenzoic acid mixed standard solution was prepared via direct dilution to the 

concentrations of 63, 250, 167, 25, 250 and 500 µg/L for 2,3-, 2,4-, 2,5-, 2,6-, 3,4- and 3,5-

dihydroxybenzoic acid, respectively. 

c) The trihydroxybenzoic acid mixed standard solution was prepared via direct dilution to 

the concentrations of 2000, 500 and 500 µg/L for 2,3,4-, 2,4,6- and 3,4,5-

trihydroxybenzoic acid, respectively. 

 

2.4.2 Preparation of Standard Solutions for Validation Study and 

Quantitation of Monohydroxybenzoic Acids. 

Various mixed standard solutions were required for the validation study as well as the quantitative 

analysis of the monohydroxybenzoic acids in Chapter 4. Using the same direct dilution 

methodology discussed in Section 2.4.1 the following mixed standard solutions were prepared in 

LCMS grade methanol/water 30:70 (v/v) with 0.1 % (v/v) formic acid. 

 

2.4.2.1 Standard Solution for Instrument Repeatability. 

A mixed standard solution was prepared by further dilution of the secondary stock solutions in 

LCMS grade methanol/water 30:70 (v/v) with 0.1 % (v/v) formic acid to a concentration of 25, 

250, 100 µg/L of 2-, 3- and 4-hydroxybenzoic acid.  

 

2.4.2.2 Standard Solutions for Linearity. 

By further dilution of the secondary stock solutions a tertiary stock solution was prepared in LCMS 

grade methanol/water 30:70 (v/v) with 0.1 % (v/v) formic acid. The concentrations of 2-, 3-, and 

4-hydroxybenzoic acid in the tertiary stock solution were 0.5, 5 and 5 mg/L, respectively. This 

tertiary stock solution was then used to prepare six mixed working standards in a linear calibration 

range with the following concentrations: 2-hydroxybenzoic acid – 10, 20, 30, 40, 50, 60 µg/L; 3-

hydroxybenzoic acid – 100, 200, 300, 400, 500, 600 µg/L; 4-hydroxybenzoic acid – 100, 200, 300, 

400, 500, 600 µg/L.  

 

2.4.2.3 Standard Spike Solution for Recovery. 

A mixed standard recovery spike solution was required to spike the sample prior to preparation, 

extraction and instrumental analysis for the recovery study. It was prepared from the 200 mg/L 
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secondary stock solutions by direct dilution in LCMS grade methanol/water 30:70 (v/v) with 0.1 

% (v/v) formic acid to a concentration of 5, 50 and 50 mg/L of 2-, 3-, and 4-hydroxybenzoic acid, 

respectively. For the recovery study one sample was spiked with a blank spike of 100 µL of LCMS 

grade methanol/water 30:70 (v/v) with 0.1 % (v/v) formic acid, and three samples were 

individually spiked with 100 µL of the mixed standard recovery spike solution. The final volume 

of sample + spike was 5 mL, therefore the spike added the equivalent of 0.1, 1 and 1 ppm for 2-, 

3-, and 4-hydroxybenzoic acid, respectively.   

 

2.4.2.4 Standard Additions Solutions. 

The standard additions procedure required three standard additions solutions of varying 

concentrations. The three standard additions solutions were prepared by direct dilution in LCMS 

grade methanol/water 30:70 (v/v) with 0.1 % (v/v) formic acid. By further dilution of the 

secondary stock solution a tertiary stock solution was prepared in LCMS grade methanol/water 

30:70 (v/v) with 0.1 % (v/v) formic acid. The concentrations of 2-, 3-, and 4-hydroxybenzoic acid 

in the tertiary stock solution were 1, 10 and 10 mg/L, respectively. This tertiary stock solution was 

then used to prepare three standard additions solutions in the following concentrations: 2-

hydroxybenzoic acid – 0.2, 0.4, 0.6 mg/L; 3-hydroxybenzoic acid – 2, 4, 6 mg/L; 4-hydroxybenzoic 

acid – 2, 4, 6 mg/L.   

 

2.4.3 Preparation of Standard Solutions for the Qualitative Analysis of 

Hydroxybenzoic Acids and Related Derivatives. 

Various standard and mixed standard solutions were required for the qualitative analysis of the 

hydroxybenzoic acids and related derivatives in Chapter 3. Using the same direct dilution 

methodology discussed in Section 2.4.1 the following standard solutions were prepared in LCMS 

grade methanol/water 30:70 (v/v) with 0.1 % (v/v) formic acid. 

 

2.4.3.1 Individual Standard Solutions for Qualitative Analysis of Benzoic 

Acid Derivatives. 

Individual standard solutions were prepared for vanillic, syringic, anthranilic, veratric and eudesmic 

acids by direct dilution using LCMS grade methanol/water 30:70 (v/v) with 0.1 % (v/v) formic 

acid. Aliquots of the secondary stock solutions from Section 2.4.1.2 were diluted into a final volume 

of 2 mL in HPLC sample vials for each derivative. The concentrations of vanillic, syringic, 

anthranilic, veratric and eudesmic acid was 1, 1, 0.5, 0.5 and 0.5 mg/L, respectively.  
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2.4.3.2 Mixed Standard Solutions for Qualitative Analysis of Benzoic Acid 

Derivatives. 

Mixed standard solutions were prepared for the qualitative analysis of the dihydroxybenzoic acids 

and trihydroxybenzoic acids. Further dilution of the secondary stock solutions from Section 2.4.1.2 

were used to prepare the mixed working standard solutions via direct dilution using LCMS grade 

methanol/water 30:70 (v/v) with 0.1 % (v/v) formic acid as follows: 

a) The dihydroxybenzoic acid mixed standard solution was prepared via direct dilution to the 

concentrations of 250, 250, 170, 100, 250 and 500 µg/L for 2,3-, 2,4-, 2,5-, 2,6-, 3,4- and 

3,5-dihydroxybenzoic acid, respectively. 

b) The trihydroxybenzoic acid mixed standard solution was prepared via direct dilution to 

the concentrations of 1.5, 1.5 and 0.1 mg/L for 2,4,6-, 2,3,4- and 3,4,5-trihydroxybenzoic 

acid, respectively. 

 

2.5 SAMPLE EXTRACTION AND PREPARATION PROCEDURES 

Various sample extraction and preparation procedures were used for the qualitative and 

quantitative analyses of the hydroxybenzoic and benzoic acid derivatives in a commercial seaweed 

biostimulant. These include: acetonitrile partitioning, mixed-mode solid-phase extraction, sample 

identification spiking and standard additions calibration. The following section will describe the 

final optimised processes for these analyses in the commercial seaweed biostimulant. Lastly, an 

example workflow used for sample extraction and preparation in the quantitative analysis of the 

monohydroxybenzoic acids is provided as a demonstration of the systematic approach employed 

to minimise the variability and ensure a suitably repeatable method of analysis. 

 

2.5.1 Partitioning. 

A 5 mL aliquot of the commercial seaweed biostimulant sample was pipetted into a 15 mL conical 

bottom centrifuge tube. The pH was adjusted to approximately 1 with the addition of 800 µL of 

concentrated hydrochloric acid before 5 mL of HPLC grade acetonitrile was pipetted into the 

centrifuge tube. This was then shaken for 10 seconds and vortexed for 15 seconds before adding 

approximately 3 g of magnesium sulfate heptahydrate and repeating the shake/vortex protocol 

three more times. The sample tube was then centrifuged in an MSE Super Minor Centrifuge (fixed 

with an unmarked swinging bucket rotor with a radius equal to 17 cm, equivalent to ~4750 g of 

force) for 5 minutes at approximately 5000 rpm, twice in succession. The sample tube was then 

shaken for 20 seconds before two to four more successive spins in the centrifuge. Following the 

centrifugation there were two separate protocols:  
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a) Qualitative Analysis Protocol - an aliquot of the top layer was taken, evaporated under a 

stream of nitrogen, reconstituted in LCMS grade methanol/water 30:70 (v/v) with 0.1 % 

(v/v) formic acid, filtered through a 0.45 µm polytetrafluoroethylene (PTFE) syringe filter 

and transferred into a HPLC vial. 

b) Quantitative Analysis - an aliquot of the top layer was taken and diluted with 0.1 % (v/v) 

formic acid in water in preparation for loading onto a solid-phase extraction cartridge. 

 

2.5.2 Sample Identification Spiking. 

The sample extract from the Qualitative Analysis Protocol mentioned above in Section 2.5.1a was 

used for the identification of the hydroxybenzoic acids and related derivatives in Chapter 3. To 

further support the identification of the various derivatives this sample extract was spiked with 

small amounts of each derivative. Aliquots of the secondary stock solutions prepared in Section 

2.4.1.2 were added to the sample extract in a HPLC vial.  

 

2.5.3 Solid-Phase Extraction. 

The solid-phase extraction was performed using Biotage EVOLUTE® EXPRESS AX Advanced 

Polymeric SPE mixed-mode non-polar and strong anion exchange cartridges; developed for the 

extraction of acidic analytes from biological fluids and other aqueous samples. The specifications 

of the cartridges used are as follows: 3 mL cartridge volume, 60 mg sorbent bedmass, 50 µm particle 

size, and 54 Å mean pore size. The solid-phase extraction protocol began with conditioning with 

one cartridge volume (3mL) of HPLC grade methanol then equilibrating with 3 mL of 0.1 % (v/v) 

formic acid in water. Then 1 mL of load solution (prepared in Section 2.5.1b) was loaded before 

entering the four wash steps: 3 mL of 0.1 % (v/v) formic acid in water, 3 mL of ultrapure water, 3 

mL of 2 mM ammonia in water, then lastly 2 mM ammonia in acetonitrile. The solid-phase 

cartridge was then dried under vacuum for 1 minute before the elution step. The elution step 

involved four 1.5 mL extractions using 1 % (v/v) formic acid in acetonitrile into a HPLC vial. After 

each single elution the HPLC vial was placed in a Bio-Dynamics Inc. I400 Dry Well Incubator and 

evaporated under a stream of nitrogen. The final step was reconstituting with the mobile phase: 

LCMS grade methanol/water 30:70 (v/v) with 0.1 % (v/v) formic acid. All steps in solid-phase 

extraction protocol were approximately conducted at the recommended flowrate of 3 mL/min. 

The filtration of the sample with a 0.45 µm PTFE syringe filter was integrated into the solid-phase 

extraction protocol; the conditioning, equilibrating, loading and first two wash steps were passed 

through the syringe filter (explained in Section 4.2.3). The reconstituted solid-phase extraction 

sample could then be analysed using HPLC-ESI-MS/MS or go through standard additions 

preparation for quantitation.  
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2.5.3.1 Preparation of Solid-Phase Extraction Solvents. 

• The conditioning solvent was HPLC grade methanol.  

• The equilibration solvent was the same as the first wash solvent, as well as the dilution 

solvent post partitioning; this was prepared by adding 0.1 % (v/v) reagent grade (≥95 %) 

formic acid to the ultrapure water (~18 MΩ resistivity) prepared using a Purite Select HP 

water purification system with an Merck LC-Pak® Polisher to remove trace organics.  

• The second wash was with the same ultrapure water.  

• The third wash solution was 2 mM ammonia in water prepared by adding 0.2 mL 1 M 

ammonium hydroxide solution to 100 mL of ultrapure water.  

• The fourth wash solution was 2 mM ammonia acetonitrile solution prepared by adding 0.2 

mL 1 M ammonium hydroxide to LC grade acetonitrile.  

• The final solvent was the 1 % (v/v) formic acid in acetonitrile elution solvent, which was 

prepared using the reagent grade formic acid and LC grade acetonitrile previously 

mentioned.  

 

2.5.4 Standard Additions. 

For the standard additions four 95 µL aliquots of the solid-phase extraction extract were 

individually transferred to separate HPLC vials with vial inserts before being spiked with 5 µL of 

the standard additions solutions described in Section 2.4.2.4. Then finally a quick vortex to ensure 

homogenization and inspection for the formation of air bubbles before HPLC-ESI-MS/MS 

analysis.  

 

2.5.5 Sample Extraction Workflow for Validation Study and Quantitation. 

A consistent protocol was used for the extraction and preparation of the seaweed biostimulant 

sample for the quantitative analysis of the monohydroxybenzoic acids. This was done to minimise 

the variability of the extraction and preparation procedures and therefore ensure repeatability. A 

workflow schematic was generated which would be printed and secured into the laboratory 

logbook and filled out during the sample extraction and preparation (an example is shown below 

in Figure 2.5.5).  
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12) Figure 2.5.5 An example workflow schematic for sample extraction and preparation for the method for the 

quantitative analysis of monohydroxybenzoic acids in a commercial seaweed biostimulant. 
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2.6 ANALYTICAL INSTRUMENTATION, MATERIALS AND METHODS 

This section details the instrumentation and materials used, as well as the different method 

parameters for the investigation, separation, identification, and quantitation work performed 

throughout this research project.  

 

2.6.1 Analytical Instrumentation and Materials. 

All HPLC-ESI-MS/MS experiments were performed on a Shimadzu Nexera X2 Ultra High 

Performance Liquid Chromatograph System equipped with a DGU-20A5R Degassing Unit, twin 

LC-30AD Solvent Delivery Modules, MR 20 µL Small Capacity Gradient Mixer, SIL-30AC 

Autosampler, CTO-20A Column oven, CBM-20A Communications Bus Module, and a LCMS-

8045 Mass Spectrometer. The CBM-20A allowed for remote operations and data collection on a 

Desktop PC using the Shimadzu LabSolutions v5.96 software package. Routine preventative 

maintenance of the HPLC system was performed weekly by the researcher including flushes with 

various solvents.  

The LCMS-8045 Liquid Chromatograph Mass Spectrometer used Argon as the Collision-Induced 

Dissociation Gas and Nitrogen (N2) as the Drying, Nebulizer and Heating gases. The source for 

the N2 was liquid nitrogen that was filtered by dual Shimadzu High Flow Moisture/Hydrocarbon 

Combi Filters to ensure high purity. The LCMS-8045 was tuned using a Shimadzu Standard Sample 

(P/N S225-14122-04), which is a mixture of polyethylene glycol 200, 600, 1000, 2000, 

polypropylene glycol and raffinose. Similar to the HPLC system, the researcher performed routine 

preventative maintenance on the LCMS-8045 including weekly inspection and cleaning of the ESI 

unit, Desolvation Line (DL), Sampling Cone and Heated Block.  

The ESI-MS/MS standard operating conditions were as follows: interface voltage of -3.00 kV in 

negative ionisation mode, interface voltage of 4.00 kV in positive ionisation mode, detector voltage 

of -1.88 kV, interface temperature of 300 °C, DL temperature of 250 °C, heat block temperature 

of 400 °C, and nebulizing, heating and drying gas flows of 3, 10 and 10 L/min, respectively.  

Three HPLC columns were available for this research project, they are as follows:  

• Agilent Polaris 3 µm C18-A 150 × 2.0 mm  

• Restek Raptor 1.8 µm C18 150 × 2.1 mm 

• Restek Raptor 2.7 µm Biphenyl 150 × 2.1 mm  

When injecting samples each column was fitted with a matching guard column, they are as follows: 

Agilent Polaris C18-A MetaGuard 10 × 2.0 mm, and Restek EXP®Direct Connect Holder fitted 

with either a Raptor C18 UHPLC 5 × 2.1 mm cartridge or a Raptor 2.7µm Biphenyl 5 × 2.1 mm 

cartridge. Column preventative maintenance involved routine flushing, equilibration prior to every 
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batch analysis, and programming a column flush as part of each HPLC run for each sample 

injection.   

The HPLC systems twin delivery modules (pumps) and mixing chamber were always used in 

accordance to an in-house standard operating procedure. The two pumps, termed mobile phase 

pump A and pump B, were set up so pump A was the polar/aqueous solvent line and pump B was 

the non-polar/organic solvent line. Three solvents were used in the HPLC analyses, water was 

always the aqueous solvent and the organic solvent was either acetonitrile or methanol. Formic 

acid was often used as a mobile phase acid modifier and was prepared in both solvent lines in low 

concentrations. To reduce contamination and ensure consistent chromatographic results the 

preparation of the mobile phase was done following standard operating procedures which included 

degassing via sonication.  

 

2.6.2 Analytical Method Development. 

There were various HPLC-ESI-MS/MS methods utilised throughout Chapters 3 and 4, from 

simple investigatory methods to the final optimised quantitative and/or qualitative methods. This 

section details the instrument parameters both HPLC and ESI-MS/MS that are significant and 

specific to the methods employed throughout Chapters 3 and 4 for the analysis of the 

monohydroxybenzoic acids, dihydroxybenzoic acids, trihydroxybenzoic acids, and other related 

derivatives. 

 

2.6.2.1 Method for MRM Voltage Optimisation. 

The instrument software used in this research (see Section 2.6.1) employs an automatic MRM 

optimisation protocol that allows for the optimisation of the collision energy (C.E) and quadrupole 

Q1 and Q3 “Pre-rod Bias”. The instrument optimisation protocol directly injects the standard 

solutions whilst making incremental changes to each of the conditions. The first was the CE which 

was performed in increments of 5.0 V before being re-optimised in finer detail at increments of 

1.0 V. Then finally the Q1 and Q3 pre-rod bias were changed in 1.0 V increments. 
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2.6.2.2 Methods for MS Optimisation 

Mobile Phase: Solvent A comprised of LCMS grade water with 0.1 % (v/v) formic acid and Solvent 

B comprised of LCMS grade methanol with 0.1 % (v/v) formic acid  

Elution: Isocratic elution of 70:30 (v/v) for pumps A/B, respectively 

Flow Rate: 0.4 mL/min 

Column: No column 

Injection Volume: 1 – 5 µL 

LC Time Program: the HPLC system was configured for direct injection to the MS 

ESI-MS/MS Conditions: The ESI-MS was operated in negative mode.  

MS Analysis Mode: Various MS Analysis modes used successively as follows: 

• Q3 scan mode with a range of m/z 100 – 220 at a scan speed of 7500 u/sec 

• Product Ion (PI) scan mode using two events in a single injection with a scan speed 

between 1071 - 5000 u/sec, a scan range of m/z 40 – 240, discrete collision energies of 10 

and 20 V, and the pseudomolecular ion for each derivative as the precursor ion. 

• MRM Voltage Optimisation mode with final parameters as follows: 

 
Analyte(s) 

MS/MS  
Transition 

(m/z) 

Dwell 
Time 
(ms) 

Collision 
Energy 

(V) 

Q1 Pre-
bias 
(V) 

Q3 Pre-
bias 
(V) 

Monohydroxybenzoic acids 137  93 100 15 14 15 

Dihydroxybenzoic acids 153  109 100 15 17 18 

Trihydroxybenzoic acid 169  125 100 17 18 21 

Vanillic acid 167  152 100 16 20 28 

Syringic acid 197  182 100 13 11 17 

Veratric acid 181  137 100 12 21 23 

Eudesmic acid 211  167 100 12 11 16 

Anthranilic acid 136  92 100 16 15 30 
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2.6.2.3 Methods for LC Phase Investigation and Optimisation 

Mobile Phase: Two mobile phase configurations: 

1. Solvent A comprised of LCMS grade water with 0.1 % (v/v) formic acid and Solvent B 

comprised of LCMS grade methanol with 0.1 % (v/v) formic acid  

2. Solvent A comprised of LCMS grade water with 0.1 % (v/v) formic acid and Solvent B 

comprised of LCMS grade acetonitrile with 0.1 % (v/v) formic acid  

Elution: Isocratic elution of 70:30 (v/v) for pumps A/B, respectively 

Flow Rate: 0.4 mL/min 

Column: Three separate columns all maintained at 30ºC as follows:  

1. Agilent Polaris 3 µm C18-A 150 × 2.0 mm 

2. Restek Raptor 1.8 µm C18 150 × 2.1 mm  

3. Restek Raptor 2.7 µm Biphenyl 150 × 2.1 mm 

Injection Volume: 1 – 5 µL 

LC Time Program: Isocratic elution for required run time, between 5 – 25 min 

ESI-MS/MS Conditions: The ESI-MS was operated in negative mode. 

MS Analysis Mode: MRM analysis mode with the following parameters: 

 
Analyte(s) 

MS/MS  
Transition 

(m/z) 

Dwell 
Time 
(ms) 

Collision 
Energy 

(V) 

Q1 Pre-
bias 
(V) 

Q3 Pre-
bias 
(V) 

Monohydroxybenzoic acids 137  93 100 15 14 15 

Dihydroxybenzoic acids 153  109 100 15 17 18 

Trihydroxybenzoic acid 169  125 100 17 18 21 

Vanillic acid 167  152 100 16 20 28 

Syringic acid 197  182 100 13 11 17 

Veratric acid 181  137 100 12 21 23 

Eudesmic acid 211  167 100 12 11 16 

Anthranilic acid 136  92 100 16 15 30 
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2.6.2.4 Methods for Positive Ion Mode MS Optimisation 

Mobile Phase: Solvent A comprised of LCMS grade water with 0.1 % (v/v) formic acid and Solvent 

B comprised of LCMS grade methanol with 0.1 % (v/v) formic acid  

Elution: Isocratic elution of 70:30 (v/v) for pumps A/B, respectively 

Flow Rate: 0.4 mL/min 

Column: No column 

Injection Volume: 5 µL 

LC Time Program: the HPLC system was configured for direct injection to the MS 

ESI-MS/MS Conditions: The ESI-MS was operated in positive mode. 

MS Analysis Mode: Various MS Analysis modes used successively as follows: 

• Q3 scan mode with a range of m/z 100 – 220 at a scan speed of 7500 u/sec 

• Product Ion (PI) scan mode using two events in a single injection with a scan speed of 

1071 u/sec, a scan range of m/z 40 – 240, discrete collision energies of 10 and 20 V, and 

the pseudomolecular ion for each derivative as the precursor ion. 

• MRM Voltage Optimisation mode with final parameters as follows: 

 
Analyte(s) 

ESI 
Polarity 

MS/MS  
Transition 

(m/z) 

Dwell 
Time 
(ms) 

Collision 
Energy 

(V) 

Q1 Pre-
bias 
(V) 

Q3 Pre-
bias 
(V) 

Veratric acid + 183  139 100 -13 -11 -29 

Eudesmic acid + 213  154 100 -14 -11 -29 
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2.6.2.5 A HPLC-ESI-MS/MS Method for the Qualitative and Quantitative 

Analysis of Monohydroxybenzoic Acids in a Commercial Seaweed 

Biostimulant. 

Mobile Phase: Solvent A comprised of LCMS grade water with 0.1 % (v/v) formic acid and Solvent 

B comprised of LCMS grade methanol with 0.1 % (v/v) formic acid  

Elution: Isocratic elution of 70:30 (v/v) for pumps A/B, respectively 

Flow Rate: 0.4 mL/min 

Column: A Restek Raptor 2.7 µm Biphenyl 150 × 2.1 mm column with matching guard column 

was housed in the column oven maintained at 30 °C 

Injection Volume: 1 µL 

LC Time Program (including pre- and post-column flush): diversion post-column to waste from 0 

– 1.5 min; diversion to detector at 1.5 min; standard isocratic elution from 1.5 – 10 min; diversion 

back to waste at 10 min; increase from 30 % (v/v) to 80 % (v/v) B from 10 – 11 min; 80 % (v/v) 

B flush from 11 – 14 min; decrease back to 30 % (v/v) B from 14 – 15 min; re-equilibration at 30 

% (v/v) B from 15 – 20 min. 

ESI-MS/MS Conditions: The ESI-MS was operated in negative mode and was set to acquire data 

from 1.5 – 10 min.  

MS Analysis Mode: MRM analysis mode with the following parameters:  

 
Analyte(s) 

MS/MS  
Transition 

(m/z) 

Dwell 
Time 
(ms) 

Collision 
Energy 

(V) 

Q1 Pre-
bias 
(V) 

Q3 Pre-
bias 
(V) 

Monohydroxybenzoic acids 137  93 100 15 14 15 
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2.6.2.6 A HPLC-ESI-MS/MS Method for the Qualitative Analysis of 

Dihydroxybenzoic Acids in a Commercial Seaweed Biostimulant. 

Mobile Phase: Solvent A comprised of LCMS grade water with 0.1 % (v/v) formic acid and Solvent 

B comprised of LCMS grade methanol with 0.1 % (v/v) formic acid  

Elution: Isocratic elution of 80:20 (v/v) for pumps A/B, respectively 

Flow Rate: 0.4 mL/min 

Column: A Restek Raptor 2.7 µm Biphenyl 150 × 2.1 mm column with matching guard column 

was housed in the column oven maintained at 30 °C 

Injection Volume: 1 µL for standards and 1 – 10 µL for samples 

LC Time Program (including pre- and post-column flush): diversion post-column to waste from 0 

– 1.0 min; diversion to detector at 1.0 min; standard isocratic elution from 1.0 – 10 min; diversion 

back to waste at 10 min; increase from 20 % (v/v) to 80 % (v/v) B from 10 – 11 min; 80 % (v/v) 

B flush from 11 – 14 min; decrease back to 20 % (v/v) B from 14 – 15 min; re-equilibration at 20 

% (v/v) B from 15 – 20 min. 

ESI-MS/MS Conditions: The ESI-MS was operated in negative mode and was set to acquire data 

from 1 – 10 min.  

MS Analysis Mode: MRM analysis mode with the following parameters:  

 
Analyte(s) 

MS/MS  
Transition 

(m/z) 

Dwell 
Time 
(ms) 

Collision 
Energy 

(V) 

Q1 Pre-
bias 
(V) 

Q3 Pre-
bias 
(V) 

Dihydroxybenzoic acids 153  109 100 15 17 18 
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2.6.2.7 A HPLC-ESI-MS/MS Method for the Qualitative Analysis of 

Trihydroxybenzoic Acids in a Commercial Seaweed Biostimulant. 

Mobile Phase: Solvent A comprised of LCMS grade water with 0.1 % (v/v) formic acid and Solvent 

B comprised of LCMS grade methanol with 0.1 % (v/v) formic acid  

Elution: Isocratic elution of 85:15 (v/v) for pumps A/B, respectively 

Flow Rate: 0.4 mL/min 

Column: A Restek Raptor 2.7 µm Biphenyl 150 × 2.1 mm column with matching guard column 

was housed in the column oven maintained at 30 °C 

Injection Volume: 2 µL for standards and 2 – 10 µL for samples 

LC Time Program (including pre- and post-column flush): diversion post-column to waste from 0 

– 1.0 min; diversion to detector at 1.0 min; standard isocratic elution from 1.0 – 10 min; diversion 

back to waste at 10 min; increase from 15 % (v/v) to 80 % (v/v) B from 10 – 11 min; 80 % (v/v) 

B flush from 11 – 14 min; decrease back to 15 % (v/v) B from 14 – 15 min; re-equilibration at 15 

% (v/v) B from 15 – 20 min. 

ESI-MS/MS Conditions: The ESI-MS was operated in negative mode and was set to acquire data 

from 1 – 10 min.  

MS Analysis Mode: MRM analysis mode with the following parameters:  

 
Analyte(s) 

MS/MS  
Transition 

(m/z) 

Dwell 
Time 
(ms) 

Collision 
Energy 

(V) 

Q1 Pre-
bias 
(V) 

Q3 Pre-
bias 
(V) 

Trihydroxybenzoic acids 169  125 100 17 18 21 
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2.6.2.8 HPLC-ESI-MS/MS Methods for the Qualitative Analysis of 

Vanillic, Syringic, and Anthranilic Acids in a Commercial Seaweed 

Biostimulant. 

Mobile Phase: Solvent A comprised of LCMS grade water with 0.1 % (v/v) formic acid and Solvent 

B comprised of LCMS grade methanol with 0.1 % (v/v) formic acid  

Elution: Isocratic elution of 70:30 (v/v) for pumps A/B, respectively 

Flow Rate: 0.4 mL/min 

Column: A Restek Raptor 2.7 µm Biphenyl 150 × 2.1 mm column with matching guard column 

was housed in the column oven maintained at 30 °C 

Injection Volume: 5 µL for standards and 5 – 10 µL for samples 

LC Time Program (including pre- and post-column flush): diversion post-column to waste from 0 

– 1.0 min; diversion to detector at 1.0 min; standard isocratic elution from 1.0 – 10 min; diversion 

back to waste at 10 min; increase from 30 % (v/v) to 80 % (v/v) B from 10 – 11 min; 80 % (v/v) 

B flush from 11 – 14 min; decrease back to 30 % (v/v) B from 14 – 15 min; re-equilibration at 30 

% (v/v) B from 15 – 20 min. 

ESI-MS/MS Conditions: The ESI-MS was operated in negative mode and was set to acquire data 

from 1 – 10 min.  

MS Analysis Mode: MRM analysis mode with the following parameters:  

 
Analyte(s) 

MS/MS  
Transition 

(m/z) 

Dwell 
Time 
(ms) 

Collision 
Energy 

(V) 

Q1 Pre-
bias 
(V) 

Q3 Pre-
bias 
(V) 

Vanillic acid 167  152 100 16 20 28 

Syringic acid 197  182 100 13 11 17 

Anthranilic acid 136  92 100 16 15 30 
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2.6.2.9 HPLC-ESI-MS/MS Methods for the Qualitative Analysis of 

Veratric and Eudesmic Acids in a Commercial Seaweed Biostimulant. 

Mobile Phase: Solvent A comprised of LCMS grade water with 0.1 % (v/v) formic acid and Solvent 

B comprised of LCMS grade methanol with 0.1 % (v/v) formic acid  

Elution: Isocratic elution of 50:50 (v/v) for pumps A/B, respectively 

Flow Rate: 0.4 mL/min 

Column: A Restek Raptor 2.7 µm Biphenyl 150 × 2.1 mm column with matching guard column 

was housed in the column oven maintained at 30 °C 

Injection Volume: 5 µL for standards and 5 – 10 µL for samples 

LC Time Program (including pre- and post-column flush): diversion post-column to waste from 0 

– 1.0 min; diversion to detector at 1.0 min; standard isocratic elution from 1.0 – 10 min; diversion 

back to waste at 10 min; increase from 50 % (v/v) to 80 % (v/v) B from 10 – 11 min; 80 % (v/v) 

B flush from 11 – 14 min; decrease back to 50 % (v/v) B from 14 – 15 min; re-equilibration at 50 

% (v/v) B from 15 – 20 min. 

ESI-MS/MS Conditions: The ESI-MS was operated in positive mode and was set to acquire data 

from 1 – 10 min.  

MS Analysis Mode: MRM analysis mode with the following parameters:  

 
Analyte(s) 

MS/MS  
Transition 

(m/z) 

Dwell 
Time 
(ms) 

Collision 
Energy 

(V) 

Q1 Pre-
bias 
(V) 

Q3 Pre-
bias 
(V) 

Veratric acid 183  139 100 -13 -13 -29 

Eudesmic acid 213  154 100 -14 -11 -29 
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2.7 PLANT GROWTH BIOASSAYS – GREENHOUSE EXPERIMENTS 

The plant growth bioassays were conducted at Seasol facilities using an in-house assay developed 

at Seasol R&D laboratories.   

 

2.7.1 Plant Preparation. 

Tomato (Lycopersicon esculentum) seeds were germinated in a seedling tray filled with commercially 

purchased seed raising mix (Seasol Seed Raising and Cutting Potting Mix) 204. The tomato seedlings 

were grown in a temperature-controlled greenhouse at 24 ºC and a relative humidity no higher than 

60 %. They were grown for four weeks exposed to local ambient spring and summer lighting 

conditions before being prepared for the plant growth assay. 

Tomato seedlings were selected for uniformity before being removed from their tray. The roots 

were cleaned by carefully removing as much soil as possible by gentle agitation before being washed 

under running tap water until the roots appeared clear. Once cleaned, the roots could be trimmed 

carefully with sharp pointed scissors until a trimmed tap root was all that remained. Finally, each 

prepared tomato seedling was placed into jars filled with the treatment or control solutions.  

 

2.7.2 Preparation of Treatment Solutions. 

All solutions were made using ultrapure water (~18 MΩ resistivity) prepared using a Purite Select 

HP water purification system. The total volume of each solution was 2000 mL, except for where 5 

mL Commercial Seasol Concentrate was to be added in order to prepare 2000 mL of 1:400 dilution, 

then 1995 mL was provided.  

To prepare aqueous solutions of the individual and combination monohydroxybenzoic acids stock 

solutions were made by dissolving the appropriate mass in the ultrapure water. From which the 

2000 mL solutions were prepared via direct dilution. The fortified Seasol solutions were also 

prepared using the same stock solutions; however, the direct dilution method took into account 

the addition of 5 mL Seasol and compensated such that the final 2000 mL fortified Seasol would 

have been spiked with the same concentration as employed in the aqueous solutions.  
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2.7.3 Experiment 1 – Pilot Bioassay. 

The first bioassay experiment involved five treatment solutions and two control solutions. There 

were six tomato seedlings per treatment/control, for a total of 42 tomato seedlings. The first root 

growth bioassay experiment began 6/10/2021 in the same greenhouse, under the same conditions 

the seedlings were raised (see Section 2.7.1). 

 

Treatment Solution Description 

1) Treatment Control (Seasol) 1 in 400 dilution of concentrate 

2) Water Control 18 MΩ deionised water 

3) 2-hydroxybenzoic acid 2 nM aqueous solution 

4) 3-hydroxybenzoic acid 62 nM aqueous solution 

5) 4-hydroxybenzoic acid  32 nM aqueous solution 

6) Combination of monohydroxybenzoic acids 2 nM 2-hydroxybenzoic acid, 62 nM 3-hydroxybenzoic acid 
and 32 nM 4-hydroxybenzoic acid aqueous solution 

7) Seasol fortified with Combination 2 nM 2-hydroxybenzoic acid, 62 nM 3-hydroxybenzoic acid 
and 32 nM 4-hydroxybenzoic acid spiked into 1 in 400 dilution 
of concentrate 

 

 
13) Figure 2.7.3 A representative photo of the tomato seedling plant growth assay set up, as per Experiment 1 
with seven treatment/control solutions each with 6 replicate plants, commenced 6/10/21. 
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2.7.4 Experiment 2 – Repeatability Bioassay 

The second bioassay experiment was a repeat of Experiment 1 and involved five treatment 

solutions and two control solutions. There were six tomato seedlings per treatment/control, for a 

total of 42 tomato seedlings. The second root growth bioassay began on the 9/11/2021 in the 

same greenhouse, under the same conditions the seedlings were raised (see Section 2.7.1). 

 

Treatment Solution Description 

1) Treatment Control (Seasol) 1 in 400 dilution of concentrate 

2) Water Control 18 MΩ deionised water 

3) 2-hydroxybenzoic acid 2 nM aqueous solution 

4) 3-hydroxybenzoic acid 62 nM aqueous solution 

5) 4-hydroxybenzoic acid  32 nM aqueous solution 

6) Combination of monohydroxybenzoic acids 2 nM 2-hydroxybenzoic acid, 62 nM 3-hydroxybenzoic acid 
and 32 nM 4-hydroxybenzoic acid aqueous solution 

7) Seasol fortified with Combination 2 nM 2-hydroxybenzoic acid, 62 nM 3-hydroxybenzoic acid 
and 32 nM 4-hydroxybenzoic acid spiked into 1 in 400 dilution 
of concentrate 

 

 

2.7.5 Quantitative Parameters 

Five key parameters were measured at the conclusion of the assay (harvest) to assess the 

efficacy/bioactivity of the various treatments: longest root length, fresh and dry root weight, and 

fresh and dry shoot weight. 

 

2.7.5.1 Longest Root Length 

The longest root length for each plant was measured using the methodology described by Doerner 

et al. 205. The roots were carefully washed under running tap water before the longest root was 

measured from the hypocotyl region to the tip.  

 

2.7.5.2 Fresh and Dry Root Weight 

The dry root weight was measured using the methodology described by Huang et al., with small 

modifications 206. The roots were carefully washed under running tap water before being measured 

using a digital weighing scale. Following which roots were dried at 70 ºC in a drying oven before 

dry weights were measured using a digital weighing scale. 
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2.7.5.3 Fresh and Dry Shoot Weight 

The dry shoot weight was measured using the methodology described by Huang et al., with small 

modifications 206. The shoots were carefully washed under running tap water before being 

measured using a digital weighing scale. Following which shoots were dried at 70 ºC in a drying 

oven before dry weights were measured using a digital weighing scale. 

 

2.7.6 Data Analysis 

To assess data for outliers both z-score and interquartile range outlier tests were confirmed, when 

there was a consensus between the two tests for the presence of an outlier that data point was 

omitted. Data were then subjected to one-way ANOVA at 5 % level of significance to assess 

treatment effects. Significant differences between means were determined using the Fisher Least 

Significant Difference (LSD).  
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CHAPTER 3: METHOD DEVELOPMENT FOR THE 

TARGETED METABOLOMIC HPLC-ESI-MS/MS 

QUALITATIVE ANALYSIS OF HYDROXYBENZOIC 

ACIDS AND RELATED DERIVATIVES IN A 

COMMERCIAL SEAWEED BIOSTIMULANT 
 

3.1 INTRODUCTION 

There are a number of phytochemicals commonly grouped in the subgroup of phenolic acids 

known as hydroxybenzoic acids that are well characterised and involved in the same biochemical 

pathways (see Section 1.4.6). This includes mono-, di- and tri-hydroxybenzoic acids as well as 

methoxylated hydroxybenzoic acids, and methoxylated and amino substituted benzoic acids that 

are products of the same biosynthetic pathways (presented below in Table 3.1). Some of their 

biological activities, particularly the responses of the exogenous application of these compounds 

to plants, bear comparison to the benefits observed from the application of some seaweed 

biostimulants (see Sections 1.3 and 1.7) 1, 57. In order to further investigate the mode-of-action for 

the observed benefits from the seaweed biostimulants, sophisticated analytical methods are 

required for the detection, identification and quantification of target analytes in complex samples 

(see Sections 1.5 and 1.6). The development of targeted metabolomic methods is therefore crucial 

for the advancement of biostimulants as a sustainable agricultural practice that can help to meet 

the growing global food demands. The aim of this part of the work was to develop qualitative 

HPLC-ESI-MS/MS methods for the identification of hydroxybenzoic acids and related derivatives 

in a commercial seaweed biostimulant. Additionally, the chromatographic behaviour of these 

compounds on the less explored reversed phase phenyl based stationary phases will be investigated 

and compared to the more common C18 phases. 
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Table 3.1 shows the derivatives selected for this investigation and their molecular weight. The table also includes their structural information relative to the 

C6-C1 backbone. The selection of these hydroxybenzoic acids and related derivatives took into consideration their prevalence in the literature and their 

structural idiosyncrasies; however, the availability of pure standard materials was also a major deciding factor. 

 

 
 

 

Hydroxybenzoic acids and related derivatives M.W R1 R2 R3 R4 R5 
2-hydroxybenzoic acid (Salicylic) 138.12 g/mol OH H H H H 
3-hydroxybenzoic acid 138.12 g/mol H OH H H H 
4-hydroxybenzoic acid 138.12 g/mol H H OH H H 
       
2,3-dihydroxybenzoic acid (Pyrocatechuic) 154.12 g/mol OH OH H H H 
2,4-dihydroxybenzoic acid (β-Resorcyclic) 154.12 g/mol OH H OH H H 
2,5-dihydroxybenzoic acid (Gentisic)  154.12 g/mol OH H H OH H 
2,6-dihydroxybenzoic acid 154.12 g/mol OH H H H OH 
3,4-dihydroxybenzoic acid (Protocatechuic)  154.12 g/mol H OH OH H H 
3,5-dihydroxybenzoic acid (α-Resorcyclic) 154.12 g/mol H OH H OH H 
       
2,3,4-trihydroxybenzoic acid 170.12 g/mol OH OH OH H H 
2,4,6-trihydroxybenzoic acid   170.12 g/mol OH H OH H OH 
3,4,5-trihydroxybenzoic acid (Gallic) 170.12 g/mol H OH OH OH H 
       
4-hydroxy-3-methoxybenzoic acid (Vanillic) 168.15 g/mol H OCH3 OH H H 
4-hydroxy-3,5-dimethoxybenzoic acid (Syringic) 198.17 g/mol H OCH3 OH OCH3 H 
       
3,4-dimethoxybenzoic acid (Veratric) 182.17 g/mol H OCH3 OCH3 H H 
3,4,5-trimethoxybenzoic acid (Eudesmic) 212.20 g/mol H OCH3 OCH3 OCH3 H 
       
2-aminobenzoic acid (Anthranilic) 137.18 g/mol NH2 H H H H 

9) Table 3.1 List of hydroxybenzoic acids and related derivatives investigated in this study. Including structural information relative to their C6-C1 backbone.
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3.1.1 Chapter 3 Outline. 

The results in this chapter are divided into the following sections. 

• Preliminary qualitative investigations of salicylic acid and its isomers (Section 3.2) - This 

section describes the preliminary HPLC-ESI-MS-MS qualitative investigation of 

monohydroxybenzoic acids in a commercial seaweed biostimulant. 

• The development of qualitative methods for the analysis of hydroxybenzoic acids and related 

derivatives in a commercial seaweed biostimulant - HPLC-ESI-MS/MS Method Development 

(Section 3.3) - This section describes the optimisation of the instrumental analysis including 

the mass spectrometric and liquid chromatographic conditions 

o Investigation of the selectivity of phenyl phases vs C18 for the separation of these 

aromatic compounds 

• The qualitative analysis of the hydroxybenzoic acids and related derivatives in a commercial 

seaweed biostimulant using the newly developed HPLC-ESI-MS/MS methods (Section 3.4) - 

This section describes the application of the newly developed methods for the identification 

of the dihydroxybenzoic acids, trihydroxybenzoic acids, vanillic acid, syringic acid, veratric 

acid, eudesmic acid, and anthranilic acid in a commercial seaweed biostimulant. 
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3.2 PRELIMINARY QUALITATIVE INVESTIGATION OF SALICYLIC ACID 

AND ITS ISOMERS 

An in-house LC-MS method for the analysis of salicylic acid in a commercial seaweed biostimulant was 

previously developed in our laboratories 207. The method employed an octadecylsilane-bonded silica 

(ODS) reversed-phase HPLC column with an acetonitrile/water mobile phase modified with formic 

acid. The method of detection was electrospray ionisation (ESI) mass spectrometry (MS) in negative 

ionisation mode. To produce a sample suitably clean for instrumental analysis, and allow 

preconcentration of analytes, this method employed a sample preparatory procedure involving 

acetonitrile partitioning followed by solid-phase extraction. Figure 3.2.1 shows the LC-MS 

chromatogram of a sample analysed by the aforementioned method in Selected Ion Monitoring (SIM) 

mass spectrometry mode at 137 m/z; the peak with a retention time (tR) of 3.77 min. was identified as 

salicylic acid. The cluster of peaks preceding the salicylic acid peak suggested the presence of salicylic 

acid’s isomers, with a similar molecular ion. This observation sparked the interest for this current study.  

 
14) Figure 3.2.1 Chromatogram showing the separation and identification of salicylic acid in a spiked sample using 
an octadecylsilane (C18) reverse-phase HPLC column with an acetonitrile/water mobile phase modified with formic 

acid. The LC-MS chromatogram was run in SIM mode at 137 m/z 207. 
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3.2.1 Preliminary Qualitative Investigation of Monohydroxybenzoic Acids 

using HPLC-ESI-MS/MS. 

The initial qualitative investigation began by transposing the HPLC-ESI-MS method described above 

to HPLC-ESI-MS/MS (see Section 2.6.1 for instrument details) with the goal to achieve enough 

separation of the preceding peaks observed in the chromatogram shown in Figure 3.2.1 to allow for a 

preliminary identification of compounds present. It was hypothesised that the cluster of peaks 

observed in Figure 3.2.1 included the presence of the other monohydroxybenzoic acids. For this 

preliminary work an Agilent Polaris 3 µm C18-A 150 × 2.0 mm with an Agilent Polaris C18-A 

MetaGuard 10 × 2.0 mm column was used along with aqueous acetonitrile mobile phases modified 

with formic acid. Gradient elution chromatography was used and mobile phase conditions along with 

other instrumental conditions are listed in figure legends. 

 

To begin the qualitative investigation a crude sample preparatory extraction was performed on the 

seaweed biostimulant following the basic partitioning steps from the previous method 207. An aliquot 

of the biostimulant sample was placed into a centrifuge tube and the pH was dropped to approximately 

1 using concentrated HCl. An equal aliquot of acetonitrile was added to the tube which was then 

vigorously shaken before being centrifuged. A 1 mL aliquot of the top organic layer was then diluted 

with 9 mL of 30 % (v/v) aqueous acetonitrile with 0.1 % (v/v) formic acid and then filtered through 

a 0.45 µm PTFE syringe filter prior to instrumental analysis using the mass spectrometer in full scan 

mode (m/z 100 – 400). Standard solutions of the three monohydroxybenzoic acids were prepared via 

direct dilution in the same solvent as the sample extract and chromatographed under the same 

conditions. Figure 3.2.2a shows the extracted ion chromatograms using m/z 137 (the pseudomolecular 

ion or [M-H]- of monohydroxybenzoic acids) of 2-, 3- and 4-hydroxybenzoic acid as well as the sample 

extract. As can be seen via the coloured lines retention time matching of the standard 

monohydroxybenzoic acids with peaks present in the sample supports the hypothesis that the isomers 

of salicylic acid are present in the biostimulant sample. This could be further supported with mass 

spectral evidence of the fragmentation of the suspected peaks in the sample using Product Ion scanning 

mode (PI scan) with the MS/MS. By selecting the pseudomolecular ions of the three suspected peaks 

and fragmenting them using collision-induced dissociation the fragment peaks could be compared to 

that of the pure standards under the same conditions as well as literature values.  
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15) Figure 3.2.2a Extracted ion chromatograms (m/z 137) of each monohydroxybenzoic acid standard solution and 
sample extract. The mobile phase consisted of: Solvent A - water modified with 0.1 % (v/v) formic acid, Solvent B - 
acetonitrile. The gradient LC time program used was: 10 % (v/v) B from 0 – 1 min, increase from 10 % to 40 % (v/v) 

B from 1 – 10 min, increase from 40 % to 90 % (v/v) B from 10 – 14 min, hold at 90 % (v/v) B from 14 – 15.5 min. 
The MS was configured in full scan mode scan mode with a scan range of 100 – 400 m/z. 

 

Using the same LC conditions the Product Ion scanning experiment was conducted by selecting for 

the pseudomolecular ion of m/z 137, fragmenting with a collision energy of 20 V and then scanning 

for product ions between the mass range of m/z 50 – 200. Figure 3.2.2b shows the chromatogram of 

the sample extract along with three mass spectra, one for each of the peaks previously tentatively 

identified as the monohydroxybenzoic acids. All three spectra contained the pseudomolecular ion of 

m/z 137 as well as the base peak of m/z 93, which constitutes a loss of CO2 or m/z 44. This loss is 

commonly described for monohydroxybenzoic acids such as salicylic acid 85. The MS2 spectra for the 

peaks in the sample are similar to those for pure standards, and when combined with retention time 
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matching provide suitable evidence for the presence and positive identification of the three 

monohydroxybenzoic acids. This is a significant finding as it is the first known report of 

monohydroxybenzoic acids in a commercial seaweed biostimulant. This finding will allow for further 

investigation into the biological mechanisms underpinning the reported benefits of commercial 

seaweed biostimulants. The significance of this finding is further discussed in Chapter 4 where the 

monohydroxybenzoic acids are quantitatively determined in the commercial seaweed biostimulant, as 

well as Chapter 5 where their role in seaweed extracts is investigated using plant growth bioassays. 

Furthermore, these results demonstrate that a suitable approach for the qualitative investigation of 

hydroxybenzoic acids in commercial seaweed biostimulants is the development of HPLC-ESI-MS/MS 

methods which combine retention time and MS/MS data (as described in Section 1.5). 

 
16) Figure 3.2.2b A product ion chromatogram of the sample extract. The three target peaks of interest are labelled 

with their respective retention times and their MS2 spectra is displayed below the chromatogram. LC conditions 
similar to Figure 3.2.2a. 
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3.3 HPLC-ESI-MS/MS METHOD DEVELOPMENT FOR THE 

QUALITATIVE ANALYSIS OF HYDROXYBENZOIC ACIDS AND RELATED 

DERIVATIVES IN A COMMERCIAL SEAWEED BIOSTIMULANT 

This section describes the optimisation of mass spectrometric and liquid chromatographic conditions 

in the development of fit-for-purpose HPLC-ESI-MS/MS methods for the identification of 

hydroxybenzoic acids and related derivatives in a commercial seaweed biostimulant sample. The 

approach adopted in this part of the study was to optimise the MS/MS detection conditions before 

investigating and optimising the liquid chromatographic conditions. Mass spectrometric optimisation 

was conducted first in order to establish detection polarity and pseudomolecular and fragment ions for 

the specific and selective detection of the analytes via MRM. Alongside the optimisation of LC 

conditions, it was of interest to explore the liquid chromatographic behaviour of the various 

hydroxybenzoic acids and related derivatives on reversed-phase stationary phases including C18 and 

the less explored phenyl based stationary phases. This section will discuss MS and LC investigations of 

standard solutions and mixed standard solutions of the various hydroxybenzoic acids and related 

derivatives. The standard solutions were prepared via direct dilution following the steps outlined in 

Section 2.4.1.  

 

3.3.1 Investigation and Optimisation of MS Conditions. 

The optimisation of MS/MS conditions followed a standardised approach that began with the 

determination of the pseudomolecular ion ([M-H]-) for each of the analytes; followed by fragmentation 

studies to determine the characteristic MS/MS transition for each analyte before finally optimising the 

collision conditions. The results from the determination of the pseudomolecular ion, fragment ions, 

and optimal MS/MS transitions were compared with literature values and databases. For MS 

investigation experiments the HPLC-ESI-MS/MS instrument was configured with the operating 

parameters outlined in Section 2.6.2.2.  

 

3.3.1.1 Determination of the Pseudomolecular Ion and Fragment Ions. 

Dilute solutions of each of the hydroxybenzoic acids and related derivatives were directly injected into 

the MS/MS operating in full scan mode with a mass range of m/z 100 – 220. All analytes showed the 

characteristic pseudomolecular ion, [M-H]- in negative mode; listed in Table 3.3.1.1 below. As can be 

seen in negative mode all the derivatives displayed a pseudomolecular ion that was m/z 1 lower than 

the molecular weight typical of the deprotonation of the carboxylic acid moiety. After the molecular 

ion has been established fragment ions can be determined using MS/MS in Product Ion (PI) scanning 



95 
 

mode. The two collision energies used in this experiment were 10 and 20 eV; these are considered low 

and moderate levels of collision energy, which for small molecules such as the hydroxybenzoic acids 

and related derivatives are suitable. Table 3.3.1.1 shows the key observed fragment ions for each of the 

analytes collated from all of the product ion scans at both collision energies; spectral data in Appendix 

A.1.  

10) Table 3.3.1.1 Determination of the Pseudomolecular and Fragment Ions 

Compound [M-H]- 
(m/z) 

Observed MS/MS Fragments 
(m/z) 

2-hydroxybenzoic acid (Salicylic) 137 137, 93, 65 
3-hydroxybenzoic acid 137 137, 93, 63, 45 
4-hydroxybenzoic acid 137 137, 93, 45 
   
2,3-dihydroxybenzoic acid (Pyrocatechuic) 153 109, 91, 53 
2,4-dihydroxybenzoic acid (β-Resorcyclic) 153 109, 67, 65, 41 
2,5-dihydroxybenzoic acid (Gentisic)  153 109, 108 
2,6-dihydroxybenzoic acid 153 135, 109, 91, 67, 65, 41 
3,4-dihydroxybenzoic acid (Protocatechuic)  153 109, 91, 81, 65, 53 
3,5-dihydroxybenzoic acid (α-Resorcyclic) 153 109, 80, 67, 65, 45 
   
2,3,4-trihydroxybenzoic acid 169 151, 125, 110, 95, 81 
2,4,6-trihydroxybenzoic acid   169 151, 125, 107, 83, 65, 41 
3,4,5-trihydroxybenzoic acid (Gallic) 169 151, 125, 97, 79, 69, 53 
   
4-hydroxy-3-methoxybenzoic acid (Vanillic) 167 152, 149, 123, 108, 99, 79 
4-hydroxy-3,5-dimethoxybenzoic acid (Syringic) 197 182, 167, 151, 138, 123, 107 
   
3,4-dimethoxybenzoic acid (Veratric) 181 137, 113, 93, 69, 45 
3,4,5-trimethoxybenzoic acid (Eudesmic) 211 193, 167, 165, 147, 137, 121 
   
2-aminobenzoic acid (Anthranilic) 136 92 

 

3.3.1.2 Determination of the Characteristic MS/MS Transition. 

As discussed in Section 1.5.7.3, the MS/MS transition allows for more selective analysis and often 

provides increased sensitivity. It is considered another method of filtering out background noise to 

select for only the precursor to product ion reaction of the target analytes. Depending on the 

application MS/MS transitions can be selected that are either unique to the compound offering the 

highest level of selectivity; or conversely, a MS/MS transition can be specific to a group of compounds 

such as isomers that share the same molecular ion and a fragment ion which can allow for the targeted 

analysis of a group of compounds. Both approaches will be employed to target the benzoic acids 

derivatives being investigated in this chapter. To determine the MS/MS transition for each derivative 
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the spectra from the product ion scanning will be compared to literature and online databases; 

including the Human Metabolome Database (HMDB) which has an extensive list of compounds for 

which there are both experimental and predicted LC-MS/MS spectra 208.  

 

3.3.1.2.1  MS/MS Transition of Monohydroxybenzoic Acids 

All three of the monohydroxybenzoic acids are isomers and therefore share the same pseudomolecular 

ion; furthermore they all share the same benzoic acid backbone that has a characteristic fragmentation 

pattern, the loss of CO2 (loss of m/z 44). The transition from the pseudomolecular ion to that specific 

fragment ion can be selected for analysis; allowing for detection of molecules that only exhibit this 

same m/z 137  93. This MS/MS transition has been used to analyse salicylic acid and other benzoic 

acid derivatives in multiple studies 82, 209, 210. While m/z 137  93 is the optimal transition for the 

monohydroxybenzoic acids in pure standard solutions, it is worth noting that interferences can often 

occur as a result of the sample matrix. For example, this was the case in a study conducted by Segarra 

et al. where the chosen MS/MS transition for jasmonic acid showed to be suboptimal due to coeluting 

peaks 82. Therefore, the m/z 137  93 MS/MS transition is selected for the monohydroxybenzoic 

acids with the assumption that any coeluting peaks will be able to be chromatographically separated 

with suitable resolution in order to distinguish between analytes. 

 

3.3.1.2.2 MS/MS Transition of Dihydroxybenzoic Acids 

The dihydroxybenzoic acids all shared the fragment of m/z 109; which is consistent with experimental 

and predicted spectra that can be found on HMDB 208, 211, 212. Therefore, the transition of m/z 153  

109, again due to the loss of CO2, could be used to detect for all six of the dihydroxybenzoic acids 

simultaneously, under the condition that they can be chromatographically separated. In examining the 

literature for methods that aim to separate and identify dihydroxybenzoic acids by LCMS/MS, the vast 

majority of methods employed the m/z 153  109 MS/MS transition. Gentisic acid (2,5-

dihydroxybenzoic acid), protocatechuic acid (3,4-dihydroxybenzoic acid), and 3,5-dihydroxybenzoic 

acid were analysed by LCMS/MS using the m/z 153   109 transition across various studies with 

great success; therefore this was the MS/MS transition employed in this study for the dihydroxybenzoic 

acids 92, 151, 209, 210. 
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3.3.1.2.3 MS/MS Transition of Trihydroxybenzoic Acids 

The trihydroxybenzoic acids all shared two fragment ions that could serve as the product ion in the 

MS/MS transition: m/z 151 and 125. The m/z 125 is the fragment ion that is the result of the loss of 

m/z 44 due to the loss of the carboxylic acid moiety, as previously described for the mono- and 

dihydroxybenzoic acids. When investigating spectra for trihydroxybenzoic acids in the HMDB, both 

the predicted and experimental spectra were in agreement with the observations made in the product 

ion scans from this study as listed in Table 3.3.1.1 above. 208. At the lower to moderate collision energies 

of 10 and 20 eV, the m/z 151 and 125 fragment ions were the most abundant 211, 212. The literature also 

reports that the most common trihydroxybenzoic acid: gallic acid, is often analysed and quantified 

using the MS/MS transition of m/z 169 125 157, 209, 210, 213. Therefore, for this study the m/z 169  

125 was the chosen MS/MS transition for the analysis of trihydroxybenzoic acids.  

 

3.3.1.2.4 MS/MS Transition of Methoxylated Hydroxybenzoic 

Acids 

The two methoxylated hydroxybenzoic acids: vanillic and syringic acid, both had product ions that 

showed a loss of m/z 15 from the pseudomolecular ion. This loss of m/z 15 is due to the loss of a 

methyl group which is characteristic of the derivatives with aromatic methoxy groups 209. The 

characteristic methyl dissociation served as the primary candidate for an MS/MS transition for both 

methoxylated derivatives: m/z 167  152 and 197  182 for vanillic and syringic acid, respectively. 

These transitions were used in a study isolating phenolics from sea algae by Klejdus et al. with great 

success, therefore these were the transitions employed for further analysis of vanillic and syringic acid 

in this study 92. 

 

3.3.1.2.5 MS/MS Transition of Methoxylated Benzoic Acids 

The methoxylated benzoic acid derivatives, veratric and eudesmic acid both have only a few 

experimental mass spectra on the HMDB, with the bulk being predicted spectra 208. Of the product 

ions detected for veratric acid in negative ionisation mode, it was the m/z 137 ion that was clearly 

present in both the experimental and predicted spectra on HMDB; this was the product ion used in 

two studies that analysed veratric acid via ESI-MS/MS with the following MS/MS transition: m/z 181 

 137 167, 170, 212. As for eudesmic acid, even though there is no experimental negative ionisation mode 

spectra on HMDB, of the ions detected in this study the m/z 167 and 137 ions matched the predicted 

mass spectra 208, 212. The MS/MS transition of 211  167 m/z was employed in three separate studies 

that analysed eudesmic acid by ESI-MS/MS in negative ionisation mode 172, 214, 215. Therefore, for the 
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chromatographic investigation and optimisation study the m/z 181  137 and 211  167 negative 

ion transitions, representing the loss of CO2, were the chosen MS/MS transitions for the analysis of 

veratric and eudesmic acids, respectively. It should be noted that these transitions were eventually not 

deemed suitable for the analysis of veratric and eudesmic acid in the seaweed biostimulant sample as 

discussed in Section 3.3.6. 

 

3.3.1.2.6 MS/MS Transition of Aminobenzoic Acids 

In the product ion analysis conducted in this study in negative ionisation mode anthranilic acid had 

one very dominant product ion of m/z 92, this was also observed in all of the experimental and 

predicted mass spectra on HMDB 208. The literature suggests that anthranilic acid is most commonly 

analysed in positive mode, for example two studies use both m/z 138  120 and 138  92 MS/MS 

transitions for the analysis of anthranilic acid 216, 217. However, as will be shown in Sections 3.3.6 and 

3.4.7 anthranilic acid displayed suitable sensitivity when analysed in negative mode in this study, 

therefore the negative ionisation mode transition of m/z 136  92 was employed for this study.  

 

3.3.1.3 Optimisation of the MS/MS Collision Conditions. 

Once a characteristic MS/MS transition is selected it is important to optimise the collision conditions. 

Even analytes that share the same characteristic transitions will often have differences in the optimal 

amount of energy to initiate the desired fragmentation 218. The most important and thus the most 

widely reported parameter is the Collision Energy (CE); often reported in volts (V) or electronvolt 

(eV). There are other variables that are occasionally optimised simultaneously, these are reported under 

various names that are instrument manufacturer specific that include: collision cell entrance/exit 

potentials, declustering potential, fragmentor voltage, and quadrupole prebias potentials 92, 210, 219. These 

collision conditions can all be optimised by manually changing them individually and monitoring the 

instrumental response, however many instrument manufacturers have software protocols that will 

automatically optimise these conditions. The instrument used in this research (see Section 2.6.1) 

employs an MRM optimisation protocol that allows for the optimisation the CE and quadrupole (Q1 

and Q3) “Pre-rod Bias” (see Section 2.6.2.1). The precursor and product ions for each analyte were 

manually determined in this study as described above to yield MS/MS transitions, for each the three 

remaining conditions were optimised. The MRM optimisation protocol was run and the optimised 

collision conditions are reported below in Table 3.3.1.3.  
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11) Table 3.3.1.3 Optimisation of the MS/MS Collision Conditions 

Compound E.S.I 
Polarity 

MS/MS 
Transition 

(m/z) 

Q1 
PreBias 

(V) 

Collision 
Energy 

(V) 

Q3 
PreBias 

(V) 
2-hydroxybenzoic acid (Salicylic) - 137  93 15 16 15 
3-hydroxybenzoic acid - 137  93 14 15 15 
4-hydroxybenzoic acid - 137  93 15 16 15 
      
2,3-dihydroxybenzoic acid (Pyrocatechuic) - 153  109 17 16 18 
2,4-dihydroxybenzoic acid (β-Resorcyclic) - 153  109 16 14 18 
2,5-dihydroxybenzoic acid (Gentisic)  - 153  109 17 15 10 
2,6-dihydroxybenzoic acid - 153  109 17 17 17 
3,4-dihydroxybenzoic acid (Protocatechuic)  - 153  109 17 16 17 
3,5-dihydroxybenzoic acid (α-Resorcyclic) - 153  109 17 13 18 
      
2,3,4-trihydroxybenzoic acid - 169  125 21 17 21 
2,4,6-trihydroxybenzoic acid   - 169  125 19 17 22 
3,4,5-trihydroxybenzoic acid (Gallic) - 169  125 18 16 22 
      
4-hydroxy-3-methoxybenzoic acid (Vanillic) - 167  152 20 16 28 
4-hydroxy-3,5-dimethoxybenzoic acid (Syringic) - 197  182 11 13 17 
      
3,4-dimethoxybenzoic acid (Veratric) - 181  137 21 12 23 
3,4,5-trimethoxybenzoic acid (Eudesmic) - 211  167 11 12 16 
      
2-aminobenzoic acid (Anthranilic) - 136  92 15 16 30 

 

3.3.1.4 Final Optimised MS/MS Methods for Simultaneous Analysis. 

For the hydroxybenzoic acids that could share a single MS/MS transition (monos, dis and tris) the 

collision conditions for each derivative can be collated and used to find one optimal set of conditions 

per MS/MS transition. Then a single optimised method would allow for the identification of all 

derivatives that share that same transition. As can be seen in Table 3.3.1.3 there is little variation in 

voltages amongst analytes that share a MS/MS transition. The final conditions chosen shown in Table 

3.3.1.4 allowed for the best sensitivity for all isomers in a group.  

12) Table 3.3.1.4 Final Optimised MS/MS Methods for Simultaneous Analysis 

Compound Polarity MS/MS 
Transition 

(m/z) 

Q1 
PreBias 

(V) 

Collision 
Energy 

(V) 

Q3 
PreBias 

(V) 
All three monohydroxybenzoic acids - 137  93 14 15 15 
All six dihydroxybenzoic acids - 153  109 16 15 18 
All three trihydroxybenzoic acid - 169  125 18 17 21 
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3.3.2 Investigation and Optimisation of LC Phases and Conditions. 

Following on from the establishment of MS/MS detection conditions the next part of the study 

focussed on the investigation of suitable liquid chromatographic conditions for the separation of the 

target analytes listed in Table 3.1. Three LC columns with different stationary phases were available for 

this work and were investigated for their applicability for the separation of the target analytes in the 

seaweed biostimulant sample. Typically the main goal in chromatography is “the best resolution in the 

shortest possible time”, however the literature alludes to highly complex seaweed biostimulant 

matrices; therefore the complexity of these matrices necessitates longer analysis times in order to ensure 

specificity as well as minimise common MS detector restraints such as ionisation suppression. The 

three columns investigated were: Agilent Polaris 3 µm C18-A 150 × 2.0 mm, Restek Raptor 1.8 µm 

C18 150 × 2.1 mm, and Restek Raptor 2.7 µm Biphenyl 150 × 2.1 mm. The Polaris column uses a fully 

porous polar modified 3 µm C18 stationary phase suitable for polar organic compounds and helps to 

avoid poor peak shape and retention issues in low organic conditions, and has been used successfully 

in our laboratories for the HPLC separation of the three monohydroxybenzoic acids (see Section 3.2) 
220. The Raptor C18 column uses 1.8 µm superficially porous particles (core-shell) and this general 

purpose C18 column offers fast and efficient UHPLC method development 221. The Raptor Biphenyl 

bonded silica column uses 2.7 µm superficially porous particles and these columns offer increased 

retention of hydrophilic aromatic compounds and enhanced selectivity with methanolic (protic) mobile 

phases 222. The two mobile phases investigated with the three columns include acetonitrile/water and 

methanol/water, both with formic acid modifier, as these are typical mobile phases for reversed phase 

LC-MS. Initially all the derivatives were analysed in negative ionisation mode using their respective 

MS/MS transitions determined in Section 3.3.1.  

 

A standard set of operating conditions was used to allow for a simple and direct comparison of columns 

and mobile phase combinations. The standard solutions of the target analytes used throughout this 

study were prepared as described in Section 2.4.1.3 for individual standard solutions and Section 2.4.1.4 

for mixed standard solutions. For direct comparison of separations on three columns isocratic elution 

using 30 % (v/v) organic modifier was used and the LC-MS operating conditions are listed in Section 

2.6.2.3.  

 

The results in the sections presented below show chromatograms of the target analytes using the three 

columns and two mobile phases. These chromatograms are normalised to 100 % intensity for the most 

intense chromatographic peak.  



101 
 

3.3.3 Chromatographic Investigation of Monohydroxybenzoic Acids. 

The first group of target analytes investigated were the monohydroxybenzoic acids. Figures 3.3.3a and 

3.3.3b show the six chromatograms for the monohydroxybenzoic acids on the three columns and two 

mobile phases. Peak assignments were confirmed by retention time matching using individual standard 

solutions of the three compounds. The elution order was the same on all three columns and is listed 

below in Table 3.3.3.  

 

13) Table 3.3.3 Peak assignments for monohydroxybenzoic acids 

Peak Analyte 
1 4-hydroxybenzoic acid 
2 3-hydroxybenzoic acid 
3 2-hydroxybenzoic acid 

 

Using acetonitrile separation of all three analytes was achieved in under 9 minutes on the Raptor C18 

column, which provided the best resolution of all three analytes with sharp and symmetrical peaks. For 

the same mobile phase conditions the Polaris C18 also separated all three analytes but with less 

resolution between peaks 1 and 2, and a broader peak shape for peak 3. Much less retention was 

observed on the Biphenyl with all three analytes eluting in under 3 minutes. This result is perhaps not 

unexpected using an acetonitrile based mobile phase given that phenyl stationary phases prefer protic 

mobile phases, such as methanol for optimum performance 223. Using methanol all three columns 

separated the three analytes with adequate resolution, in particular peaks 1 and 2. Both Raptor columns 

achieved good separation of all three analytes with sharp and symmetrical peaks in under 10 minutes. 

Whereas the Polaris showed greater retention of all three analytes resulting in broader peak shapes, in 

particular peak 3 which eluted at around 16 minutes.  

 

The observations made from the chromatography of the monohydroxybenzoic acids show that for 

isocratic elution and similar operating parameters all three columns show potential for the separation 

of all three analytes. For the Polaris column which uses 3.0 µm porous particles it is obvious that 

gradient elution would be needed to improve overall chromatographic performance; such as more 

retention for early eluting compounds and less retention for the more strongly retained compounds. 

The Raptor C18 is a UHPLC column with core-shell technology and 1.8 µm particles and these 

columns offers faster analysis times and superior selectivity to their porous particle equivalents. The 

separating power of these small particle solid-core columns was definitely on display here and with 
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both methanol and acetonitrile based mobile phases all three structurally similar compounds were 

separated in under 10 minutes with adequate resolution. The Raptor Biphenyl column which also uses 

core shell technology and has larger 2.7 µm particles offered similar high performance to the Raptor 

C18 column.  

 

The two most commonly analysed monohydroxybenzoic acids, 2- and 4-hydroxybenzoic acid, have 

been separated many times in algae and terrestrial plants using C18 stationary phases with 

acetonitrile/water and methanol/water mobile phases 85, 92, 156, 167. In these studies 4-hydroxybenzoic 

acid was always eluted before 2-hydroxybenzoic acid, which was strongly retained. A study that 

employed a C18 column for the separation of phenolic compounds in freshwater algae, including 3- 

and 4-hydroxybenzoic acid, showed similar selectivity for 3- and 4-hydroxybenzoic acid, where the 3-

hydroxybenzoic acid eluted just after 4-hydroxybenzoic acid. Two studies that were able to achieve 

separation of all three monohydroxybenzoic acids used C18 stationary phases with acetonitrile/water 

mobile phases, where all three were separated in under 15 minutes with the elution order: 4-, 3- then 

2-hydroxybenzoic acid 170, 172.  

 

Not surprisingly the results from this study are in agreement with other studies separating 

monohydroxybenzoic acids using C18 stationary phases. The C18 columns used in this study showed 

similar selectivity for 3- and 4-hydroxybenzoic acid and strong retention for 2-hydroxybenzoic acid, 

and both these columns would be suitable for the separation of these compounds. The choice to 

investigate the less explored biphenyl stationary phase as a novel approach for the separation of the 

monohydroxybenzoic acids proved successful. This is believed to be the first report of the separation 

of all three monohydroxybenzoic acids on a biphenyl stationary phase. The Biphenyl column has 

different retention mechanisms, π-π interactions with aromatic analytes, and as the results show offers 

great potential for the separation of these aromatic compounds when using methanol based mobile 

phases 224-226. 
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17) Figure 3.3.3a Chromatograms showing the separation of the three monohydroxybenzoic acids on the Polaris 

C18, Raptor C18, and Raptor Biphenyl columns respectively; all with an acetonitrile/water mobile phase with formic 
acid modification run under the LC-MS/MS conditions outlined in (Chapter 2.6.2.3). 
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18) Figure 3.3.3b Chromatograms showing the separation of the three monohydroxybenzoic acids on the Polaris 
C18, Raptor C18, and Raptor Biphenyl columns respectively; all with a methanol/water mobile phase with formic 

acid modification run under the LC-MS/MS conditions outlined in (Chapter 2.6.2.3). 



105 
 

3.3.4 Chromatographic Investigation of Dihydroxybenzoic Acids. 

The second group of target analytes investigated were the dihydroxybenzoic acids. Figures 3.3.4a and 

3.3.4b show the six chromatograms for the dihydroxybenzoic acids on the three columns and two 

mobile phases. Peak assignments shown in Table 3.3.4 below were confirmed by retention time 

matching using individual standard solutions of the six compounds. 

 

14) Table 3.3.4 Peak assignments for dihydroxybenzoic acids 

Peak Analyte 
1 3,5-dihydroxybenzoic acid 
2 3,4-dihydroxybenzoic acid 
3 2,5-dihydroxybenzoic acid 
4 2,4-dihydroxybenzoic acid 
5 2,3-dihydroxybenzoic acid 
6 2,6-dihydroxybenzoic acid 

 

All six dihydroxybenzoic acids were separated in under 4 min using the Raptor C18 column and the 

elution order of the six dihydroxybenzoic acids is shown in Table 3.3.4. For the same mobile phase 

conditions the Polaris C18 column showed much less selectivity where both 3,5- and 3,4-

dihydroxybenzoic acids coeluted as did 2,4- and 2,3-dihydroxybenzoic acid. The most striking 

difference observed with the Polaris column was the strong retention of 2,6-dihydroxbenzoic acid 

which appeared as a very broad mound at tR = 17 min. When compared to the C18 columns the Raptor 

Biphenyl column showed extremely poor retention resulting in all six compounds eluting under 2 

minutes with resulting poor resolution. As was stated with the separation of the monohydroxybenzoic 

acids, these biphenyl columns offer enhanced selectivity when used with methanolic mobile phases.  

 

Similar to acetonitrile when using the methanol mobile phase the Polaris C18 column again displayed 

poor chromatography in terms of increased retention and less selectivity; with similar coelution. The 

2,6-dihydroxybenzoic acid again was very strongly retained and appeared as a mound at tR = 37 

minutes. When using methanol all six dihydroxybenzoic acids were separated in under 4 min using the 

Raptor Biphenyl column. Interestingly the elution order of the last three compounds differed to that 

observed on the Raptor C18 with acetonitrile; being 2,6-  2,4- and 2,3-dihydroxybenzoic acid. The 

Raptor C18 column using methanol showed potential to separate all six compounds in under 3 min. 

The main difference between the Raptor C18 and Biphenyl being the decreased resolution of the 3,5- 
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and 3,4-dihydroxybenzoic acids and the elution order which showed a reversal for the 2,3- and 2,4-

dihydroxybenzoic acids.  

 

The observations made from the chromatography of the dihydroxybenzoic acids show that for 

isocratic elution and similar operating parameters all three columns show potential for the separation 

of all six compounds. For the Polaris column it is obvious that gradient elution would be needed to 

offer more retention for early eluting compounds and less retention for the 2,6-dihydroxbenzoic acid. 

Again excellent chromatography was observed with the Raptor C18 column and for both methanol 

and acetonitrile based mobile phases all six structurally similar compounds were separated except for 

the early eluting 3,5- and 3,4-dihydroxybenzoic acids. Obviously adjustments to mobile phase solvent 

strength would allow separation of the 3,5- and 3,4-dihydroxybenzoic acids. Interestingly the 2,6-

dihydroxbenzoic acid was not strongly retained on the Raptor C18 column and when using methanol 

as the polar modifier it eluted before the 2,3- and 2,4-dihydroxbenzoic acids. This suggests there may 

be different retention mechanisms occurring for this compound on this particular solid-core C18 

stationary phase. The Raptor Biphenyl column offers a point of difference to the two C18 columns 

because it has different retention mechanisms, which provided similar excellent chromatography.  

 

When reviewing the literature for the separation of dihydroxybenzoic acids (see Section 1.6), no studies 

reported the separation of all six dihydroxybenzoic acids. The successful separation of all six isomers, 

as shown below on the Raptor C18 and Biphenyl columns, may potentially be the first reported 

separation of all six isomers in a single liquid chromatographic run. Multiple studies investigating a 

range of phenolic acids found that the dihydroxybenzoic acid studied was often weakly retained and 

eluted early, when compared to the other phenolic acids 85, 92, 131, 149, 168, 172.  Studies that investigated 

multiple dihydroxybenzoic acids and achieved separation using C18 showed similar selectivity for two 

groups, the 3,4- and 3,5-dihydroxybenzoic acid isomers were always less retained than the group 

consisting of 2,3-, 2,4-, 2,5- and 2,6-dihydroxybenzoic acid isomers  156, 163, 167, 170, 171. One study analysed 

five of the six dihydroxybenzoic acids using a C18 column, achieving separation of the five in under 

10 minutes with an elution order of 3,5-, 3,4-, 2,5-, 2,6- and 2,4-dihydroxybenzoic acid 170. Interestingly, 

the elution order on the Raptor C18 column used in this study was similar to the above study, except 

for the reversal in the elution order of 2,4- and 2,6-dihydroxybenzoic acid.  
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As expected the results from this study are in agreement with other studies separating 

dihydroxybenzoic acids using C18 stationary phases. The C18 columns used in this study showed 

similar selectivity for the groups of dihydroxybenzoic acids mentioned above, and both these columns 

would be suitable for the separation of these compounds. The results for the Biphenyl column showed 

excellent separation performance with a methanol/water mobile phase. These biphenyl-bonded phases 

are advantageous in terms of offering better selectivity and increased retention for compounds that 

elute early on C18 and offer greater aromatic selectivity than other phenyl phases 222, 223, 227. These 

advantages, and without comparing columns with similar sized solid-core particles, it is postulated, 

allowed the Raptor Biphenyl column with the larger 2.7 µm particles and with a methanol/water mobile 

phase to offer similar high performance to the Raptor C18 column with smaller 1.8 µm particles. 
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19) Figure 3.3.4a Chromatograms showing the separation of the six dihydroxybenzoic acids on the Polaris C18, 
Raptor C18, and Raptor Biphenyl columns respectively; all with an acetonitrile/water mobile phase with formic acid 

modification run under the LC-MS/MS conditions outlined in (Chapter 2.6.2.3). 
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20) Figure 3.3.4b Chromatograms showing the separation of the six dihydroxybenzoic acids on the Polaris C18, 
Raptor C18, and Raptor Biphenyl columns respectively; all with a methanol/water mobile phase with formic acid 

modification run under the LC-MS/MS conditions outlined in (Chapter 2.6.2.3). 
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The chromatographic conditions required optimisation in order to achieve separation of the six 

dihydroxybenzoic acids with better resolution between the first two peaks on the Raptor Biphenyl 

column with a methanol/water/formic mobile phase. In reversed phase chromatography the solvent 

strength governs retention, where a reduction in the solvent strength by decreasing the methanol 

content in the mobile phase is expected to provide an increase in retention and which may aid in the 

separation of closely eluting analytes. Various mobile phase compositions were investigated and it was 

found that methanol/water at 20:80 (v/v) provided adequate resolution of the six dihydroxybenzoic 

acids (as shown below in Figure 3.3.4c). Using this mobile phase allowed for the separation of all six 

dihydroxybenzoic acids in under 6 minutes with greater resolution of peaks 1 and 2 (3,4- and 3,5-

dihydroxybenzoic acids) on the Raptor Biphenyl column. Similar to the monohydroxybenzoic acids, 

the Biphenyl column offers great potential in terms of simple and fast separation for the 

dihydroxybenzoic acids. The choice to investigate the biphenyl stationary phase as a novel approach 

for the separation of the dihydroxybenzoic acids proved extremely successful, with the separation of 

all six dihydroxybenzoic acids. This is a significant finding as it is also believed to be the first report of 

their successful separation on any reversed phase stationary phase and further highlights the potential 

of the biphenyl reversed phase system for aromatic phytochemicals.  

 

 
21) Figure 3.3.4c Chromatogram showing the separation of the six dihydroxybenzoic acids on the Raptor Biphenyl 

column with a methanol/water mobile phase with formic acid modification, after altering the mobile phase 
composition from 30 % to 20 % (v/v) methanol. Run under the LC-MS/MS conditions outlined in (Chapter 2.6.2.6). 
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3.3.5 Chromatographic Investigation of Trihydroxybenzoic Acids. 

The third group of target analytes investigated were the trihydroxybenzoic acids. Figures 3.3.5a and 

3.3.5b show the six chromatograms for the trihydroxybenzoic acids on the three columns and two 

mobile phases. Peak assignments shown in Table 3.3.5 below were confirmed by retention time 

matching using individual standard solutions of the three compounds. 

 

15) Table 3.3.5 Peak assignments for trihydroxybenzoic acids 

Peak Analyte 
1 3,4,5-trihydroxybenzoic acid 
2 2,4,6-trihydroxybenzoic acid 
3 2,3,4,-trihydroxybenzoic acid 

 

Interestingly the behaviour of trihydroxybenzoic acids on the three columns using the same mobile 

phase conditions was very similar to that of the dihydroxybenzoic acids. All three trihydroxybenzoic 

acids were separated under 2 min using the Raptor C18 column and the elution order of the three 

trihydroxybenzoic acids was 3,4,5-,  2,4,6 and 2,3,4 trihydroxybenzoic acid, as shown in Table 3.3.5. 

For the Polaris C18 column 3,4,5- and  2,3,4 trihydroxybenzoic acid were separated in under 2.5 min 

with the later displaying significant tailing. Based on the retention time of individually 

chromatographed standard solutions the 2,4,6-trihydroxybenzoic acid eluted at around 9 minutes but 

was not observed due to the normalisation of the chromatogram. As mentioned previously phenyl 

stationary phases prefer protic mobile phases for optimum performance so perhaps the loss of 

retention and hence selectivity with the Raptor Biphenyl column when compared to the Raptor C18 

column was not unexpected.  

 

Similar to the separations using acetonitrile when using the methanol on the Polaris C18 the 3,4,5- and  

2,3,4 trihydroxybenzoic acids were easily separated early in under 4 minutes but again the latter 

displayed significant tailing. Based on the retention time of individually chromatographed standard 

solutions the 2,4,6-trihydroxybenzoic acid eluted at around 17.5  minutes but was not observed due to 

the normalisation of the chromatograms. The Raptor C18 column showed a decrease in retention and 

hence selectivity when using methanol which resulted in the 3,4,5-  and 2,4,6-trihydroxybenzoic acids 

coeluting early followed by the elution of  the 2,3,4-trihydroxybenzoic acid. When using the methanol 

mobile phase all three trihydroxybenzoic acids were separated in under 2 minutes on the Raptor 

Biphenyl column with the same elution order as shown in Table 3.3.5.  
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The observations made from the chromatography of the trihydroxybenzoic acids show that for 

isocratic elution and similar operating parameters the Raptor columns offer greater potential than the 

Polaris column for the separation of the three trihydroxybenzoic acids. The potential of the Polaris 

column may be hindered by tailing of the 2,3,4-trihydroxybenzoic acid and strong retention of the 

2,4,6-trihydroxybenzoic acid probably caused by interaction with free silanol groups on the stationary 

phase. Obviously the solvent strength needs to be adjusted for the separation of the compounds when 

using the Raptor C18 column with methanol and likewise the Raptor Biphenyl column with 

acetonitrile. As discussed and shown below for the separation of dihydroxybenzoic acids, the 

advantages of the Raptor solid-core C18 column with 1.8 µm particles and that of the Raptor solid-

core Biphenyl column with 2.7 µm particles also offered fast and efficient separation of the 

trihydroxybenzoic acids.  

 

Many studies analysing phenolic acids include the analysis of 3,4,5-trihydroxybenzoic acid, better 

known as gallic acid (as seen in Table 1.6) 92, 131, 149, 163-165, 167, 168, 170-172. However, there were no studies 

that included any of the other trihydroxybenzoic acids. The studies that analysed gallic acid using C18 

used acetonitrile/water and methanol/water mobile phases and found that gallic acid was often the 

first compound to elute. With Klejdus et al. stating that it is expected to have the lowest retention of 

the commonly analysed hydroxybenzoic acids due to “its aromatic ring containing three polar hydroxyl 

groups in 3’, 4’ and 5’ positions” 168. Accordingly, all three trihydroxybenzoic acids are predicted to 

have weak retention in reversed phase chromatography.  

 

When using Raptor C18 column with the same LC conditions the trihydroxybenzoic acids have the 

lowest retention, eluting between 1 and 2 minutes. The dihydroxybenzoic acids have greater retention 

than the trihydroxybenzoic acids, eluting between 1.5 and 4 minutes; followed by the 

monohydroxybenzoic acids which have the greatest retention, eluting between 2 and 10 minutes. These 

general observations are in accordance with Klejdus et al., the addition of polar hydroxyl groups to the 

aromatic ring results in lower retention 168. Similar to the separation of mono- and dihydroxybenzoic 

acids, the previously discussed advantages of the Biphenyl column including better selectivity and 

increased retention for compounds that elute early on C18, offers great potential for the separation of 

trihydroxybenzoic acids 222, 223, 227.  
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22) Figure 3.3.5a Chromatograms showing the separation of the three trihydroxybenzoic acids on the Polaris C18, 
Raptor C18, and Raptor Biphenyl columns respectively; all with an acetonitrile/water mobile phase with formic acid 

modification run under the LC-MS/MS conditions outlined in (Chapter 2.6.2.3). 
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23) Figure 3.3.5b Chromatograms showing the separation of the three trihydroxybenzoic acids on the Polaris C18, 

Raptor C18, and Raptor Biphenyl columns respectively; all with a methanol/water mobile phase with formic acid 
modification run under the LC-MS/MS conditions outlined in (Chapter 2.6.2.3). 
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The chromatographic conditions required optimisation in order to achieve separation of the three 

trihydroxybenzoic acids with better resolution on the Raptor Biphenyl with a methanol/water/formic 

mobile phase. Similarly to the dihydroxybenzoic acids chromatographic optimisation, a reduction in 

the solvent strength by decreasing the methanol content in the mobile phase was expected to provide 

extra retention and consequently better resolution. Various mobile phase compositions were 

investigated and it was found that methanol/water at 15:85 (v/v) provided adequate resolution of the 

three trihydroxybenzoic acids (as shown below in Figure 3.3.5c). The improvement in resolution by 

altering the composition of the mobile phase facilitates a higher chance of positive identification of the 

trihydroxybenzoic acids in a seaweed biostimulant sample. The choice to investigate the biphenyl 

stationary phase as a novel approach for the separation of the trihydroxybenzoic acids proved to be 

successful, with the separation of 3,4,5-, 2,4,6- and 2,3,4-trihydroxybenzoic acid in under 3 minutes (as 

shown below in Figure 3.3.5c). This is a significant finding as it is believe to be the first report of the 

successful separation on a biphenyl stationary phase, further demonstrating the applicability of the 

biphenyl reversed phase system for polar aromatic phytochemicals. 

 

 
24) Figure 3.3.5c Chromatogram showing the separation of the three trihydroxybenzoic acids on the Raptor 

Biphenyl column with a methanol/water mobile phase with formic acid modification, after altering the mobile phase 
composition from 30 % to 15 % (v/v) methanol. Run under the LC-MS/MS conditions outlined in (Chapter 2.6.2.7). 
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3.3.6 Chromatographic Investigation of Hydroxybenzoic Acid Related 

Derivatives. 

The final group of target analytes investigated were the hydroxybenzoic acid related derivatives: vanillic, 

syringic, veratric, eudesmic and anthranilic acids. Appendix A.2 shows the chromatograms obtained 

for the five derivatives using the three columns with both the acetonitrile and methanol mobile phases. 

To better observe the retention differences between structurally similar compounds, that is similar 

aromatic substitution, the individual chromatograms for vanillic and syringic acids were overlayed, as 

were the chromatograms for veratric and eudesmic acid. A visual inspection of the chromatograms 

shows very similar results to the chromatography observed for the mono, di and trihydroxybenzoic 

acids, with these five derivatives chromatographing reasonably well on all three columns. 

 

These various hydroxybenzoic acid related derivatives have been successfully separated using C18 

stationary phases 85, 92, 131, 156, 163, 164, 167, 168, 170-172, 216, 228. The studies investigating the hydroxybenzoic 

acids with methoxy substitution, vanillic acid (4-hydoxy-3-methoxybenzoic acid) and syringic acid (4-

hydroxy-3,5-dimethoxybenzoic acid), observed similar selectivity for these two compounds on C18 

columns. The retention of these methoxy-substituted hydroxybenzoic acids increased when compared 

to their di- and tri-hydroxy counterparts, as the methoxy group (-OCH3) is less polar than the hydroxyl 

group (-OH) 168. In all of these studies vanillic acid elutes shortly before syringic acid, as predicted 

given the extra methoxy group in syringic acid. The increased retention following methoxy substitution 

is also observed in studies that investigated the methoxylated benzoic acid derivatives, veratric acid 

(3,4-methoxybenzoic acid) and eudesmic acid (3,4,5-methoxybenzoic acid); where the former elutes 

before the latter 164, 167, 170-172. There are many studies that demonstrate the applicability of reversed 

phase chromatography using C18 for the separation of anthranilic acid (2-aminobenzoic acid) 216, 228-

232. In a study that separated 4-aminobenzoic acid and 4-hydroxybenzoic acid using C18, it was 

observed that the hydroxy derivative was more strongly retained 231. 

 

As anticipated the results from this study are in agreement with other studies separating these 

hydroxybenzoic acid related derivatives using C18 stationary phases. The C18 columns used in this 

study showed similar selectivity for vanillic and syringic acid, as well as the increased retention that is 

expected with further aromatic methoxy-substitution. In accordance with the general observations 

made for aminobenzoic acids by Deming et al., 2-aminobenzoic acid always eluted well before 2-

hydroxybenzoic acid counterpart, when separated under the same LC conditions. The different 

retention mechanisms of the Biphenyl column, π-π interactions with aromatic analytes, are suitable for 
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the separation of these types of aromatic compounds 101, 222, 223, 227. The Raptor Biphenyl column with 

a methanol mobile phase showed great potential in terms of selectivity between the derivatives when 

considering individual retention times, that is, a mixture of all five compounds could be separated. For 

this reason including the advantages already mentioned for the mono, di and trihydroxybenzoic acids, 

this column was chosen for the qualitative analysis of these derivatives in the seaweed biostimulant 

sample.  

Figure 3.3.6a shows the separation of vanillic and syringic acids, Figure 3.3.6b shows the separation of 

veratric and eudesmic acids, and Figure 3.3.6c shows the separation of anthranilic acid all on the 

Biphenyl column with a methanol mobile phase. The discussion below will focus on the optimisation 

of LC conditions of the Raptor Biphenyl column with methanol mobile phase to be used for the 

qualitative analysis of veratric and eudesmic acids, which required optimisation to improve analysis 

time. 

 

 

25) Figure 3.3.6a Chromatograms (overlayed) of vanillic (blue) and syringic (red) acids on the Raptor Biphenyl 
column with a methanol/water mobile phase with formic acid modification run under the LC-MS/MS conditions 

outlined in (Chapter 2.6.2.3). 
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26) Figure 3.3.6b Chromatogram of anthranilic acid on the Raptor Biphenyl column with a methanol/water 
mobile phase with formic acid modification run under the LC-MS/MS conditions outlined in (Chapter 2.6.2.3). 

 

 

27) Figure 3.3.6c Chromatograms (overlayed) of veratric (blue) and eudesmic (red) acids on the Raptor 
Biphenyl column with a methanol/water mobile phase with formic acid modification run under the LC-MS/MS 

conditions outlined in (Chapter 2.6.2.3). 

 

As can be seen in Figure 3.3.6c veratric and eudesmic acid are strongly retained under the standard 

conditions. Similar to the di- and trihydroxybenzoic acids, the chromatography of veratric and 

eudesmic acid on the Raptor Biphenyl with a methanol/water/formic mobile phase required 

optimisation. Veratric and eudesmic acid retained too long and needed to be eluted more rapidly and 

this was achieved by increasing the solvent strength. Various mobile phase compositions were 
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investigated and 50:50 methanol/water (v/v) allowed suitable rapid separation. As can be seen in 

Figure 3.3.6d an increase in solvent strength from 30:70 (v/v) methanol/water to 50:50 (v/v) 

methanol/water allowed the separation of veratric and eudesmic acids in under 4 min on the Raptor 

Biphenyl column.  

 

 
28) Figure 3.3.6d Chromatograms (overlayed) of veratric (blue) and eudesmic (red) acids on the Raptor Biphenyl 

column with a methanol/water mobile phase with formic acid modification, after altering the mobile phase 
composition from 30 % to 50 % (v/v) methanol, respectively. Run under the LC-MS/MS conditions outlined in 

(Chapter 2.6.2.9). 

 

The decrease in retention time improved the signal-to-noise ratio, however this was still considerably 

lower than the other analytes investigated. To improve the sensitivity for these two compounds it was 

decided to investigate their behaviour under positive ionisation mode conditions. According to the 

literature and experimental mass spectra from the HMDB both these compounds have been analysed 

in positive ion mode 169, 208, 233. The product ion scanning analysis discussed in Section 3.3.1.1 was 

repeated in positive ion mode for these analytes. Table 3.3.6a shows the molecular ion and key 

observed fragment ions for each of the benzoic acid derivatives collated from the positive mode 

product ion scan; with full spectral data in Appendix A.3. 
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16) Table 3.3.6a Determination of pseudomolecular and fragment ions of veratric and eudesmic acid in positive ion mode  

Compound [M+H]+ 
(m/z) 

Observed MS/MS Fragments 
(m/z) 

3,4-dimethoxybenzoic acid (Veratric) 183 165, 151, 139, 124, 108, 96 
3,4,5-trimethoxybenzoic acid (Eudesmic) 213 195, 181, 169, 154, 139, 123 

 

The analysis of veratric acid in positive ionisation mode in this study yielded product ions that were 

seen in predicted mass spectra on HMDB; including the m/z 165 and 139 ions 208. Two studies that 

successfully analysed veratric acid in positive ion mode also utilised the 139 product ion with the 

MS/MS transition: 183  139 m/z 169, 233. Therefore the positive ionisation mode transition m/z 183 

 139 which is due to the loss of CO2, will be tested for improved sensitivity. The experimental mass 

spectra for eudesmic acid in positive ionisation mode and the product ion data from this study share 

the m/z 195, 169, 154, 139 and 123 ions 208. Although the HMDB only contains experimental mass 

spectra for eudesmic acid collected in positive mode, no reliable source for a positive mode MS/MS 

transition could be found in the literature. Interestingly, the product ion that was the base peak in the 

MS2 spectra was the m/z 154 ion, which is a loss of m/z 59. Although no studies could be found that 

employed a m/z 213  154 transition, two studies were found that employed a m/z 211  152 

transition in negative mode; which is the same loss of m/z 59 234, 235. This loss of m/z 59 is believed to 

be due to the loss of CO2 and CH3, also postulated by Qin et al. 235. Based on these findings the m/z 

213  154 positive ion MS/MS transition will be tested for improved sensitivity. The new positive ion 

MS/MS transitions for veratric and eudesmic acid underwent the same MRM optimisation protocol 

outlined in Section 3.3.1.3, the results are listed in Table 3.3.6b below. 

 

17) Table 3.3.6b Optimised MS/MS collision conditions for veratric and eudesmic acids in positive ion mode 

Compound E.S.I 
Polarity 

MS/MS 
Transition 

(m/z) 

Q1 
PreBias 

(V) 

Collision 
Energy 

(V) 

Q3 
PreBias 

(V) 
3,4-dimethoxybenzoic acid (Veratric) + 183  139 -13 -13 -26 
3,4,5-trimethoxybenzoic acid (Eudesmic) + 213  154 -11 -14 -29 

 

Figure 3.3.6e shows the overlayed chromatograms for veratric and eudesmic acids using the positive 

mode MRM conditions in Table 3.3.6.b. As can be seen there was a significant increase in signal-to-

noise which provided more confidence in the methods ability to identify the analytes amongst the 

complex sample matrix of the seaweed biostimulant. The successful application of the unique positive 
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ionisation mode MRM transition of m/z 213  154 offers a novel approach for the analysis of 

eudesmic acid. 

 

 
29) Figure 3.3.6e Chromatograms (overlayed) of veratric (blue) and eudesmic (red) acids on the Raptor Biphenyl 

column with a methanol/water mobile phase with formic acid modification, using their positive ionisation mode 
MS/MS transitions. Run under the LC-MS/MS conditions outlined in (Chapter 2.6.2.9). 

 

 

3.3.7 Additional LC Considerations Prior to Sample Analysis 

The impacts of the sample matrix on the LC and the MS were considered and necessary alterations 

were made to the methodology in order to have a proactive and preventative response to any fouling, 

contamination, and other matrix effects. The two key additions to the methods were a time delay on 

the MS detector data acquisition where the first portion of the chromatographic run was directed to 

waste, and a column flush to elute any strongly retained compounds from the column which was also 

directed to waste. 

 

Poorly retained compounds can be a problem and may linger in the electrospray ionisation unit, leading 

to fouling and poor ionisation efficiency. This can be avoided by directing the flow to waste at the 

beginning of the chromatographic run, then at a set time redirecting the flow to the detector for the 

analysis of the target analytes 110. An adequate amount of time to expel the poorly retained compounds 

without impacting on the first eluting target analyte was added to the beginning of the chromatographic 

methods. 
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A column flush can be programmed into the LC time program to quickly remove compounds that 

retain strongly and may lead to carry-over between chromatographic runs. This approach does extend 

the individual analysis run time and requires more solvent, however this proactive approach to 

preventative care and maintenance is important in managing the impacts of more complex sample 

matrices on the instrument. The main considerations for a column flush are the concentration of the 

organic component of the mobile phase and the duration of the flush. It was decided that 80 % (v/v) 

methanol for a minimum of three column volumes would be sufficient for a column flush programmed 

into the analysis, with the same re-equilibration volume. Therefore, the methods included a column 

flush programmed into the LC analysis as follows: flow is directed to waste at 10 minutes; methanol 

concentration increased to 80 % (v/v) from 10 – 11 minutes; column flush from 11 – 14 minutes; 

methanol concentration decreased back to the starting concentration from 14 – 15 minutes; re-

equilibration at the starting concentration of methanol from 15 – 20 minutes where the analysis ends. 
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3.4 PRELIMINARY QUALITATIVE INVESTIGATION OF 

HYDROXYBENZOIC ACIDS AND RELATED DERIVATIVES IN A 

COMMERCIAL SEAWEED BIOSTIMULANT 

Given that the monohydroxybenzoic acids were already positively identified in Section 3.2, the method 

developed in Section 3.3 will be used for the development of a quantitative method for the analysis of 

monohydroxybenzoic acids in a commercial seaweed biostimulant, which is the focus of Chapter 4. 

The results presented in this section are for the di- and trihydroxybenzoic acids and related derivatives 

only. The specificity and selectivity of the MRM analysis modes optimised in Section 3.3 will be used 

for the tentative identification, supplemented by retention time matching with standard solutions. 

Furthermore, following the qualitative analysis of the sample, a sample spiked with standard benzoic 

acid derivatives was analysed for further evidence to support the findings with retention time matching. 

The spiked sample additionally allowed for an investigation of detection limitations brought about by 

matrix effects, and if they are suppressing the ionisation/detection of the target derivatives. 

 

The seaweed biostimulant sample used for the qualitative analysis was prepared using acetonitrile 

partitioning, before evaporation under nitrogen, reconstituting, and filtering as outlined in Section 

2.5.1a. An aliquot of the sample was transferred into an LC vial for analysis; whilst a second aliquot 

was spiked with standard stock solutions of the hydroxybenzoic acids and related derivatives for spiked 

sample analysis as described in Section 2.5.2. The standard solutions used for the qualitative analysis 

were prepared as described in Section 2.4.3. 

 

The findings of the preliminary qualitative analysis of the hydroxybenzoic acids and related derivatives 

in a commercial seaweed biostimulant are discussed below in Section 3.4. 
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3.4.1 Identification of Dihydroxybenzoic Acids in a Commercial Seaweed 

Biostimulant 

The HPLC-ESI-MS/MS conditions specific to the qualitative method for the analysis of 

dihydroxybenzoic acids (DHBA) in a commercial seaweed biostimulant are described in Section 

2.6.2.6. Figure 3.4.1 shows the three chromatograms for a mixed standard solution of the 

dihydroxybenzoic acids, a seaweed biostimulant sample, and a spiked sample.  

The first chromatogram shows six peaks corresponding to the six dihydroxybenzoic acid isomers 

where the elution order based on retention time matching was: 3,5-DHBA, 3,4-DHBA, 2,5-DHBA, 

2,6-DHBA, 2,4-DHBA, then 2,3-DHBA. The second chromatogram is of the seaweed biostimulant 

sample extract; in which there are two observable peaks with retention times of 2.178 and 5.036 

minutes which share retention times with 3,4-DHBA and 2,3-DHBA, respectively. These results 

suggest the presence of both 3,4- and 2,3-DHBA in the biostimulant sample. This is a significant 

finding as it is believed to be the first report of any dihydroxybenzoic acids in a commercial seaweed 

biostimulant (further discussed in Section 3.5). 

The results for the spiked sample are not immediately as expected: the peak at 1.9 minutes has 

dramatically decreased, whereas the peak at 2.1 minutes appears to not have increased, and the relative 

sizes of the next three peaks are not the same as in the standard mixture. Only the last peak displays 

the expected increase in peak height. These results strongly suggest that matrix effects via ionisation 

suppression are significant and need to be taken into account in developing qualitative and quantitative 

methods of analysis for these compounds. In particular increasing retention for early eluting peaks and 

including extra sample clean-up will help. Interestingly the sample chromatogram does show other 

smaller peaks at 5.3 and 6.4 minutes indicating the presence of other compounds with similar precursor 

and product ions.  
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30) Figure 3.4.1 Chromatograms of a dihydroxybenzoic acid mixed standard solution, a sample, and a spiked 
sample; each analysed using the Raptor Biphenyl column with a methanol/water mobile phase with formic acid 
modification and the 153  109 m/z MRM transition. Full LC-MS/MS conditions outlined in (Chapter 2.6.2.6). 
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3.4.2 Identification of Trihydroxybenzoic Acids in a Commercial Seaweed 

Biostimulant 

The HPLC-ESI-MS/MS conditions specific to the qualitative method for the analysis of 

trihydroxybenzoic acids (THBA) in a commercial seaweed biostimulant are described in Section 

2.6.2.7. Figure 3.4.2 shows the three chromatograms for a mixed standard solution of the 

trihydroxybenzoic acids, a seaweed biostimulant sample, and a spiked sample.  

The first chromatogram is of the mixed standard solution, in which three peaks are observable with 

retention times of 1.515, 1.996, and 2.858 minutes. These three peaks have previously been identified 

through retention time matching as 3,4,5-THBA, 2,4,6-THBA, and 2,3,4-THBA, respectively. The 

second chromatogram is the analysis of the seaweed biostimulant sample extract; several peaks are 

present between approximately 1 – 3.5 minutes and on first inspection it appears that 3,4,5- and 2,3,4-

THBA are present in the sample. The third chromatogram is of the spiked sample and this result 

suggests that 3,4,5- and 2,3,4-THBA are not present in the sample with the 3,4,5-THBA eluting 

between the sample peaks with retention times of 1.450 and 1.623 minutes; and the 2,3,4-THBA eluting 

just before the sample peak of 2.938 minutes. Surprisingly it appears that none of the three THBA 

were present in the sample and in particular gallic acid which is prevalent in the literature.  

Perhaps what was not found is not the most surprising aspect of this THBA study but what was found, 

that being the presence of several other compounds with similar precursor and product ions? It is 

obvious that further work on THBA and these other compounds in the seaweed biostimulant sample 

requires adjustment of chromatographic conditions to obtain improved resolution, which due to time 

restraints will have to be addressed in future research. 
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31) Figure 3.4.2 Chromatograms of a trihydroxybenzoic acid mixed standard solution, a sample, and a spiked 
sample; each analysed using the Raptor Biphenyl column with a methanol/water mobile phase with formic acid 
modification and the 169  125 m/z MRM transition. Full LC-MS/MS conditions outlined in (Chapter 2.6.2.7). 
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3.4.3 Identification of Vanillic Acid in a Commercial Seaweed Biostimulant 

The HPLC-ESI-MS/MS conditions specific to the qualitative method for the analysis of vanillic acid 

in a commercial seaweed biostimulant are described in Section 2.6.2.8. Figure 3.4.3 shows the three 

chromatograms for a standard solution of vanillic acid, a seaweed biostimulant sample, and a spiked 

sample.  

The first chromatogram is of the vanillic acid standard solution and as can be seen the vanillic acid 

peak shows considerable tailing under the chromatographic conditions used. Further work would be 

required to improve the chromatography here but the current result was considered adequate for this 

qualitative investigation. The second chromatogram is of the seaweed biostimulant sample extract 

where several peaks are observed, however none of these peaks match the retention time of the 

standard vanillic acid of 3.636 minutes. The third chromatogram is of the spiked sample and shows 

the peak due to the vanillic acid spike (tR = 3.612 min) elutes after the last peak in the sample (tR = 

3.440 min); and this result suggests that under the conditions used vanillic acid was unable to be 

detected in the seaweed biostimulant sample.  

Similar to the study of DHBA and THBA, the sample chromatogram showed several other peaks 

indicating the presence of other compounds with similar precursor and product ions. Due to the 

chromatographic relationship often observed between isomers and the specificity of the MRM 

transition it is probable that one of these peaks, in particular the one at tR = 3.424 min, may be 

isovanillic acid. Unfortunately an isovanillic acid reference standard was not available for this study. 
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32) Figure 3.4.3 Chromatograms of a vanillic acid standard solution, a sample, and a spiked sample; each 

analysed using the Raptor Biphenyl column with a methanol/water mobile phase with formic acid modification and 
the 167  152 m/z MRM transition. Full LC-MS/MS conditions outlined in (Chapter 2.6.2.8). 
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3.4.4 Identification of Syringic Acid in a Commercial Seaweed Biostimulant 

The HPLC-ESI-MS/MS conditions specific to the qualitative method for the analysis of syringic acid 

in a commercial seaweed biostimulant are described in Section 2.6.2.8. Figure 3.4.4 shows the three 

chromatograms for a standard solution of syringic acid, a seaweed biostimulant sample, and a spiked 

sample.  

The first chromatogram is of a syringic acid standard solution and as can be seen under the conditions 

used syringic acid displays good chromatography with a single symmetric and sharp peak eluting at tR 

= 4.916 min. The second chromatogram is of the seaweed biostimulant sample extract which contains 

several peaks, most notably a peak with a retention time of 4.898 minutes which matches that of the 

peak for syringic acid in the chromatogram for the standard solution The third chromatogram is of the 

sample spiked with syringic acid and as expected the sample peak thought to be syringic acid has grown 

considerably in intensity and this result strongly suggests that syringic acid is present in the seaweed 

biostimulant sample. This is a significant finding as it is believed to be the first report of syringic acid 

in a commercial seaweed biostimulant (further discussed in Section 3.5). 

Again a number of other peaks present in the sample chromatogram suggests the presence of other 

similar compounds with the same precursor and product ions as syringic acid.   
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33) Figure 3.4.4 Chromatograms of a syringic acid standard solution, a sample, and a spiked sample; each 

analysed using the Raptor Biphenyl column with a methanol/water mobile phase with formic acid modification and 
the 197  182 m/z MRM transition. Full LC-MS/MS conditions outlined in (Chapter 2.6.2.8). 
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3.4.5 Identification of Veratric Acid in a Commercial Seaweed Biostimulant 

The HPLC-ESI-MS/MS conditions specific to the qualitative method for the analysis of veratric acid 

in a commercial seaweed biostimulant are described in Section 2.6.2.9. Figure 3.4.5 shows the three 

chromatograms for a standard solution of veratric acid, a seaweed biostimulant sample, and a spiked 

sample.  

In the first chromatogram of the veratric acid standard solution, a single peak with some tailing is 

observed at a retention time of 3.333 minutes. The second chromatogram of the seaweed biostimulant 

sample extract shows three peaks are present but none matching the retention time of the veratric acid 

peak in the standard chromatogram. This result suggests that under the conditions used veratric acid 

is unable to be detected in the seaweed biostimulant sample. This result is further supported by the 

third chromatogram of the sample spiked with veratric acid which also shows the peak due to the 

veratric acid spike (tR = 3.345 min) elutes after the last peak in the sample (tR = 2.655 in).  

Again a number of other peaks present in the sample chromatogram suggests the presence of other 

similar compounds with the same precursor and product ion as veratric acid. 
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34) Figure 3.4.5 Chromatograms of a veratric acid standard solution, a sample, and a spiked sample; each 

analysed using the Raptor Biphenyl column with a methanol/water mobile phase with formic acid modification and 
the 183  139 m/z MRM transition. Full LC-MS/MS conditions outlined in (Chapter 2.6.2.9). 
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3.4.6 Identification of Eudesmic Acid in a Commercial Seaweed Biostimulant 

The HPLC-ESI-MS/MS conditions specific to the qualitative method for the analysis of eudesmic acid 

in a commercial seaweed biostimulant are described in Section 2.6.2.9. Figure 3.4.6 shows the three 

chromatograms for a standard solution of eudesmic acid, a seaweed biostimulant sample, and a spiked 

sample.  

The first chromatogram is of a eudesmic acid standard solution, in which a single, symmetrical and 

sharp peak is observed with a retention time of 4.046 minutes. The second chromatogram is of the 

seaweed biostimulant sample extract and it also contains a single peak at a retention time of 1.707 

minutes that does not match with the retention time of eudesmic acid in the standard solution. This 

result suggests that under the conditions used eudesmic acid is unable to be detected in the seaweed 

biostimulant sample. The third chromatogram is of the sample spiked with eudesmic acid and as 

expected shows a combination of the first and second chromatograms and further supports that 

eudesmic acid may not be present in the sample.  

The sample peak at tR = 1.707 min suggests the presence of a similar compound to eudesmic acid with 

the same precursor and product ions. 
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35) Figure 3.4.6 Chromatograms of a eudesmic acid standard solution, a sample, and a spiked sample; each 

analysed using the Raptor Biphenyl column with a methanol/water mobile phase with formic acid modification and 
the 213  154 m/z MRM transition. Full LC-MS/MS conditions outlined in (Chapter 2.6.2.9). 
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3.4.7 Identification of Anthranilic Acid in a Commercial Seaweed 

Biostimulant 

The HPLC-ESI-MS/MS conditions specific to the qualitative method for the analysis of anthranilic 

acid in a commercial seaweed biostimulant are described in Section 2.6.2.8. Figure 3.4.7 shows the 

three chromatograms for a standard solution of anthranilic acid, a seaweed biostimulant sample, and a 

spiked sample. 

The first chromatogram is of an anthranilic acid standard solution and shows a single peak with good 

symmetry and minor tailing at a retention time of 4.502 minutes. The second chromatogram is of the 

seaweed biostimulant sample extract in which there several peaks, with the peak at tR = 4.507 minutes 

matching the retention time of anthranilic acid the standard chromatogram. This suggests the presence 

of anthranilic acid in the seaweed biostimulant sample. The third chromatogram is of the sample spiked 

with anthranilic acid and the increase in intensity of the peak at tR = 4.512 min further supports the 

presence of anthranilic acid in the sample. This is a significant finding as it is believed to be the first 

report of anthranilic acid in a commercial seaweed biostimulant (further discussed in Section 3.5). 

The apparently low intensity of the anthranilic acid in the sample may not be reflective of its 

concentration in the sample but rather on the extraction method used given that anthranilic acid is 

amphoteric. Depending on the pH of aqueous solutions anthranilic acid can exist in four different 

microforms: cation, zwitterion, neutral species, and anion 236. According to Zapała et al at a pH of 1 

(the pH used for extraction of compounds from the sample, see Section 2.5.1a) anthranilic acid is 

mostly in its amino-protonated form skewing its distribution in the organic/aqueous partition strongly 

in favour of the aqueous phase. Further work on the qualitative and quantitative study of anthranilic 

acid in the seaweed biostimulant sample would require optimisation of the extraction method used. 

Again a number of other peaks present in the sample chromatogram suggests the presence of other 

similar compounds with the same precursor and product ions as anthranilic acid. 
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36) Figure 3.4.7 Chromatograms of an anthranilic acid standard solution, a sample, and a spiked sample; each 

analysed using the Raptor Biphenyl column with a methanol/water mobile phase with formic acid modification and 
the 136  92 m/z MRM transition. Full LC-MS/MS conditions outlined in (Chapter 2.6.2.8). 
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3.5 SUMMARY OF THE FINDINGS OF THE QUALITATIVE STUDY 

Of the derivative investigated in this study, only four had sufficient evidence to suggest that they are 

present in the seaweed biostimulant. These four compounds are 2,3-dihydroxybenzoic (Pyrocatechuic) 

acid, 3,4-dihydroxybenzoic (Protocatechuic) acid, 4-hydroxy-3,5-dimethoxybenzoic (Syringic) acid, and 

2-aminobenzoic (Anthranilic) acid. The identification of these phenolic acids in the seaweed 

biostimulant is significant from two perspectives.  

(i) Firstly, whether these compounds have been identified in one or both of the species from 

which the seaweed extract is prepared 

(ii) Secondly, whether for the reported benefits of commercial seaweed biostimulants to crops 

can be explained by the presence of these compounds 

 

3.5.1 Identification of Hydroxybenzoic Acids and Related Derivatives in a 

Seaweed Extract 

The commercial seaweed biostimulant sample investigated in this study is an alkaline hydrolysis 

product made from two seaweed species: Durvillaea potatorum and Ascophyllum nodosum 1. After reviewing 

the literature for both D.potatorum and A.nodosum, no records of the detection or identification of 

pyrocatechuic acid, protocatechuic acid, syringic acid and anthranilic acid were found for D.potatorum. 

However, protocatechuic acid and syringic acid have been detected in extracts of A.nodosum 125. When 

the literature search was extended to include other species of seaweeds and algae these derivatives were 

identified in various species. Two review articles authored by Fernando et al. and Sudhakar et al. both 

feature a comprehensive list of phenolic acids identified in various algal species 237, 238. Included in those 

lists of phenolic acids are three of the four derivatives identified in this study: pyrocatechuic acid, 

protocatechuic acid, and syringic acid. Of these three derivatives, pyrocatechuic acid shows up in only 

a single study. This study, conducted by Onofrejová et al., identified and quantified pyrocatechuic acid 

in the two freshwater algae species Spongiochloris spongiosa and Anabaena doliolum, as well as two food 

products made from the marine algal species Porphyra tenera and Undaria pinnatifida 156. Multiple studies 

conducted by the same research team of Klejdus et al., have also identified protocatechuic acid and 

syringic acid in various algal species 92, 151, 156, 168. Further studies that have identified protocatechuic 

acid and/or syringic acid in algae samples include: isolation of protocatechuic acid and syringic acid 

amongst other phenolic acids in the freshwater algae Cladophora glomerata by Korzeniowska et al., 

screening of protocatechuic acid and syringic acid amongst other phenolic acids in seaweeds from the 

Danish coast by Sabeena Farvin et al., identification of syringic acid and other phenolic acids in two 

brown seaweed species by Chakraborty et al., and the extraction of protocatechuic acid, syringic acid 

and other phenolic acids from the brown seaweed Saccharina japonica 124, 131, 136, 239. The fourth derivative 
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identified in this study is a benzoic acid derivative but is not considered a phenolic acid, that is 

anthranilic acid (2-aminobenzoic acid). There were no studies that had identified anthranilic acid in 

either of the two species of seaweed the extract in this study is prepared from and furthermore, no 

literature could be found that investigated anthranilic acid in seaweeds or other algae. Instead, much 

of the literature surrounding anthranilic acid in marine life focuses on marine fungi, and some marine 

bacteria 240. While this study points to the presence of these compounds in the seaweed biostimulant 

sample, it does not provide any indication of whether they are endogenously present in the seaweed 

species from which the biostimulant is prepared, or if they are degradation products. The 

manufacturing processes for this commercial biostimulant involve alkaline hydrolysis at elevated 

temperature and pressure, which has the potential to generate a large number of degradation products 
241. Therefore, further work investigating the raw seaweed samples would serve to supplement this 

work and investigate the phenolic acid profile within the seaweeds; for which the methodology 

developed throughout this study would provide an excellent foundation. Developing methods to 

investigate the phenolic acid profile of the commercial seaweed biostimulant helps to elucidate its 

complex composition. Furthermore, the methods developed in this study have shown other 

compounds are present that share similar chromatographic behaviour with the specificity of the mass 

spectrometric detection, suggesting the possibility of discovering new metabolites through untargeted 

analysis and structural elucidation using MS/MS or even MSn.  

 

3.5.2 Identification of Hydroxybenzoic Acids and Related Derivatives in a 

Commercial Seaweed Biostimulant 

The literature on seaweed biostimulants strongly suggests that it’s the phytochemicals that are 

responsible for their benefits to crops which include improved plant growth and development as well 

as increased resistance to stressors 1, 23. Therefore, elucidation of the phytochemical composition of 

the commercial seaweed biostimulant can help to better understand and characterise the complex 

modes of action underpinning the observed benefits of the application of biostimulants. The 

identification of specific phytochemicals allows for comparison of the observed benefits of 

biostimulants with the endogenous and exogenous bioactivity of phytochemicals previously 

characterised, and paves the way for new experiments to investigate the impacts of their application to 

plants/crops. Many phytochemicals have had their endogenous biosynthesis and bioactivity 

characterised, with some of the more important phytochemicals having also had their exogenous 

application investigated. Here a short summary of important characteristics of the four identified 

derivatives will be discussed.  
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Pyrocatechuic acid or 2,3-dihydroxybenzoic acid occurs in many plant species, as well as algae, bacteria 

and fungi 242. Pyrocatechuic acid like most phenolic acids, is an antioxidant and radical scavenger 242. It 

is also a known metal-ion chelator, where in microorganisms pyrocatechuic acid along with salicylic 

acid serve as precursors for siderophores; the uptake of Fe3+ being essential for the survival of 

microorganisms, and also the virulence in some bacteria such as Escherichia coli 53-55. The role of 

pyrocatechuic acid in plants is not fully characterised, initially thought as a product of metabolic 

inactivation of salicylic acid by the additional hydroxylation of the aromatic ring 53. However, studies 

have found that pyrocatechuic acid is involved in plant defence; for example the study investigating 

the accumulation of pyrocatechuic acid following elicitation of Catharanthus roseus cell cultures with an 

extract from the common soil borne plant pathogen Pythium aphanidermatum 53. Furthermore, the 

glycosylation of pyrocatechuic acid has been suggested to play an important role in regulating the 

activity of important signal molecules such as salicylic acid, impacting the plants immune response to 

biotic stress 243.  

Protocatechuic acid or 3,4-dihydroxybenzoic acid occurs widely throughout the plant kingdom and is 

also found in algae, bacteria and fungi 242, 244. It has several bioactivities including antioxidant, free 

radical scavenger, antibacterial, antifungal, and metal-ion chelator; similarly to pyrocatechuic acid, 

serving as the binding ligand of an iron chelating siderophore in some bacteria 54, 244. Protocatechuic 

acid has been investigated for various pharmacological activities such as anticancer, antiulcer, 

antidiabetic, antiaging, analgesic, and neuroprotective activities 242, 244. In plants though, protocatechuic 

acid is best known as an allelochemical; exhibiting beneficial and detrimental allelopathy depending on 

the concentration 245, 246. One study that demonstrates the allelopathic potential of protocatechuic acid 

was conducted by Mucciarelli et al.  on tobacco cell and tissue cultures 185. They tested three 

concentrations orders of magnitude apart and found the highest concentration strongly inhibited 

growth, while the lowest concentration showed stimulatory activity 185. Another in vitro study, on Protea 

cynaroides, found that exogenous application of protocatechuic acid significantly increased the root mass 

at one concentration, then showed inhibitory effects at higher concentrations 196. Furthermore, 

propagation cuttings showed a considerable increase in protocatechuic acid from initial planting to 

root formation, indicating that it may play an important role in root formation in P.cynaroides 196.  

Syringic acid or 4-hydroxy-3,5-dimethoxybenzoic is widely abundant in plants, fungi and algae 242, 247. 

Syringic acid has antioxidant, antimicrobial and antifungal properties; furthermore it has been 

investigated for pharmacological properties such as anti-inflammation, anticancer, antidiabetic, and 

protective properties for the heart, liver and brain 247. It is a key component in lignin (plant cell wall 

component) key structural material in plants critical to the rigidity of bark and wood 247. Syringic acid 

is considered to be an allelochemical, being found in the leachates of various Eucalyptus species; 
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furthermore, bioassay results found it significantly inhibited the germination of black lentils (Phaseolus 

mungo L.) 246. It has been found to have significant fungitoxicity; with a study investigating the Oil palm 

basal stem rot caused by the Ganoderma boninense fungus finding syringic acid as a key compound found 

in oil palm roots 248. Chong et al. tested syringic acid in vitro and found that even at the lowest 

concentration tested it was very fungitoxic to G.boninense, inhibiting the pathogen 248. Its antimicrobial 

and antifungal properties have led to syringic acid being investigated for interactions with rhizosphere 

microbial communities 194. The responses of cucumber rhizosphere bacterial and fungal communities 

to treatment with syringic acid were analysed by Wang et al.; they found that syringic acid changed the 

cucumber rhizosphere microbial communities, potentially exerting detrimental effects on the 

cucumber seedling through inhibiting plant-beneficial microbes 194.  

Anthranilic acid or 2-aminobenzoic acid is a compound that is important for the physiology of plants, 

bacteria, fungi and algae 228, 236. Whilst anthranilic acid is not a phenolic acid, it is sometimes considered 

a derivative due to the C6-C1 benzoic acid backbone and that it is a product of the shikimate pathway 
249. Most importantly, anthranilic acid is the precursor to many different alkaloids, a different group of 

phytochemicals involved in biological processes of plants, animals and microorganisms 249, 250. A 

Particularly important group of alkaloids that anthranilic acid is the precursor for is auxins, which play 

a pivotal role in the growth and development of plants; most notably indole-3-acetic acid (IAA) 251. 

Anthranilic acid is not only the precursor to the main plant auxin IAA, it has also been shown to exhibit 

auxin-like properties; moreover, it is suspected to have a distinct role in regulating root elongation 

separate from its conversion to IAA 251, 252. Lastly, anthranilic acid plays a role in plant defence; 

anthranilic acid was found to be a key determinant identified in Bacillus bacterium secretions that exhibit 

induced systemic resistance activity against the soft-rot disease in tobacco 253.  

Each of the four derivatives identified in the commercial seaweed biostimulant have been investigated 

for their roles in plant growth and development, and resistance to stressors. The identification of these 

compounds within the biostimulant now provides the opportunity to develop experiments to test if 

any of these derivative are involved in the benefits observed from the biostimulants application. It is 

worth noting that without quantitative data it is difficult to construct experiments that could compare 

to the commercial seaweed biostimulant directly; however, these qualitative methods provide an ideal 

foundation for the development of quantitative methods for these derivatives.   
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3.6 CONCLUSION 

The primary aim of this part of the study was to develop qualitative HPLC-ESI-MS/MS methods for 

the identification of hydroxybenzoic acids and related derivatives in a commercial seaweed 

biostimulant. This was successfully achieved whereby 2-hydroxybenzoic acid, 3-hydroxybenzoic acid, 

4-hydroxybenzoic acid, 2,3-dihydroxybenzoic acid, 3,4-dihydroxybenzoic acid, 4-hydroxy-3,5-

dimethoxybenzoic acid and 2-aminobenzoic acid were all identified in a commercial seaweed 

biostimulant using the various methods developed. 

The secondary aim of this part of the study was the investigation into the chromatographic behaviour 

of the hydroxybenzoic acids and related derivatives on the less explored reversed phase phenyl based 

stationary phases when compared to the more common C18 phases. This was successfully achieved as 

the results demonstrated the applicability of the biphenyl stationary phase for the separation of these 

aromatic compounds. This was the first report of the separation of the monohydroxybenzoic acids, 

the dihydroxybenzoic acids and the trihydroxybenzoic acids using a biphenyl stationary phase. 

This chapter’s key observations, significant findings and future research prospects are all further 

discussed in Chapter 6.  
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CHAPTER 4: METHOD OPTIMISATION AND 

VALIDATION FOR THE TARGETED METABOLOMIC 

HPLC-ESI-MS/MS QUANTITATIVE ANALYSIS OF 

MONOHYDROXYBENZOIC ACIDS IN A COMMERCIAL 

SEAWEED BIOSTIMULANT 
 

4.1 INTRODUCTION 

The three monohydroxybenzoic acids: 2-hydroxybenzoic acid (salicylic acid), 3-hydroxybenzoic acid, 

and 4-hydroxybenzoic acid are all important phytochemicals that have been reported in various plant, 

fungal and algal samples 17, 47, 67, 69. Each of the three isomers differs only in the position of the hydroxyl 

group, and this difference results in variability in their biological activities that has been reported in 

scientific literature 65, 68, 70. Salicylic acid is an important phytohormone that has be shown to be a safe 

and efficacious plants protector and growth regulator 173. The improved plant growth and immunity 

reported for the exogenous application of salicylic acid bear comparison to the benefits observed from 

the application of some seaweed biostimulants (see Section 1.7) 1, 57. The presence of salicylic acid and 

its isomers in a commercial seaweed biostimulant was confirmed in the qualitative investigation 

conducted in Chapter 3. In order to assess whether salicylic acid and its isomers play a role in the 

benefits observed from the application of seaweed biostimulants, quantitative data is required to 

develop proof-of-concept bioassays. The HPLC-ESI-MS/MS method developed and optimised in 

Chapter 3 for the qualitative investigation of the monohydroxybenzoic acids in a seaweed biostimulant 

is a fit-for-purpose method that could be used for quantification following partial validation to ensure 

statistical confidence for the quantitative data generated. The aim of this study was to successfully 

validate then apply a quantitative HPLC-ESI-MS/MS method for the analysis of salicylic acid and its 

isomers in a commercial seaweed biostimulant. Any quantitative method needs to take into account 

the effects of the sample matrix on instrumental analysis and therefore this study begins with further 

sample purification and extraction (Section 4.2) followed by the partial validation of the fit-for-purpose 

quantitative method (Section 4.3), then its application to the commercial seaweed biostimulant sample 

(Section 4.4).  
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4.1.1 Chapter Outline 

The results in this chapter are divided into the following sections. 

• Optimisation of Sample Preparatory Procedures (Section 4.2) - This section describes the 

optimisation of sample preparation procedures. 

• Partial Validation of New Quantitative Method (Section 4.3) - This section describes the partial 

validation of the newly developed quantitative method following the National Association of 

Testing Authority (NATA) protocol.  

• Simultaneous Quantitative Analysis of 2-, 3- and 4-Hydroxybenzoic Acid in a Commercial 

Seaweed Biostimulant using HPLC-ESI-MS/MS (Section 4.4) - This section describes the 

application of the newly developed and partially validated method for the quantitative analysis 

of monohydroxybenzoic acids in a commercial seaweed biostimulant. 
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4.2 OPTIMISATION OF SAMPLE PREPARATORY PROCEDURES 

Previous work in these laboratories (Collins, 2016) used a sample preparatory procedure that employed 

partitioning of the seaweed biostimulant sample with acetonitrile and SPE to selectively target and 

preconcentrate salicylic acid in the biostimulant sample. This section will highlight how the previous 

sample preparation procedure was further optimised for the repeatable and robust quantitative 

investigation of all three hydroxybenzoic acids in the seaweed biostimulant sample. This section first 

highlights the complexity of the sample matrix, then outlines and discusses the optimisation of the two 

major components (partitioning and SPE) of the sample preparatory procedure. For this sample 

preparatory investigation the same analytical methods employed for the preliminary qualitative 

investigation of monohydroxybenzoic acids were used (see Section 3.2). This method employed an 

Agilent Polaris 3 µm C18-A 150 × 2.0 mm with an Agilent Polaris C18-A MetaGuard 10 × 2.0 mm 

column was used along with aqueous acetonitrile mobile phases modified with formic acid. Gradient 

elution chromatography was used and mobile phase conditions along with other instrumental 

conditions are listed in figure legends. 

 

4.2.1 Sample Matrix Complexity. 

The seaweed biostimulant sample is aqueous with a naturally high salt content as described in Chapter 

2 and the high salt content allows partitioning with water-soluble organic solvents, such as acetonitrile. 

This is advantageous in that the subsequent acetonitrile extracts are amenable with LCMS reversed-

phase stationary phases and mobile phases. The biostimulant sample is quite complex and for 

qualitative purposes partitioning into acetonitrile is a simple means of preparing the sample for 

instrumental analysis that is adequate for identification work using retention time matching and mass 

spectral structure elucidation, as demonstrated in Chapter 3. The sample matrix however is still quite 

complex and consequently, this places greater demands on the chromatographic/mass spectrometric 

system to separate sample matrix interferences. The extra complexity of the matrix means more 

complex chromatography is required, such as the use of gradient elution. Furthermore, the increased 

number of interfering compounds means a high likelihood of ionisation suppression which is 

colloquially referred to as the ‘Achilles Heel’ of HPLC-ESI-MS/MS, along with more frequent 

instrument maintenance being required due to fouling 109.  

 

Figure 4.2.1 shows the full scan chromatograms (mass range m/z 100 – 400) of seaweed biostimulant 

sample at two stages of the sample preparation: the acetonitrile partitioning extract prior to SPE and 

following SPE (SPE conditions as per 207). The chromatograms are set to the same scale for comparison 
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and as can be seen the SPE extract shows considerably less background, particularly in the early- to 

mid-range of the chromatogram which is where the monohydroxybenzoic acids elute. This reduction 

in background is why a sample preparatory procedure that employs SPE was chosen for the 

development of a quantitative method for the analysis of monohydroxybenzoic acids in the commercial 

biostimulant sample. 

 
37) Figure 4.2.1 Chromatograms showing the difference between a partitioning extract and an SPE extract of a 

sample. The chromatograms are in Q3 Scan analysis mode with a mass range of m/z 100 - 400. The mobile phase 
consisted of: Solvent A - water modified with 0.1 % (v/v) formic acid, Solvent B - acetonitrile. The gradient LC time 
program used was: 10 % (v/v) B from 0 – 2.5 min, increase from 10 % to 90 % (v/v) B from 2.5 – 15 min, increase 

from 40 % to 90 % (v/v) B, hold at 90 % (v/v) B from 15 – 17 min. 
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4.2.2 Partitioning Using Quechers Methodology. 

In order to ensure the monohydroxybenzoic acids are in the correct form to partition into the 

acetonitrile layer, the sample’s pH needs to be dropped from approximately 11 down to 1. The acid 

dissociation constants (pKa) of 2-hydroxy, 3-hydroxy- and 4-hydroxybenzoic acids are 2.98, 4.06 and 

4.38 respectively, and at a pH of 1 (greater than 2 pH units below the pKa of all three hydroxybenzoic 

acids) all three will be un-ionised and transfer into the acetonitrile layer. The pH is dropped using 

concentrated HCl, then acetonitrile is added to the sample, and it is shaken vigorously and centrifuged. 

This results in two distinct layers with the aqueous seaweed biostimulant sample layer on the bottom 

and an acetonitrile layer on top. The previous method that served as the starting point for the 

development of this method centrifuged the sample only once, from which the full volume of 

acetonitrile was not recovered. It was found that the variance in the acetonitrile layer volume post-

centrifugation meant that this procedure was not repeatable nor quantitative. Initially it was thought 

that further centrifugation would improve the recovery of the acetonitrile layer; however it was found 

that even after centrifuging another 10 times no further improvement in acetonitrile recovery was 

observed. As previously mentioned this sample is amenable to acetonitrile partitioning due to its 

naturally high salt content and it was thought that increasing the salt content would aid in the recovery 

of the acetonitrile layer. This approach is commonly used in Quechers methodologies, that also 

employed acetonitrile partitioning with the addition of various salts to the sample 94. The first step in 

Quechers methodologies is partitioning with acetonitrile, this requires the addition of magnesium 

sulfate (MgSO4) which provides the most complete liquid-liquid phase separation 94. Typically the 

Quechers method uses a 1:1 ratio of sample to acetonitrile, as well as 2:1 ratio of sample to salt 94. To 

test the applicability of MgSO4 for improving the recovery of the acetonitrile layer, varying amounts 

of MgSO4.7H2O were added to 5 mL of sample. After repeating the extraction process with varying 

amounts of MgSO4.7H2O it was found that partitioning with the addition of 3 g of MgSO4.7H2O 

provided full recovery of the 5 mL acetonitrile, making the partitioning step suitable for quantitative 

analysis. The final partitioning methodology employed for this study is believed to be the first report 

of the use of Quechers methodologies for sample extraction of a commercial seaweed biostimulant 

and its protocol is described in Section 2.5.1. 

 

4.2.3 Solid-Phase Extraction of Monohydroxybenzoic Acids. 

Mixed-mode SPE utilising sorbents developed for acidic compounds was deemed ideally suited for the 

present study in order to produce targeted sample clean-up of the complex acetonitrile seaweed 

biostimulant extracts. The SPE protocol developed for this study used a sorbent comprising a 

quaternary amine modified polystyrene-divinyl benzene polymer incorporating non-ionisable hydroxyl 
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groups 254. As described in the sorbent technical information the sorbet allows for non-polar 

interactions between sorbent and analyte aromatic groups and anion exchange interactions between 

the cationic quaternary amino group of the sorbent and anionic carboxylate group of the 

hydroxybenzoic acids, as seen in Figure 4.2.3 254.  

 

 
38) Figure 4.2.3 Interaction of salicylic acid and the salicylate ion with the mixed-mode sorbent. Image adapted 

from Biotage SPE technical information 254. 

 

The mixed-mode SPE procedure takes advantage of the acid-base chemistry of the hydroxybenzoic 

acids and allows weakly retained non-polar and polar analytes to be washed away. The procedure 

initially involves retention of analytes via the non-polar mechanisms followed by ‘flipping’ to allow 

retention of analytes via anion exchange. The ‘flipping’ is achieved using various wash solutions 

beginning with acidic and finishing with slightly alkaline. This unique approach to mixed-mode SPE 

of ‘flipping’ the target analytes from one retention mechanism to the other provide extra opportunity 

to clean the sample using various washes. Additionally, this offers extra selectivity for the target analytes 

and is predicted to help reduce matrix effects such as ionisation suppression.  

In developing the SPE protocol three key considerations were; 

• filtering of the acetonitrile partitioning extract 

• non-selective elution or breakthrough of the target analytes during sample loading or washing, 

as well as ensuring selective and complete elution of the target analytes when desired 

• final elution of target analytes, evaporation and reconstitution in a solvent compatible with 

the LCMS conditions 
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Beginning with the filtering step, which was done prior to loading the sample onto the SPE cartridge. 

The choice of syringe filter was polytetrafluoroethylene due to its use across a wide pH range. The 

PTFE syringe filters require pre-wetting before use with aqueous samples, a step that was integrated 

into the SPE methodology. The same solvent could be used to pre-wet the PTFE syringe filter and 

condition the SPE column, therefore the filter was placed inline before the SPE cartridge and the 

conditioning and equilibrating steps were performed for both the filter and the SPE cartridge.  

Following the conditioning and equilibration of the SPE cartridge, the next step is to load the sample. 

The sample loading solution is one common source of breakthrough: if the loading solution has a high 

solvent strength then the sample may not selectively retain and some of the target analytes may 

breakthrough at this step. Careful consideration must be made when preparing the load solution for 

SPE and even still it is good practice to collect the eluate when loading the sample onto the SPE 

cartridge for analysis of breakthrough. To reduce the chance of breakthrough upon loading, the sample 

(acetonitrile partition aliquot) is diluted in water with 0.1 % (v/v) formic acid, as this was believed to 

keep the solvent strength low enough to avoid breakthrough of the monohydroxybenzoic acids. That 

same solvent was also used as the first wash solution to elute polar interfering molecules but continue 

to retain the monohydroxybenzoic acids via the non-polar retention mechanisms. In order to assess 

any possible breakthrough the eluate from the SPE cartridge during the loading and first wash were 

collected and analysed for traces of the monohydroxybenzoic acids (as shown below in Figure 4.2.3). 

The chromatograms in Figure 4.2.3 show that there were no traces of the monohydroxybenzoic acids 

in the load or first wash eluates when comparing to the SPE elution chromatogram (peaks with tR of 

13.72, 15.20, and 23.16 minutes identified through retention time matching). This indicates that there 

was no breakthrough upon loading the sample onto the SPE cartridge, and furthermore that the choice 

of solvent for sample dilution and first wash successfully allowed for the selective retention of the 

monohydroxybenzoic acids. The same type of analysis was performed on all wash solutions to ensure 

they are not eluting the monohydroxybenzoic acids non-selectively. Finally, after the final elution of 

monohydroxybenzoic acids an extra elution was performed to confirm complete recovery of the 

monohydroxybenzoic acids, and as seen in Figure 4.2.3 it was evident that all of the 

monohydroxybenzoic acids were selectively eluted in the elution step as required. 

Acetonitrile with 1% (v/v) formic acid was chosen as the final elution solvent, which selectively eluted 

the monohydroxybenzoic acids as shown in Figure 4.2.3 and was also volatile enough to provide the 

opportunity for evaporation and reconstitution. This had two benefits: evaporating and reconstituting 

in a smaller volume effectively concentrating the monohydroxybenzoic acids in the SPE elution, and 

reconstituting in a solution that matches the mobile phase conditions in the LC minimising solvent 

mixing effects.  
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The culmination of these investigations resulted in a SPE protocol that allowed for the highly selective 

extraction of the monohydroxybenzoic acids from the seaweed biostimulant sample. This protocol 

also significantly reduced the background of the complex biostimulant matrix and this would aid in 

reducing instrumental matrix effects. The full protocol is described in Section 2.5.3.  

 
39) Figure 4.2.3 Chromatograms investigating the presence of the monohydroxybenzoic acids in various SPE 
solutions to determine any breakthrough and ensure complete selective elution. The chromatograms are in SIM 

analysis mode at 137 m/z. The mobile phase consisted of: Solvent A - water modified with 0.1 % (v/v) formic acid, 
Solvent B - acetonitrile. The gradient LC time program used was: 5 % (v/v) B from 0 – 5 min, increase from 5 % to 

50 % (v/v) B from 5 – 30 min, and increase from 50 % to 90 % (v/v) B from 30 – 35 min. 
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4.3 PARTIAL VALIDATION OF THE NEW METHOD 

In this section a quantitative method employing the sample preparatory procedure developed in 

Section 4.2 and the HPLC-ESI-MS/MS method developed in Section 3.3 was partially validated for 

the determination of monohydroxybenzoic acids in a commercial seaweed biostimulant. This HPLC-

ESI-MS/MS method (described in Section 2.6.2.5) successfully separates 2-, 3-, and 4-hydroxybenzoic 

acid on the Raptor Biphenyl column with enough chromatographic resolution in order to positively 

identify these monohydroxybenzoic acids in complex samples. Furthermore it also has preventative 

measures built into the LC time program that aim to mitigate contamination of the instrument and 

degradation of the LC column by addressing any poorly retained or strongly retained compounds. An 

example chromatogram of a sample analysed using this method is shown in Figure 4.3.1. The partial 

validation involves an evaluation of some significant quantitative analysis parameters to ensure a high 

level of confidence in the final quantitative results. The method validation was conducted in accordance 

with the National Association of Testing Authorities (NATA) publication “Validation and verification 

of quantitative and qualitative test methods”.  

 

 
40) Figure 4.3.1 Chromatograms showing the separation of the three monohydroxybenzoic acids in the seaweed 
biostimulant sample prepared using the methodology described in Section 2.5.5. Chromatographed on the Raptor 

Biphenyl column with a methanol/water mobile phase with formic acid modification run under the LC-MS/MS 
conditions outlined in (Chapter 2.6.2.5). 

 



152 
 

4.3.2 Evaluation of Method Validation Parameters. 

The validation and verification of an analytical method is most often performed for the purposes of 

accreditation to International Standards; however, technical notes such as the NATA technical note 

for validation and verification offer guidance for providing objective evidence on the statistical 

confidence of data generated by a newly developed analytical method. The extent of validation required 

depends on many factors; nevertheless, the intended application is the key consideration when deciding 

which aspects of the method will be investigated and evaluated. For the purposes of this research 

project the partial method validation aims to provide confidence in the quantitative analysis that will 

be performed in-house and isn’t seeking official standardisation or accreditation. Therefore, the rigour 

of method validation testing required is only a portion of what is outlined in the technical note and 

includes the following parameters: linearity, instrument repeatability, method repeatability, instrument 

limit-of-detection (IDL), instrument limit-of-quantitation (IQL), matrix effects and method recovery. 

The evaluation of each validation parameter was performed for each of the three monohydroxybenzoic 

acids separately because each compound may differ in their instrument response and matrix effects. 

 

4.3.2.1 Linearity. 

Linearity is considered to be the most important performance parameter of an instrumental analytical 

method; furthermore, when performing an analysis using HPLC-ESI-MS/MS a linear response is 

assumed in theory 255. The linearity study aims to evaluate the ability for the instrument to elicit a 

response that is directly proportional to the concentration of the target analyte 107. Determination of 

linearity for instrumental analyses is often performed using a calibration range of standards that: 

includes a blank, are evenly spaced over the range, encompass 0-150 % of the expected concentration 

to be encountered in the sample, and are run in at least duplicate or preferably triplicate 107. A plot of 

the data is constructed with the instrument response on the y-axis (ordinate) and analyte concentration 

on the x-axis (abscissa). Visual inspection of the plot will give an initial indication of the linearity but 

for statistical validity further graphical and numerical approaches are required. A least squares 

regression method to establish the relationship between the instrument response and analyte 

concentration is the most commonly implemented method that results in a linear model of algebraic 

form y = a + bx, where a is the y-intercept and b is the slope of the regression line. From the equation 

for the linear model the most common tool to assess linearity is the correlation coefficient (r) and 

moreover, the coefficient of determination (R2); which are derived from the regression analysis. In 

more recent years these have been found to be misleading and many scientists are recommending not 

relying on these parameters alone 255. Instead, the r and R2 values are used alongside other tools such 

as the residuals examination, standard error of the regression, and response factor plots. A residuals 
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plot of the standardized residuals that is obtained using the standard error of the regression and residual 

leverage scores gives a standardized plot that can be used to assess goodness-of-fit, homoscedasticity, 

influence points and outliers 255. The final plot used to assess linearity that is common in 

chromatographic method development is a response factor plot. The response factor plot is obtained 

by plotting the signal-to-concentration ratio (response factor) against the analyte concentration; from 

which the median response factor and the 5 % confidence lines are traced, and any deviations outside 

the confidence limits can be evaluated.  

The linearity study was conducted using 1 blank and 6 mixed standard solutions that varied in 

concentration to make a suitable calibration range. The preparation of these solutions is described in 

Section 2.4.2.2. The blank and each of the mixed standard solutions were injected in triplicate and the 

tabulated calibration data is shown in Appendix B.1. Calibration data is shown in Table 4.3.2.1 and the 

calibration plots are shown in Figures 4.3.2.1a – 4.3.2.1c. Also included alongside the calibration plots 

is the standardized residuals plot and response factor plot for each monohydroxybenzoic acid, data for 

which is available in Appendices B.2 and B.3, respectively.  

 

18) Table 4.3.2.1 Linear Calibration Data for Monohydroxybenzoic Acids 

 

Standard 

 Concentration Range 

(ppb) 

Correlation 
Coefficient (r) 

Coefficient of 
Determination (R2) 

2-hydroxybenzoic acid 0, 10, 20, 30, 40, 50, 60 0.9995 0.9990 

3-hydroxybenzoic acid 0, 100, 200, 300, 400, 500, 600 0.9997 0.9994 

4-hydroxybenzoic acid 0, 100, 200, 300, 400, 500, 600 0.9996 0.9992 
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Visual inspection of each calibration plot and its line of best-fit shows there is a strong positive linear 

relationship between the instrument response and analyte concentration. This is further confirmed by 

the correlation coefficient showing a very strong positive linear relationship. The coefficient of 

determination for each calibration plot being above 0.999 indicates that no less than 99.9 % of the 

variability in instrument response is explainable by the model of the relationship between instrument 

response and analyte concentration. As previously outlined the standardized residuals plot and 

response factor plot can also be examined for each monohydroxybenzoic acid to assess linearity in the 

calibration data. The standardized residuals plots for all three monohydroxybenzoic acids show the 

residuals lie between ± 1.96 standard deviations of the mean of residuals over the whole calibration 

range, which indicates each model is acceptably linear and that there are no outliers. The distribution 

of the residuals appears to be random and there are no signs of homoscedasticity, which would be 

evident if the variance increased or decreased proportionately with concentration. The response factor 

plots show that all of the response factors lie within the ± 5 % limits (5 % of the mean response factor 

show as black line in Figures 4.3.2.1a – 4.3.2.1c), except for the first response factor for both 2- and 3-

hydroxybenzoic acid. This deviation from linearity at the low end of the calibration curve is not 

uncommon and may be investigated in the limits of detection and quantitation study. The need to 

evaluate the IDL and IQL particularly for 2- and 3-hydroxybenzoic acid is highlighted in the response 

factor plots, however the linearity of the calibration has been determined to be fit-for-purpose for 

quantitative analysis of each analyte. 

 

4.3.2.2 Instrument Repeatability. 

Instrument repeatability is an estimation of the precision in measurements performed under the most 

constant conditions possible; one operator acquiring data on the same instrument, in the same facility, 

in a short time interval, with experimental conditions such as temperature held as constant as possible. 

For chromatographic analyses, successive injections of standard solutions are made in a single batch 

to provide an indication of the short-term variation in instrumental response. The two 

chromatographic parameters assessed are retention time and peak area. The data is collated and from 

it the mean, standard deviation and percent relative standard deviation (coefficient of variation) can be 

calculated. The coefficient of variation (CV) is used to express the instrument repeatability as it shows 

the variability in relation to the mean. To ensure statistical significance it is recommended that the 

measurements be performed with at least 6 degrees of freedom, with 7 or more replicates for a single 

parameter providing adequate degrees of freedom. A mixed standard solution was prepared following 

the standard solutions preparation procedure outlined in Section 2.4.2.1. The concentration for ortho-

, meta-, and para-hydroxybenzoic acid were: 25, 250 and 100 ppb, respectively. In order to satisfy the 
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required amount of degrees of freedom, 10 successive injections were made. The full dataset is 

tabulated in Appendix B.4 and a summary of the data is provided below in Table 4.3.2.2. The HPLC-

ESI-MS/MS method shows little short-term variation in both the retention time and peak area data. 

 

19) Table 4.3.2.2 Instrument Repeatability Data for Monohydroxybenzoic Acids 

 

Standard 

Chromatographic  
Parameter 

Retention Time 

(% CV) 

Peak Area 

(% CV) 

2-hydroxybenzoic acid 0.21 2.1 

3-hydroxybenzoic acid 0.16 3.7 

4-hydroxybenzoic acid 0.11 3.0 

 

 

4.3.2.3 Method Repeatability. 

The instrument repeatability provides only a portion of the short-term variability in the quantitative 

data generated. It is important to additionally evaluate the variability in the total method including the 

sample preparation. The method repeatability can be determined by spiking samples to a level suitable 

for recovery analysis, each of these samples is then prepared and analysed in the shortest time-frame 

possible under the most constant conditions attainable. The chromatographic analysis is then 

performed and from the data acquired only the peak area data is evaluated. Similarly to the instrument 

repeatability the data is collated and the mean, standard deviation and CV is calculated. The method 

repeatability studies were aligned with the method recovery studies discussed later in this chapter, 

where the lowest spiked standard addition sample analysis was used to determine the method 

repeatability (sample preparation described in Section 2.5.5). The triplicate data from the lowest 

standard addition calibration level across each of the three samples was collated and used to determine 

the percent CV as a measure of the variation in the full method, including sample preparation. Below 

in Table 4.3.2.3 is a summary of the full dataset which can be found in Appendix B.6. The full method 

including the sample preparation and HPLC-ESI-MS/MS shows very little short-term variation and is 

considered to be fit-for-purpose for further quantitative analysis. 
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20) Table 4.3.2.3 Method Repeatability Data for Monohydroxybenzoic Acids 

 

Standard 

Chromatographic  
Parameter 

Peak Area 

(% CV) 

2-hydroxybenzoic acid 2.3 

3-hydroxybenzoic acid 4.0 

4-hydroxybenzoic acid 3.8 

 

 

4.3.2.4 Instrument Detection and Quantitation Limits. 

The instrument detection and quantitation limits (IDL and IQL) were evaluated based on signal-to-

noise (S/N). This determination involved successively injecting a mixed standard solution of low 

concentration 10 times and calculating the mean signal-to-noise ratio of the peaks corresponding to 

each monohydroxybenzoic acid. The signal-to-noise data is calculated by the instrument software by 

comparing peak height to baseline noise. From the mean signal-to-noise ratio for each 

monohydroxybenzoic acid the two limits can be calculated for each as follows: S/N of 3:1 for 

instrument detection limit and S/N 9:1 for instrument quantitation limit (see equations below in Figure 

4.3.2.4). This data was collected for the mixed standard solution used in Section 4.3.2.2 for instrument 

repeatability where the concentration for ortho-, meta-, and para-hydroxybenzoic acid were: 25, 250 

and 100 ppb, respectively. The full tabulated data is presented in Appendix B.5. A summary of the IDL 

and IQL data is shown in Table 4.3.2.4.  

𝐼𝐼𝐼𝐼𝐼𝐼 =  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶.
𝑆𝑆/𝑁𝑁

× 3 𝐼𝐼𝐼𝐼𝐼𝐼 =  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶.
𝑆𝑆/𝑁𝑁

× 9 

44) Figure 4.3.2.4 The equations used to calculate the instrument detection limit (IDL) and instrument quantitation limit 
(IQL). 

 

21) Table 4.3.2.4 Instrument Detection and Quantitation Limits for Monohydroxybenzoic Acids 

 

Standard 

Validation  
Parameter 

IDL 

(ppb) 

IQL 

(ppb) 

2-hydroxybenzoic acid 5.2 15.6 

3-hydroxybenzoic acid 37.2 111.5 

4-hydroxybenzoic acid 12.3 36.8 
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4.3.2.5 Matrix Effects. 

The complexity of the sample matrix is not to be understated for seaweed biostimulants. It is therefore 

necessary to evaluate the impacts that the matrix has on the analysis of the monohydroxybenzoic acids. 

The other components found in the sample matrix have the potential to impact the results in different 

ways; for example, in HPLC-ESI-MS/MS analyses matrix effects are notorious for altering the 

ionization efficiency of the electrospray which often leads to suppression of the instrument response 
109. Due to the frequency of the presence of matrix effects in HPLC-ESI-MS/MS it was determined 

that they should be investigated. The NATA technical note suggests making standard additions to a 

typical sample extract at a minimum of 3 concentrations, each measured in at least duplicate. Then the 

matrix effects on the instrument response can be determined by comparing the slope for the standard 

additions calibration plot vs the slope for the direct calibration plot for the mixed standard solutions. 

Any differences greater than 10 % are expected to be compensated for or further investigated, where 

the most cost-effective and simple method for compensating for matrix effects is the use of standard 

additions for quantitation 107, 256. A standard addition calibration plot was constructed for each of four 

samples (one spiked with blank; and three spiked with the recovery spike solution) that underwent the 

sample preparation procedure including SPE that is outlined in Section 2.5.5. The mean slope for each 

of the monohydroxybenzoic acid standard addition plots was determined and compared to the slope 

for the direct calibration of standard solutions used for the linearity studies in Section 4.3.2.1. The 

standard addition calibration plots and equation for the linear regression models is presented in 

Appendix B.7, and a summary of this data is shown below in Table 4.3.2.5.   

 

22) Table 4.3.2.5 Matrix Effects Data for Monohydroxybenzoic Acids 

Standard  Mean Slope for  
Standard Addition Calibrations 

Slope for  
Direct Calibration 

Matrix Effects 

|%| 

2-hydroxybenzoic acid 1505 1002 50.2 

3-hydroxybenzoic acid 83 84 1.2 

4-hydroxybenzoic acid 250.5 254 1.4 

 

The matrix effects values provided in Table 4.3.2.5 show the percentage difference between the mean 

slope for the standard addition calibrations data and the slope for the direct calibration plots. There 

appears to be no significant difference in slopes for 3- and 4-hydroxybenzoic acid, with 1.2 and 1.4 % 

matrix effects respectively. For 2-hydroxybenzoic acid the 50 % difference in slopes indicates that 
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matrix effects are present, therefore direct calibration would be inadequate in providing accurate 

quantitative determinations.  

Strategies for reducing matrix effects include diluting samples to lower background noise, improving 

MS parameters to be more selective, optimising LC conditions to reduce co-elution and more efficient 

and selective sample extraction methods 109, 110. All of these strategies have been considered and 

employed in this study: the sample is heavily diluted and the extraction methodology involves multiple 

selective steps to reduce the matrix effects, particularly in the SPE protocol which involves the unique 

‘flipping’ to allow for extra washes. Furthermore, the HPLC conditions provide excellent separation 

(as seen above in Figure 4.3.1), the injection volume is kept deliberately low to prevent overloading, 

and finally the MS/MS methodology uses a MRM that is specific to the monohydroxybenzoic acids. 

 

4.3.2.6 Method Recovery. 

A recovery study where no matrix blanks or any certified reference materials are available for 

comparison can be conducted by spiking (fortifying) the original sample prior to the sample 

preparation procedure, then following analysis the method recovery is calculated from the difference 

between the measured concentrations of the unfortified and fortified samples 107. The recovery study 

was conducted using triplicate analysis of four samples, one fortified with a blank solutions and three 

fortified with a mixed stock solution of monohydroxybenzoic acids. Samples were prepared by 

fortifying with a mixed stock solution before undergoing sample preparation and standard addition as 

described in Section 2.5.5. The method recovery was calculated (see equation below in Figure 4.3.2.6) 

from the quantitative data presented in Appendix B.8 and is summarised below in Table 4.3.2.6. 

% 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  
𝐶𝐶1 − 𝐶𝐶2 
𝐶𝐶3

× 100 

45) Figure 4.3.2.6 The equation used to calculate the percent recovery where: C1 = measured concentration 

of spiked sample, C2 = measured concentration of unspiked sample, and C3 = concentration of spike 107. 

 

23) Table 4.3.2.6 Method Recoveries for Monohydroxybenzoic Acids 

 

Standard 

Validation  
Parameter 

Method Recovery 

% 

2-hydroxybenzoic acid 73.5 

3-hydroxybenzoic acid 75.0 

4-hydroxybenzoic acid 87.3 
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The results indicate that there is bias in the trueness of the measurements of all three 

monohydroxybenzoic acid using the developed method. This deviation from trueness indicates 

systematic errors in the method, laboratory, and/or the operator; in some cases however, even 

reference methods recognised nationally or internationally have a known bias that is an excepted 

limitation of the method and is compensated for when analysing quantitative data 107. Therefore, the 

recoveries as calculated whilst significant, are not an indication that the method is not fit-for-purpose; 

but instead, indicate that there is a bias that needs to be compensated for when employing the 

developed method. 

 

4.3.3 Summary of Partial Method Validation. 

The partial method validation conducted in this study was able to provide objective evidence on the 

statistical confidence of the data generated by the newly developed analytical method. The validation 

parameters investigated included: linearity, instrument repeatability, method repeatability, instrument 

limit-of-detection (IDL), instrument limit-of-quantitation (IQL), matrix effects and method recovery. 

The acceptance criteria for these performance parameters is not very well defined for the analysis of 

phytochemicals in biostimulants, however the statistical tools used for their assessment have standard 

criteria for acceptance (e.g. R2 values > 0.995). To supplement the standard acceptance criteria for 

these statistical analyses the validation data was compared to studies investigating similar 

phytochemicals/phytohormones in seaweeds and other algal samples using HPLC methodologies 91, 

117, 150, 158. 

All three monohydroxybenzoic acids showed good linearity with coefficients of determination all ≥ 

0.999. Visual inspection of the standardised residuals and response factor plots provided further 

evidence for the linearity, as well as the goodness of fit for the linear regression models. The precision 

was assessed in terms of instrument repeatability and method repeatability; with the percent 

coefficients of variation not exceeding 5 %, and this is considered a good result when analysing samples 

of biological origin 117. The specificity of the method is highlighted by the excellent chromatographic 

separation and because no other significant peaks are present in the chromatogram the method can be 

considered highly specific 102, 257. The sensitivity of the method was assessed by determination of the 

limits of detection and quantitation, and the method was determined to be suitably sensitive for the 

detection and quantitation of the monohydroxybenzoic acids in the commercial seaweed biostimulant. 

The accuracy of the method in terms of recovery was assessed whilst investigating the single biggest 

source of error in the accuracy of LCMS analyses: matrix effects 114, 115. The analysis of standard 

addition calibrations for the monohydroxybenzoic acids revealed that 3- and 4-hydroxybenzoic acid 
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exhibited no significant matrix effects, whereas there were significant matrix effects for 2-

hydroxybenzoic acid. Using the standard addition calibration method the recovery assessment revealed 

a bias in the trueness of the measurements of the monohydroxybenzoic acids, recoveries of 73.5, 75.0 

and 87.3 % were determined for 2-, 3- and 4-hydroxybenzoic acid, respectively. In conclusion these 

findings suggest that the HPLC-ESI-MS/MS method for the analysis of the monohydroxybenzoic 

acids in a commercial seaweed biostimulant is sufficiently fit-for-purpose. 
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4.4 SIMULTANEOUS QUANTIATIVE ANALYSIS OF 2-, 3-, AND 4-

HYDROXYBENZOIC ACID IN A COMMERCIAL SEAWEED 

BIOSTIMULANT USING HPLC-ESI-MS/MS 

The concentrations of 2-, 3-, and 4-hydroxybenzoic acid were determined in a commercial seaweed 

biostimulant by HPLC-ESI-MS/MS. The commercial seaweed biostimulant sample was prepared for 

analysis via partitioning, solid-phase extraction and standard additions as described in Section 2.5.5. 

The analysis utilised the HPLC-ESI-MS/MS method developed in Section 3.3.3 and partially validated 

above in Section 4.3, the conditions for which are described in Section 2.6.2.5. The sample was analysed 

in triplicate, data collated and analysed, and the mean concentrations with standard errors summarised 

in Table 4.4 (see Appendix B.9 for full regression analysis). The mean concentrations and standard 

errors adjusted to compensate for recoveries are also included in Table 4.4, using the recoveries 

determined above in Section 4.3.2.6. 

 

24) Table 4.4 Concentrations of Monohydroxybenzoic Acids in Commercial Seaweed Biostimulant 

 

Standard 

 Concentration 

(µg / L) 

Compensated Concentration 

(µg / L) 

2-hydroxybenzoic acid 100 ± 11 137 ± 16 

3-hydroxybenzoic acid 2557 ± 70 3409 ± 93 

4-hydroxybenzoic acid 1526 ± 102 1748 ± 117 

 

From Table 4.4 it can be seen that the levels of 2-, 3- and 4-hydroxybenzoic acid are significantly 

different in the seaweed biostimulant sample, with salicylic acid being present in the lowest 

concentration. The identification and quantitative determination of the salicylic acid and its isomers in 

this work is a significant finding. It should be noted that this is the first reported identification and 

quantitative determination of salicylic acid and its isomers in a commercial seaweed biostimulant, which 

now paves the way for biological assessment of these compounds for plant growth biostimulation. 

Furthermore, the seaweed biostimulant sample is prepared from two seaweed species, in which salicylic 

acid and 3-hydroxybenzoic acid have never been detected. Further significance and comparisons to 

relevant literature is provided below. 
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4.4.1 Identification and Quantitation of 2-, 3- and 4-Hydroxybenzoic Acid in 

a Seaweed Extract. 

The seaweed biostimulant investigated in this study is an alkaline hydrolysis product from two seaweed 

species: Durvillaea potatorum and Ascophyllum nodosum 1. Importantly there is no reported literature for 

the identification of salicylic acid nor 3-hydroxybenzoic acid in either of the seaweed species or an 

extract of them, however the presence of 4-hydroxybenzoic acid has been reported in A.nodosum but 

not in D.potatorum 125, 159. Whilst there is little reported for the two algal species mentioned, 

monohydroxybenzoic acids have been identified in other various seaweeds or seaweed products before. 

Salicylic acid, being the most well-characterised and prominent in the literature, has been detected in 

various red, green, and brown seaweeds 41, 124, 150. The other monohydroxybenzoic acid that is well 

characterised and represented in the literature, 4-hydroxybenzoic acid, has also been detected in various 

seaweeds 123, 156, 237. Significantly less has been reported on 3-monohydroxybenzoic acid and its presence 

in seaweeds, although it has been identified in red seaweeds 258. The presence of 3-hydroxybenzoic acid 

is seemingly far rarer as demonstrated in the study of eight different South African seaweeds conducted 

by Rengasamy et al, it was only detected in one seaweed species whereas, 4-hydroxybenzoic acid was 

detected in all eight 258. Interestingly, in the quantitative determinations above 3-hydroxybenzoic acid 

was the most prominent monohydroxybenzoic acid of the three. The presence of 

monohydroxybenzoic acids in other seaweed species alludes to the possibility of their presence in the 

two species from which this biostimulant is produced, but it is not conclusive evidence for their 

presence in these two seaweed species. The manufacturing processes for this particular biostimulant 

involve alkaline hydrolysis at elevated temperature and pressure which has the potential to generate a 

large number of degradation products 241. Therefore, it is possible that the monohydroxybenzoic acids 

identified in the biostimulant are a result of those manufacturing processes, indicating that further work 

is required to determine whether these compounds are endogenous. If the monohydroxybenzoic acids 

are present in the seaweeds, then it is likely that they are methylated or glycosylated as they are in plants, 

however it is unlikely that any glycosylated derivatives would be present in the biostimulant following 

alkaline hydrolysis 55. It is possible that some common methoxylated hydroxybenzoic acid derivatives 

may be also be present as shown in the qualitative investigation in Chapter 3 where syringic acid was 

tentatively identified. Developing methods for the raw seaweeds themselves was beyond the scope of 

this research project but altering and optimising the qualitative and quantitative methodology 

developed in this study may help to provide a more comprehensive profile of hydroxybenzoic acids 

within the seaweeds. This profile could be compared to biosynthetic pathways and could be used to 

help fill in the gaps of what is present in the seaweeds and how they are synthesised in vivo, providing 

a more complete picture of their metabolome. 
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4.4.2 Identification and Quantitation of 2-, 3- and 4-Hydroxybenzoic Acid in 

a Commercial Seaweed Biostimulant. 

The identification of all three monohydroxybenzoic acids in a commercial seaweed biostimulant is an 

important discovery. Given the current literature surrounding phytochemicals and their importance on 

plant growth and development as well as resistance to stressors, the identification of these significant 

phenolic acids facilitates the potential elucidation of the biological modes of action of one or more of 

the many benefits that the biostimulants offer. Additionally, the quantitative data serves to provide a 

more comparable reference for the investigation of the efficacy of these monohydroxybenzoic acids in 

the biostimulants. This also provides a link between previous studies conducted on the exogenous 

application of any individual monohydroxybenzoic acid on plants and the previous studies that 

investigate the benefits of biostimulant use. A lot of research has been conducted investigating salicylic 

acid’s role in plants endogenously as well as the effects of exogenous application, including its crucial 

role in plant growth and development processes and regulating plant defence, namely systemic acquired 

resistance (SAR) 57, 59, 173. Likewise, 4-hydroxybenzoic acid is well represented in the literature, where 

in plants it is known most for being an allelochemical that has exhibited hormesis-like effects 70, 72. 

Both of these compounds have been used in plant studies to determine biological efficacy as shown in 

Table 1.7 in Chapter 1, where some of these studies mirror the investigations into the seaweed 

biostimulants. The identification of 2- and 4-hydroxybenzoic acid in the biostimulant helps to bridge 

the gap between these studies such that future studies can now investigate if their presence in the 

biostimulant helps to explain any of the biostimulant’s benefits. Far less is reported about 3-

hydroxybenzoic acid with regards to plant studies, however the concentrations determined in the 

biostimulant warrant the inclusion of 3-hydroxybenzoic acid in future studies to investigate its 

biological activity. It is worth noting that the levels of monohydroxybenzoic acids in the seaweed 

biostimulants are subject to the variability that comes from producing an extract from a natural 

resource such as a living organism. These phytochemicals are often found in small concentrations and 

are upregulated at times when required by the host organism, particularly salicylic acid whose synthesis 

is known to be upregulated as a response to stress 259. Therefore the environmental impacts on the 

organism at the time of harvest is likely to play a role in the concentration and profile of these 

monohydroxybenzoic acids. The novelty and significance of the quantitative determination of salicylic 

acid and its isomers described above will be further highlighted in Chapter 5, where simple but 

powerful plant bioassays will assess their role in plant growth both individually and as part of complex 

seaweed biostimulants.  
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4.5 CONCLUSION 

The aim of this part of the study was to successfully validate then apply a quantitative HPLC-ESI-

MS/MS method for the analysis of salicylic acid and its isomers in a commercial seaweed biostimulant. 

This was successfully achieved by firstly developing and optimising a sample preparation procedure 

involving acetonitrile partitioning and mixed-mode SPE to selectively extract the monohydroxybenzoic 

acids from the commercial seaweed biostimulant sample. Secondly the HPLC-ESI-MS/MS method 

for the analysis of the monohydroxybenzoic acids developed and optimised in Chapter 3 was partially 

validated following the NATA protocol and found to be sufficiently fit-for-purpose. Lastly the partially 

validated method for the quantitative determination of the monohydroxybenzoic acids was successfully 

employed, and the concentrations of 2-, 3- and 4-hydroxybenzoic acids in the commercial seaweed 

biostimulant were determined to be 137 ± 16, 3409 ± 93 and 1748 ± 117 µg/L, respectively. 

For the full discussion of this chapter’s key observations, significant findings and future research 

prospects refer to Chapter 6.  
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CHAPTER 5: THE BIOLOGICAL ROLE OF SALICYLIC 

ACID AND ITS ISOMERS IN SEAWEED EXTRACTS 
 

5.1 INTRODUCTION 

There is a plethora of studies investigating the potential of salicylic acid and other closely related 

phenolic acids for improving crop productivity through their exogenous application (a review of which 

is presented in Table 1.7). The exogenous application of these endogenous phytochemicals has been 

shown to improve plant growth, quality and stress tolerance (as discussed in Section 1.7). In reviewing 

these studies some important trends were observed: that the biological mechanisms are more often 

general to plants rather than species specific; that the dosage is vital; that the biological mechanisms 

are complex; and that compounds such as salicylic acid elicit a response that is commonly pleotropic 

in nature. Further to these proof-of-concept studies are the field trials that provide the most significant 

evidence for the potential of phytochemicals like salicylic acid to improve agricultural productivity. 

 

5.1.1 The Use of Salicylic Acid in Agriculture. 

The exogenous application of salicylic acid to plants yields many benefits; as such there are a number 

of review articles reporting on the studies investigating the agricultural application of salicylic acid 17, 

57, 61, 173-175. A recent review article that provides examples to demonstrate salicylic acid’s role as a safe 

plant growth regulator and protector is the one by Koo et al. 173. With a focus on crops of agronomical 

significance, the review article provides a plethora of examples of the application of salicylic acid 

enhancing disease resistance as well as abiotic stress resistance 173, 260.  

One example provided by Koo et al. is a study that investigates the effects of exogenous methyl 

jasmonate and salicylic acid on rice resistance to Oebalus pugnax, the most injurious insect pest of 

heading rice in the United States 261. This study is chosen as an example due to its use of both proof-

of-concept bioassays coupled with field trials to demonstrate efficacy of salicylic acid in enhancing 

biotic resistance. In this study Stella de Freitas et al. found that treatment with salicylic acid could be 

used as an elicitor to trigger defence against the rice stink bug O.pugnax 261. A different study 

investigating salicylic acid’s efficacy for increasing abiotic resistance that also employed field trials was 

conducted by Abreu and Munné-Bosch, in which they investigated salicylic acid’s role in regulating 

drought-induced leaf senescence in field-grown sage (Salvia officinalis L.) 262. They concluded that 

salicylic acid, possibly along with other phytohormones was involved in the regulation of drought-

induced leaf senescence in perennials 262. These studies offer the most significant evidence for the use 
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of salicylic acid to improve agricultural outcomes as they provide statistical significance of its effects in 

different agricultural production settings despite the high level of environmental variation experienced 

in field trial studies. 

 

5.1.2 Plant Tolerance to Stresses. 

Plant growth and development is severely impacted by both abiotic and biotic environmental stresses 

which present challenging threats to agricultural systems, reducing crop yield and quality and resulting 

in considerable economic losses 61, 63, 263. To cope with these challenges plants have developed a number 

of physiological and molecular defence mechanisms that are largely governed by phytohormones 63, 173, 

263. The network of phytohormones in plants is highly sophisticated, involving crosstalk between the 

different phytohormones in order to balance responses to environmental stresses with the plants’ 

ability to grow and develop in order to minimise defence-associated fitness costs 173, 200. This plant 

growth-immunity equilibrium involves the harmony and/or disharmony of phytohormones in 

response to specific stimuli to elicit a specific response 173.  

 

5.1.3 The Role of Salicylic Acid in Plant Tolerance to Stresses. 

Amongst the list of phytohormones known to play a pivotal role in plant immunity as well as growth 

is the phenolic acid, salicylic acid 173. Some of the underlying mechanisms of salicylic acid induced 

abiotic stress tolerance that have been demonstrated include: accumulation of osmolytes that help to 

maintain osmotic homeostasis, regulation of mineral nutrition uptake and metabolism which is a basic 

requirement for proper growth and development, enhanced reactive oxygen species (ROS) scavenging 

and antioxidant metabolism, enhanced secondary metabolite production, and regulation of other 

phytohormone pathways through the aforementioned crosstalk 61, 173. Salicylic acid is most well-known 

for being a defence hormone, primarily for its role in the regulation of plant resistance to biotic stresses 
173. The biological role of salicylic acid is central to the regulation of local and systemic immunity in 

plants, playing a critical role in triggering the systemic acquired resistance (SAR) pathway 63, 173. 

Pathogenic infection stimulates the production of salicylic acid which induces the generation of mobile 

signals to trigger systemic acquired resistance 63. The elevated level of salicylic acid promotes massive 

transcriptional reprogramming in pathogenesis related (PR) genes, binding directly to receptor 

transcriptional coactivators such as Non-expresser of PR genes 1 (NPR1) activating defence-related 

genes/pathways to establish plant immunity 63, 173. 
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5.1.4 Agricultural Biostimulants. 

Given that salicylic acid is such an important phytohormone with exciting potential as a natural product 

for the sustainable improvement of stress tolerance and growth in crops it was an ideal candidate 

compound for identification in biostimulants 20, 28, 200. Most commercial biostimulants are often 

complex mixtures containing many different bioactive constituents that offer a great diversity of 

responses in various crops 14, 263. Most importantly the application of biostimulants has been shown to 

improve plant growth and development under abiotic and biotic stress conditions 13, 263. In fact, some 

studies investigating seaweed biostimulants for improved plant productivity have paired salicylic acid 

with seaweed extracts to assess their potential in both comparative and synergistic experimental designs 
264-266. 

If the ultimate goal is to optimise the plant’s growth-immunity balance to maximise both yield as well 

as immune resilience, then investigating natural products such as biostimulants with the potential for 

influencing this growth-immunity balance is a prospective avenue to assisting in elucidating the 

mechanisms whilst improving agricultural productivity sustainably 200. This includes addressing the fact 

that complex agricultural biostimulants such as the ones prepared from seaweeds are poorly 

characterised, due to their diversity and molecular complexity 1, 23, 26. This requires new analytical 

research using modern techniques and instruments to profile the bioactive constituents that contribute 

to their efficacy and agricultural benefits 23, 73, 118.  

The research in Chapters 3 and 4 is dedicated to addressing this knowledge gap, with Chapter 3 

describing new analytical research profiling important phytochemicals in seaweed biostimulants and 

the research in Chapter 4 leading to the first positive identification and quantitative determination of 

salicylic acid and its isomers in a commercial seaweed biostimulant. This new research made it possible 

to design experiments to investigate the biological role of salicylic acid and its isomers in seaweed 

extracts using concentrations similar to those found in the commercial seaweed biostimulant.  

 

5.1.5 Investigating the Role of Salicylic Acid and its Isomers in Seaweed 

Extracts. 

To investigate the role of salicylic acid and its isomers in seaweed extracts, primary screening assays 

that focus on growth and development are more achievable than assays for stress tolerance for the 

identification of molecules that trigger a phenotype of interest 263. A practical way of testing growth is 

by testing root growth and development; this is because the plant root system is often directly exposed 

to the nutrients in the soil or growth medium and a healthy root system is crucial for plant survival 57, 

70. In this chapter the biological roles of salicylic acid and its isomers in seaweed extracts were 
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investigated using a liquid plant growth bioassay that assesses root and shoot growth. The simple yet 

effective plant growth bioassay aimed to provide insights into the role of salicylic acid and its isomers 

in the growth and development benefits to plants observed following the application of the seaweed 

extracts as an agricultural biostimulant.  

 

5.1.6 Chapter Outline 

This chapter is divided into the following sections. 

• Bioassay Design (Section 5.2) – This section details the design of the bioassay experiments 

using the quantitative data generated for the monohydroxybenzoic acids in Chapter 4.  

• Plant Growth Bioassay Results (Section 5.3) – This section reports the results from the two 

independent plant growth bioassays. Additionally photographs of the plants are included for 

phenotypical analysis. 

• Discussion (Section 5.4) – This section includes a detailed discussion interpreting the results 

and comparing them with the relevant scientific literature. 

 

 

5.2 BIOASSAY DESIGN – TREATMENT DOSAGES BASED ON DATA FROM 

CHAPTER 4 

The data from Chapter 4 was used in the design of these bioassays to investigate the role of salicylic 

acid and its isomers in seaweed extracts. The concentrations of 2-, 3- and 4-hydroxybenzoic acid in the 

Seasol seaweed extract after compensating for their recovery were calculated to be 137, 3409 and 1748 

µg/L, respectively. As shown in Table 1.7, studies investigating the exogenous application of important 

phytochemicals report dosage concentrations in molarity or mol/L. Therefore the aforementioned 

concentrations correlate to 0.992, 24.7 and 12.7 µM for 2-, 3- and 4-hydroxybenzoic acid in the 

concentrate, respectively. The positive treatment control in the bioassays was the Seasol seaweed 

extract (Commercial Seasol Concentrate) used at the recommended 1:400 dilution. As such the 

concentrations of 2-, 3- and 4-hydroxybenzoic acid in the diluted Seasol seaweed extract are 2, 62 and 

32 nM, respectively (when rounded to the nearest integer). These were the concentrations used 

throughout the bioassays both individually and in combination. Finally, water was used as one of the 

controls (negative control) to avoid any potential interactions of the monohydroxybenzoic acids with 

plant nutrients.   
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5.3 PLANT GROWTH BIOASSAYS RESULTS 

The liquid-based plant growth bioassays assessed the impact of salicylic acid and its isomers on plant 

growth and development, using tomato seedlings grown in a liquid growth system, by measuring five 

growth parameters: longest root length, root fresh and dry weight, and shoot fresh and dry weight. For 

the full methodology for all bioassay experiments see Section 2.7. The following section reports the 

results from the two independent plant growth bioassay experiments conducted in this study. 

 

5.3.1 Experiment 1 – Pilot Bioassay 

The first plant growth bioassay consisted of 7 treatment solutions, 2 controls treatments and 5 

treatments containing monohydroxybenzoic acids as described in Section 2.7.3. After 14 days of 

treatment the various parameters were measured. Data were subjected to two outlier tests to determine 

the presence of any outliers before being subjected to one-way ANOVA analysis at 5% significance 

level to assess treatment effects as described in Section 2.7.6. The Fisher Least Significant Difference 

(LSD) test was used to determine significant differences between the means. Full data and ANOVA 

statistical analyses are presented in Appendix C.1. The results reported below are separated into three 

sections: the impacts of the treatments on the longest root length, the impacts of the treatments on 

the root weight, and the impacts of the treatments on the shoot weight.   

 

5.3.1.1 Experiment 1 Root Length Results 

The longest root length of each tomato plant was measured by the method described in Section 2.7.5.1. 

Table 5.3.1.1 presents the collated data with the mean longest root length for each treatment along 

with the standard error of the means (n = 6); means denoted with the same letter do not differ 

significantly at P < 0.05.  

25) Table 5.3.1.1 Experiment 1 Longest Root Length Results 

 
Treatment 
 

 
Replicates 

 
Mean Longest Root Length 

(mm) 
T1) Seasol Control 6 49.2 ± 5.1b 

T2) Water Control 6 12.0 ± 3.8cd 

T3) 2-HBA 6 6.2 ± 1.2cd 

T4) 3-HBA 6 17.2 ± 3.5c 

T5) 4-HBA 6 15.5 ± 4.7cd 

T6) HBA Mix 6 3.7 ± 1.0d 

T7) Seasol + HBA Mix 6 84.7 ± 8.7a 
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46) Figure 5.3.1.1 Tomato longest root length after 14 days treatment with Seasol control, Water control, 2-

hydroxybenzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, a 2-, 3- & 4-hydroxybenzoic acid mix, and 
Seasol + 2-, 3- & 4-hydroxybenzoic acid mix. Error bars represent standard error of the means (n = 6). Means 

denoted with the same letter do not differ significantly at P < 0.05. 

 

Treatment 7 composed of Seasol + hydroxybenzoic acid mixture produced the mean longest root 

length at 84.7 mm which was significantly longer than all other treatments including the positive control 

Treatment 1 composed of Seasol which had a mean longest root length of 49.2 mm. Treatments 3 – 6 

did not significantly differ from the negative treatment control Treatment 2 composed of water.   

 

5.3.1.2 Experiment 1 Root Weight Results 

The fresh and dry root weight of each tomato plant was measured by the method described in Section 

2.7.5.2. Table 5.3.1.2 presents the collated data with the mean fresh and dry root weight for each 

treatment along with the standard error of the means (n = 6); means denoted with the same letter do 

not differ significantly at P < 0.05.  

26) Table 5.3.1.2 Experiment 1 Root Weight Results 

 
Treatment 

 
Replicates 

Mean Root Weight  
(g) 

Fresh Dry 
T1) Seasol Control 6 0.38 ± 0.02a 0.04 ± 0.01b 

T2) Water Control 6 0.09 ± 0.01bc 0.01 ± 0.00d 

T3) 2-HBA 6 0.06 ± 0.01c 0.01 ± 0.00d 

T4) 3-HBA 6 0.14 ± 0.01b 0.03 ± 0.00bc 

T5) 4-HBA 6 0.09 ± 0.03bc 0.02 ± 0.01cd 

T6) HBA Mix 6 0.06 ± 0.01*c 0.01 ± 0.00d 

T7) Seasol + HBA Mix 6 0.41 ± 0.02a 0.05 ± 0.00a 

* One outlier rejected (n = 5)  
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47) Figure 5.3.1.2 Tomato fresh root weight (A) and dry root weight (B) after 14 days treatment with Seasol 
control, Water control, 2-hydroxybenzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, a 2-, 3- & 4-

hydroxybenzoic acid mix, and Seasol + 2-, 3- & 4-hydroxybenzoic acid mix. Error bars represent standard error of 
the means (n = 6). Means denoted with the same letter do not differ significantly at P < 0.05. 

 

Treatment 7 had the largest mean fresh root weight at 0.41 g, although it did not significantly differ 

from the positive control Treatment 1 which had a mean fresh root weight of 0.38 g. Both Treatments 

1 and 7 were significantly different from the remaining 5 treatments. Treatment 4 composed of 4-

hydroxybenzoic acid had the largest mean fresh root weight of the individual hydroxybenzoic acid 

treatments at 0.14 g, however it was not significantly different from the negative control Treatment 2. 

Treatments 3 – 6 did not significantly differ from the negative control Treatment 2. Treatment 7 also 

produced the largest mean dry root weight of 0.05 g which was found to be significantly larger than 

the positive control Treatment 1 which had a mean dry root weight of 0.04 g. Treatment 1 did not 

significantly differ from Treatment 4 also, with the 3-hydroxybenzoic acid treatment producing a mean 

dry root weight of 0.03 g which was statistically comparable to the positive control. Treatments 3, 5 

and 6 all did not significantly differ from the negative control Treatment 2.  
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5.3.1.3 Experiment 1 Shoot Weight Results 

The fresh and dry shoot weight of each tomato plant was measured by the method described in Section 

2.7.5.3. Table 5.3.1.3 presents the collated data with the mean fresh and dry shoot weight for each 

treatment along with the standard error of the means (n = 6); means denoted with the same letter do 

not differ significantly at P < 0.05. 

 

27) Table 5.3.1.3 Experiment 1 Shoot Weight Results 

 
Treatment 

 
Replicates 

Mean Shoot Weight  
(g) 

Fresh Dry 
T1) Seasol Control 6 0.41 ± 0.02b 0.07 ± 0.01c 

T2) Water Control 6 0.43 ± 0.03b 0.08 ± 0.01bc 

T3) 2-HBA 6 0.52 ± 0.07ab 0.08 ± 0.01bc 

T4) 3-HBA 6 0.52 ± 0.03ab 0.11 ± 0.01a 

T5) 4-HBA 6 0.54 ± 0.04ab 0.10 ± 0.01ab 

T6) HBA Mix 6 0.44 ± 0.05b 0.08 ± 0.01bc 

T7) Seasol + HBA Mix 6 0.59 ± 0.05a 0.11 ± 0.01a 
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48) Figure 5.3.1.3 Tomato fresh shoot weight (A) and dry shoot weight (B) after 14 days treatment with Seasol 

control, Water control, 2-hydroxybenzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, a 2-, 3- & 4-
hydroxybenzoic acid mix, and Seasol + 2-, 3- & 4-hydroxybenzoic acid mix. Error bars represent standard error of 

the means (n = 6). Means denoted with the same letter do not differ significantly at P < 0.05. 

 

The largest fresh shoot weight was produced by Treatment 7 with 0.59 g, which was statistically 

comparable to Treatments 3, 4 and 5. The mean fresh shoot weight for Treatments 1 – 6 did not 

significantly differ. Treatment 7 also produced the largest mean dry shoot weight with 0.11 g which 

was statistically comparable to Treatments 4 and 5 which had mean dry shoot weights of 0.11 and 0.10 

g, respectively. Treatments 1 -3, and 6 all did not significantly differ with mean dry shoot weights 

between 0.7 and 0.8 g.  
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5.3.2 Experiment 2 – Repeatability Bioassay 

The second plant growth bioassay consisted of 7 treatment solutions, 2 controls treatments and 5 

treatments containing monohydroxybenzoic acids as described in Section 2.7.3. After 14 days of 

treatment the various parameters were measured. Data were subjected to two outlier tests to determine 

the presence of any outliers before being subjected to one-way ANOVA analysis at 5% significance 

level to assess treatment effects as described in Section 2.7.6. The Fisher Least Significant Difference 

(LSD) test was used to determine significant differences between the means. Full data and ANOVA 

statistical analyses are presented in Appendix C.2. The results reported below are separated into three 

sections: the impacts of the treatments on the longest root length, the impacts of the treatments on 

the root weight, and the impacts of the treatments on the shoot weight.   

 

5.3.2.1 Experiment 2 Root Length Results 

The longest root length of each tomato plant was measured by the method described in Section 2.7.5.1. 

Table 5.3.2.1 presents the collated data with the mean longest root length for each treatment along 

with the standard error of the means (n = 6); means denoted with the same letter do not differ 

significantly at P < 0.05.  

 

28) Table 5.3.2.1 Experiment 2 Longest Root Length Results 

 
Treatment 
 

 
Replicates 

 
Mean Longest Root Length 

(mm) 
T1) Seasol Control 6 73.3 ± 4.2a 

T2) Water Control 6 4.8 ± 0.9bc 

T3) 2-HBA 6 6.5 ± 0.8bc 

T4) 3-HBA 6 9.7 ± 0.6b 

T5) 4-HBA 6 6.8 ± 1.1bc 

T6) HBA Mix 6 2.8 ± 0.4c 

T7) Seasol + HBA Mix 6 72.5 ± 3.3a 
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49) Figure 5.3.2.1 Tomato longest root length after 14 days treatment with Seasol control, Water control, 2-

hydroxybenzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, a 2-, 3- & 4-hydroxybenzoic acid mix, and 
Seasol + 2-, 3- & 4-hydroxybenzoic acid mix. Error bars represent standard error of the means (n = 6). Means 

denoted with the same letter do not differ significantly at P < 0.05. 

 

The positive control Treatment 1 produced the mean longest root length at 73.3 mm. Treatment 7 was 

not significantly different with a mean longest root length of 72.5 mm. Treatments 3 – 6 did not 

significantly differ from the negative control Treatment 2, with mean longest root lengths ranging from 

2.8 – 9.7 mm.  

 

5.3.2.2 Experiment 2 Root Weight Results 

The fresh and dry root weight of each tomato plant was measured by the method described in Section 

2.7.5.2. Table 5.3.2.2 presents the collated data with the mean fresh and dry root weight for each 

treatment along with the standard error of the means (n = 6); means denoted with the same letter do 

not differ significantly at P < 0.05.  

29) Table 5.3.2.2 Experiment 2 Root Weight Results 

 
Treatment 

 
Replicates 

Mean Root Weight  
(g) 

Fresh Dry 
T1) Seasol Control 6 0.46 ± 0.04b 0.08 ± 0.02b 

T2) Water Control 6 0.09 ± 0.01c 0.02 ± 0.00d 

T3) 2-HBA 6 0.15 ± 0.02c 0.05 ± 0.01c 

T4) 3-HBA 6 0.15 ± 0.01c 0.05 ± 0.00cd 

T5) 4-HBA 6 0.12 ± 0.01c 0.04 ± 0.00cd 

T6) HBA Mix 6 0.09 ± 0.00c 0.04 ± 0.00cd 

T7) Seasol + HBA Mix 6 0.59 ± 0.03a 0.15 ± 0.01a 
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50) Figure 5.3.2.2 Tomato fresh root weight (A) and dry root weight (B) after 14 days treatment with Seasol 
control, Water control, 2-hydroxybenzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, a 2-, 3- & 4-

hydroxybenzoic acid mix, and Seasol + 2-, 3- & 4-hydroxybenzoic acid mix. Error bars represent standard error of 
the means (n = 6). Means denoted with the same letter do not differ significantly at P < 0.05. 

 

 

Treatment 7 produced the mean largest fresh root weight at 0.59 g which was statistically larger than 

the positive control Treatment 1 mean fresh root weight of 0.46 g. Treatment 1 was significantly 

different form the remaining Treatments 2 – 6, which were all statistically comparable with mean fresh 

root weights between 0.09 and 0.15 g. The dry root weight results were in reasonable agreement with 

the fresh root weight results. Treatment 7 again produced the largest mean dry root weight with 0.15 

g and was significantly larger than the positive control Treatment 1 which had a mean dry root weight 

of 0.08 g. Treatment 3 composed of 2-hydroxybenzoic acid was the only remaining treatment that was 

statistically different from the negative control with a mean dry root weight of 0.05 g. 
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5.3.2.3 Experiment 2 Shoot Weight Results 

The fresh and dry shoot weight of each tomato plant was measured by the method described in Section 

2.7.5.3. Table 5.3.2.3 presents the collated data with the mean fresh and dry shoot weight for each 

treatment along with the standard error of the means (n = 6); means denoted with the same letter do 

not differ significantly at P < 0.05.  

 

30) Table 5.3.2.3 Experiment 2 Shoot Weight Results 

 
Treatment 

 
Replicates 

Mean Shoot Weight  
(g) 

Fresh Dry 
T1) Seasol Control 6 0.93 ± 0.04a 0.12 ± 0.00a 

T2) Water Control 6 0.49 ± 0.05b 0.08 ± 0.00b 

T3) 2-HBA 6 0.55 ± 0.04b 0.08 ± 0.00b 

T4) 3-HBA 6 0.44 ± 0.05b 0.09 ± 0.00b 

T5) 4-HBA 6 0.48 ± 0.06b 0.08 ± 0.00b 

T6) HBA Mix 6 0.48 ± 0.05b 0.08 ± 0.00b 

T7) Seasol + HBA Mix 6 1.03 ± 0.04a 0.12 ± 0.00a 

 



181 
 

 
51) Figure 5.3.2.3 Tomato fresh shoot weight (A) and dry shoot weight (B) after 14 days treatment with Seasol 

control, Water control, 2-hydroxybenzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, a 2-, 3- & 4-
hydroxybenzoic acid mix, and Seasol + 2-, 3- & 4-hydroxybenzoic acid mix. Error bars represent standard error of 

the means (n = 6). Means denoted with the same letter do not differ significantly at P < 0.05. 

 

Treatment 7 produced the largest mean fresh shoot weight with 1.03 g but did not differ significantly 

to the positive control Treatment 1 which produced a mean fresh shoot weight of 0.93 g. Treatments 

2 – 6 were all statistically comparable with mean fresh shoot weights ranging from 0.44 – 0.55 g. The 

results for the dry shoot weight were in agreement with the fresh shoot weight, with Treatments 1 and 

7 producing the largest mean dry shoot weights of 0.12 g each which were significantly larger than the 

other treatments. Treatments 2 – 6 were all statistically comparable with mean dry shoot weights 

ranging from 0.08 – 0.09 g.  

 

 

 



182 
 

5.3.3 Phenotypical Observations 

To further supplement the quantitative data of the five plant growth parameters and to provide 

qualitative evidence for the effect of the various treatments on plant growth, photos of representative 

plants from each treatment were captured. These photos were captured on day 14 of Experiment 1 

prior to quantitative data collection.  

 

 

 
52) Figure 5.3.3 Representative tomato plants after 14 days treatment with Seasol control (T1), Water control (T2), 
2-hydroxybenzoic acid (T3), 3-hydroxybenzoic acid (T4), 4-hydroxybenzoic acid (T5), a 2-, 3- & 4-hydroxybenzoic 
acid mix (T6), and Seasol + 2-, 3- & 4-hydroxybenzoic acid mix (T7). A) Front-on view for observation of the root 

growth and, B) Top view for observation of shoot growth and health.   

 

The plants in Figure 5.3.3 show significant differences in root growth as well as visual plant health. 

Upon observing the seven plants in the front-on view (A) it can be seen that the root growth is most 

prominent in Treatment 7, followed by Treatment 1, then Treatment 4, with the remaining treatments 

seemingly having no effect in the promotion of adventitious roots. When observing the plants in the 

top view (B) the plants in Treatments 2 – 6 all look severely discoloured and unhealthy. Treatments 1 

and 7 however haven’t discoloured to the same degree, with Treatment 7 showing new growth that 

appears to be in good health. Suggesting the enhanced development of the root system promotes and 

supports overall plant health. 
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5.4 DISCUSSION 

The goal of this chapter was to determine the biological effects, on tomato seedlings, of salicylic acid 

and its two structural isomers (i) alone and (ii) in combination with the Seasol seaweed extract. Fresh 

and dry root and shoot weight data along with the longest root length data and phenotypical 

observations were used to evaluate the effects that different treatments had on tomato seedling growth 

and development. Two identical greenhouse experiments (with 6 replicates per treatment) were 

conducted to determine the effects of (i) individual aqueous monohydroxybenzoic acid solutions, (ii) 

an aqueous combination of all three monohydroxybenzoic acids, and (iii) fortifying the Seasol seaweed 

extract matrix with a combination of all three monohydroxybenzoic acids. The application rates of the 

monohydroxybenzoic acid treatment solutions (described above in Section 5.2) were based on the 

concentrations in the Seasol seaweed extract which were determined in Chapter 4. 

The research in this study found: 

(i) The main biological effect was a significant increase in tomato dry root weight when the 

monohydroxybenzoic acids were used in combination with the Seasol seaweed extract. 

(ii) The treatments using aqueous monohydroxybenzoic acid solutions alone did not 

demonstrate consistent biological effects at application rates mirroring the respective 

concentrations in the Seasol seaweed extract. 

(iii) Salicylic acid and its isomers in combination with the Seasol seaweed extract enhanced root 

weight growth, but no consistent effect on root length and shoot growth were observed. 

 

5.4.1 The Plant Growth Parameters 

5.4.1.1 Fresh Root Weight 

The individual aqueous monohydroxybenzoic acid solutions had no significant effect on fresh root 

weight in either experiment. In both experiments the only two treatments that differed significantly in 

fresh root weight from the water control were the Seasol control and the fortified Seasol. In 

Experiment 1 the Seasol control and the fortified Seasol were not significantly different however, in 

Experiment 2 the fortified Seasol produced plants with significantly larger fresh root mass. This 

suggests that fortification of the Seasol seaweed extract with a combination of the 

monohydroxybenzoic acids significantly enhanced root growth.  
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5.4.1.2 Dry Root Weight 

Significant effects were observed for dry root weight when treated with aqueous hydroxybenzoic acid 

solutions; with the aqueous 3-hydroxybenzoic acid treatment in Experiment 1, and the 2-

hydroxybenzoic acid treatment in Experiment 2 producing plants with a significantly larger dry root 

weight than the water control. In Experiment 1 the Seasol control, aqueous 3-hydroxybenzoic acid 

treatment and fortified Seasol produced plants with significantly larger dry root mass. Furthermore, 

the results of Experiment 1 suggest that fortification of the Seasol seaweed extract with the 

monohydroxybenzoic acids enhanced root growth when measured assessing dry root weight. 

Additionally in Experiment 1, the aqueous 3-hydroxybenzoic acid treatment was not significantly 

different from the Seasol control, demonstrating efficacy for root growth. Experiment 2 saw a repeat 

of the results observed for the Seasol control and fortified Seasol, whereby the fortified Seasol 

produced plants with significantly larger dry root mass, as shown below in Figure 5.4.1.2. In 

Experiment 2 the aqueous 2-hydroxybenzoic acid treatment produced plants that had significantly 

larger dry root mass than the water control. The dry root weight results across both experiments 

suggest that the fortification of the Seasol seaweed extract increased its root growth potential, but 

experimental results were inconsistent for the individual aqueous monohydroxybenzoic acid solutions 

as each experiment returned differences in the significance of the effects of 2- and 3-hydroxybenzoic 

acid. 

 

 
53) Figure 5.4.1.2 Tomato seedling dry root weight after 14 days treatment with Seasol control and Seasol + 2-, 
3- & 4-hydroxybenzoic acid mix in Experiments 1 and 2. Error bars represent standard error of the means (n = 6). 

Means denoted with the same letter do not differ significantly at P < 0.05. 
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5.4.1.3 Longest Root Length 

In both experiments the only two treatments that were statistically different from the water control 

were Treatments 1 and 7, the Seasol control and fortified Seasol, respectively. In Experiment 1 the 

Seasol control and the fortified Seasol were statistically different from one another, with the fortified 

Seasol producing significantly longer roots than the Seasol control. Additionally the longest root length 

recorded across both experiments was a plant being treated with the fortified Seasol in Experiment 1 

with a longest root length of 119 mm. In Experiment 2 the Seasol control and fortified Seasol were 

not significantly different from one another. Both experiments demonstrate the efficacy of the Seasol 

seaweed extract for enhancing root growth, with the results from Experiment 1 suggesting that 

fortification of the Seasol seaweed extract with a mixture of the monohydroxybenzoic acids may 

significantly increase its root growth promoting effects. 

 

 5.4.1.4 Fresh and Dry Shoot Weight 

The various treatments did not have a significant effect on the fresh and dry shoot weights. Experiment 

1 returned variable results in which there was no significant difference in fresh or dry shoot mass 

between the Seasol control Treatment 1 and the water control Treatment 2. The largest observed fresh 

and dry shoot mass in Experiment 1 was the fortified Seasol. Experiment 2 returned results that better 

reflected the root growth observed, with the Seasol control and fortified Seasol treatments being 

statistically larger in both fresh and dry shoot mass than the water control Treatment 2. There was no 

significant difference between the Seasol control Treatment 1 and fortified Seasol Treatment 7 in fresh 

and dry shoot mass in Experiment 2. The fresh and dry shoot weight results failed to provide any 

significant evidence to demonstrate efficacy of any of the treatments containing monohydroxybenzoic 

acids that could be distinguished from the effects of the Seasol seaweed extract. 

 

5.4.2 The Study and the Broader Scientific Literature 

When comparing to other studies in the scientific literature the first critical point that needs to be 

addressed is the dosages employed throughout this study relative to the dosages used by others. The 

dosages employed in the studies listed in Table 1.7 in Chapter 1 ranged on average from 0.1 – 10 mM, 

which are far above the dosages employed in this study which were between 2 – 62 nM. Furthermore, 

in the review article by Koo et al. it is stated that doses above 2 mM are considered ‘high’ and they 

suggest that efficacy screening be conducted at concentrations in the range of micromolar to low 

millimolar 173. The reasoning behind the low concentration range is due to inhibitory effects observed 

at high concentrations 57, 58, 173. Phytochemicals like salicylic acid have a range of concentrations where 
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promoting effects are observed, above which the application can be inhibitory; these hormetic effects 

are why lower concentrations are recommended. A major consideration of the outcomes from this 

study is the very low dosages employed and therefore, the treatments where no significant efficacy was 

observed could still have potential and instead require further assessment of a wider range of 

concentrations.  

 

5.4.2.1 Plant Efficacy of Monohydroxybenzoic Acids Alone  

In this study both 2- and 3-hydrobenzoic acid showed some bioefficacy alone, with increased dry root 

weight observed for each compound. This was not repeatable though as 2-hydroxybenzoic acid 

increase dry root weight in Experiment 2 but not in Experiment 1, and vice versa for 3-hydroxybenzoic 

acid.  

 

There is significant evidence to support salicylic acid’s (2-hydroxybenzoic acid) role in plant growth 

and development, it is does however have promoting or inhibiting effects when applied exogenously 

depending on its concentration, the plant growth conditions and developmental stages 58, 60, 173. In 

Experiment 2 treatment with 2 nM aqueous salicylic acid saw a significant increase in root growth 

when assessing dry root weight when compared to the water control. Whilst this result was not 

observed in both experiments, this result does support other studies where the exogenous application 

of salicylic acid promoted plant growth and development 57, 58, 176, 190, 267-269. As previously stated the 

concentration of the treatment containing salicylic acid that elicited a significant root growth promoting 

response in Experiment 2 is lower than the levels used in most other studies; therefore, further 

investigation with a wider range of concentrations would be recommended to assess optimal levels for 

plant growth promotion. Additionally, investigating a wide range of concentrations could lead to the 

observation of the hormetic effects that are reported in the literature; as there are reports of high levels 

of salicylic acid being detrimental to plant growth and development 57, 58, 173. An example of salicylic 

acid’s hormetic effects with respects to root growth is a study conducted by Pasternak et al., in which 

they demonstrated that salicylic acid influenced Arabidopsis root growth in a concentration-dependent 

manner 270. Pasternak et al. found that treatment with salicylic acid below 50 µM promoted adventitious 

roots whereas treatments above 50 µM inhibited all growth processes, proposing that low-

concentration of salicylic acid plays an important role in root meristem structure 270.   
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The increase in root growth observed following treatment with 3-hydroxybenzoic acid in Experiment 

1 provides significant interest owing to it being the monohydroxybenzoic acid that is least explored 68, 

242. Furthermore the observed increase in dry root weight was not only significantly different from the 

water control, but was statistically comparable to the Seasol control treatment being used as the 

experimental positive control. Very little information is available regarding the assessment of 

bioefficacy of 3-hydroxybenzoic acid in crops of agronomic significance. One study investigating the 

autotoxicity of root exudates from taro assessed the allelopathic potential for 3-hydroxybenzoic acid 

and found no significant inhibition of taro plantlet growth 271. That same research group investigated 

autotoxic substances in eight leafy vegetables, finding that plants treated with 3-hydroxybenzoic acid 

exhibited significantly inhibited growth in two out of the eight vegetable species 272.  

 

A study investigating the growth stimulation/inhibition effects of 4-hydroxybenzoic acid on a 

freshwater green alga also investigated 3-hydroxybenzoic acid, they observed that 3-hydroxybenzoic 

acid stimulated algal growth weakly but not to a statistically significant extent 72.  This study highlights 

an important and often underestimated notion for efficacy studies, that the complexity and 

sophisticated balancing act of the growth and immunity pathways requires synergistic effects 173. 

Various phytochemicals working in harmony/disharmony are often required to provide the optimal 

response to external stimuli. For this reason biological efficacy studies sometimes include treatments 

that involve a combination of different phytohormones alongside individual treatments 57, 61, 186. A 

study investigating the chilling tolerance in cold-stored lemons assessed both methyl jasmonate and 

salicylic acid individually and in combination for their effects on improving the chilling tolerance, 

finding that a combination of the two offered the most significant improvements 188. To investigate 

salicylic acid’s role in root growth it has been paired with both hydrogen peroxide and indoleacetic acid 

(IAA), finding synergistic effects in regulating adventitious rooting 273.  

 

5.4.2.2 Plant Efficacy of Monohydroxybenzoic Acids in Combination with 

Seasol Seaweed Extract 

The most important outcome from this study is that tomato root growth (measured as root weight) 

was significantly increased when the Seasol seaweed extract was fortified with a combination of three 

similarly structured monohydroxybenzoic acids: salicylic acid (2-hydroxybenzoic acid), 3-

hydroxybenzoic acid and 4-hydroxybenzoic acid. 
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Treatment 7 comprised of the 1:400 dilution of Seasol seaweed extract (Seasol Commercial 

Concentrate) fortified with a combination of all three monohydroxybenzoic acids had the most 

significant results of all treatments investigated. However, the results produced from treatment with 

the fortified Seasol for longest root length and fresh root weight were not repeated across both 

experiments. Consequently, the dry root weight is the recommended assessment for further testing 

based on concentrations identified in the Seasol seaweed extract. The variability in fresh weight is not 

uncommon as Huang et al. report that fresh weight determination is less reliable and instead 

recommend dry weight determination be used for plant growth promotion tests 206.  

 

The increase in root biomass is an important plant growth parameter to assess as increased root 

biomass is associated with enhanced uptake and accumulation of water and important nutrients such 

as nitrogen and sulphur 15. This improves plant growth overall, enhances the nutritional value of food 

crops, and can increase the efficiency of nutrient/water usage in plants which is critical for crops in 

dealing with the worsening environmental stresses such as drought 1, 15. Seaweed biostimulants have 

been shown to increase root biomass both on their own and in combination with other additives such 

as N-P-K fertilizer and humic acid 15, 24, 30. The combination of seaweed extracts and salicylic acid has 

also been explored, with several studies investigating the use of seaweed extracts and salicylic acid 

individually and in combination finding that a combination had the most significant effects 264-266. The 

results in the study conducted by El-Kareem and El-Rahman on the response of Ruby seedless 

grapevines to foliar application share similarities with the observations made in this study. In that study 

the combination of a seaweed extract (A.nodosum) with salicylic acid and roselle extract stimulated main 

shoot length, leaf area and percentages of N, P and K in the leaves 265.  

 

The plant growth benefits of seaweed extracts/biostimulants are extensively reported in the scientific 

literature. It is established that their physiological responses are not simply due to nutrient fertilization, 

but rather the complex compositions of seaweed extracts which includes a diverse range of biologically 

active constituents such as phytohormones 1, 15, 23, 24, 26, 27. The Seasol seaweed extract control is expected 

to produce significant plant growth, particularly root growth in the bioassay and the hypothesis was 

that one or potentially all of the monohydroxybenzoic acids may have a role in the observed benefits. 

Interestingly, there was no available literature investigating the effects of a combination of all three 

monohydroxybenzoic acid in combination with seaweeds extracts on plant growth, making this proof-

of-concept study a significant first. This study set out to investigate the role of monohydroxybenzoic 

acid’s role in the biological effects of seaweed extracts and found that the fortification of the seaweed 
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extract with a combination of the monohydroxybenzoic acids had a significant effect on root growth 

when measuring dry root weight. These results point towards a potentially novel mechanism involving 

the synergy of all three monohydroxybenzoic acids in combination, possibly with further unknown 

constituents in the seaweed extract matrix. Therefore it is possible to identify and select for specific 

combinations of synergistic molecules in order to achieve a desired phenotypical outcome. 

 

Trials using fractions of seaweed extracts have reported that no single fraction was able to replicate all 

of the effects observed when the original seaweed extract was used 274. The combined effect of a 

complex seaweed extract is more than the sum of their independent effects 13, 274. This school of 

thought is not just prominent within the field of biostimulants and sustainable agricultural practices 

but also in many other fields including the treatment of human diseases; where single compound 

antibiotics are becoming problematic due to microbial resistance and investigations into combinations 

of phytochemicals and their synergistic antimicrobial activity represent a possible source of effective 

and safe antimicrobial agents 16. 
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5.4 CONCLUSION 

The results from this study indicate that the monohydroxybenzoic acids play a biological role in the 

effects of seaweed extracts on plant growth, potentially through a novel mechanism. Made possible by 

the analytical research conducted in Chapters 3 and 4, this plant growth study developed using the 

quantitative data from Chapter 4 excitingly provides a significant foundation for the further 

investigation into the benefits of seaweed biostimulants and some of their important biologically active 

constituents, hydroxybenzoic acids.  

The observations of synergistic effects of the monohydroxybenzoic acids in combination with the 

Seasol seaweed extract significantly enhancing tomato seedling root growth is an important step 

forward in our understanding of crop management, providing further evidence and insights for the use 

of seaweed biostimulants as a sustainable agricultural practice. The synergistic effects of seaweed 

extracts as biostimulants is one of their greatest attributes, given that crops are often faced with 

multiple/combined abiotic and biotic constraints which are only forecast to increase in severity owing 

to climate change. Consequently, as Rouphael and Colla state: “research on the potential synergistic 

effects among plant biostimulants should be at the core of future efforts in addressing global food 

security, complimented by sustainable and optimised use of nutrients” 275.  

It is recommended that the further investigation of the role of monohydroxybenzoic acids in seaweed 

extracts aim to assess the impacts of fortifying the Seasol seaweed extract with individual 

monohydroxybenzoic acids, and at different dosages. The further testing could include other seaweed 

extracts with different combinations of the monohydroxybenzoic acids. Given the research conducted 

in Chapter 3 alluded to the possibility of a wide variety of similar compounds being present in the 

seaweed biostimulants it is also recommended that further analytical research be conducted to provide 

the  required quantitative data to develop future plant bioassays. If the ultimate goal is to optimise the 

plant’s growth-immunity balance to maximise both yield and immune resilience, then this research 

highlights that a combination of plant protector molecules like salicylic acid with seaweed biostimulants 

could be biologically efficacious. Additionally, synergistic combinations of hydroxybenzoic acids and 

important plant protector/growth-promoting molecules at concentrations found in seaweed 

biostimulants could be an emerging concept to improve crop productivity; demonstrating the need for 

further research. 

The chapter’s key observations, significant findings and future research prospects are further discussed 

in Chapter 6. 
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CHAPTER 6: SUMMARY AND FURTHER WORK 
 

6.1 GENERAL CONCLUSION 

The chemical analysis of the commercial seaweed biostimulant investigated in this study confirmed the 

presence of important hydroxybenzoic acids and other related derivatives. These include the 

monohydroxybenzoic acids, two dihydroxybenzoic acids, syringic acid and anthranilic acid. The 

identification of these important phytochemicals in a commercial seaweed biostimulant further 

characterises biologically active constituents present within the complex seaweed extracts. Quantitative 

determinations of the monohydroxybenzoic acids provided the data necessary for the investigation 

into their biological role in seaweed biostimulants. Preliminary results from which revealed that they 

may synergistically effect plant growth through a potentially novel mechanism. This research provides 

insights into the applicability of seaweed biostimulants and their biologically active constituents for the 

optimisation of plant growth and stress tolerance; consequently increasing seaweed biostimulants’ 

contribution to improving global agricultural productivity in order to meet growing food demands. 

The three major discoveries from this research and to the best of our knowledge reported for the first 

time are: 

• the presence of 2-hydroxybenzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, 2,3-

dihydroxybenzoic acid, 3,4-dihydroxybenzoic acid, 4-hydroxy-3,5-dimethoxybenzoic acid and 

2-aminobenzoic acid in a commercial seaweed biostimulant (Chapter 3) 

• the quantitative determination of salicylic acid (2-hydroxybenzoic acid) and its isomers (3- and 

4-hydroxybenzoic acid) in a commercial seaweed biostimulant (Chapter 4) 

• synergistic effects of salicylic acid and its isomers in combination with a commercial seaweed 

biostimulant significantly enhancing tomato seedling root growth (Chapter 5) 
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6.2 CHAPTER OUTCOMES AND KNOWLEDGE CONTRIBUTION 

6.2.1 Chapter 3 – Method Development for the Targeted Metabolomic 

HPLC-ESI-MS/MS Qualitative Analysis of Hydroxybenzoic Acids and 

Related Derivatives in a Commercial Seaweed Biostimulant. 

A preliminary HPLC-ESI-MS/MS method was developed for the qualitative analysis of 

monohydroxybenzoic acids in a commercial seaweed biostimulant that allowed for separation and 

identification, using retention time matching and MS2 spectra matching from product ion scanning 

data. The method developed demonstrated the power of combining HPLC with MS/MS analysis for 

qualitative investigations of important phytochemicals in a commercial seaweed biostimulant. The 

significant finding of this part of the study was: 

• All three monohydroxybenzoic acid isomers were successfully characterised in the commercial 

seaweed biostimulant 

 

The success of the preliminary method for the monohydroxybenzoic acids led to the development and 

optimisation of HPLC-ESI-MS/MS methods for the analysis of hydroxybenzoic acids and related 

derivatives in a commercial seaweed biostimulant. This investigation was in two parts (i) the 

investigation into the optimal MS/MS conditions for the analysis of the various derivatives and (ii) the 

investigation into the chromatographic behaviour of the various derivatives on both C18 and the less 

explored biphenyl reversed phase stationary phases. The different retention mechanisms of the 

biphenyl column showed great potential for the separation of these aromatic compounds when using 

protic/methanol based mobile phases. This was best highlighted by the successful separation of all six 

dihydroxybenzoic acid isomers in under 6 minutes with good resolution, believed to be the first 

reported separation of all six on any reversed phase column. The MS/MS study delivered the necessary 

MRM data for the various derivatives including: 

• A unique positive ionisation mode MRM transitions of m/z 213  154 was successfully 

employed for the analysis of eudesmic acid 

The novel reversed phase system employing the biphenyl stationary phase with 

methanol/water/formic mobile phases produced a number of significant findings, including: 

• Separation of all three monohydroxybenzoic acids on a biphenyl stationary phase using a 

methanol/water/formic mobile phase 

• All six dihydroxybenzoic acids were separated in a single chromatographic run 
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• All six dihydroxybenzoic acids were separated on a biphenyl stationary phase using a 

methanol/water/formic mobile phase 

• Three trihydroxybenzoic acids were separated on a biphenyl stationary phase using a 

methanol/water/formic mobile phase 

 

 The preliminary qualitative investigation of hydroxybenzoic acids and related derivatives in a 

commercial seaweed biostimulant using the HPLC-ESI-MS/MS methods developed and optimised in 

this study positively identified pyrocatechuic acid, protocatechuic acid, syringic acid and vanillic acid. 

Additionally, there were a number of peaks in the sample chromatogram that shared characteristic 

MRM transitions, indicating the presence of other related and potentially novel derivatives. The sample 

chromatograms also alluded to the presence of matrix effects via ionisation suppression which require 

further characterisation if future research hopes to develop qualitative and quantitative methods for 

the analysis of other important phytochemicals in these matrices. The significant findings of this part 

of the study were: 

• The tentative identification of 2,3-dihydroxybenzoic acid, 3-4,dihydroxybenzoic acid, 4-

hydroxy-3,5-dimethoxybenzoic acid and 2-aminobenzoic acid in a commercial seaweed 

biostimulant. This commercial seaweed biostimulant is prepared from D.potatorum and 

A.nodosum and therefore: 

o The first reported identification of 2,3-dihydroxybenzoic acid, 3,4-dihydroxybenzoic 

acid, 4-hydroxy-3,5-dimethoxybenzoic acid and 2-aminobenzoic acid in a seaweed 

extract prepared from D.potatorum 

o The first reported identification of 2,3-dihydroxybenzoic acid and 2-aminobenzoic 

acid in a seaweed extract prepared from A.nodosum 

 

6.2.2 Chapter 4 – Method Optimisation and Validation for the Targeted 

Metabolomic HPLC-ESI-MS/MS Quantitative Analysis of 

Monohydroxybenzoic Acids in a Commercial Seaweed Biostimulant. 

A novel sample preparation method employing the acidified acetonitrile partitioning step from 

Quechers methodology along with mixed-mode reversed phase and strong anion-exchange SPE was 

successfully adapted and optimised for the selective extraction and preconcentration of the 

monohydroxybenzoic acids. The methodology for the mixed-mode SPE utilised a unique ‘flipping’ of 
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the target analytes on column by taking advantage of their acid-base chemistry, achieved by varying the 

pH of the wash solutions.  

The newly developed quantitative method was partially validated following NATA protocols. The 

following parameters were evaluated for each monohydroxybenzoic acid: linearity, instrument 

repeatability, method repeatability, instrument limit-of-detection (IDL), instrument limit-of-

quantitation (IQL), matrix effects and method recovery. The method was found to be fit-for-purpose 

with all evaluated parameters being deemed suitable for the analysis of all three monohydroxybenzoic 

acids, with method recoveries of 73.5, 75.0 and 87.3 % for 2-, 3- and 4-hydroxybenzoic acid, 

respectively. Significant matrix effects were observed for the analysis of 2-hydroxybenzoic acid which 

were compensated for through the use of standard addition calibration. 

The fit-for-purpose quantitative method was used to determine the concentrations of 2-, 3- and 4-

hydroxybenzoic acid in a commercial seaweed biostimulant and these were found to be 137, 3409 and 

1748 µg/L, respectively. This is believed to be the first time that all three monohydroxybenzoic acids 

had been detected and quantitatively determined in a commercial seaweed biostimulant. Furthermore, 

it is also believed to be the first reporting of salicylic acid and 3-hydroxybenzoic acid in an extract of 

the seaweeds species D.potatorum and A.nodosum, and 4-hydroxybenzoic acid in D.potatorum. The 

quantitative data was crucial for the development of the plant growth bioassays conducted in Chapter 

5, which used dosages relative to the concentrations determined in the commercial seaweed 

biostimulant. The significant findings of this part of the study were: 

• The detection and quantitative determination of 2-hydroxybenzoic acid, 3-hydroxybenzoic 

acid and 4-hydroxybenzoic acid in a commercial seaweed biostimulant. This commercial 

seaweed biostimulant is prepared from D.potatorum and A.nodosum and therefore: 

o The first reported detection and quantitative determination of 2-hydroxybenzoic acid, 

3-hydroxybenzoic acid and 4-hydroxybenzoic acid in a seaweed extract prepared from 

D.potatorum 

o The first reported detection and quantitative determination of 2-hydroxybenzoic acid, 

and 3-hydroxybenzoic acid in a seaweed extract prepared from A.nodosum 

 

6.2.3 Chapter 5 – The Biological Role of Salicylic Acid and its Isomers in 

Seaweed Extracts  

The impact of salicylic acid and its isomers on plant growth was assessed using a liquid-based plant 

growth bioassay in two independent experiments. The treatments using aqueous monohydroxybenzoic 
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acid solutions alone and in combination did not demonstrate consistent biological effects at 

concentrations similar to the seaweed biostimulant. Both 2-hydroxybenzoic acid and 3-hydroxybenzoic 

acid produced significant increases in dry root weight, however these results were not repeatable across 

both experiments.  

The fortification of the Seasol seaweed extract with a combination of the monohydroxybenzoic acids 

enhanced root weight growth, however no consistent effect was observed on root length or shoot 

growth. The statistically significant increase in root growth as measured by the increase in dry root 

weight from the fortification of the Seasol seaweed extract was the most important outcome from the 

bioassay experiments. This is the first report of all three monohydroxybenzoic acids being tested for 

synergistic effects on plant growth, and the results point towards a potentially novel mechanism 

involving all three monohydroxybenzoic acids, possibly with other unknown constituents of the 

complex seaweed biostimulant matrix. The significant finding of this part of the study was: 

• Fortification of the Seasol seaweed extract with a combination of the monohydroxybenzoic 

acids significantly enhanced root growth of tomato seedlings 

o The results suggest a potentially novel synergistic mechanism involving the 

monohydroxybenzoic acids and Seasol seaweed extract matrix for improve plant root 

growth 
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6.3 RECOMMENDATIONS FOR FUTURE RESEARCH 

With respect to future research, a number of interesting observations and results have been identified 

as needing further investigation: 

• A natural extension to the qualitative study is further mass spectrometric confirmation of the 

peaks identified through retention time matching. Identification of more characteristic 

fragments and mass spectral matching of the sample peaks with pure reference compounds 

would provide more supporting evidence for their presence.  

• Additionally, to help with the identification of the unidentified peaks in the sample 

chromatograms, it would be advantageous to acquire more reference standards of similar 

derivatives of agricultural importance (for example isovanillic acid).  

• Other work could include the characterisation of the unidentified peaks in the preliminary 

qualitative analysis sample chromatograms using an untargeted metabolomic approach. It is 

possible that some of those unidentified peaks could be novel compounds so an untargeted 

analysis approach could help to provide enough structural information for a tentative 

identification; following which isolation from the sample and supporting confirmative 

structural elucidation by NMR would be highly valuable.  

• Where necessary, for example the trihydroxybenzoic acids, further optimisation of the 

chromatography in the sample would help with the separation and identification of closely 

eluting peaks. This would include further investigation and optimisation using the biphenyl 

stationary phase which was shown to have great potential for these types of compounds. 

• It would be advantageous to explore the possibility of examining the seaweed species 

individually to investigate the presence of these derivatives endogenously, as the compounds 

identified may be degradation products that result from biostimulant manufacturing processes. 

The chromatographic methods developed in this study provide as excellent foundation to the 

analysis of the seaweed species and one would postulate that the sample preparatory 

procedures would need the most attention to investigate the seaweed materials. 

• If any of the identified derivatives were to be investigated for their biological activity and/or 

role in the seaweed biostimulants bioactivity in improving plant growth and/or stress tolerance 

then quantitative data would be required. The qualitative methods developed serve as ideal 

foundations to develop quantitative methods, which could be tested using the same method 

validation procedure employed in this study. 

• The quantitative method for the analysis of the monohydroxybenzoic acids could be used for 

batch analysis of the biostimulants to assess variability could be a useful tool for identifying 
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natural ways to increase the concentration of the monohydroxybenzoic acids in the seaweed 

biostimulants, which may help to optimise their impact on agricultural productivity. 

• An obvious aim of further work following on from the plant growth bioassay study is to 

investigation the impacts of fortifying the seaweed biostimulant with individual 

monohydroxybenzoic acids. Furthermore, similar experiments should be conducted at various 

dosages in an attempt to identify an optimal dosage or range.  

• Quantitative data for the other identified derivatives would allow for the investigation into 

their biological role in the seaweed biostimulant using the same bioassay methodology.  

• The synergistic effects observed in the bioassay study highlight the need for further research 

characterising and profiling the biologically active components of the seaweed biostimulants, 

possibly allowing for the selection of specific combinations of molecules that act synergistically 

to provide a desirable phenotypical response. 
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APPENDIX A – SUPPLEMENTAL DATA FOR CHAPTER 3 

A.1 PRODUCT ION SCAN MS2 MASS SPECTRA 

2-hydroxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 

 

3-hydroxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 
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4-hydroxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 

 

2,3-dihydroxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 
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2,4-dihydroxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 

 

2,5-dihydroxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 
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2,6-dihydroxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 

 

3,4-dihydroxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 

 

 

 

 

 



217 
 

3,5-dihydroxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 

 

2,3,4-trihydroxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 
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2,4,6-trihydroxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 

 

3,4,5-trihydroxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 
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4-hydroxy-3-methoxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 

 

4-hydroxy-3,5-dimethoxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 
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3,4-dimethoxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 

 

3,4,5-trimethoxybenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 
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2-aminobenzoic acid 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 

 

 

  



222 
 

A.2 HYDROXYBENZOIC ACID RELATED DERIVATIVES LC 

INVESTIGATION CHROMATOGRAMS 

 

 

 
Chromatograms of vanillic (blue) and syringic (red) acids on the Polaris C18, Raptor C18, and Raptor Biphenyl 
columns respectively; all with an acetonitrile/water mobile phase with formic acid modification run under the LC-

MS/MS conditions outlined in (Chapter 2.6.2.3). 
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Chromatograms of vanillic (blue) and syringic (red) acids on the Polaris C18, Raptor C18, and Raptor Biphenyl 

columns respectively; all with a methanol/water mobile phase with formic acid modification run under the LC-MS/MS 
conditions outlined in (Chapter 2.6.2.3). 
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Chromatograms of veratric (blue) and eudesmic (red) acids on the Polaris C18, Raptor C18, and Raptor Biphenyl 
columns respectively; all with an acetonitrile/water mobile phase with formic acid modification run under the LC-

MS/MS conditions outlined in (Chapter 2.6.2.3). 
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Chromatograms of veratric (blue) and eudesmic (red) acids on the Polaris C18, Raptor C18, and Raptor Biphenyl 

columns respectively; all with a methanol/water mobile phase with formic acid modification run under the LC-MS/MS 
conditions outlined in (Chapter 2.6.2.3). 
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Chromatograms of anthranilic acid on the Polaris C18, Raptor C18, and Raptor Biphenyl columns respectively; all 

with an acetonitrile/water mobile phase with formic acid modification run under the LC-MS/MS conditions outlined in 
(Chapter 2.6.2.3). 
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Chromatograms of anthranilic acid on the Polaris C18, Raptor C18, and Raptor Biphenyl columns respectively; all 
with a methanol/water mobile phase with formic acid modification run under the LC-MS/MS conditions outlined in 

(Chapter 2.6.2.3). 
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A.3 PRODUCT ION SCAN (POSITIVE MODE) MS2 MASS SPECTRA 

 

3,4-dimethoxybenzoic acid (Positive Ion Mode) 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 

 

3,4,5-trimethoxybenzoic acid (Positive Ion Mode) 

 
Mass spectra from product ion scans at collision energies of 10 V (top) and 20 V (below) 
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APPENDIX B – SUPPLEMENTAL DATA FOR CHAPTER 4 

B.1 LINEARITY DATA 

 

B.2 RESPONSE FACTOR DATA 
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B.3 RESIDUALS DATA 

 

B.4 INSTRUMENT REPEATABILITY DATA 
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B.5 INSTRUMENT DETECTION AND QUANTITATION LIMITS DATA 

 

 

 

B.6 METHOD REPEATABILITY DATA 
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B.7 MATRIX EFFECTS AND RECOVERY DATA 
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B.8 RECOVERY CALCULATIONS TABLE 

 

B.9 QUANTITATION DATA FOR MONOHYDROXYBENZOIC ACIDS 
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APPENDIX C – SUPPLEMENTAL DATA FOR CHAPTER 5 

C.1 EXPERIMENT 1 DATA 
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C.2 EXPERIMENT 2 DATA 
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