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PREFACE 

This Ph.D. project entitled “Valorization of red seaweed biomasses towards future sustainability 

(VALSEA), Multi-extraction of Bioactive Compounds from Macroalgae” was carried out at the 

National Food Institute (DTU Food), Technical University of Denmark (DTU) and was supervised 

by Professor Charlotte Jacobsen (main supervisor) and Associate Professor Susan Løvstad Holdt as 

co-supervisor from the National Food Institute (DTU Food). This Ph.D. project started on February 

1, 2016, and continued until July 2, 2019, with three months interruption as paternity leave.  

This Ph.D. project was funded and supported by GUDP (Green Development and Demonstration 

Programme) with the journal number of 34009-15-1029. The VALSEA project was carried out in 

collaboration with four industrial partners, including CP Kelco, GEA Process Engineering, Nordisk 

Tang, and Third Wave Nutrition. The overall goal of VALSEA is to develop an extraction procedure 

that will not focus on carrageenan or furcellaran as a single extraction but will be a multi-extraction 

process containing proteins in order to turn present waste into valuable products. In order to achieve 

its objective, the research focused on all steps of the value chain, comprising extraction and recovery 

of valuable compounds including protein, their drying as well as testing them in food products. The 

project investigated three red seaweeds, namely: Eucheuma denticulatum, Furcellaria lumbricalis, 

and Palmaria palmata. 

The project also included an external research stay. The external research was conducted at the 

Section for Plant Glycobiology, Department of Plant and Environmental Sciences, University of 

Copenhagen (KU), Denmark and Associate Professor Andreas Blennow supervised the work. 

I have attended several conferences for the dissemination of my Ph.D. studies as oral and poster 

presentations. These were great opportunities to meet new people and share my findings. 

Alireza Naseri 

July 2, 2019 

Kgs. Lyngby, Denmark 
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SUMMARY 

Due to the increase in the global population, the demand for food will increase dramatically during 
the coming 30 years and worldwide food production is facing substantial challenges. It is predicted 
that protein as a primary nutrient may be in short supply in the future. Hence, it is widely accepted 
that alternative sources and production methods for protein are needed. Seaweeds are already an 
essential resource in the food industry where they are used for production of for example, stabilizing 
agents. Moreover, seaweeds are rich in both minerals and essential trace elements. In addition, 
seaweed is a viable alternative source of protein. Some species of seaweed are known to contain 
protein levels up to 47%. The use of seaweed for protein production has several benefits compared 
with traditional high-protein crop use. For example, seaweeds have a higher protein yield per unit 
area and do not require freshwater to grow. 

Currently, only carrageenan and furcellaran are extracted from seaweed in large scale while all other 
compounds proteins, antioxidants, and pigments are wasted. Thus, it would be advantageous to have 
a method of preparing carrageenan/furcelleran where other bioactive compounds from seaweed can 
be extracted as value-added products without decreasing the carrageenan/furcelleran yield or 
introducing adverse effects on their functional quality. . The global carrageenan and furcellaran 
production in 2014 amounted to 60,000 tonnes with a value of US$ 626 million. From this, it can be 
estimated that the total dried seaweed consumption for this production was at least 300,000 tonnes 
per year. The protein content of these types of seaweed is typically in the range 4–28%. If just half of 
the total amount of protein could be extracted, more than 20,000 tonnes per year of a new, high-value 
protein product would be obtained.  

The main hypotheses of this PhD study are that enzyme-assisted extraction (EAE) is the best method 
to extract proteins from Eucheuma denticulatum, Palmaria palmata and Furcellaria lumbricalis. 
EAE should be followed by alkaline extraction to increase the efficiency of protein extraction, and 
the protein extraction has no adverse effect on the carrageenan and furcellaran quality. Therefore, the 
main focus of the present PhD study has been to design and develop a method to extract protein from 
Palmaria palmata that can be implemented in large scale and also to extract both protein and 
carrageenan/furcellaran from Eucheuma denticulatum and Furcellaria lumbricalis. In order to avoid 
detrimental effects on carrageenan and furcellaran, there was a pre-defined framework that all the 
experiments were performed at pH 7 at room temperature. Moreover, the isolated carrageenan and 
furcellaran after protein extraction were evaluated with regard to yield, gel quality, and viscosity. 

The highest protein extraction efficiency (92 %) was obtained for Palmaria palmata. In contrast to 
Furcellaria lumbricalis and Eucheuma denticulatum, there were no pre-defined limitations with 
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respect to the pH and temperature ranges that could be applied in the extraction procedure. The 
obtained results for Eucheuma denticulatum indicated that Alcalase® at 0.2% w/w and pH 7 (59 % 
protein extraction efficiency) or Viscozymes® at 0.2% w/w and pH 7 (48 % protein extraction 
efficiency) were the optimal treatments for extracting protein from this seaweed species. The yield of 
carrageenan extraction for the blank sample (with no enzymatic treatment and no NAC-assisted 
alkaline extraction) was 17.8%, while it increased to 23.8% when only N-acetyl-L-cysteine (NAC) 
assisted alkaline extraction with no enzymatic treatment was tested for protein extraction. Moreover, 
although the carrageenan yield when using the combination of Celluclast® and Shearzymes® with 
35.5% was higher than when the treatments were performed with Viscozymes® (27.6%) or 
Alcalase® (27.7%),  the gel quality and, in particular, the maximum gel strength (breaking strength), 
were lower for the combination of Celluclast® and Shearzymes® compared with Viscozymes® or 
Alcalase®. Celluclast® and Shearzymes® resulted in a negative effect on breaking strength 
compared with the blank sample.  

In addition, the effect of protein extraction on the amino acid profile of extracted protein was 
evaluated. Compared with the untreated sample, the lowest increases of 44% and 30% in total content 
of amino acids and essential amino acids were observed for the sample that was treated with 
Alcalase®, while higher increases were obtained for the combination of Celluclast® and 
Shearzymes® with 146% and 159% respectively. 

For Furcellaria lumbricalis, the lowest protein extraction efficiency was obtained by using different 
enzymatic treatments followed by NAC-assisted alkaline extraction. The maximum extraction 
efficiency was 23% when the combination of Fungamyl® 800 L, Viscozyme® L, and Alcalase® 2.4 
L FG was used, followed by NAC-assisted alkaline extraction.  The effect of the enzymatic 
treatmentat higher temperatures than room temperature, namely 35, 45, 50, and 55˚C were also 
evaluated. There was no significant difference (p<0.05) between the maximum protein extraction 
efficiency at higher temperatures and at room temperature. Consequently, the protein extraction was 
conducted by chemical extraction using NaOH or KOH. The results indicated that NaOH is more 
efficient than KOH for extracting protein. However, it also releases furcellaran to the extracted 
solution. Therefore, KOH was selected for further experiments. Different temperatures and extraction 
duration were examined to evaluate the possibility of protein extraction from Furcellaria lumbricalis. 
The results showed a significant increase in extraction efficiency, which was up to 90% for the sample 
treated by KOH 8% for 2 or 6 hours at 80˚C. However, there was a detrimental effect on furcellaran 
quality for the treatments at 40˚C and 80˚C with KOH 4% and KOH 8%. The protein extraction with 
KOH 0.5% for 2 or 7 hours at 40˚C, and KOH 0.5% for 18 hours at room temperature had a positive 
effect on furcellaran quality. 
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RESUMÉ 

Som følge af befolkningstilvæksten vil fødevarebehovet stige dramatisk i de kommende 30 år. 
Verdens fødevareproduktion er derfor stærkt udfordret. Det forudses, at protein som en primær 
næringskilde kan blive en mangelvare. Derfor er det almindeligt anerkendt, at alternative kilder til og 
alternative produktionsmetoder for protein er nødvendige. Tang er allerede en essentiel ressource i 
fødevareindustrien hvor den f.eks. bruges til produktion af stabilisatorer. Derudover er tang rig på 
mineraler og essentielle sporelementer. Endelig er tang en alternativ kilde til protein. Nogle tangarter 
indeholder op til 47 % protein. Anvendelsen af tang til proteinproduktioner har flere fordele 
sammenlignet med almindelige højprotein afgrøder. For eksempel har tang et højere proteinudbytte 
pr arealenhed, og tang behøver ikke ferskvand for at kunne vokse. 

For nuværende er det kun carrageenan og furcelleran, som ekstraheres fra rødalger i stor skala, mens 
alle andre stoffer så som protein, antioxidanter og pigmenter går til spilde. Derfor vil det være 
fordelagtigt, hvis man kunne udvikle en metode til at ekstrahere carrageenan/furcelleran, som også 
ville ekstrahere andre bioaktive stoffer fra tangen uden at reducere udbytte eller de funktionelle 
egenskaber af carrageenan/furcelleran. Den globale produktion af carrageenan/furcelleran var 60,000 
tons i 2014 og havde en værdi på 626 millioner US$.  Heraf kan man estimere, at den totale mængde 
tørret tang, der blev anvendt til denne produktion udgjorde 300,000 tons/år. Proteinindholdet i dén 
type tang, der anvendes til denne produktion er typisk på 4-28 %. Hvis bare halvdelen af den totale 
mængde protein kunne ekstraheres, ville man være i stand til at opnå 20,000 tons højværdi protein 
produkter pr. år.  

Hovedhypotesen for dette PhD studie er, at enzymassisteret ekstraktion (EAE) er den bedste metode 
til at ekstrahere protein fra Eucheuma denticulatum, Palmaria palmata og Furcellaria lumbricalis. 
EAE skal efterfølges af alkalisk ekstraktion for at øge proteinekstraktionens effektivitet, og 
proteinekstraktionen har ingen negativ effekt på kvaliteten af carrageenan/furcelleran. Derfor har det 
primære fokus for dette PhD studie været at designe og udvikle en metode til at ekstrahere protein fra 
Palmaria palmata, som kan implementeres i stor skala og at ekstrahere både protein og 
carrageenan/furcelleran fra Eucheuma denticulatum og Furcellaria lumbricalis. For at undgå 
skadelige effekter på carrageenan og furcelleran var det nødvendigt at udføre alle forsøg ved pH 7 og 
stuetemperatur. Udbytte, gelkvalitet og viskositet af den ekstraherede carrageenan og furcelleran blev 
undersøgt.  

Den højeste proteinekstraktions-effektivitet (92 %) blev opnået for Palmaria palmata. I modsætning 
til Eucheuma denticulatum og Furcellaria lumbricalis var der ingen prædefinerede begrænsninger 
mht. pH- og temperatur-områder, der kunne anvendes for ekstraktionsproceduren for denne tangart.  
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For Eucheuma denticulatum viste resultaterne, at behandling med Alcalase® i en koncentration på 
0,2 % w/w og pH 7 (59 % proteinekstraktions-effektivitet) eller Viscozymes ® i en koncentration på 
0,2 % w/w og pH 7 (48 % proteinekstraktions-effektivitet) var de bedste i forhold til at ekstrahere 
mest muligt protein for denne tangart. Udbyttet fra carrageenanekstraktionen for blindprøven (uden 
enzymatisk behandling eller N-acetyl-L-cysteine (NAC) alkalisk ekstraktion) var 17,8 %, mens det 
steg til 23,8 % med kun NAC alkalisk ekstraktion. Selvom carrageenan-udbyttet var højere (35,5 %) 
ved anvendelse af Celluclast® og Shearzyme® end med en behandling med Viscozymes® (27,6 %) 
eller Alcalase® (27,7 %), så var gel kvaliteten og især den maksimale gelstyrke (brudstyrke) lavere 
for kombinationen af  Celluclast® og Shearzyme® sammenlignet med Viscozymes® eller 
Alcalase®. Resultaterne viste også, at der var en negativ effekt på brudstyrken af Celluclast® og 
Shearzyme® sammenlignet med blindprøven.  

Derudover blev effekten af proteinekstraktionen på aminosyreprofilen af det ekstraherede protein 
undersøgt. Sammenlignet med den ubehandlede prøve, blev den mindste stigning i det totale indhold 
af aminosyre og essentielle aminosyrer fundet for tangen, som var behandlet med Alcalase®, mens 
højere stigninger blev fundet for kombinationen af Celluclast® og Shearzyme® med hhv. 146 % og 
159 %. 

For Furcellaria lumbricalis resulterede forskellige enzymbehandlinger efterfulgt af NAC-assisteret 
alkalisk ekstraktion i den laveste proteinekstraktions-effektivitet. Den højeste proteinekstraktions-
effektivitet, der blev opnået med EAE var kun på 23 %, når en kombination af Fungamyl® 800L, 
Viscozyme® L og Alcalase® 2.4 L FG blev anvendt og efterfulgt af NAC-assisteret alkalisk 
ekstraktion. Effekten af højere temperaturer end stuetemperatur, nemlig 35, 45, 50 eller 55 ˚C blev 

derefter undersøgt. Der var ingen signifikant effekt (p ˂0,05) af at anvende højere temperaturer.  

Som følge af de dårlige resultater med EAE blev proteinekstraktionen derefter udført med kemisk 
ekstraktion med NaOH eller KOH. De første resultater indikerede, at NaOH var mere effektiv end 
KOH,  men NaOH frigjorde også furcelleran til ekstraktet. Derfor blev KOH valgt til de efterfølgende 
forsøg. Forskellige temperaturer og ekstraktionstider blev undersøgt. Resultaterne viste en signifikant 
stigning i ekstraktionseffektiviteten, som var helt op til 90 % for tangen, som blev behandlet med 8 
% KOH i 2 eller 6 timer ved 80 ˚C. Men kvalitetsundersøgelserne indikerede, at der var en negativ 
effekt på furcellerankvaliteten for behandlingerne ved 40 og 80 ˚C med 4 % KOH og 8 % KOH. Når 
proteinekstraktionen blev udført med 0,5 % KOH i 2 eller 7 timer ved 40˚C eller med 0,5 % KOH i 
18 timer ved stuetemperatur sås en positiv effekt på furcellerankvaliteten. 



 

viii 
 

LIST OF PUBLICATIONS 

The papers are used in chapter 6 as all experiments and results came from them. To make it simpler, 
they will all be referred to as “Paper X” even though some of them still appear as submitted 
manuscript or manuscript preparation.  

 

Paper I 

 

Naseri, A., Holdt, S. L., and Jacobsen, C., 2019 

 

Nutritional and value-added compounds in industrial red seaweed used in 
carrageenan production 
 
Journal of Aquatic Food Product Technology (under revision) 
 
 

Paper II 

 

Naseri, A., Marinho, G. S., Holdt, S. L., Bartela, J. M., and Jacobsen, C., 
2019 

 

Enzyme-assisted extraction and characterization of a protein from red 
seaweed Palmaria palmata  
 
Journal of Algal Research (under revision) 
 
  

Paper III 

 

Naseri, A., Holdt, S. L., Sejberg, J.J.P., Pedersen T.E., Larsen, J., Hansen, 
K.M., and Jacobsen, C., 2019 

 

Multi-extraction and quality of protein and carrageenan from commercial 
spinosum (Eucheuma denticulatum) 
 
In preparation – will be submitted to the Journal of Applied Phycology  
 
 

Paper IV 

 

Naseri, A., Holdt, S. L., Sejberg, J.J.P., Pedersen T.E., Larsen, J., Hansen, 
K.M., and Jacobsen, C., 2019 

 
Multi-extraction and quality of furcellaran and protein from the 
commercial red seaweed Furcellaria lumbricalis 
 
In preparation – will be submitted to the Journal of Algal Research  
 
 

 



 

ix 
 

LIST OF ATTENDED CONFERENCES* 

 

 

 

*I also got the acceptance from three conferences to present my results as an oral presentation, but due to 
some issues, I could not participate there. 

1. 6th Congress of the International Society of Applied Phycology (ISAP) in Nantes, France 2017 
2. The annual meeting of the Phycological Society of America, Vancouver, BC, Canada 2018 
3. 20th International Conference on Food Chemistry and Hydrocolloids, Tokyo, Japan 2018 

 

Oral presentations 

 

22nd International Seaweed Symposium, Copenhagen, Denmark 

Naseri, A., Holdt, S. L., and Jacobsen, C. Bioactive compounds in industrial red seaweed used in 
carrageenan production. 2016, June 19-24. 
 

7th Nordic Seaweed Conference, Seaweed and sustainability, Grenaa, Aarhus, Denmark 

Naseri, A., Holdt, S. L., Sejberg, J.J.P., Pedersen T.E., Larsen, J., Hansen, K.M., and Jacobsen, C. 
Enzymatic extraction and characterization of protein from Eucheuma denticulatum (Eucheuma 

Spinosum). 2017, 11-12 October. 
 
ALGAEUROPE, Berlin, Germany 

Naseri, A., Holdt, S. L., Sejberg, J.J.P., Pedersen T.E., Larsen, J., Hansen, K.M., and Jacobsen, C. 
Multiextraction of bioactive compounds from red seaweed Eucheuma denticulatum (spinosum).  
2017, 5-7 December. 
 

21st International Conference on Food Technology and Processing, London, UK 

Naseri, A., Holdt, S. L., and Jacobsen, C. Protein extraction from seaweed in industrial scale.  
2018, 4-6 October. 
 
23rd International Seaweed Symposium, Jeju, Korea 

Naseri, A., Holdt, S. L., and Jacobsen, C. Protein Extraction by Enzyme-Assisted Extraction (EAE) 
followed by Alkaline Extraction from Red Seaweed Eucheuma denticulatum (Spinosum) Used in 
Carrageenan Production. 2019, April 28- May 3. (Presented by Holdt, S.L.) 
 
Poster presentations 

 

8th Nordic Seaweed Conference, Seaweed and sustainability, Grenaa, Aarhus, Denmark 

Naseri, A., Marinho, G. S., Holdt, S. L., Bartela, J. M., and Jacobsen, C. Enzyme-assisted extraction 
and characterization of protein from Palmaria palmata (Dulse), 2018. 10-11October. 
 



 

x 
 

ABBREVIATIONS 

AA Amino Acid 
ALA  Alanine 
ARG  Arginine 
ASP  Aspartate 
GLY  Glycine 
CYS  Cysteine 
C-C cystin 
GLU  Glutamic acid 
LYS  Lysine 
LEU  Leucine 
HYP  Hydroxyproline 
ILE  Isoleucine 
HIS  Histidine 
MET  Methionine 
PHE  Phenylalanine 
PRO  Proline 
SER  Serine 
THR  Threonine 
TRP  Tryptophan 
TYR  Tyrosine 
VAL  Valine 
GC Gas Chromatography 
HPLC High Performance Liquid Chromatography 
MS Mass Spectrometry 
LC-MS  Liquid Chromatography - Mass Spectrophotometry 
SD  Standard Deviation 
DW  Dry Weight 
TKN  Total Kjeldahl Nitrogen 
NAC  N-acetyl-L-cysteine 
UAE  Ultrasound-Assisted Extraction 
SFE  Supercritical Fluid Extraction 
MAE  Microwave-Assisted Extraction 
EAE  Enzyme-Assisted Extraction 
PLE  Pressurized Liquid Extraction 



 
 

xi 
 

TABLE OF CONTENTS 

PREFACE ......................................................................................................................................... i 

ACKNOWLEDGEMENTS .............................................................................................................. ii 

SUMMARY ...................................................................................................................................... iv 

RESUMÉ .......................................................................................................................................... vi 

LIST OF PUBLICATIONS .............................................................................................................. viii 

LIST OF ATTENDED CONFERENCES ........................................................................................ ix 

ABBREVIATIONS .......................................................................................................................... x 

Chapter 1: Introduction ..................................................................................................................... 1 

1.1. Background ................................................................................................................................ 1 

1.2. Aim and hypotheses of the thesis ............................................................................................... 3 

Chapter 2: Industrial red seaweeds ................................................................................................... 5 

2.1. Global seaweed production ........................................................................................................ 5 

2.2. Red seaweed Palmaria palmata as a source of protein ............................................................... 6 

2.3. Industrial red seaweed used as a source of carrageenan ............................................................ 7 

2.4. Quantity and value of the existing carrageenan industry ........................................................... 7 

2.5. Carrageenan and furcellaran ...................................................................................................... 8 

2.5.1. Chemical structure ................................................................................................................... 8 

2.5.2. Carrageenan extraction procedures ......................................................................................... 11 

2.5.3. Furcellaran extraction procedure ............................................................................................. 12 

Chapter 3: Seaweed proteins ............................................................................................................. 13 

3.1. Protein content in different seaweeds ........................................................................................ 13 

3.2. Composition of seaweed proteins .............................................................................................. 14 

Chapter 4: Protein extraction methods .............................................................................................. 16 

4.1. Physical process ......................................................................................................................... 16 

4.2. Chemical extraction ................................................................................................................... 16 



 
 

xii 
 

4.3. Enzymatic hydrolysis ................................................................................................................. 17 

4.4. Other extraction methods ........................................................................................................... 18 

Chapter 5: Protein separation / precipitation methods ...................................................................... 20 

5.1. Isoelectric point precipitation ..................................................................................................... 20 

5.2. Ultrafiltration ............................................................................................................................. 21 

Chapter 6: Experimental plans, papers, and summarizing discussion .............................................. 23 

6.1: Experimental plans..................................................................................................................... 23 

6.2: Paper I: Nutritional and value-added compounds in industrial red seaweed used in carrageenan 
production ......................................................................................................................................... 26 

6.3: Paper II: Enzyme-assisted extraction and characterization of protein from red seaweed Palmaria 
palmata .............................................................................................................................................. 40 

6.4: Paper III: Multi-extraction and quality of protein and carrageenan from commercial spinosum 
(Eucheuma denticulatum) ................................................................................................................. 69 

6.5: Paper IV: Protein extraction from red seaweed Furcellaria lumbricalis: effect of extraction on 
furcellaran quality ............................................................................................................................. 91 

6.6: Summarizing discussion ............................................................................................................ 110 

Chapter 7: Conclusion and future perspectives ................................................................................. 116 

7.1: Conclusion ................................................................................................................................. 116 

7.2: Future perspectives .................................................................................................................... 117 

REFERENCES.................................................................................................................................. 118 

 

 

 

 

 

 

 



 

1 
 

Chapter 1: Introduction 

1.1. Background 

Nowadays, extracting natural products from marine organisms has become an enormous interest in 

the industry as such products can benefit human beings or animals. Seaweeds have been regarded as 

an important source of functional and bioactive compounds with a promising and potential future in 

food, nutraceutical, and cosmeceuticals products (Wijesinghe and Jeon 2012; Kadam et al. 2015). 

One important functional compound from seaweed is carrageenan, which is a hydrocolloid used in 

the food industry as a gelling and stabilizing agent. For many years, the only source of carrageenan 

was Chondrus crispus, which is still used to a limited extent. At present, most carrageenan is extracted 

from two red seaweeds Kappaphycus alvarezii (Eucheuma cottonii) and Eucheuma denticulatum 

(Eucheuma spinosum), which are mostly harvested in South East Asia and Tanzania. Sarcothalia 

crispata (gigartina family) is another common industrial source of carrageenan that is mainly 

harvested in Chile (Imeson 2009; Buschmann et al. 2017).  

Furcellaria lumbricalis, which belongs to the genus of red seaweed, has been commercially utilized 

as a valuable source of the hydrocolloid furcellaran since World War II. Furcellaran, which is also 

termed “Danish agar”, is classified together with carrageenan (E407) even though it has different 

properties than carrageenan. Furcellaria lumbricalis is mainly harvested from natural floating 

populations in the Baltic Sea, and it is interesting because it has been reported to contain proteins, 

lipids, antioxidants, and pigments (Imeson 2009; Zubia et al. 2009). However, protein is the most 

interesting non-furcellaran compound as it has been reported to be present in Furcellaria lumbricalis 

up to 28% w/w dw (Naseri et al. 2019b). 

Seaweeds are known to have complicated and rigid cell walls owing to their chemical structures. 

Thus, it is typically challenging to extract compounds from their intracellular wall efficiently. This is 

due to the presence of microfibrillar polysaccharides in the fibrous algal cell walls (Rodrigues et al., 

2015). The traditional extraction methods, such as water-based extraction, are cheap, are of food 

grade, and are environmentally friendly, but they have low selectivity and efficiency. Extraction 

methods based on organic solvents have higher selectivity and efficiency, but are a danger in food 

products and are harmful to the environment due to their toxic solvent residues (Samarakoon & Jeon, 

2012). Over the years, many novel extraction methods have been researched in industry application, 

e.g., ultrasound-assisted extraction (UAE), supercritical fluid extraction (SFE), microwave-assisted 

extraction (MAE), enzyme-assisted extraction (EAE), and pressurized liquid extraction (PLE) 

technologies. The process of SFE is costly and has been employed to extract omega-3 fatty acids from 
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marine algae. MAE and PLE are carried out at high temperatures and have the limitation for 

destroying bioactives (Kadam et al. 2013). UAE has been used for the extraction of bioactive 

compounds from different seaweeds in large scale. EAE is a promising method with precise 

selectivity and high efficiency; yields would be high if there were no limitations due to the cost of 

high enzymes and special equipment that is needed (Wijesinghe and Jeon 2012; Rodrigues et al. 2015; 

Hardouin et al. 2016).  

In general, E. denticulatum and F. lumbricalis contain protein from up to 4 and 28% w/w, respectively 

(Naseri et al. 2019b). however, it should be considered that the global industrial utilization of  

E.denticulatum and F. lumbricalis for carrageenan or furcellaran production are high. The current 

producers of carrageenan and furcellaran use a single extraction process, and the proteins are wasted. 

For example, CP Kelco Company in Denmark uses almost 6,000 tonnes of E. denticulatum per year, 

which is equal to wasting of 225 tonnes of protein per year. Hence, an improved method of extracting 

protein besides the carrageenan or furcellaran from these seaweeds would be advantageous.  

In addition, only a few seaweed species are harvested for human consumption. Several studies have 

reported that, after Porphyra tenera (nori), Palmaria palmata, also known as dulse, with a protein 

content of up to 35% has the second highest protein content among all common seaweeds. Palmaria 

palmata is also rich in iron and many other easily assimilated minerals, dietary fibers, and vitamins. 

Palmaria palmata is mostly consumed as snacks and is sold in health stores, and it could be utilized 

more as a source of essential nutrients and functional ingredients (Wang et al. 2010). Therefore, P. 

palmata could be considered as a new potential source of vegan protein in the near future. 

In 2015, the “HIT – Højværdiproteinprodukter i tang” (high-value protein products in seaweed) 

project was done at the Research Group for Bioactives – Application, and Analysis at DTU Food 

before the current Ph.D. project. The main aim of the HIT project was to extract protein from 

Eucheuma denticulatum as one of the main seaweeds used in carrageenan production at CP Kelco 

Company in Denmark. The preliminary results indicated that enzymatic-assisted extraction followed 

by alkaline extraction is an efficient technique to extract protein from the seaweed. In addition, some 

primary investigation was done on protein extraction from Palmaria palmata.  
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1.2. Aim and hypotheses of the thesis 

The overall aim of the VALSEA project was to continue the HIT project concerning optimizing 

protein extraction from Eucheuma denticulatum and Palmaria palmata. In addition, a new series of 

experiments was performed to extract protein from F. lumbricalis in the laboratory.  

Finally, the isolated carrageenan/furcellaran after protein extraction was evaluated with regard to the 

yield, gel quality, and viscosity.  

In order to achieve these goals, the experimental part of this Ph.D. study was divided into the 

following parts: 

 

 Part 1: Analysis of the nutritional and value-added compounds in industrial red seaweed used 

in carrageenan production. More specifically, the total lipid content, the fatty acid profile and 

tocopherols, the protein and the amino acid profile, and also the total phenolic content was 

characterized using different extraction methods (Paper I).  

 

 Part 2: Optimization of protein extraction from Eucheuma denticulatum using different 

enzymes including Celluclast® 1.5L, Shearzyme® 500L, Alcalase® 2.4 L FG, and 

Viscozyme® L followed by NAC-assisted alkaline extraction. The effect of protein extraction 

for the selected treatment on carrageenan yield, gel quality, and viscosity were tested on the 

isolated carrageenan. Finally, the amino acid profile of the extracted protein for three selected 

treatments was compared with the raw material (Paper II). 

 

 Part 3: Optimization of protein extraction from Palmaria palmata using different enzymes 

including Celluclast® 1.5L, Shearzyme® 500 L, Alcalase® 2.4 L FG, and Viscozymes® L 

followed by NAC-assisted alkaline extraction. The effect of protein extraction for the selected 

treatment on the amino acid profile was tested as well. (Paper III)  

 
 Part 4: Protein extraction from F. lumbricalis using eight different enzymes (Celluclast® 

1.5 L, Shearzyme® 500 L, Viscozyme® L, Ultraflo® Max, AMG® 300 L, Fungamyl® 800 

L, Alcalase® 2.4 L FG, and Flavourzyme® 500L) was tested. A mixture of Celluclast® 1.5 

L and Shearzyme® 500 L and a mixture of Viscozyme® L and Alcalase® 2.4 L FG were 

chosen for further research using different parameters (pH, temperature, time). Furthermore, 

three different chemical extractions were tested using KOH, NaOH or Ca(OH)2 without using 
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enzymes. Finally, the effect of protein extraction for the selected treatments was tested on 

furcellaran quality and viscosity. (Paper IV)   

The experiments outlined above in parts 1-4 were conducted to test the following hypotheses: 

Hypothesis I Enzyme-assisted extraction (EAE) is the best method to extract proteins from 

Eucheuma denticulatum (Paper II), Palmaria palmata (Paper III) and 

Furcellaria lumbricalis (Paper IV)   

Hypothesis II EAE should be followed by alkaline extraction to increase the efficiency of 

protein extraction (Paper II and III) 

Hypothesis III Protein extraction has no adverse effect on the carrageenan and furcellaran 

quality for respectively Eucheuma denticulatum (Paper II) as well as for 

Furcellaria lumbricalis (Paper IV)   
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Chapter 2: Industrial red seaweeds  

Seaweeds can be classified as red algae (Rhodophyta), brown algae (Phaeophyta) or green algae 

(Chlorophyta), depending on their chemical composition, life cycles, and their nutrients.. This chapter 

focuses on global seaweed production, the industrial use of red seaweed as a source of protein or 

carrageenan, and the size and value of the existing carrageenan industry. Furthermore, it also 

describes carrageenan and furcellaran structure and extraction procedures (Dawczynski et al. 2007). 

2.1. Global seaweed production 

At the global level, in 2012, cultivated algae, mostly seaweed, reached 23.8 million tonnes with a 

value of US$6.4 billion (Table 1). The ratio of cultivated seaweed against seaweed harvested from 

wild stocks was 1:22. China, Indonesia, and the Philippines were the major countries in seaweed 

farming, with a production of 12.8 million tonnes, 6.5 million tonnes, and 1.8 million tonnes, 

respectively, corresponding to 89% of the global production. Europe only accounts for just under 

1.0% of the global seaweed production. Norway and France are the main European seaweed 

producers, and they primarily harvest from wild stocks (Rhein-Knudsen et al. 2015). 
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Table 1. World production (wet metric ton) of wild stock harvest and cultured macroalgae plus monetary value of cultured (USD) in 2006 by country 
(FAO, 2008a) (Roesijadi et al. 2010) 

 

 

2.2.Red seaweed Palmaria palmata as a source of protein 

Marine macroalgae have been used as food and traditional medicine in Asia, but are much less 

common in Europe and North America as a part of the diet. Only a few species are harvested for 

direct human consumption in limited coastal districts. Palmaria palmata (dulse) is one of the most 

widely distributed edible seaweeds in Iceland and has historically been an important source of food 

in periods where food variety has been scarce. Today, Palmaria palmata is mainly consumed as a 

snack and is sold in health food shops even as vegan bacon/bacon of the sea, but there is growing 
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awareness that it should be utilized more as a source of essential nutrients and functional ingredients. 

It has been reported that Palmaria palmata, with a protein content of up to 35% w/w, has the second 

highest protein content of all common seaweeds, after Porphyra tenera (Nori). The essential amino 

acids (EAAs) content can represent between 26 and 50% of the total amino acids for Palmaria 

palmata (Galland-Irmouli et al. 1999). 

Moreover, Palmaria palmata is rich in iron and many other minerals, trace elements, and also for 

vitamins. Recently, there is an increasing interest in the search for natural ingredients with antioxidant 

activity as alternatives to synthetic products. Previous studies have been reported that P. palmata 

contains several classes of hydrophilic antioxidant components, including L-ascorbic acid, 

glutathione (GSH), and polyphenols. However, the high degree of structural complexity and rigidity 

of the algal cell wall poses a significant challenge to efficiently extracting the intracellular bioactive 

constituents including proteins (Ólafsdóttir et al. 2009; Wang et al. 2010).  

2.3.Industrial red seaweed used as a source of carrageenan 

At the industrial scale, four seaweeds are used in carrageenan production. The majority of 

carrageenan is extracted from two species, Kappaphycus alvarezii, and Eucheuma denticulatum; 

however, a small amount is also extracted from Chondrus crispus, which was the first source of 

carrageenan. The Gigartina species, which is collected from natural resources in Chile, is another 

source of carrageenan. Finally, Furcellaria lumbricalis is the only economically important red 

seaweed in the Baltic Sea that is a valuable source of furcellaran (in the same category as 

carrageenan). These seaweeds can either come from cold water areas (e.g., Furcellaria lumbricalis, 

Chondrus crispus), and only naturally harvested, or warm water areas (Kappaphycus alvarezii and 

Eucheuma denticulatum), and can be naturally harvested or cultivated (Rhein-Knudsen et al. 2015; 

Naseri et al. 2019b). 

2.4.Quantity and value of the existing carrageenan industry 

According to the Food and Agriculture Organization (FAO), the global aquaculture production of 

seaweed is 6.5 × 106 tons annually (Fleurence 1999). Seaweed has been used as an essential dietary 

component for centuries in East Asia due to its health benefits. However, there is more attention to 

in Asia and Africa as a valuable food source in Asia, Africa, and there is a growing interest in 

developing a variety of seaweed interventions, including functional food product development.  

In most cases, seaweeds are used in foods for their mineral contents or the functional properties of 

their polysaccharides (Holdt and Kraan 2011). 
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Hydrocolloids can be defined as ingredients that interact with water to form colloid systems to 

solubilize particles. Practically, the viscosity of the system will increase as a result of the interaction 

between the hydrocolloid and water. The hydrocolloid polysaccharides that are used today are derived 

from plant, microbial, and seaweed sources: for example, pectin is extracted from apple pomace and 

citrus peel; xanthan gum is prepared by aerobic fermentation from Xanthomonas campestris; and 

alginates, agar, and carrageenan are isolated from brown and red seaweeds. Seaweed-derived 

hydrocolloids currently have a total value of approximately US$ 1.1 billion, which is prospected to 

increase. Thus, seaweeds constitute a unique source of high-value hydrocolloid polysaccharides 

include agars have the highest retail price per kg (18 US$/kg), whereas carrageenan currently has the 

highest commercial total production (60,000 ton/year) and contributes the highest total value of US$ 

626 million per year, Table 2 (Rhein-Knudsen et al. 2015).  

Table2. The market value for seaweed-derived hydrocolloids, agars, alginates and carrageenan (Rhein-Knudsen et al. 

2015) 

Product 

 

Global Production 

(ton/year) 

Retail Price 

(US$/kg) 

 

Approximate Gross Market 

Value (US$ million/year) 

Agars 10.600 18 191 
Alginates 30.000 12 339 

Carrageenans 60.000 10.4 626 
 

2.5.Carrageenan and furcellaran 

2.5.1. Chemical structure 

Some species of Rhodophyceae, or red seaweed, are the main source of carrageenan, a water-soluble 

sulfated polymer (E 407). Red seaweed is found all over the world in cold waters like Nova Scotia 

(Canada) as well as in tropical waters such as Indonesia. Most red seaweeds can be cultivated, but 

some are harvested directly from their natural growing sites (Anisuzzaman et al. 2014). Carrageenan 

has no nutritional value and is used in the food, pharmaceutical, and cosmetic industries for its gelling, 

thickening, and emulsifying properties (Necas and Bartosikova 2013). 

Carrageenan located in the cell wall and in seaweed intercellular matrix tissue (Yan and Zhang 2014). 

Each carrageenan seaweed species contains specific kinds of carrageenan that each have their own 

characteristics (Table 3). One of the most used species in the seaweed industry is Eucheuma 

denticulatum or Eucheuma spinosum, as it is still commercially referred to, Spinosum. It contains 

mainly ι-carrageenan (Table 3). All carrageenans have a backbone built up of alternating 3-linked β-
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D-galactopyranose and 4-linked α-D-galactopyranose residues. Carrageenans are classified based on 

their ester sulfate group, galactose, and 3,6-anhydro-galactose content. The solubility and gel strength 

depend on the number and location of the ester sulfate groups (red color in Table 3) on the repeating 

galactose units. Out of around 15 principal structural types, three of them, namely ι-, κ- and λ-

carrageenan, are the most widely found in algae, and these are the most common commercially 

available carrageenans. They are often used in the food industry for their gelling properties.  

(Necas and Bartosikova 2013; Rhein-Knudsen et al. 2015). 

 

Table 3: Summary of carrageenan seaweed sources, chemical structures, and applications (Rhein-Knudsen et al. 2015) 

 

Furcellaran is an anionic partly sulfated polysaccharide, and it is classified together with carrageenan 

(E407). The structure of furcellaran is similar to kappa carrageenan. The main difference is that kappa 

carrageenan has one sulfate ester residue per two sugars, whereas furcellaran has one sulfate ester 

residue per three or four sugar residues (Table 3).  
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(a) ι-carrageenan         (b) κ-carrageenan 

 

 

                                  

(c) λ-carrageenan                       (d) β-carrageenan 

Figure 1: Disaccharide units composing the three most common carrageenan types (a, b, c) as well as furcellaran (c, d) 

 

Furcellaran is also used to enhance gelling behavior. It belongs to the general range of carrageenan 

and carrageenan-like substances and is therefore commonly extracted in the seaweed industry. It 

consists of repeated disaccharide units of beta and kappa carrageenan. The structures of the repeating 

disaccharide units for furcellaran and the most common carrageenan forms are shown in Figure 1.  

Furcellaran has excellent functionality in gel texture and flavor releasing, which makes furcellaran a 

preferred product for using in milk-based pudding powders (Necas and Bartosikova 2013). 
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2.5.2. Carrageenan extraction procedures 

Two main types of carrageenan differ based on the extraction methodology: semi-refined and refined 

carrageenan. The first step in semi-refined carrageenan extraction is to clean seaweeds and then cook 

the seaweed in an alkali solution to improve the gel strength. Afterward, it is laid out to dry in the 

sun. In the final step, the alkaline treated materials are ground and sold as seaweed flour. This process 

is much easier, faster, and cheaper than the process used to obtain refined carrageenan. Semi-refined 

carrageenan has different applications compared with refined carrageenan. The largest application for 

semi-refined carrageenan is in pet food production, which is about 5500 tonnes annually (McHugh 

2003; Anisuzzaman et al. 2014). 

Refined carrageenan starts with the alkali extraction. Then, the seaweed residue is removed by coarse 

and fine filtration, the carrageenan is concentrated and then recovered from the solution by 

precipitation with isopropyl alcohol. Another procedure is freezing and thawing the gel until water is 

removed from the carrageenan fibers. The carrageenan fibers are then dried and milled. The final 

product is practically “pure” carrageenan without any residue of seaweed and can be used in the food 

industry for refined products like desserts and puddings because it has no color (McHugh 2003; 

Imeson 2009).    

Figure 2: Carrageenan Manufacturing Process: (right) semi-refined and (left) refined carrageenan 

 (Imeson 2009) 
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2.5.3. Furcellaran extraction procedure 

Est-Agar AS Company in Estonia is the only producer in the world of furcellaran from the red 

seaweed Furcellaria lumbricalis. The Est-Agar AS Company extracts furcellaran by boiling the 

seaweed in water after which the liquid extract is purified by filtration. The liquid extract can be 

converted into flaky furcellaran by evaporating the water via drum drying (Figure 3). Appropriate 

release of the dried material from the dryer roll requires the addition of a small amount of roll-

stripping agents. In addition to this technique, furcellaran can be isolated from the liquid extract 

by precipitating the furcellaran with potassium chloride. This process yields a pure and concentrated 

product (Nussinovitch and Hirashima 2014). 

 

Figure 3: Furcellaran Manufacturing Process (EST-Agar AS) 
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Chapter 3: Seaweed proteins  

This chapter will focus on describing the protein content in different green, brown, and red seaweeds 

and discussing the composition of protein amino acids in some selected seaweed. 

3.1. Protein content in different seaweeds 

The protein content in seaweeds varies from about 10% to 40% w/w dw (Pangestuti and Kim 2015). 

Generally, it is recognized that red seaweeds have the highest protein levels among other seaweeds 

(Table 4). However, it is noteworthy that the protein content of seaweeds varies not only between 

species but also between seasonal periods (J. Fleurence 2004; Cian et al. 2015; Marinho et al. 2015). 

 

Table 4: Protein content in some seaweeds used a food ingredient (Fleurence et al. 2018) 

 Seaweed species Protein content 
(w/w% dw) 

Phaeophyta Laminaria digitata 8.0 - 15.0 
Ascophyllum nodosum 3.0 - 15.0 

Chlorophyta Ulva lactuca 8.7 - 32.7 
Ulva pertusa 17.5 - 26.0 

Rhodophyta 
Palmaria palmata 8.0 - 35.0 
Porphyra tenera 33.0 - 47.0 
Chondrus crispus 21.4 

 

Except for the brown seaweed Undaria pinnatifida (wakame), which has a protein content of 11-24% 

dw, most of the brown seaweeds that are used as sea vegetables or for colloid extraction contain 

protein less than 15% w/w dw (Table 4). The situation is dissimilar for edible green seaweeds 

belonging to the genus Ulva; their protein concentration can range from 9% to 33% w/w dw. Ulva 

pertusa, which is commonly consumed as “aonori” in Japan, shows a high protein level (26% w/w 

dw) (Table 4). Some studies gave an amount of 32% for protein content of Ulva lactuca, but this 

amount appears to be a seasonal high value. However, higher protein contents have been  confirmed 

for certain red seaweeds. For example, Porphyra yezoensis can contain up to 47% w/w dw of protein. 

This level of protein is higher than the levels found for high-protein sources such as soybean. 

Palmaria palmata, another red seaweed can contain up to 35% of protein. This species is known as 

dulse (Great Britain and North America) or dillisk (Ireland) and has recently been called vegan bacon. 

The protein content of seaweeds also differs depending on the time of harvest and seasonal variations. 

For instance, the protein content of P. palmata collected on the French Atlantic coast presented large 
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differences (9 to 25% of proteins) with the highest values occurring during the winter and spring 

months. The effect of seasonal variation on the seaweed protein content has also been reported for 

other seaweed species belonging to brown or green seaweeds. For example, the protein content in 

green seaweed Ulva lactuca reaches a maximum in August (32.7% w/w dw) and a minimum in April 

(8.7%). Seasonal variations in protein content have also been observed for edible brown seaweeds 

such as Laminaria digitata (6.5 to 14.5% w/w dw) (Fleurence et al. 2018). 

3.2. Composition of seaweed proteins 

The amino acid composition of seaweeds has often been investigated and is compared with other food 

protein sources such as beef, legumes, or eggs. Seaweed protein contains all amino acids, particularly 

glycine, alanine, arginine, aspartic, and glutamic acid. For most of the seaweeds, a large part of the 

amino acid fraction is comprised of aspartic and glutamic acids (Table 5) (Fleurence et al. 2018; 

Naseri et al. 2019c). This is especially true forth proteins from brown seaweeds. For example, in 

Fucus sp., aspartic and glutamic acids represent 22%–44% of the total amino acids or 19%–41% of 

the protein fraction. For Laminaria digitata, the seaweed species which is consumed as a sea 

vegetable, the combined glutamic and aspartic acid fractions reach approximately 18% of the protein 

fraction (Table 5). A similar result was recorded for the edible brown seaweed Ascophyllum nodosum. 

Undaria pinnatifida (wakame) as a brown seaweed with a high protein level (up to 24% w/w dw), is 

considered by a high level of methionine (2 mg/100 g of proteins) which is comparable with plant 

source proteins (Table 5). For Undaria pinnatifida, the most abundant essential amino acids are 

arginine (an essential amino acid for children), leucine, lysine, and valine, respectively (Table 5). 

Concerning nonessential amino acids, Undaria pinnatifida also contains high levels of glutamic and 

aspartic acids, alanine, and glycine (Table 5). The green seaweed proteins also have a large proportion 

of aspartic and glutamic acids. (Table 5). Ulva pertusa which is consumed in Japan shows an amino 

acid profile characterized by a high concentration in essential amino acids such as leucine (6.9 mg/100 

g of proteins) or ARG (14.9 mg/100 g of proteins) (Table 5). This level of arginine (around 18% of 

the total AA) is higher than ovalbumin. Red seaweed proteins seem to contain lower amounts of 

glutamic and aspartic acids than those recorded from other algal groups. The two Porphyra tenera 

amino acids constitute together only 15% of the total AA compared to 13%–35% for the green 

seaweed of Ulva genus. Essential amino acids can constitute up to 46% of the total AA for P. palmata, 

an amount similar to that recorded for ovalbumin (Table 5). In addition, proteins from P. palmata 

have a methionine content similar to ovalbumin and higher than that reported for legume protein 

(Table 5). Palmaria palmata proteins also appear to be an exciting food source of threonine and 
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leucine (Table 5). Chondrus crispus, which is consumed in Ireland as a sea vegetable, is mainly 

characterized by an abundance of arginine (34% of the total AA). Most seaweeds, particularly green 

and red seaweed, appear to be an interesting and suitable source of proteins for human and animal 

feed. However, algal protein digestibility often seems to be limited by the presence of various anti-

nutritional compounds such as polysaccharides or trypsin inhibitors (Fleurence et al. 2018). However, 

it could be expected that digestibility will be changed after protein extraction from seaweed, 

specifically when enzymatic assisted extraction has been conducted. 

Table 5: Amino acid composition of some seaweeds and other food protein sources (in g amino 

acid/100gr protein) (Fleurence et al. 2018) 

 

The free amino acid fraction of seaweed is a mix of amino acids and is mainly composed of taurine, 

alanine, omithine, citrulline, aminobutyric acid, and hydroxyproline. Moreover, many seaweed 

species have been reported to contain unusual amino acids or amino acid-like compounds such as 

aminobutyric acid, mycosporine-like amino acids, ornithine, hydroxyproline, chondrine, citrulline, 

gigartine, rhodoic acid, baikiain, laminin, d-homocysteic acid, pyrrolidine-2,5-dicarboxylic acid, 

pipecolic acid, domoic acid, kainic acid, taurine, N-methyltaurine, N-N- dimethyltaurine, and N-N-

N-trimethyltaurine (Harnedy and Fitzgerald 2011; Pangestuti and Kim 2015) 
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Chapter 4: Protein extraction methods 

Different methods were examined for seaweed cell wall disruption. This chapter will focus on 

conventional protein extraction methods and their efficiency on different seaweeds. 

4.1. Physical process 

In this technique, ultra-pure water is used as a reagent. Homogenization, osmotic stress, and high 

shear force are three different extraction processes, which were used in different studies to extract 

protein from seaweeds. In 2005, Barbarino and Lourenço studied the effect of aqueous treatment and 

homogenization (Potter homogenizer, Marconi, model MA099) in ultra-pure water on three seaweeds 

including Porphyra acanthophora, Sargassum vulgare, and Ulva fasciata. The obtained results 

showed that the protein extraction yields were 8.9 g/100 g dw, 6.9 g /100 g dw, and 7.3 g /100 g dw, 

respectively (Barbarino and Lourenço 2005; Bleakley and Hayes 2017). In another study done on 

Palmaria palmata, osmotic stress, and high shear force (using an Ultra turrax) were used to extract 

protein. The obtained results indicated that the extraction efficiency for these two methods was almost 

identical. Osmotic stress led to a 39% yield (6.77 ± 0.22 g/100 g dw), and a high shear force led to a 

40% yield (6.92 ± 0.12 g/100 g dw). Thus, there was no significant difference in the amount of total 

extracted protein between the two methods (Harnedy and FitzGerald 2013; Bleakley and Hayes 

2017). 

4.2. Chemical extraction 

Chemical extraction is another method used to extract protein from seaweeds. A popular technique, 

pH-shift, use acid or alkaline solution to solubilize protein before recovery. This technique has been 

used in many studies to maximize protein recovery for fish, seaweed, muscles and soy proteins 

(Wallace J.S. 2000; Choi and Kim 2007; Foh et al. 2012; Harrysson et al. 2018; Surasani 2018).  

The process is based on the influence of pH on the solubility of the protein in the extracted solution. 

In general, proteins in solutions are held together by weak protein-protein interactions, and the side 

chains of the proteins can assume different charges leading to changes in the pH of the solution.  

By decreasing or increasing of pH in the protein solution, the side chain’s charge can change to a 

strong positive or negative charge that led to strong repulsive forces between proteins. These strong 

positive or negative charges are suitable for protein-water interactions and make the protein solubility. 

The main advantages of the pH-shift method are higher yields, higher reductions in lipids and 
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improvement in the ability of protein for gel-forming, whereas lower whiteness and protein 

denaturation during the processing are the two main disadvantages. (Surasani 2018). 

However, the most common chemicals used are hydrochloric acid  (HCl), sodium hydroxide (NaOH), 

polyethylene glycol (PEG), and potassium carbonate. N-acetyl-L-cysteine (NAC) and 2-

mercaptoethanol are also used as a reducing agent to increase the efficiency of alkaline soluble protein 

from seaweed. In 2013, Harnedy and FitzGerald used NaOH and NAC to extract protein from red 

seaweed P. palmata. The isolated protein was 4.16 g/100 g dw, and it was equal to 24% yield 

(Harnedy and FitzGerald 2013). In 2017, Kadam et al. tested 0.4 M HCl and 0.4 M NaOH as an acid-

alkaline treatment to extract and characterize the protein from brown seaweed Ascophyllum nodosum 

in Ireland. In comparison to the previous studies, there was a significant improvement, and the results 

showed a 59.76% yield (Bleakley and Hayes 2017; Kadam et al. 2017). However, the seaweed species 

is an important parameter on protein extraction, and the similar extraction process will not have the 

same efficiency for two different seaweed (Naseri et al. 2019c, a).  

4.3. Enzymatic hydrolysis 

The successful extraction of proteins from seaweeds depends on the availability of the protein 

molecules, which in turn can be substantially hindered by high viscosity and anionic cell-wall 

polysaccharides, such as carrageenan in red seaweed and alginates in brown seaweed.  In line with 

this, the use of polysaccharidases enzymes was reported to be a more promising method than the 

conventional methods for extracting protein from different seaweeds (Bleakley and Hayes 2017). 

In 1995, Fleurence et al. used κ-carrageenase, β-agarase, xylanase, and cellulase to degrade seaweed 

cell walls and improve protein extraction from Chondrus crispus, Gracilaria verrucosa, and 

Palmaria palmata. The obtained results showed that by using hydrolytic enzymes to degrade seaweed 

cell wall, the protein extraction could be improved. (Fleurence et al. 1995). In 2013, Harnedy and 

FitzGerald discussed the effect of different enzymes, such as Celluclast® 1.5L, Shearzyme® 500L, 

Ultraflo®, and Corolase®, combined with sodium hydroxide (NaOH) and N-acetyl-L-cysteine 

(NAC) concentration in different conditions on the recovery of alkaline-soluble proteins from milled, 

oven-dried P. palmata. It was noticeable that the maximum yield of 11.57±0.08 g/100 g seaweed 

(equal to the yield of 67%) was obtained when the combination of enzymatic hydrolysis and alkaline 

extraction was used (Table 6) (Harnedy and Fitzgerald 2011; Harnedy and FitzGerald 2013; Bleakley 

and Hayes 2017). Proteolytic enzymes were also tested to improve extraction efficiency. Wang et al. 

(2010) investigated the effect of various protease and carbohydrase treatments on the extraction of 
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polyphenols and other antioxidant ingredients from Palmaria palmata. In a more recent study, the 

extraction yield was increased to 80% by using Umamizyme (Bjarnadóttir et al. 2018).  

 

Table 6. Different extraction methods for extracting protein from seaweed (Bleakley and Hayes 

2017) 

 

4.4. Other extraction methods 

There are some novel protein extraction methods, including ultrasound-assisted extraction (UAE), 

pulsed electric field (PEF), and microwave-assisted extraction (MAE).  Ultrasound pre-treatment was 

reported to increase protein extraction of Ascophyllum nodosum with acid and alkaline treatment 

individually by 540% and 27%, respectively. Another advantage of this method was reducing the 

processing time from 60 min to 10 min. The highest yield of protein extraction in that study was 

59.76%. This was achieved by sequential extraction with acid treatment followed by alkaline 

treatment (Kadam et al. 2017). The method of the pulsed electric field (PEF) has primarily been used 

in microalgae as a cell disruption technique. PEF involves applying high electric currents to perforate 

a cell wall or cell membrane, causing reversible or irreversible electroporation. PEF is a fast and green 

technology for inactivating microorganisms by irreversible electroporation and aiding the release of 

intracellular contents of plant cells. However, conductivity and electrode gap are factors that could 

limit this technology for up-scaling (Grahl and Märkl 1996; Joannes et al. 2015). Finally, microwave-
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assisted extraction (MAE) involves heating material and causing moisture to evaporate. Thus it 

creates bubbles under high pressure that may disrupt cell contents. MAE has attracted attention for 

extraction of compounds due to its high energy efficiency, although its use in algae may be limited 

by impaired function with dried samples (Chemat et al. 2011; Barba et al. 2014). 
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Chapter 5: Protein separation / precipitation methods 

Protein plays an important role in growth and development in the human body. Due to the population 

growth, today, there is a huge interest in finding and extracting protein from new resources. Seaweed 

with high protein content could be used as a new source of protein. However, after protein extraction, 

depending on the protein type and application, specific methods can be used to recover protein from 

the extraction medium. In the following chapter, the two common extraction techniques precipitation 

at isoelectric points and ultrafiltration are described. 

5.1. Isoelectric point precipitation 

Proteins are long chains of amino acids linked together by peptide bonds. Each amino acid has a 

characteristic side chain which has different properties and isoelectric points. This is because amino 

acids are zwitterionic; that is, they have both a negatively and a positively charged functional group. 

The net charge of the molecule is governed by the pH of the surrounding medium. The isoelectric 

point (pI) is reached when the surrounding medium is at a pH where the molecules carry no net 

electrical charge.  

Different protein precipitating techniques have been described, and each one uses different chemicals 

such as salts, acids, or solvents with different polarities. Most methods are based on the destruction 

of the solvation layer around the proteins to make them aggregate and precipitate out of the solution. 

One of these methods is pI sedimentation. This method has the advantage of using mineral acids such 

as hydrochloric acid or phosphoric acid, which are inexpensive and accessible (Xia 2007). According 

to the literature, the pI of most proteins is in the pH range of 4 to 7. Because mineral acids, such as 

hydrochloric and sulfuric acids, are used as precipitants, the greatest disadvantage of pI precipitation 

is the irreversible denaturation. For this reason, pI precipitation is most often used to precipitate 

contaminant proteins rather than the target protein (Novák and Havlíček 2016).  

Isoelectric point sedimentation is commonly used in the food industry. One of the most common uses 

of pI sedimentation is the production of soy protein isolates. The pH of the solution is decreased to 

between 4.2 and 4.6 using hydrochloric acid, and the protein concentrate is recovered by mechanical 

decanting (Lusas and Rhee 1995). However, no utilization of pI sedimentation to specifically recover 

proteins obtained from macroalgae has been recognizably published yet. 
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5.2. Ultrafiltration 

For filtration, different methods exist that give a broad range of choices when wanting to perform a 

solid-liquid separation process. Three important parameters for filtration methods are the type of 

solids fraction in a solution that has to be separated and the chemical characteristics of the solid. The 

chart represented in Figure 4 summarizes the different available techniques that are commonly used 

for filtration.  

 

Figure 4: Filtration spectrum (Svarovsky 2001) 

 

Membrane technologies like ultrafiltration (UF) and microfiltration (MF) entered into the industry in 

the 1950s. UF was first commercialized in the mid-1960s and has been increasingly used since then. 

At first, it was used in the area of pollution control and for the recovery of valuable by-products. 

Then, it was slowly accepted for the concentration and the separation of biologicals, pharmaceuticals, 

and foods (Lonsdale 1982). Today, it is commonly used in the treatment of drinking water, in 

biotechnology, and in the dairy industry to process cheese whey and obtain whey protein concentrate 

(Gesan-Guiziou 2013). Little literature can be found on UF that is used to specifically concentrate 

proteins from seaweed, although it seems possible to recover protein in large scale. Denis et al. (2009)  

used a UF process to concentrate R-phycoerythrin, which is a protein found in red seaweeds 

Grateloupia turuturu extract (Denis et al. 2009). 
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Membranes used for UF are made from materials such as different types of polymers or inorganic 

materials which have different properties. The most common types of polymers include regenerated 

cellulose (RC), polyamides, polysulfones (PS), polyethersulfones (PES) and polyvinylidene 

fluorides. Inorganic membranes are often composed of ceramic. When selecting the optimal 

membrane material for a solution, chemical and physical limitations should be considered to achieve 

the highest efficiency without damaging the membrane or altering the fluids. Cleaning and 

maintenance are also important factors that are affected by the material. Generally, the need for 

cleaning increase over time for PES fouls, whereas RC is sensitive to high pH and hypochlorite but 

has low fouling. For high-temperature applications, most polymer materials would not be suitable, 

but ceramic membranes could be used. Therefore, if a process needs aggressive cleaning procedures 

because of high fouling, it may be preferable to switch the membrane material, either to reduce fouling 

or to enable the use of harsh cleaning conditions (Lutz 2015). 

Another factor to be considered when selecting the optimal membrane is the pore size. This is 

generally characterized by the molecular weight cut-offs (MWCO), which refers to the lowest 

molecular weight molecule (in daltons) that is 90% retained by the membrane. However, other factors 

such as protein conformation, electrical charge, association, polarization, and size distribution can 

significantly affect this selection (Lutz 2015).  

In 2010, Boye et al. compared the functional properties of a pea, chickpea, and lentil protein 

concentrates processed using ultrafiltration and isoelectric precipitation techniques. The initial 

protein content of the samples (16.7–24.8%, w/w) was concentrated nearly four-fold. The UF process 

generated concentrates with slightly higher protein contents (69.1–88.6%, w/w) compared to the 

isoelectric precipitation technique (63.9– 81.7%, w/w). Yields for both techniques on a protein basis 

ranged from 50.3% to 69.1% (w/w). (Boye et al. 2010) 

  



 

23 
 

Chapter 6: Experimental plans, papers, and summarizing discussion 

6.1: Experimental plans 

Paper I: The biomass composition of industrial red seaweed used in carrageenan and furcellaran 

production was investigated. As a source of carrageenan, four seaweed samples of Eucheuma 

denticulatum, Kappaphycus alvarezii, Chondrus crispus and Sarcothalia crispata (gigartina family) 

were provided by CP Kelco Company, Lille Skensved, Denmark. In addition, the fifth sample, 

Furcellaria lumbricalis as a source of furcellaran received from Est-Agar, Estonia, was investigated. 

The obtained results included the total lipid content, the fatty acid profile and tocopherols content, 

the protein and the amino acid profile, as well as the total phenolic content. The results indicated that 

it is worthwhile to study further protein extraction from the selected seaweed at industrial scale. 

Paper II: Palmaria palmata is one of the red seaweeds that have a high content of protein (up to 35% 

w/w). Nordisk Seaweed ApS provided the seaweed sample. The main aim of this study was to 

maximize the protein extraction efficiency by using enzymatic assisted extraction followed by N-

acetyl-L-cysteine (NAC) assisted alkaline extraction. The main reason for using NAC was that 

reducing agents (beta-mercaptoethanol, L-cysteine-hydrochloride-monohydrate, or NAC) 

significantly increase the yield of alkaline soluble nitrogen. Thus, the combination of NaOH and NAC 

as a food grade reducing agent was selected to aid the extraction of proteins in the current and coming 

studies. 

In order to break down the seaweed cell wall and have more access to the protein, one protease 

(Alcalase®) and three carbohydrases (Celluclast®, Shearzyme®, and Viscozyme®) were selected.  

In the first step, the effect of these four individual enzymes at the optimal conditions defined by the 

provider were tested: Celluclast® (50°C, pH 4.5), Shearzyme® (60°C, pH 5.0), Viscozyme® (50°C, 

pH 4.5) and Alcalase® (50°C, pH 8.0). All enzymes were tested at an enzyme concentration of 0.2% 

and 0.4% (g enzyme/g algal biomass).  In the second step, the combined effect of pH (7.0, 8.0, and 

9.0) and temperature (30°C, 45°C, and 60°C) on the extraction performance of Alcalase® as a most 

effective enzyme was tested at an enzyme concentration of 0.4%. In the third step, protein extraction 

by the combination of Alcalase® plus Celluclast® or Shearzyme® or Viscozyme® at 0.2% and 

0.4%w/w were conducted. Finally, the amino acid profile and the quality of the protein/amino acids 

of the extracted protein from the optimal treatment were compared with the raw material (untreated 

sample). 
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Paper III: Eucheuma denticulatum is one of the most commonly used seaweeds in carrageenan 

production. It contains 4-5% protein, which is lower than other seaweeds. However, due to the global 

industrial utilization of this seaweed for carrageenan, this paper evaluated the efficiency of enzymatic 

extraction followed by NAC-assisted alkaline extraction for protein extraction. In order to avoid 

detrimental effects of high temperature and low or high pH on carrageenan, all the experiments were 

performed at pH 7 at room temperature, and the effect of protein extraction on the carrageenan yield 

and quality was determined for the most efficient treatments. 

The first step of the experimental plan was to determine the ratio of seaweed to water and enzyme 

concentration to obtain the highest protein extraction efficiency. In accordance with the results 

reported in the literature, the ratios of seaweed to water selected were 1:15, 1:20, and 1:25. Based on 

previous experience, Celluclast® and Shearzyme® were selected for this step, and the enzyme 

concentrations of 0.0, 0.1, 0.2 and 0.4% w/w were used. All the enzyme treatments were carried out 

in duplicates for 4, 6, or 8 hours. In the second step, four enzymes, Celluclast®, Shearzyme®, 

Viscozyme®, and Alcalase®, and also the combination of Celluclast® and Shearzyme® were 

evaluated for protein extraction efficiency at the concentrations of 0.1, 0.2 and 0.4% w/w followed 

by NAC-assisted alkaline extraction. In the third step, the yield of carrageenan extraction for the most 

efficient enzymatic treatments was evaluated. The fourth step evaluated the effect of the protein 

extraction process on the carrageenan quality. Gel strength at 4, 8, 12 mm, breaking strength and 

distance, turbidity, intrinsic viscosity (IV), and Food Chemicals Codex (FCC) viscosity were 

determined in this step. In the final step, the amino acid profile of the extracted protein for the three 

selected treatments was compared to the raw material as an untreated sample.  

Paper IV: Furcellaria lumbricalis contains up to 28%w/w protein. Therefore, it could become a 

competitive candidate for the multi-extraction process. In order to avoid the detrimental effects of the 

protein extraction process on furcellaran, all the experiments were performed at pH 7 at room 

temperature. In the first step, eight different enzymes (Celluclast® 1.5 L, Shearzyme® 500 L, 

Viscozyme® L, Ultraflo® Max, AMG® 300 L, Fungamyl® 800 L, Alcalase® 2.4 L FG, and 

Flavourzyme® 500L) were selected, and their effect on the protein extraction efficiency was 

investigated. The results obtained for the enzymatic treatment followed by NAC-alkaline assisted 

extraction varied from 7-23%, which was not desirable. Thus, a new series of enzymatic treatment 

was done at pH 7 but at higher temperatures (35, 45, 50 and 55˚C) to evaluate the effect of new 

condition. The protein extraction by enzymatic assisted extraction was not efficient even at high 

temperatures (the maximum extraction was 23%). Thus, the enzymatic extraction was substituted by 
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chemical extraction to investigate whether this could improve the protein extraction efficiency. Three 

different alkaline solutions, including KOH, Ca(OH)2, and NaOH, were selected for this step. The 

results showed that KOH is more efficient than Ca(OH)2 and NaOH. Therefore, a new set of 

experiments using different concentrations of KOH (0.1, 0.5, 2, 4, 6 and 8%), different times (0.5, 1, 

1.5, 2, 3, 4, 5, 6 and 7 hours) and different temperatures (room temperature, 40, 60, 80˚C) were 

performed. Finally, the positive/negative effect of the optimal protein extraction on furcellaran quality 

was examined. The main quality parameters evaluated for furcellaran were gel strength and the 

temperature of gelation on cooling that were analysed at EST-Agar Company. The viscosity 1% of 

using drinking or distilled water was also evaluated. 
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6.2: Paper I: Nutritional and value-added compounds in industrial red seaweed used in 

carrageenan production 
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Abstract The main four seaweed species for carrageenan production used in industry are Eucheuma 

denticulatum, Kappaphycus alvarezii, Chondrus crispus and Sarcothalia crispata. In addition, a fifth 

red seaweed, Furcellaria lumbricalis is a source of furcellaran, which is very similar to carrageenan. 

In this study, the chemical compositions including total lipid, fatty acid profile, tocopherol content, 

total protein, amino acid profile and total phenolic content of the five semi-dried industrial red 

seaweeds were analyzed. The obtained results indicated that when considering the total commercial 

production of carrageenan, there is potential to develop a method to extract especially protein, before 

the main process for carrageenan extraction.  Protein was the most considerable compound in the 

selected seaweed and it was varied from 4% for E. denticulatum up to 28% for F. lumbricalis.  In the 

future, this may lead to a multi-product extraction (biorefinery) approach to have more than one 

product instead of the traditional single-product procedure.  

Keywords: red algae, industrial seaweed, protein, bioactive compounds, multi-extraction 
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Introduction 

Carrageenans are popular seaweed gums extracted from red seaweed (Rhodophycae). The main 

species used in industry are Kappaphycus alvarezii and Eucheuma denticulatum, which are spiny 

seaweed that grow along the coasts of the Philippines, Indonesia, and other islands in the Far East. 

Other species of commercial significance include Chondrus crispus from the coasts of the North 

Atlantic and Sarcothalia crispata from the cold, deep coastal waters of South America (Imeson 2009). 

Furcellaria lumbricalis is a source of furcellaran (Danish Agar), which is classified together with 

carrageenan. The process of producing carrageenan gums is involving first cleaning the semi-dried 

seaweed by washing or sieving, alkaline extraction at high temperature, followed by coarse and fine 

filtrations, solvent precipitations or freeze-thaw cycles, and finally, drying, grinding, and blending. 

In addition to carrageenan, the above-mentioned seaweed species contain other potential valuable 

compounds such as protein, antioxidants and phenolic compounds (Bedoux et al. 2014). All these 

compounds are currently not extracted from the seaweed during carrageenan production and thereby 

go to waste. However feasibility for multi-extraction and before or after carrageenan processing needs 

to be considered. 

In recent years, many studies  have examined the lipid composition in seaweed and microalgae 

because of their high content of polyunsaturated fatty acids, specifically of α-linolenic acid (18:3 n-

3, ALA), octadecatetraenoic acid (18:4 n-3), arachidonic acid (20:4 n-6, ARA), and eicosapentaenoic 

acid (20:5 n-3, EPA) (Dawczynski et al. 2007). This is because seaweed and microalgae are the only 

non-animal and non-GMO sources of EPA and docosahexaenoic acid (22:6 n-3, DHA). However, 

seaweed only contains small amounts of these fatty acids, due to its overall low total fat content 

(Newton 1996).  

Many factors affect the protein content in seaweed, for example, the type of seaweed, environmental 

growth conditions and seasonal variation. Generally, brown seaweed species such as Laminaria 

japonica or Undaria pinnatifida, have a relatively low protein content with 7–16 g/100 g dry weight 
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(Ruperez 2002), while red seaweeds, for example, Porphyra tenera or Palmaria palmata contain 21–

47 g protein/100 g dry weight (Fleurence 1999). Seaweed protein contains all essential amino acids 

(EAA) and all of EAA are available throughout the year (Galland-Irmouli et al. 1999). Moreover, 

some studies reported that the total phenolic content and antioxidant activities were remarkable in 

some red seaweeds, specifically in F. lumbricalis, for which it was found to be 3.25±0.02 % dry 

weight (Zubia et al. 2009).  

Some studies were done on nutritional properties of K. alvarezii and E. denticulatum that were 

collected from a commercial farm in Malaysia (Vairappan and Kawasaki 2008), however, to the 

authors knowledge, there is no study with focus on any of these five species with samples collected 

from industrial warehouse representing the realistic commercial biomass. 

In 2014, the total commercial production of carrageenan was 60,000 ton, corresponding to a value of 

US$ 626 million globally (Bixler and Porse 2011). Based on this, and on assuming a yield of 

carrageenan extraction in the industrial scale of 20%, it can be estimated that the total dried seaweed 

consumption was at least 300,000 ton/year. To our knowledge, there are no published investigations 

that utilize waste streams from the extraction of carrageenan from this biomass as a new source of 

value-added compounds in industry.  

The overall aim of this study was to characterize selected seaweeds in its specific commercial 

condition used in carrageenan production with respect to nutritional and biochemical composition; 

more specifically the total lipid content, the fatty acid profile and tocopherols, the protein and the 

amino acid profile. The total phenolic content was also characterized using different extraction 

methods. Finally, these findings were discussed with respect to possible future utilization of the 

different compounds. 

Material and Methods 

 The seaweed samples Kappaphycus alvarezii, Eucheuma denticulatum, Chondrus crispus, 

Sarcothalia crispata and Furcellaria lumbricalis were provided by CP Kelco A/S (Lille Skensved, 
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Denmark). The samples were primarily harvested and shipped from Indonesia, the Philippines, Chile 

and Canada in semi-dried condition and arrived in big pack pallets to CP Kelco. They were stored in 

a non-insulated warehouse at ambient outdoor temperature. The samples were taken from different 

batches to obtain representative samples. In the lab, they were cleaned by hand to remove dirt 

particles. Then, the samples were freeze-dried using a Heto DRYWINNER (Model DW 8) 

manufactured by Heto-Holten A/S, Allerød, Denmark. The dried samples were milled using a 

KNIFETEC mill (1095 sample Mill, FOSS TECATOR, Hillerød, Denmark) and stored at room 

temperature until further analysis. 

All solvents used were of high-performance, liquid chromatography (HPLC) grade and purchased 

from Lab-Scan (Dublin, Ireland). Standards of fatty acids, amino acids and tocopherols were 

purchased from Sigma (St. Louis, IL, USA) and Fluka (Deisenhofen, Germany). HPLC grade 

acetonitrile, heptane, isopropanol, methanol, and acetone were purchased from Sigma and Fluka (city 

and country as above). HPLC grade water was prepared at DTU Food using Milli-Q® Advantage 

A10 water deionizing system from Millipore Corporation (Billerica, MA, USA). 

Total nitrogen and protein content  The total nitrogen content (%w/w) was determined using the 

Kjeldahl method (AOAC, 1995). Distillation was carried out on 1-1.5 g dry weight in accordance to 

the described method by Hermund et al. (2015). However, a conversion factor of 5 was used to 

convert nitrogen to protein in red algae (Angell et al. 2016). The analysis was performed in triplicate 

and two blank samples were included. 

Amino acid composition  In this study, the AA composition analysis was performed on the samples 

as described by Farvin et al. (2010). Analysis of amino acid derivatives was then conducted by liquid 

chromatography-mass spectroscopy (LC-MS) – the full details of the method can be found in Farvin 

et al. (2010). It should be stated that this procedure did not allow the detection of tryptophan (Trp) 

and cysteine (Cys) as both are completely destroyed by acid hydrolysis. 
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Lipid content (crude lipid), fatty acid profile and tocopherol content  Determination of the crude 

lipid content was done using the Bligh & Dyer method (1959), but with a reduced amount of solvent 

(Iverson et al. 2001). The determination was made in duplicates and results were given in percent of 

total fatty acids. Also, the lipid extracts from seaweeds were used for analysis of fatty acids profiles 

and tocopherol (Hermund et al. 2015). The analyses were done in duplicates and results were reported 

as microgram tocopherol/g sample. 

Total phenolic content (Folin – Ciocalteu) Phenolic compounds were extracted and the total 

phenolic content (TPC) was quantified in accordance with the method of Farvin and Jacobsen (2013) 

with modifications. 100 μL of sample solution (dissolved in different solvents (ethanol, methanol and 

distilled water) were used based on the method described by Hermund et al. (2015). The results are 

expressed as gram gallic acid equivalents (GAE)/g seaweed in methanol. 

Statistical analysis Statgraphics Centurion 18 (Statistical Graphics Corp., Rockville, MD, USA) was 

used for data analysis. Data were expressed as mean ± standard deviation. Firstly, multiple sample 

comparison analysis was performed to identify significant differences between samples. Secondly, 

mean values were compared by using the Tukey's test. Differences between means were considered 

significant at p < 0.05. 

Results and discussion 

Total lipid, fatty acid composition and tocopherols 

The total lipid content in the selected seaweeds in the current study was found to be 0.4 - 0.7% (w/w) 

(Table 1). Sarcothalia crispata had the lowest content (0.4%) and Chondrus crispus had the highest 

content (0.7%). These numbers are lower than for many red seaweeds that have a crude lipid content 

ranging from 3 to 13% (Tibbetts et al. 2016). However, generally macroalgae are not a suitable source 

for the production of oil-based products as most species have low total lipid contents of  5% dry 

weight (Gosch et al. 2012).  
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The lipids of these industrial semi-dried seaweeds consisted mainly of SFAs. The content of these 

fatty acids (Table 1) varied from 30% for C. crispus to 65% of total fatty acids for Kappaphycus 

alvarezii. The content of palmitic acid (C16:0) was significantly higher in S. crispata with 55% of 

total fatty acids than in the other species (p < 0.05), whereas the lowest levels were found in C. crispus 

with 23% of total fatty acid (Table 1). Muraguri et al. (2016) determined the chemical and functional 

properties of five Kenyan seaweed species (Hypnea musciformis, Eucheuma denticulatum, Laurencia 

intermedia, Sargassum oligocystum and Ulva fasciata) that could potentially be used to replace fat in 

chicken sausage processing. Their results showed that SFAs were the most abundant fatty acids with 

a range of 53.03-71.05 %. 

In species investigated in this study, Furcellaria lumbricalis had significantly higher levels of 

MUFAs (29%) than the other species. Chondrus crispus had the next-highest level with 19%, whereas 

K. alvarezii had the lowest concentration with less than 6%. Oleic acid (C18:1, n-9) constituted 

approximately 10 to 11% of the fatty acids in C. crispus, S. crispata and F. lumbricalis. The MUFA 

content in E. denticulatum (17.21%) was higher than 4.84% that was found by Muraguri et al. (2016); 

this difference may be due to the difference in the types of sample used in the investigations e.g. 

geographical and seasonal variations. 

Compared to SFAs and MUFAs, the amount of interesting health-stimulating PUFAs in the tested 

semi-dried industrial seaweed was lower. The only exception was C. crispus, which had 42% PUFAs 

of total fatty acids (Table 1). Sarcothalia crispata had the lowest content of PUFAs (7%). Moreover, 

the EPA content in C. crispus (16%) was significantly higher than in other species analyzed in this 

study (p<0.05) where it was found at levels of 1% in K. alvarezii and approximately 3% in E. 

denticulatum, Sarcothalia crispata and F. lumbricalis. In addition, DHA was observed in all five 

seaweeds; with C. crispus having the highest concentration of 1.96%. The total PUFA content in E. 

denticulatum was higher than 2.75% that found by Muraguri et al (2016) in another investigation and 

it could be due to the difference in the type of samples and seasonal variations. 
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Regarding the tocopherols content, in accordance to Table 1 demonstrates that there are no 

tocopherols in E. denticulatum, K. alvarezii, and S. crispata, whereas the highest number for the total 

tocopherol content (alpha, gamma and delta) belongs to C. crispus with 0.18 µg/g dry weight.  

Total protein content and amino acid composition 

Of the five investigated species, F. lumbricalis had a significantly higher amount of protein (27.88%), 

followed by C. crispus and S. crispata (14.25 % and 12.41% respectively). While, this protein content 

for dried C. crispus were collected along the North Atlantic coasts was 27.2% ± 1.4% (Kulshreshtha 

et al. 2015). In another study on E. denticulatum from the Kenya coast, the protein content was 5.06 

± 0.36 (Muraguri et al. 2016). 

The amino acid profile of the selected industrial seaweeds presented some similarity, but also great 

differences in the concentrations of threonine, phenylalanine, alanine, proline, and glycine (Table 2). 

The concentration of alanine varied from 5.16% (E. denticulatum) to 14.27% (C. crispus) of the total 

amino acids, while aspartic acid varied from 9.24% (C. crispus) to 15.82% (K. alvarezii) of the total 

amino acids. The percentage of histidine and methionine were found to be low in all the selected 

species. The highest concentration of threonine was found in E. denticulatum and K. alvarezii with 

12.41% and 10.95% of total amino acids, respectively, while valine in these two seaweeds was 

undetectable.  

The quality of a protein is related mainly to its essential amino acid content and digestibility (Fennema 

2008). The sum of EAAs is an index for the quality of the protein, and this number was 41-48% of 

total amino acid content in the selected seaweeds. Sarcothalia crispata with 48% EAA of total amino 

acid had a significantly higher score than the other species and C. crispus had the lowest with 41%. 

Moreover, the ratio between EAAs and NEAAs is one of the important parameters for comparing the 

quality of protein. For the investigated seaweeds, this ratio was 0.8 on average (Table 2), which was 

higher than in other seaweeds such as Porphyra sp. (0.7), Laminaria sp (0.5), Undaria pinnatifida 

(0.7) and Hizikia fusiforme (0.6) (Dawczynski et al. 2007). 
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However, the selected seaweeds contained substantial amounts of protein (4 – 28% and with an 

average of 16%). Hence, based on the figures given in introduction, there is a potential to extract 

more than 45,000 ton/year of a new high-value protein product using a possible future multi-

extraction process. 

Total phenolic content 

Several studies have focused on natural antioxidants in seaweed and their application in food 

production to inhibit oxidation (Farvin and Jacobsen 2013; Hermund et al. 2015). In this study, 

different solvents (ethanol, methanol and distilled water) were used to optimize the extraction of 

phenolic compounds. There were significant differences in the total phenolic content between these 

species when ethanol, methanol or distilled water was used for the extraction (p<0.05); however, 

distilled water was found to be more efficient in this regard. Among these five investigated species, 

F. lumbricalis with 19.06 mg GAE /100g dry weight had the highest content of total phenolic 

compounds followed by C. crispus and S. crispata (5.06 mg GAE /g dry weight and 4.38 mg GAE /g 

dry weight respectively) (Table 4). These results, especially for the F. lumbricalis, are higher than 

other values obtained from different commercial red seaweeds such as Palmaria palmata (4.8-5.5 mg 

GAE /g dry weight), C. crispus (4.0-4.3 mg GAE /g dry weight), Meristotheca papulosa (4.2 mg 

GAE /g dry weight) and Sarcodiotheca gaudichaudii (4.3 mg GAE /g dry weight) (Tibbetts et al. 

2016, Farvin and Jacobsen 2013). 

Conclusion  

The present study showed that the selected seaweeds, provided by the industry, and currently used 

for only carrageenan production, contains interesting compounds that could possibly be extracted 

upstream or downstream the carrageenan utilization process to further utilize the biomass resource. 

The lipid quality in terms of its composition is considerable, but due to the low quantity, it may not 

be reasonable to work on the extraction of lipids in large scale. In addition, the concentration of TPC 

was reasonable high in concentration especially in Furcellaria lumbricalis. However, in comparison 
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with all compounds were analyzed in the current study, protein was the most considerable compound 

in the selected seaweed that could be extracted in industrial scale. Generally, more studies are needed 

to obtain more specific knowledge about how to extract these specific ingredients from the selected 

seaweeds and about their application as new high-value products beside the main product in the 

industrial carrageenan production lines. 
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Table 1: Fatty acid profiles (% of total fatty acids, mean of samples ± STDEV), total lipid content  (% DW, mean of 
samples ± STDEV, n = 3) and Alpha, Gamma and Delta tocopherols (μg/g DW, mean of samples ± STDEV) of selected 

seaweed  
                    

  

Eucheuma 

denticulatum 
 

Kappaphycus 

alvarezii 
 Chondrus 

crispus 
 

Sarcothalia 

crispata 
 

Furcellaria 

lumbricalis 

14:0 2.75 ± 0.01  2.88 ± 0.01  4.35 ± 0.04  6.10 ± 0.16  5.07± 0.14 
14:1 0.19 ± 0.04  0.36 ± 0.05  0.32 ± 0.01  0.48 ± 0.03  1.30 ± 0.00 
15:0 0.29 ± 0.01  0.39 ± 0.01  0.30 ± 0.00  0.76 ± 0.04  0.63 ± 0.01 
16:0 40.04 ± 1.27  46.51 ± 0.28  22.59 ± 0.61  55.25 ± 0,83  29.36 ± 0.35 
16:1 (n-7) 11.23 ± 0.65  1.43 ± 0.00  3.42 ± 0.26  2.00 ± 0.16  8.54 ± 0.08 
16:2 (n-4) 0.38 ± 0.02  0.17 ± 0.06  0.34 ± 0.01  0.06 ± 0.00  0.46 ± 0.06 
17:0 8.92 ± 0.37  12.38 ± 0.10  0.14 ± 0.01  0.28 ± 0.04  0.45 ± 0.11 
16:3 (n-4) 0.17 ± 0.04  0.14 ± 0.00  0.37 ± 0.01  0.29 ± 0.03  0.66 ± 0.00 
16:4 (n-1) 0.13 ± 0.03  0.15 ± 0.01  0.24 ± 0.10  0.17 ± 0.02  0.98 ± 0.05 
18:0 2.06 ± 0.13  2.12 ± 0.21  1.81 ± 0.01  1.61 ± 0.12  2.50 ± 0.11 
18:1 (n-9) 4.31 ± 0.47  2.07 ± 0.06  11.09 ± 0.56  10.43 ± 0.43  10.22 ± 0.63 
18:1 (n-7) 0.83 ± 0.03  1.32 ± 0.03  2.50 ± 0.01  1.45 ± 0.03  4.80 ± 0.16 
18:2(n-6) 0.66 ± 0.06  0.35 ± 0.03  3.83 ± 0.09  0.62 ± 0.03  2.48 ± 0.14 
18:2 (n-4) 0.12 ± 0.00  nd  nd  0.24 ± 0.11  nd 
18:3 (n-3) 0.26 ± 0.03  0.16 ± 0.05  2.08 ± 0.04  0.51 ± 0.04  2.05 ± 0.03 
18:4 (n-3) 7.51 ± 0.23  7.52 ± 0.24  2.15 ± 0.11  0.32 ± 0.00  0.92 ± 0.04 
20:1 (n-11) + (n-9) 0.27 ± 0.06  0.30 ± 0.01  0.70 ± 0.01  0.10 ± 0.00  2.49 ± 0.13 
20:1 (n-7) 0.23 ± 0.00  0.16 ± 0.01  0.30 ± 0.01  0.20 ± 0.01  0.69 ± 0.05 
20:2 (n-6) nd  0,00  0.46 ± 0.01  0.14 ± 0.02  0.42 ± 0.00 
20:4 (n-6) 2.51 ± 0.25  1.89 ± 0.13  13.09 ± 0.81  0.88 ± 0.25  1.63 ± 0.17 
20:3 (n-3) nd  nd  0.19 ± 0.04  0.18 ± 0.00  0.43 ± 0.00 
20:4 (n-3) nd  nd  0.24 ± 0.02  0.14 ± 0.00  0.22 ± 0.13 
20:5 (n-3) EPA 3.51 ± 0.24 b  0.71 ± 0.08 a  16.01 ± 0.20 c  2.95 ± 1.08 b  3.26 ±  0.45 b 
22:1 (n-9) 0.15 ± 0.00  0.11 ± 0.01  0.16 ± 0.01  0.21 ± 0.01  0.45 ± 0.05 
22:1 (n-11) nd  nd  0.10 ± 0.01  nd  0.34 ± 0.01 
21:5 (n-3) nd  nd  0.17 ± 0.02  nd  0.41 ± 0.06 
22:5 (n-3) 1.39 ± 0.08  0.71 ± 0.13  0.39 ± 0.01  nd  0.22 ± 0.01 
22:6 (n-3) DHA 0.21 ± 0.03 a  0.19 ± 0.04 a  1.96 ± 0.03 d  0.82 ± 0.05 c  0.32 ± 0.04 b 

     
 

 
 

  
Σ identified FAs 88.08 ± 4.03 b  81.98 ± 1.54 a  89.22 ± 3.04 b  86.14 ± 3.49 b  81.24 ± 3.01 a 
Σ SFA 54.05 ± 1.78 c  64.28 ± 0.62 d  29.18 ± 0.66 a  63.99 ± 1.20 d  38.00 ± 0.71 b 
Σ MUFA 17.21 ± 1.24 c  5.74 ± 0.16 a  18.57 ± 0.88 c  14.86 ± 0.66 b  28.80 ± 1.11 d 
Σ PUFA 16.83 ± 1.11 d  11.97 ± 0.76 b  41.48 ± 1.49 e  7.30 ± 1.63 a  14.45 ± 1.18 c 
Σ PUFA (n-3) 12.67 ± 0.61 d  9.28 ± 0.54 c  23.17 ± 0.46 e  4.91 ± 1.17 a  7.82 ± 0.76 b 
Σ PUFA (n-6) 3.17 ± 0.32 b  2.24 ± 0.16 a  17.37 ± 0.92 d  1.63 ± 0.30 a  4.53 ± 0.31 c 

          
Total lipid 0.52 ± 0.04 b  0.64 ± 0.08 c  0.69 ± 0.06 c  0.40 ± 0.04 a  0.41 ± 0.04 a 

          
Alpha-tocopherol nd  nd  0.1 ± 0.0  nd  nd 
Gamma-tocopherol nd  nd  0.8 ± 0.1  nd  0.5 ± 0.1 
Delta-tocopherol nd  nd  0.9 ± 0.3  nd  nd 
          

a - e values in the same line sharing a common letter are not significantly different at p < 0.05 

FAs, fatty acids; SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, poly unsaturated fatty acids. 
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Table 2 Amino acid (AA) profiles (mg/g dry weight), essential amino acids (EAA; given in mg/g DW and % of the total 
AA), non-essential amino acids (NEAA; given in mg/g dry weight and % of the total AA), the ratio of EAA / NEAA and 
total protein (based on total nitrogen content from Kjeldahl) (%)  

  

Eucheuma 

denticulatum 
 

Kappaphycus 

alvarezii 
 Chondrus 

crispus 
 

Sarcothalia 

crispata 
 

Furcellaria 

lumbricalis 

          
Lysine* 1.13 ± 0.03 a  0.90 ± 0.02 a  4.00 ± 0.38 c  2.62 ± 0.10 b  5.82 ± 0.58 d 

Arginine 0.6 ± 0.00  0.39 ± 0.07  2.44 ± 0.27  1.30 ± 0.28  4.33 ± 1.90 

Alanine 1.01 ± 0.06  1.72 ± 1.14  14.15 ± 0.99  6.73 ± 1.60  17.23 ± 7.61 

Cysteine 0.03 ± 0.04  nd  0.42 ± 0.04  0.22 ± 0.04  1.71 ± 0.17 

Methionine* 0.36 ± 0.03 a  0.26 ± 0.02 a  0.99 ± 0.05 b  0.94 ± 0.08 b  1.23 ± 0.56 b 

Leucine* 2.00 ± 0.27 a  2.85 ± 1.02 a  9.78 ± 0.63 c  7.08 ± 0.41 b  12.75 ± 0.86 d 

Phenylalanine* 1.88 ± 0.10 a  3.02 ± 0.09 b  6.24 ± 0.34 d  5.19 ± 0.05 c  11.90 ± 0.43 e 

Proline 0.73 ± 0.05  1.21 ± 0.52  6.29 ± 0.20  3.24 ± 0.39  10.63 ± 1.67 

Threonine* 2.39 ± 0.05 a  2.90 ± 0.01 a  7.35 ± 0.85 c  5.76 ± 0.14 b  10.84 ± 0.05 d 

Tyrosine 0.45 ± 0.06  0.51 ± 0.05  1.91 ± 0.27  1.09 ± 0.09  4.08 ± 0.65 

Aspartic acid 2.61 ± 0.18  4.19 ± 0.02  9.16 ± 1.28  8.40 ± 0.57  17.16 ± 0.79 

Serine 1.53 ± 0.01  1.64 ± 0.03  6.15 ± 0.50  3.82 ± 0.05  9.55 ± 0.79 

Valine* nd  nd  6.05 ± 0.01 ab  5.22 ± 0.15 a  9.82 ± 3.62 b 

Glutamic acid 2.65 ± 0.22  3.16 ± 0.28  10.09 ± 1.31  5.46 ± 0.05  10.88 ± 0.58 

Histidine* 0.21 ± 0.04 a  0.21 ± 0.00 a  0.82 ± 0.25 b  0.67 ± 0.04 b  1.77 ± 0.46 c 

Tryptophan nd  nd  nd  nd  nd 

Isoleucine* 1.08 ± 0.14 a  1.33 ± 0.60 a  5.38 ± 0.29 b  3.80 ± 0.26 c  8.09 ± 1.31 d 

Glycine 0.89 ± 0.72  2.18 ± 0.20  7.95 ± 1.22  3.74 ± 1.50  8.39 ± 4.42 

 
 

 
 

 
 

 
 

 
 

Σ AA 19.56  26.49  99.18  65.29  146.20 

Σ EAA / Σ AA 9.06 (46.3%)  11.48 (43.3%)  40.61 (40.9%)  31.28 (47.9%)  62.23 (42.6%) 

Σ NEAA / Σ AA 10.50 (53.7%)  15.01(56.7%)  58.57 (59.1%)  34.01(52.1%)  83.97 (57.4%) 

Σ EAA / Σ NEAA 0.9:1  0.8:1  0.7:1  0.9:1  0.7:1 

  

 

       

Total protein 
(Kjeldahl)** 

3.80 ± 0.05 a 6.62 ± 0.04 b 
 

14.25 ± 0.03 c 
 

12.41 ± 0.04 d 
 

27.88 ± 0.17 e 

a - e values in the same line sharing a common letter are not significantly different at p < 0.05 

* Essential amino acids (EAAs) for human nutrition 
** calculated in accordance with the conversion factor of 5 
 
Table 3: Total phenolic compounds extracted using different solvents (mg GAE /g DW) 
 

 Eucheuma 
denticulatum 

Kappaphycus 
alvarezii 

Chondrus 
crispus 

Sarcothalia 
crispata 

Furcellaria 
lumbricalis 

distilled water 1.68 ± 0.01a 2.95 ± 0.01 b 5.06 ± 0.03 d 4.38 ± 0.01 c 19.06 ± 0.02 e 

ethanol 0.15 ± 0.01a 0.14 ± 0.01a 0.18 ± 0.01b 0.30 ± 0.01c 0.15 ± 0.01a 

methanol 0.16 ± 0.01a 0.18 ± 0.02a 0.22 ± 0.01b 0.31 ± 0.01d 0.27 ± 0.01c 

a - e values in the same line sharing a common letter are not significantly different at p < 0.05 
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6.3: Paper II: Enzyme-assisted extraction and characterization of protein from red seaweed 
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Abstract: 

This investigation aimed at protein extraction from red seaweed Palmaria palmata, by application of an 

optimized enzyme-assisted extraction consisting of an aqueous/enzymatic treatment followed by 

alkaline extraction. Accordingly, the protein extraction efficiency of four enzymes was evaluated 

including Celluclast® 1.5L, Shearzyme® 500 L, Alcalase® 2.4 L FG and Viscozyme® L at 0.0, 0.2 and 

0.4 % (w/w), at different pHs and temperatures. The protein content of the raw material and the fractions 

from the extraction were analyzed by using the Dumas method and multiplying with the nitrogen to 

protein factor 5.0. The results showed that the enzyme combinations containing Alcalase® and either 

Celluclast® or Shearzyme® achieved the highest (> 90 %) protein extraction efficiencies (p<0.05). The 

amino acid content and composition in the raw material and in the fractions obtained from the treatment 

using each enzyme individually and also with the combination of Alcalase® plus Celluclast®  as an 

optimum extraction were determined by LC-MS. The results showed that the total amount of essential 

amino acids (EAA) were higher in the solid fractions (post extraction solid residue and pellet)  after all 

enzymatic treatments compared with the raw material (untreated seaweed). The EAA accounted for 

approximately 50% of total amino acids (AA) found in the solid samples with the EAA/AA ratio ranging 

from 0.47 to 0.55. In comparison, in the liquid fraction, the EAA/AA ratio varied from 0.2 to 0.44. The 

maximum EAA/AA ratio was found when Alcalase® alone were employed (0.44). 

 

 

Keywords: red seaweed, protease, xylanase, cellulase, NAC, alkaline extraction 
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1. Introduction 

The global population is predicted to grow by more than a third by 2050. Due to this increase, the 

demand for food is estimated to be increased; consequently, worldwide food production is facing a 

considerable challenge. The methods used today for intensifying agriculture may soon no longer be an 

available option due to the severe consequences they have on the environment. For example, 

agriculture’s demand for land threatens natural habitats and biodiversity, and nutrient run-off from 

fertilizers damages oceans, freshwaters and terrestrial ecosystems [1]. 

It is predicted that protein as a primary nutrient may be in short supply in the future. Hence, it is widely 

accepted that alternative sources and production methods for protein are needed if we are to meet the 

future global protein requirements. Seaweeds are already an essential resource in the food industry 

where they are used as, for example, stabilizing agents. Moreover, seaweeds are rich in both minerals 

and essential trace elements and are used as raw materials by the pharmaceutical and cosmetic industry 

for these properties [2]. In addition to these uses, seaweed is a viable alternative source of protein. Some 

species of seaweed are known to contain protein levels up to 47% similar to those of traditional protein 

sources, such as meat, egg, soybean, and milk [3–5]. The use of seaweed for protein production has 

several benefits compared with traditional high-protein crop use. For example, seaweeds have a higher 

protein yield per unit area (4–15 tons/ha/year) compared with terrestrial crops, such as soybean (0.6-

1.2 tons/ha/year) and wheat (1.1 tons/ha/year) [6]. Seaweeds do not require freshwater to grow [1], 

which is in contrast to terrestrial agriculture that requires approximately 75 percent of the world’s 

freshwater resources [6] and animal protein that requires 100 times more water than the equivalent 

amount of plant-based protein [7,8]. 

Further application of seaweed in human nutrition is not easy in Western countries because seaweed 

products are still not well known. Including seaweed as an everyday food source for humans could be 

achieved by introducing it as an alternative nutrient source in line with other seafood products [5,9]. 

Today, only a few seaweed species are harvested for human consumption. Several studies have reported 

that Palmaria palmata, also known as dulse, with up to 35% have the second highest protein content 

among all common seaweeds, after Porphyra tenera (nori). Plamaria palmata is also rich in iron and 

many other easily assimilated minerals, dietary fibers and vitamins. P. palmata is mostly consumed as 

snacks and sold in health stores and could be utilized more as a source of essential nutrients and 

functional ingredients [10].  

There is growing awareness that seaweed can serve as a source of biomass for protein extraction with 

subsequent use of the extracted proteins in food products. However, the main obstacle for an efficient 

protein extraction seems to be the ionic interactions between the protein molecules, the cell wall, and 

intracellular polysaccharides [11]. Palmaria palmata has a rigid cell wall consisting mainly of a mixture 

of β-(1→4)/β-(1→3)-D-xylans with some fractions of cellulose and β-(1→4)-xylans [12–14]. 

Enzymatic treatment has traditionally been used by the food industry for land crop transformation. This 
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treatment is based on the use of cell wall polysaccharide-degrading enzymes to improve yields, modify 

texture, and ease processing operations [15]. In 1992, the use of enzymatic liquefaction was initially 

described for P. palmata as an efficient extraction technique. This method disrupts the cell and thereby 

gives access to the proteins inside the cell [11,16]. 

In 2013, Harnedy and FitzGerald discussed the effect of different enzymes, such as Celluclast® 1.5L, 

Shearzyme® 500L, Ultraflo®, and Corolase®, combined with sodium hydroxide (NaOH) and N-acetyl-

L-cysteine (NAC) concentration in different conditions on the recovery of alkaline-soluble proteins from 

milled, oven-dried P. palmata. The yields were 24%, 40% and 67% for chemical extraction, physical 

process, and enzymatic hydrolysis, respectively [11], and in a more recent study, the extraction yield 

was increased to 80% by using Umamizyme [17]. All the studies mentioned above only evaluated 

different types of polysaccharidases to assist protein extraction. There is only one study by Bjarnadóttir 

et al. [17] that evaluated both polysaccharides and proteases individually and as a cocktail. 

In the current study, four enzyme preparations from different categories (cellulase, xylanase, protease, 

and a combination of carbohydrases, including arabinase, cellulase, β-glucanase, hemicellulase, and 

xylanase) were tested for protein extraction of the red seaweed Palmaria palmata followed by NAC 

assisted alkaline recovery of the extracted proteins. The aim was to evaluate whether it was possible to 

improve the efficiency of protein extraction by this approach compared to the methods applied in 

previous studies. Furthermore, the effect of different pH and temperature were tested to determine the 

optimal conditions of protein extraction. Finally, selected protein extracts were evaluated with respect 

to their amino acid (AA) profile, an essential amino acid (EAA), EAA score, and the EAA ratio.  

 

2. Material and Methods 

2.1. Seaweed harvest and preparation 

Palmaria palmata biomass was collected in batches harvested in Hafnarfjörður, Iceland, at the end of 

April 2017, and kindly provided by Nordisk Seaweed ApS. Even though sun-drying is not the best 

drying method in terms of avoiding deterioration of sensitive bioactive compounds this method is still 

used for drying of seaweed to be used for e.g. carrageenan extraction.  Therefore, biomass that had been 

sun-dried at the beach was used in this study. The semi-dried sample was selected from a non-insulated 

warehouse, which had a temeperature fluctuation corresponding to ambient outdoor temperature in 

Denmark. The biomass were taken from different batches to obtain representative samples. The seaweed 

sample was downsized to 0.5-1 cm particle size using a cut miller (Retsch - SM 2000, Haan, Germany). 

The milled seaweed was stored in plastic bags at -20℃ until further experiments.  

2.2.  Enzymes and chemicals 

Novozymes A/S (Bagsværd, Denmark) kindly provided all enzymes: Celluclast® 1.5L as a cellulase, 

Shearzyme® 500 L as a xylanase, Alcalase® 2.4 L FG as a protease and Viscozyme® L as a multi-
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enzyme complex containing a wide range of carbohydrases, including arabinose, cellulase, β-glucanase, 

hemicellulase, and xylanase. All chemicals, such as NaOH or N-Acetyl-L-cysteine (NAC), were 

purchased from Merck (St. Louis, IL, USA). All solvents used were of high-performance, liquid 

chromatography (HPLC) grade and purchased from Lab-Scan (Dublin, Ireland). Amino acid standards 

were purchased from Sigma-Aldrich (St. Louis, IL, USA). HPLC grade water was prepared at DTU 

Food using Milli-Q® Advantage A10 water deionizing system from Millipore Corporation (Billerica, 

MA, USA). 

2.3. Experimental plan - Aqueous/enzymatic extraction  

In accordance with the author’s experience from previous studies (not published) and literature reviews 

[10,18], the ratio of 1:20 w/w (seaweed biomass/solution) was used for both enzymatic treatment and 

alkaline extraction. A total of 500 mL of deionized H2O was added to each of the 1 L Erlenmeyer flasks. 

Aqueous/enzymatic extraction conditions such as pH and temperature were set in accordance with Table 

1. The pH was adjusted using either hydrochloric acid (HCl) or sodium carbonate (Na2CO3). The reason 

for selecting sodium carbonate for pH adjustment was the industrial experience that it helps to open up 

the seaweed structure and gives better access to do the extraction. Subsequently, 25.0 g of dried biomass 

was added to each 1 L Erlenmeyer flask to achieve a concentration of 50.0 g/L. The flasks were then 

placed in a water bath at the specified temperature at a speed of 80 rpm. The dried biomass was re-

hydrated for 1 hour. Then the enzymes were added in accordance with Table 1. All treatments were run 

in duplicates (n=2). In trial 1 and 3, controls (no enzymes added) were included. Aqueous/enzymatic 

extraction was performed for 14 hours. 

2.3.1.  Effect of individual enzymes tested at different concentrations (Trial 1) 

Aqueous/enzymatic extraction conditions such as pH and temperature were set in accordance with the 

optimal conditions defined by the manufacturer for the specific enzymes: Celluclast® (50°C, pH 4.5), 

Shearzyme® (60°C, pH 5.0), Viscozyme® (50°C, pH 4.5) and Alcalase® (50°C, pH 8.0) (Table 1). All 

enzymes were tested at enzyme concentration of 0.2% and 0.4% (g enzyme/g algal biomass). 

2.3.2.  Effect of temperature and pH on the extraction performance of Alcalase® (Trial 2) 

The combined effect of pH (7.0, 8.0, and 9.0) and temperature (30°C, 45°C, and 60°C) on the extraction 

performance of Alcalase was tested at an enzyme concentration of 0.4%. 

2.3.3.  Effect of enzyme combination and pH (Trial 3) 

Different enzyme combinations were tested at 50°C both at a lower pH of 4.5, which is an optimal pH 

for Celluclast®, Viscozyme®, and Shearzyme®, and at a higher pH of 8.0, which is optimal for 

Alcalase®. 

2.3.4.  Enzyme combinations containing Alcalase® at 0.2% and 0.4% enzyme concentration 

(Trial 4) 
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The performance of different enzymes in combination with Alcalase® was tested at 0.2% and 0.4% 

enzyme concentration and compared with that of Alcalase® alone.  
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Table 1. Experimental conditions of four tested aqueous/enzymatic extractions 

Trials Sample (g) pH Temp. Celluclast
® 1.5L 

Shearzyme® 
500L 

Viscozyme
® L 

Alcalase® 
2.4 L FG 

Trial 1 25 4.5 50 0 - - - 
 25 4.5 50 0.2% - - - 
 25 4.5 50 0.4% - - - 
 25 5 60 - 0 - - 
 25 5 60 - 0.2% - - 
 25 5 60 - 0.4% - - 
 25 4.5 50 - - 0 - 
 25 4.5 50 - - 0.2% - 
 25 4.5 50 - - 0.4% - 
 25 8.0 50 - - - 0 
 25 8.0 50 - - - 0.2% 
 25 8.0 50 - - - 0.4% 
        

Trial 2 25 7.0 30 - - - 0.4% 
 25 8.0 30 - - - 0.4% 
 25 9.0 30 - - - 0.4% 
 25 7.0 45 - - - 0.4% 
 25 8.0 45 - - - 0.4% 
 25 9.0 45 - - - 0.4% 
 25 7.0 60 - - - 0.4% 
 25 8.0 60 - - - 0.4% 
 25 9.0 60 - - - 0.4% 
        

Trial 3 25 4.5 50 0.4% 0.4% - - 
 25 4.5 50 0.4% - 0.4% - 
 25 4.5 50 0.4% - - 0.4% 
 25 4.5 50 - 0.4% 0.4% - 
 25 4.5 50 - 0.4% - 0.4% 
 25 4.5 50 - - 0.4% 0.4% 
 25 4.5 50 - - - - 
 25 8.0 50 0.4% - - 0.4% 
 25 8.0 50 - 0.4% - 0.4% 
 25 8.0 50 - - 0.4% 0.4% 
 25 8.0 50 - - - - 
        

Trial 4 25 8.0 50 0.4% - - 0.4% 
 25 8.0 50 - 0.4% - 0.4% 
 25 8.0 50 - - 0.4% 0.4% 
 25 8.0 50 - - - 0.4% 
 10 8.0 50 0.2% - - 0.2% 
 10 8.0 50 - 0.2% - 0.2% 
 10 8.0 50 - - 0.2% 0.2% 
 10 8.0 50 - - - 0.2% 
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2.4. NAC-assisted alkaline extraction 

The optimized conditions for the alkaline extraction were carried out in accordance with the study by 

Harnedy and FitzGerald (2013) to extract protein from P. palmata with some modifications [11]. 

Previous studies have shown that using alkaline solutions (NaOH) effectively solubilize and improves 

the extraction of highly water insoluble proteins from seaweed and microalgae [19,20]. Furthermore, 

food-grade NaOH is consistently used in the food industry, for example in the extraction of protein-rich 

ingredients from plant and muscle sources. Also, it has been shown that reducing agent (beta-

mercaptoethanol, L-cysteine-hydrochloride-monohydrate, and NAC) significantly increase the yield of 

alkaline soluble nitrogen [11]. Thus, the combination of NaOH and NAC as a food grade reducing agent 

was selected to aid the extraction of proteins in this study. After the aqueous/enzymatic extraction was 

completed, the content of each Erlenmeyer flask was filtered through a sieve (ca. 1 mm mesh size). The 

liquid fraction recovered from each Erlenmeyer flask was placed in separate containers and stored at 

4°C. The leftover solid fraction from each flask was re-suspended in 500 mL of the alkaline-extraction 

solution containing 1 g/L of NAC and 4 g/L of NaOH. During alkaline extraction, the 1-L-Erlenmeyer 

flasks were placed in an orbital shaker at a speed of 130 rpm and room temperature for 1.5 hours, after 

which the content was filtered, and the alkaline-extraction solution was replaced. The liquid fraction 

recovered here was pooled together with the liquid fraction recovered from the aqueous/enzymatic 

extraction. The procedure was repeated three times to make a total of three 1.5-hour alkaline extractions. 

The liquid fraction was stored at 4°C overnight, and protein precipitation was performed the next day. 

2.5. Post-extraction solid residue 

At the end of the extraction process, the leftover solid residue (recovered in the 1 mm sieve) was placed 

in a plastic container and dried in an oven at 50°C. The samples were subsequently ground to powder 

and stored in the freezer (−18 °C) before the chemical analysis. 

2.6. Protein precipitation 

Protein precipitation was performed using the isoelectric point of the protein. For this purpose, the pH 

of the pooled liquid fraction recovered from each Erlenmeyer flask during the aqueous/enzymatic 

extraction and alkaline extraction was lowered from approximately 13 to 3 using HCl (< 5M). 

1.1. Centrifugation 

Immediately after protein precipitation, the resulting “soup” was centrifuged at 4400 g for 15 minutes 

at 4 °C. Following centrifuging, the supernatant (liquid) was recovered in a plastic container, and the 

pellet (solid) was collected in another plastic container. Both the liquid and solid fractions were stored 

at -40°C. The solid fraction was freeze-dried and milled before the chemical analysis.   

2.7. Chemical analyses 
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Seaweed samples, post-extraction seaweed residue (PESR), and precipitated protein (pellets) were dried 

at 45°C and ground to a fine powder before chemical analyses, using a KNIFETEC mill (1095 sample 

Mill, FOSS TECATOR, Hillerød, Denmark) and stored at -40°C until further analysis. The liquid 

fractions were also stored at -40°C and used directly for the chemical analysis after defrosting. Chemical 

analyses were performed in accordance with AOAC procedures (AOAC 2006), and samples were run 

in duplicates to evaluate analytical precision. Dry matter (DM) was determined after drying the biomass 

in an oven at 105 °C until constant weight. Protein concentration was calculated by summing up the 

amino acid masses retrieved after acid hydrolysis, minus the water mass (18 g H2O mol−1 of amino acid) 

incorporated into each amino acid after the disruption of the peptide bonds in accordance with Lourenço 

et al. [20]. 

2.8. Total nitrogen  

Total nitrogen content was determined using the Dumas combustion method using a fully automated 

rapid MAX N (Elementar Analysensysteme GmbH, Langenselbold, Germany). Approximately 200 mg 

of dried sample and 4 mL of liquid sample (liquid fraction) were fed into the system, and the exact 

weight was recorded. The protein content was determined by multiplying the nitrogen content by a factor 

of 5.0, which is the recommended conversion factor for seaweeds [21]. 

2.9. Amino acids 

Approximately 30 mg of the dried sample or 0.5 mL of the liquid sample (liquid fraction) were 

hydrolyzed with 6 M HCl at 110°C for 18 hours. Acid hydrolysis was followed by derivatization using 

a Phenomenex EZ:faast amino acid analysis kit in accordance with the user manual (Phenomenex). The 

amino acid composition was determined by liquid chromatography using mass spectrometry (Agilent 

1100 Series, LC/MSD Trap) with an EZ:faast 4u AAA-MS new column (250×3.0 mm, Phenomenex). 

2.10. Determination of extraction efficiency from mass protein balance 

The extraction efficiency for every treatment was based on a protein mass balance that was used to 

determine the protein recovery in the treatments from where the extraction efficiency was determined. 

The amount of protein (g) in the samples and different fractions (PESR, pellet, and liquid) determined 

by the following equations: 

 

Protein in sample (g) = sample weight (g) ∙
Dumas protein content in raw material (%)

𝐷𝑀 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (%)
 

 

Protein in fraction (g) = fraction weight (g) ∙
Dumas protein content in fraction (%)

DM content in fraction (%)
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The protein mass balance was used to determine the protein recovery in the different fractions by the 

following equation: 

Protein recovered in fraction (%) =
protein in fraction (g)

protein in sample (g)
∙ 100 

 

Finally, the extraction efficiency for each treatment was determined from the protein recovered in the 

PESR: 

Extraction efficiency (%) = 100 % − Protein recovered in PESR %   

 

2.11. Essential amino acid ratio and score 

The EAA ratio was determined as the sum of EAA divided by the sum of all AA found in the sample 

and expressed with a number (0.0-1.0). Additionally, to evaluate protein quality, the EAA score was 

determined according to FAO/WHO [22] based on the EAA requirement pattern for children age 3-10 

from WHO/FAO/UNU [23], as follows: 

 

2.12. Statistical analysis 

All results are presented as mean ± standard deviation, corresponding to two experimental replicates 

(n=2). A permutational ANOVA (using Euclidean distances) was used to test the effect of the 

independent variables (as fixed factors) on various response parameters: protein extraction efficiency, 

protein recovered, and protein content [24]; type III sum of squares and unrestricted permutation (9999) 

on raw data; (α = 0.05). Whenever a significant difference between sample means or interaction of 

factors was determined by PERMANOVA (p<0.05), a posteriori analysis (pairwise test) was performed. 

Pairwise comparisons were performed among levels of factors, including within individual levels of 

other factors when there was significant interaction. 
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3. Results and discussion 

The obtained results in this study are discussed in three parts: the effect of different enzymes when used 

individually, the effect of different temperatures and pH on protein extraction by Alcalase® as the 

enzyme with the highest efficiency, and the effect of different enzyme combinations. All the enzymatic 

extraction were followed by alkaline extraction using 1 g/L of NAC and 4 g/L of NaOH. 

3.1. Different enzymes individually 

As shown in Fig. 1, Alcalase® gave the highest protein extraction efficiency with more than 80% among 

all tested enzymes for both 0.2% and 0.4% enzyme concentration (g enzyme/g algal biomass; p˂0.05). 

Moreover, Celluclast® and Viscozyme® resulted in significantly higher extraction efficiency than 

Shearzyme®, but only at the 0.4% enzyme concentration. 

In contrast, the addition of Shearzyme® or Viscozyme® at both enzyme concentration did not have any 

effect on the extraction efficiency compared with the control (p=0.16–0.89). 

 

Figure 1. Protein extraction efficiency achieved for the four tested enzymes used at three different concentration 

(n=3, p˂0.05) 

 

Generally, seaweed proteins are found bound to other non-protein components such as polysaccharides 

and polyphenols within the seaweed cell. Furthermore, seaweed proteins may be found within 

macromolecular cell wall assemblies or cross-linked via disulphide bonds to polysaccharides within 

these assemblies [11,13,19]  Many studies have shown that alkaline solutions (NaOH) effectively 

solubilize and aid in the extraction of highly water insoluble proteins from seaweed and microalgae 

[11,19,20]. Furthermore, food-grade NaOH is routinely used in the food industry, in the extraction of 

high protein content ingredients from plant and muscle sources. It is used for example in the extraction 

of fish muscle proteins for the generation of surimi-based products and in the generation of soy protein 
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isolates [11]. The present study showed, however, that alkaline extraction alone only provided a protein 

extraction efficiency of approximately 45 %. 

In contrast, using a protease such as Alcalase® led to the hydrolysis of peptide bonds that link amino 

acids together in the polypeptide chain forming the protein and this significantly improved protein 

extraction. Furthermore, the combination of protease enzymes and alkaline extraction was significantly 

more efficient than the combination of polysaccharide-degrading enzymes and alkaline extraction [25]. 

Alcalase® extraction resulted in a significant reduction in the protein recovered in the PESR (16.2–

19.5%) compared with all other tested enzymes (52.0–57.8%), both at 0.2% and 0.4% enzyme 

concentration (Fig. 2). Because protein extraction efficiency is calculated as “100 % - protein recovery 

in PESR”, the results obtained for the protein extraction efficiency will always provide the opposite rank 

order for the different treatments than the PESR. Therefore, the protein recovery in PESR will not be 

further commented upon in the following. Using Alcalase® significantly increased the protein recovered 

in the liquid fraction (54.3–55.2%) compared with all other enzymes (12.5–29.3%). Moreover, protein 

recovered in the pellet was also significantly lower when Alcalase® was used (10.2–11.6%) compared 

with all other enzymes (14.9–20.0%). It could be due to the ability of Alcalase® to break down the 

proteins to peptides. This results in other and most likely more isoelectric points caused by the new 

different peptides compared to the different original proteins. Some peptides may precipitate and 

resolubilize when pH is further decreased to precipitate other peptides. 

 

Figure 2. Protein recovered in the post-extraction solid residue (PESR), pellet, and liquid fractions 

obtained using four individual enzymes at three concentration (0.0%, 0.2%, and 0.4%) (n=3, p˂0.05) 

(Cell: Celluclast®; Shea: Shearzyme®; Visc: Viscozymes®; Alca: Alcalase®) 
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In 2018, Bjarnadóttir et al. used frozen Palmaria palmata and reported extraction yields of 

approximately 50% and 65% in the liquid fractions when Xylanase and Umamizyme were used as 

proteases. They added 2 mg of pure xylanase and 200 mg of Umamizyme to 300 g of wet-milled sample. 

[17]. The difference between the extraction efficiency obtained in their and our studies may be due to 

either the different types of enzymes and their activity or the different enzyme concentration that were 

used in these studies. Furthermore, Umamizyme is an endo- and exoproteinase while Alcalase® is as an 

endoproteinase. In contrast to exopeptidases, which break peptide bonds from end-pieces of terminal 

amino acids, endoproteinase are proteolytic peptidases that break the peptide bonds of 

nonterminal amino acids. Thereby, unlike the exopeptidase, endopeptidases cannot break down peptides 

into monomers [26,27]. Therefore, using endoproteinase could be better than exo-proteinase in terms of 

obtaining bigger peptide after the protein extraction. It indicates that breakdown of the proteins using 

protease results in proteins, peptides, and amino acids ending up in both the liquid and PESR. Notably, 

it was difficult to recover all the extracted protein in the liquid fraction by conventional techniques like 

precipitation at isoelectric points. Nevertheless, enzymatic extraction using Viscozyme® or Celluclast® 

resulted in higher protein recoveries in the pellet (17.2–20.0%) among all tested enzymes (10.2–16.1; 

p˂0.05). It could be due to a lower number of isoelectric points which is because of bigger size of 

extracted protein and peptids compared to other enzyme treatments. 

The protein content of the PESR was significantly lower in the biomass subjected to Alcalase® 

extraction (9.8–10.9% DM) compared with all other enzymatic treatments (24.8–33.9% DM) both at 

0.2% and 0.4% enzyme concentration (p˂0.05; Fig. 3). In another study conducted by Bjarnadóttir et 

al. (2018), the protein content in the solid fraction (equal to PESR in our study) of P. palmata after 

protein extraction was 30% and 15% of the total protein when they used Xylanse and Umamizyme 

respectively[17]. In our study, the Alcalase® extraction resulted in significantly lower protein content 

of the PESR compared with alkaline extraction alone (no enzymes added). On the other hand, the 

opposite was observed for the enzymatic extraction using Celluclast ® or Viscozyme® or Shearzyme® 

alone (p˂0.05). Particularly, the protein content found in the PESR obtained after Shearzyme treatment 

was surprisingly high compared with the corresponding control. The high protein content may at least 

partly be due to retainment of the enzymes added in this fraction, but this cannot fully explain the high 

protein content. Further studies are needed to elucidate this finding.  

Enzymatic extraction using Shearzyme ® resulted in a pellet fraction with the highest protein content 

among all treatments (39.8–40.4% DM) both at 0.2% and at 0.4% enzyme concentration (p˂0.05).  

In comparison, Alcalase® extraction resulted in the lowest protein content of the pellet (30.6–31.3% 

DM), although, this was not significantly different from Viscozyme® extraction regardless of the 

enzyme concentration (p=0.86–0.96). Both Celluclast® and Shearzyme® extraction led to a 

significantly higher protein content of the pellet compared with the alkaline extraction alone. These 
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findings suggest that proteins extracted by Celluclast® and Shearzyme® were more efficiently 

recovered by the isoelectric precipitation than those obtained by Alcalase® extraction.    

 

 

Figure 3. Protein content (% dry matter) of the post-extraction solid residue (PESR) and pellet fractions obtained 

using four individual enzymes at three concentration (0.0%, 0.2%, and 0.4%). Treatments without enzyme 

addition (0.0%) were run as controls (n=3, p˂0.05)  

(Cell: Celluclast®; Shea: Shearzyme®; Visc: Viscozymes®; Alca: Alcalase®) 

 

3.2. Effect of different temperature and pH on protein extraction by Alcalase® 

In order to optimize/improve the protein extraction efficiency by Alcalase®, the effect of different 

temperatures (30, 45 and 60 ˚C) and pHs (7, 8 and 9) were evaluated. The protein extraction efficiency 

was directly correlated with the temperature applied; the lowest and the highest extraction efficiency 

were achieved at 30ºC (72.4–76.4%) and 60ºC (83.8–84.4%), respectively (p˂0.05; Fig. 4). On the other 

hand, the pH had no significant effect on protein extraction efficiency (p=0.47). These findings 

correspond to the findings from the other studies where enzymatic-assisted treatment was used to extract 

protein from P. palmata [11,17,28,29].  
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Figure 4. Effect of extraction conditions (pH and temperature) in the protein extraction efficiency of Alcalase 

(n=3, p˂0.05) 

 

In agreement with the extraction efficiency, the temperature had a significant impact and was directly 

correlated with the protein recovered in the pellet fraction (7.2–12.6%; Fig. 5). Moreover, the protein 

recovered in the pellet fraction was higher at pH 7 than at pH 8 when the enzymatic hydrolysis was 

performed at 60ºC (10.4– 12.6%; p˂0.05). There was no significant difference in the protein recovered 

in the liquid fraction (61.3–74.8%) regardless of the tested pH (p=0.36) and temperature (p=0.06). 

 

Figure 5. Protein recovered from the post-extraction solid residue (PESR), pellet and liquid fractions obtained 

using Alcalase under different extraction conditions (pH and temperature) (n=3, p˂0.05) 

 

The temperature applied had a significant effect on the protein content of both the PESR and the pellet 

fractions, while the effect of pH was not significant (p=0.29–0.30). The protein content of the PESR 
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was significantly higher in the Alcalase extraction performed at 60 ºC (10.3–10.6% DM) compared with 

45 ºC (9.3–9.6% DM), but not significantly different from that found at 30 ºC (9.6–10.4% DM; Fig. 6). 

In contrast, the protein content of the pellet fraction was lower in the Alcalase extraction performed at 

60 ºC (29.0–31.5% DM) compared with that found at 30 ºC and 45 ºC (31.5–33.3% DM; p˂0.05), but 

the differences were not large. 

Taken together, Alcalase extraction was most efficient at 60 oC, which is somewhat surprising since the 

enzyme has optimal enzyme activity at 50 oC. However, the observed differences between 45 oC and 60 
oC were not large, indicating that the temperature was close to the optimum in both cases.  

 

Figure 6. Protein content (% dry matter) of the post-extraction solid residue (PESR) and pellet 

fractions obtained using Alcalase under different extraction conditions (pH and temperature)  
(n=3, p˂0.05) 

 

3.3. Different enzyme combinations 

Extraction efficiency was significantly increased/optimized by the use of Alcalase® in combination with 

the other three tested enzymes (87.3–90.2%) compared to when Alcalase was used alone. 

Moreover, all other combinations of enzymes resulted in significantly lower protein extraction 

efficiency (51.1–55.3%; Fig. 7). Our findings did not correspond to the findings from the recent study 

by Bjarnadóttir et al. (2018) where the effect of xylanase as a polysaccharide-degrading enzyme, 

Umamizyme as a protease and the combination of these two enzymes were tested. Similar to our findings 

they observed that the cocktail of enzymes increased the extraction efficiency compared with the 

enzymatic treatment by polysaccharide-degrading enzyme alone [17]. However, it was noticeable that 

they demonstrated that the highest extraction efficiency was found for protease alone, followed by the 

enzymes cocktail and then the polysaccharide-degrading enzyme.  
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The pH of 4.5 was selected as an average of optimal pH for Celluclast®, Viscozyme®, and Shearzyme®. 

For Alcalase with the optimal pH of 7-9, the pH of 8.0 was selected. In order to facilitate the 

implementation of the final process in large scale, all the enzyme cocktails were tested at two different 

selected pHs of 4.5 and 8. It was surprising that there was no significant effect of pH on the extraction 

efficiency of each of the three enzyme combinations containing Alcalase® (p=0.08–0.88). It is 

unexplainable why low pH had no adverse effect on the enzyme activity since Alcalase® has very low 

relative activity at pH of 4-5 (less than 10%) compared to the pH of 8.0 [25]. Moreover, both Alcalase® 

plus Celluclast® 1.5 L and Alcalase® plus Shearzyme® 500 L tested at pH 4.5 resulted in higher protein 

extraction efficiency (90.0–90.2%) than Alcalase® plus Viscozyme® tested at pH 4.5 and pH 8 (87.3–

87.4%; p˂0.05). Generally, the enzymatic hydrolysis further increased the protein extraction efficiency 

compared with the control aqueous extraction (no enzymes added) followed by alkaline extraction. 

However, the extraction efficiency obtained with Celluclast® 1.5 L plus Shearzyme® 500 L and 

Shearzyme® 500 L plus Viscozyme® at pH 4.5 (51.1–51.4%) was similar to that obtained when no 

enzymes were added at pH 8 (49.8%; p=0.41–0.63). This confirmed that protein release from P. palmata 

cells does not require only breakdown of polysaccharides present in the cell wall. 

 

Figure 7. Effect of different enzyme combinations (cocktail) and pH on the protein extraction efficiency  

(n=3, p˂0.05) (Cell: Celluclast®; Shea: Shearzyme®; Visc: Viscozymes®; Alca: Alcalase®) 

 

Significantly higher amounts of protein were recovered in the liquid fraction when enzyme combinations 

with Alcalase were used (56.0–70.3%; p˂0.05; Fig. 8). The exception to that was the combination of 

Alcalase, and Viscozyme® tested at pH 4.5 (21.7%), where a large amount of protein was apparently 

lost during processing (≈50%). Celluclast® 1.5 L plus Shearzyme® 500 L and Celluclast® 1.5 L plus 

Viscozyme® resulted in significantly higher protein recovered in the pellet fraction (20.4–22.8%) 

compared with all other treatments (14.4–17.0%) with the exception of the treatment where no enzymes 
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were added at pH 8.5 (20.0%; p=0.15–0.32). As previously discussed this is most likely related to the 

wide range of pIs that the different peptides may have when Alcalase is used.  

 

Figure 8. Protein recovered from the post-extraction solid residue (PESR), pellet and liquid fractions obtained 

using different enzyme combinations and pH values (n=3, p˂0.05) 

(Cell: Celluclast®; Shea: Shearzyme®; Visc: Viscozymes®; Alca: Alcalase®) 

 

Enzyme combinations containing Alcalase resulted in PESR with significantly lower protein content 

(12.4%–18.2% DM) than all other tested enzyme combinations (37.1–43.7% DM; Fig. 9). The 

combination of Alcalase and Viscozyme® tested at pH 8 produced the PESR with the lowest protein 

content among all treatments (12.4%), including Alcalase and Viscozyme® tested at pH 4.5 (14.5%; 

p˂0.05). Enzyme combinations containing Alcalase also resulted in pellet fractions with lower protein 

content (35.5–41.6% DM) than all other test enzyme combinations (51.5–52.5% DM). The pellet with 

the highest protein content was obtained with a combination of Shearzyme® 500L and Viscozyme® but 

was not significantly different from Celluclast® 1.5L plus Shearzyme® 500L (p=0.08). 
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Figure 9. Protein content (% dry matter) of the post-extraction solid residue (PESR) and pellet fractions obtained 

using different enzyme combinations at pH 4.5 and pH 8 (only combinations containing Alcalase) 

(n=3, p˂0.05) (Cell: Celluclast®; Shea: Shearzyme®; Visc: Viscozymes®; Alca: Alcalase®) 

 

Both enzyme combination and concentration had a significant effect on protein extraction efficiency 

(p˂0.05). The combination of Alcalase® plus Celluclast® or Alcalase® plus Shearzyme® resulted in 

the highest protein extraction efficiency among all treatments with (89.0–90.0%) and (85.5–88.5%) 

respectively. However, the results of these two combinations were not significantly different from each 

other (Fig. 10). 

 

Figure 10. Protein extraction efficiency achieved using different enzyme combinations and Alcalase 

alone, tested at two different enzyme concentration (g enzyme/g algal biomass)  
(n=3, p˂0.05) (Cell: Celluclast®; Shea: Shearzyme®; Visc: Viscozymes®; Alca: Alcalase®) 
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All enzyme combinations resulted in higher protein recovered in the pellet fraction (15.0–15.3%) 

compared with Alcalase alone at the 0.4% enzyme concentration (10.2%; p˂0.05; Fig. 11). It was not 

in accordance with the study that was done by Bjarnadóttir et al. [19]. They found that the efficiency of 

protein extraction with a protease in higher than the combination of protease and xylanase. Their results 

showed that extraction yields of dry matter of both fractions (liquid extract and solid phase) for using 

xylanase was 50% and 30% while it was 65% and 15% for Umamizyme and 60% and 15% for the 

combination of xylanase and Umamizymes. 

The protein recovered in the pellet fraction was significantly higher when Alcalase® plus Celluclast® 

1.5 L was added at 0.2% enzyme concentration compared with 0.4% (15.2–20.1%), while for the other 

enzyme combinations, the enzyme concentration did not have a significant effect (p=0.25-0.44). These 

findings may suggest that when a lower concentration of enzyme combinations with Alcalase is used, 

then it is easier to precipitate the protein, perhaps because it is less hydrolyzed.   

The protein recovered in the liquid fraction was affected when the enzyme concentration was higher in 

the 0.2% enzyme concentration (64.9–72.6%) than the 0.4% enzyme concentration (55.1–59.5%). On 

the other hand, the enzyme combination did not have a significant effect on the protein recovered in the 

liquid fraction (p=0.74). 

 

 

Figure 11. Protein recovered from the post-extraction solid residue (PESR), pellet and liquid fractions 

obtained using different enzyme combinations and Alcalase alone, tested at two different enzyme 

concentration (g enzyme/g algal biomass)  
(n=3, p˂0.05) (Cell: Celluclast®; Shea: Shearzyme®; Visc: Viscozymes®; Alca: Alcalase®) 
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Enzyme combination had a significant effect on the protein content of the PESR, while enzyme 

concentration did not have a significant effect (p=0.47; Fig. 12). Alcalase® plus Celluclast® and 

Alcalase® plus Shearzyme® both resulted in PESR with higher protein content (14.4–18.2% DM)  

compared with Alcalase® alone (9.8–12.3% DM; p˂0.05) irrespective of the enzyme load. Moreover, 

Alcalase® plus Shearzyme® resulted in a PESR with higher protein content (16.8–18.2% DM) than 

Alcalase® plus Viscozyme® (12.4–13.1% DM; p˂0.05). The protein content of the pellet fraction was 

significantly higher for all tested enzyme combinations (37.0–45.9% DM) compared with Alcalase 

alone (30.6–32.5% DM). The enzyme concentration had a significant effect on the protein content of 

the pellet, but only for the combination of Alcalase® plus Shearzyme® and Alcalase® alone (p˂0.05). 

 

Figure 12. Protein content (% dry matter) of the post-extraction solid residue (PESR) and pellet 

fractions obtained using different enzyme combinations and Alcalase alone, tested at two different 

enzyme concentration (g enzyme/g algal biomass)  
(n=3, p˂0.05) (Cell: Celluclast®; Shea: Shearzyme®; Visc: Viscozymes®; Alca: Alcalase®) 

 

Several studies have been performed on different red, green and brown seaweeds to extract protein by 

different extraction techniques such as physical processes, chemical extraction and enzymatic 

hydrolysis. Sargassum vulgare, Laminaria digitata and Ascophyylum nodosum as brown seaweed, Ulva 

fasciata, Ulva rigida and Ulva rotunda as a green seaweed, Palmaria palmata, Chondrus crispus and 

Gracilaria verrucosa as red seaweeds have been used for these studies. The maximum efficiencies of 

protein extraction by physical process, chemical extraction or the combination of enzymatic hydrolysis 

and chemical extraction were 40% (Palmaria palmata) and 60% (Ascophyylum nodosum) and 67% 

(Palmaria palmata)  respectively [1,11]. Moreover, Harryson et al. (2018) investigated the production 
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of protein extracts from Swedish red (Porphyra umbilicalis), green (Ulva lactuca), and brown 

(Saccharina latissima) seaweeds using three different methods. These methods included a traditional 

method using sonication in water followed by protein precipitation with ammonium sulfate-induced, the 

pH-shift method using alkaline protein solubilization followed by isoelectric precipitation, and the 

accelerated solvent extraction. The highest protein yields were 23% and 25% which was obtained using 

the pH-shift method applied to P. umbilicalis and S. latissima respectively. The greatest protein yield 

using the traditional method was 20% and was obtained when used for U. lactuca [30].  However, 

P.plamata is one of the most common seaweeds used for protein extraction and the combination of 

enzymatic hydrolysis and chemical extraction resulted in a higher protein extraction yield than those 

previously reported in the literature.  

Overall, using protease increased the protein content of the liquid extract (Fig. 2, 5 and 8). This 

demonstrates that breakdown of the proteins when a protease is used results in proteins, peptides, and 

amino acids ending up in the liquid extract, PESR, and pellet. Samples digested with protease have 

higher total yield and more protein content in the liquid extract fraction, which could also be explained 

by the proteins, peptides, and amino acids ending up in the liquid extract. Therefore, it should be noticed 

that if the main aim is to have high molecular weight proteins, hydrolysis by using protease as in our 

experiment is not a desirable method. This is also indicated in Bjarnadóttir et al. [17].  
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3.4. Amino acid content and composition 

Seaweed-derived proteins, peptides, and amino acids seem to be very useful and promising for food, 

food supplement, feed and also biomedical research. Many reports have been published on the strong 

activities of seaweed-derived proteins, peptides, and amino acids in vitro and in vivo. It has been 

suggested that seaweed-derived proteins, peptides, and amino acids could be developed as nutraceutical 

or therapeutics for human health applications, cosmeceuticals, and animal feed [31].  

The profile and amount of individual amino acids in the raw material (untreated seaweed) P. palmata in 

this study was similar to what has previously been reported (Table 2) [28,29,32]. However, there are 

some exceptions such as low content or complete absence of cysteine that has been previously reported 

to be present in levels of 0.7 mg g−1 DW  [28,29].  Thus, in the present study, most of the analyzed 

amino acids were found in all the samples, except tryptophan and cysteine, because tryptophan was  

destroyed and cysteine was converted to cystine (C-C) during acid hydrolysis. Moreover,  

hydroxyproline was also absent (Table 2). The EAA content varied from 545 to 635 mg g−1 protein in 

the solid samples (raw material, PESR, and pellet), and from 228 to 500 mg g−1 protein in the liquid 

fractions. The maximum content of EAA in the liquid fractions was obtained with the combination of 

Alcalase® (500 mg g−1 protein). There are also some interesting differences in the content of some amino 

acids in the liquid fractions depending on whether Alcalase® was used or not. The AA content of LYS, 

MET, LEU, TYR, PHE, and VAL in the liquid fraction was almost twice as high when Alcalase® was 

used than when Celluclast®, Shearzyme® and Viscozymes® were used individually. This increase in 

the content of certain AA when Alcalase® was used was  mainly found for EAA whereas it is was less 

for the NEAA. Moreover, it should be mentioned that the use of  NAC in the alkaline extraction step 

most likely was the explanation for the extremely high amount of cystine (C-C) found in the pellet and 

PESR, and it should be considered in all related explanations. 

The total amount of essential amino acids per gram protein was higher in the PESR for all enzymatic 

treatments compared with the raw material (untreated seaweed) (Table 2). The EAA accounted for 

approximately 50% of total amino acids found in the solid samples with the EAA ratio ranging from 

0.45 to 0.55. In comparison, in the liquid fraction, the EAA ratio varied from 0.2 to 0.44. Again, the 

maximum EAA ratio was found when Alcalase® alone were applied (0.44). 

Generally, threonine or histidine was found to be the first limiting amino acids in the liquid fractions, 

with EAA scores between 15.5% and 75.1%.  In comparison, the EAA score from the raw material 

(untreated seaweed), the PESR, and pellet fraction ranged from 103 to 155% for all the samples. This 

means that the amount of all EAA was above the requirement pattern for the selected age group (3–10 

years old) defined by WHO/FAO/UNU [23]. These results indicate that the proteins found in the raw 

material (untreated seaweed), as well as in the PESR and pellet fraction have a high quality. Nutritional 

value of protein is mainly defined based on amino acid composition and digestibility [33]. In order to 

fully evaluate the biological value of these proteins for human consumption, in vivo protein digestibility 
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needs to be determined, so the protein digestibility-corrected amino acid score can be obtained 

(WHO/FAO/UNU 2007). 

Furthermore, enzymatic treatments can also improve the extraction yield of bioactive compounds from 

seaweeds. For instance, xylanase enzymatic hydrolysis of P. palmata can enhance the recovery of R-

phycoerythrin [34]. Cellulase, β glucanase, and xylanase enzymatic treatments increased the in-vitro 

protein digestibility of P. palmata [4,35]. Similar results can be expected from the use of enzymes on 

brown seaweeds, with the beneficial impact of pigment extraction or protein digestibility. 
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Table 2: Amino acid composition (mg amino acid g-1 protein), total essential amino acid content (∑ EAA), the essential amino acid ratio (EAA/AA) and EAA score (%) 

of the whole seaweed, and PESR, liquid and pellet fractions obtained using the different enzymes individually 

 
Whole seaweed 

  Celluclast® 1.5L   Shearzyme® 500L   Viscozyme® L   Alcalase® 2.4 L FG   
Scoring 
pattern2 

Amino acid   Liquid PESR Pellet   Liquid PESR Pellet   Liquid PESR Pellet   Liquid PESR Pellet    
Lysine(1) 107.8±5.6  68.9±17.5 82.8±12.5 72.6±7.2  61.1±4.4 87.7±2.0 76.8±1.4  89.6±9.2 91.2±9.1 79.7±0.7  152.1±19.6 127.2±7.1 77.2±13.0   48 

Alanine 67.9±9.1  37.1±1.9 71.6±0.2 63.5±2.2  35.8±2.2 67.1±1.1 63.2±0.3  39.7±1.1 68.2±0.7 75.2±0.2  41.5±2.8 51.3±1.8 59.3±2.2    
Arginine 51.6±1.0  0.0±0.0 72.6±10.8 45.1±5.7  0.0±0.0 94.2±2.1 32.3±4.2  0.0.±0.0 84.3±10.2 53.7±2.1  77.0±4.6 58.6±3.6 73.9±21.7    
Cystine (C-C)(1) 6.7±1.8  528.9±28.7 11.3±2.0 15.1±1.6  565.5±39.1 15.0±1.6 15.1±0.7  483.2±26.1 13.0±0.0 15.4±0.5  210.8±21.3 34.3±7.1 24.8±3.0    
Methionine(1) 28.0±0.9  5.6±2.1 33.6±0.9 31.7±2.6  9.2±6.1 34.0±0.5 31.0±1.1  6.5±0.3 33.2±2.5 29.3±1.5  23.6±1.9 21.1±1.9 27.2±2.5   24(3) 

Leucine(1) 81.0±0.5  30.7±1.1 92.2±1.4 83.3±6.9  34.0±0.2 89.3±0.7 84.1±4.0  33.2±1.8 88.4±3.1 89.2±3.9  73.3±0.6 65.4±2.1 102.8±0.4   61 

Tyrosine(1) 35.8±3.7  17.9±1.2 37.6±1.5 40.5±6.8  20.7±2.7 38.7±1.4 56.0±5.8  17.5±1.7 35.4±2.2 42.0±3.1  36.9±4.6 37.2±0.8 48.7±2.1    
Phenylalanine(1) 57.5±4.9  27.5±2.9 64.6±3.4 55.0±12.0  28.8±0.8 66.0±2.4 43.7±3.7  29.4±2.1 60.0±3.6 54.7±4.2  51.3±6.7 83.7±5.3 82.4±0.6   41(4) 

Proline 58.9±0.9  38.9±7.2 50.7±2.8 41.6±1.5  34.5±4.6 49.0±0.2 40.9±1.8  36.7±2.7 44.9±0.3 42.2±3.2  30.8±2.4 47.1±0.4 47.0±0.8    
Threonine(1) 47.4±0.5  6.7±5.2 53.1±2.3 51.7±0.1  5.0±0.8 49.4±1.3 53.0±5.6  7.8±0.2 54.9±1.9 50.1±2.4  19.8±0.6 49.2±2.4 48.3±0.6   25 

Aspartic Acid 122.4±15.5  99.4±17.3 101.0±2.4 139.0±5.6  93.3±10.5 88.4±3.3 138.7±8.1  105.3±15.9 101.5±3.8 117.8±11.2  81.8±1.0 92.2±1.0 80.8±3.4    
Serine 58.5±0.9  5.3±7.5 49.6±1.2 67.1±11.1  0.0±0.0 49.3±0.7 71.2±7.3  4.0±1.8 54.0±4.7 54.6±0.9  20.3±1.1 49.6±4.2 46.6±0.5    
Hydroxyproline 0.0±0.0  0.0±0.0 0.0±0.0 0.0±0.0  0.0±0.0 0.0±0.0 0.0±0.0  0.0±0.0 0.0±0.0 0.0±0.0  0.0±0.0 0.0±0.0 0.0±0.0    
Glutamic Acid 158.1±0.1  147.8±13.1 119.3±3.8 157.1±4.1  121.9±11.8 102.4±1.7 164.6±15.1  152.2±1.1 119.9±6.3 138.5±9.0  119.8±1.3 95.3±6.4 86.1±2.1    
Valine(1) 143.6±5.4  53.8±0.2 163.8±8.0 153.2±3.5  53.5±2.7 165.9±5.9 150.5±4.1  60.7±2.3 164.3±1.3 169.2±4.5  104.8±6.6 167.4±0.2 166.4±6.1   40 

Histidine(1) 18.5±2.4  4.6±2.2 21.7±0.7 18.4±2.9  6.3±0.3 21.0±5.9 16.5±2.4  5.1±1.8 18.8±0.5 18.3±1.8  10.8±1.1 25.5±1.5 29.5±1.8   16 

Isoleucine(1) 65.0±8.0  30.6±0.5 83.3±2.8 81.6±3.2  31.9±1.3 90.9±0.1 77.5±6.9  35.1±2.5 86.6±4.2 85.5±6.8  64.1±4.9 78.2±3.0 101.3±14.1   31 

Glycine 57.8±1.0  18.6±2.8 57.2±3.0 49.0±0.8  18.0±2.4 56.1±0.1 50.7±1.4  19.4±1.4 54.6±0.1 50.4±2.5  23.3±1.1 82.3±5.6 61.6±0.1    
∑ AA 1166.4  1122.2 1166.0 1165.3  1119.4 1164.5 1165.7  1125.4 1165.3 1166.0  1141.7 1165.5 1163.9    
∑ EAA 548.79  228.38 595.09 547.37  229.69 604.24 545.35  267.43 597.46 576.06  499.60 617.66 635.02    
EAA/AA 0.47  0.20 0.51 0.47  0.21 0.52 0.47  0.24 0.51 0.49  0.44 0.53 0.55    
EAA score (%) 115.46  15.53 135,57 114.74  19.91 131.45 103.13  27.39 117.58 114.50  67.46 107.14 154.85    
Limiting EAA –  THR/ HIS – –  THR – –  THR/ HIS – –  HIS – –    

Data expressed as mean ± standard deviation (n=2). 1Essential amino acids in human nutrition. 2EAA requirement pattern (amino acid requirement/protein requirements) for children age 

3-10 from WHO/FAO/UNU [23]. 3Methionine + cysteine. 4Phenylalanine + tyrosine 
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Additionally, the the raw material (untreated seaweed) and the PESR and pellet of the optimal treatment (the 

combination of Alcalase® and Celluclast®), due to its high extraction efficiency were compared separately. 

Figure 13 is an overview of the composition of the amino acids obtained by the LC-MS analysis in the raw 

material, PESR and pellet of this treatment. Interestingly, no amino acid had a higher relative contents in the 

raw material compared to the PESR and pellet. For all the amino acids except Lysine and Valine, the relative 

contents of the amino acids were higher in the pellet than in the raw material and in the PESR, which means 

that the recovery in the pellet of these certain amino acids was effective. Moreover, the high content of glutamic 

acid and aspartic acid imparts P. palmata and its extracts with a strong umami flavor and make this seaweed  

an interesting ingredient for flavoring of food [36].  

 

 
 

Figure 13. Amino acid composition (mg amino acid g-1 dw), in the raw material, PESR and pellet of the 

optimal treatment 

 

Table 3 provides a comparison of the relative content of EAA between the present study and previously 

reported data  [17,28,29,32]. Thereby, the quality of protein as determined by the percentage of EAA of the 

total amino acids can be compared. 

The seaweed sample used in the present study obtained a value of 15.24% for protein content by using the 

Dumas method and multiplying with the nitrogen to protein factor 5.0 and it was less than what has been 

reported in the previous studies [17]. Most of the AA in the seaweed sample used in present study were found 

in lower levels than in other samples in the previous studies. However, the relative proportion of histidine 
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(HIS) in the present study was higher than in the sample harvested in April 1996 at the French Brittany coast. 

[29]. Additionally, the relative proportion of lysine was slightly higher than seaweed  harvested in May 2015 

at the Skjerstadfjorden, Bodø, Norway by Bjarnadóttir et. al [17]. The differences could be due to the seasonal 

variation and the harvesting place [37].  

However, the obtained results showed that the EAA percentages are close to the reported value for the EAA 

of soya, which is 39.2 % of the total amino acids. It is also similar to egg protein, which is 47.3 % of the total 

amino acids. The percentage of the EAAs of the total amino acids in the pellet would probably be higher with 

optimized protein precipitation with a better protein recovery in the pellet [29]. 

 
Table 3. Comparison of essential amino acid (EAA) percentage (%) of total amino acids between previous 

studies and the present study 

 present study Previous studies 

EAA% 
Raw 

material 
(Untreated) 

PESR a 
 

Pellet a 
 

Galland-
Irmouli et 
al. 1999 

(Untreated) 

Mæhre et 
al. 2014 

(Untreated) 

Bjarnadóttir 
et al. 2018 

(Untreated) 

Bjarnadóttir 
et al. (2018) b 

Bjarnadóttir 
et al. (2018) c 

Mæhre et al. 
(2016 a,b) d 

Isoleucine 2.8 ± 0.5 4.8 ± 0.6 3.4 ± 0.2 3.7 ± 1.7 4.5 ± 0.1 4.3 5.0 5.3 5.1 ± 0.5 

Leucine 6.4 ± 0.0 6.2 ± 0.3 7.6 ± 0.2 7.1 ± 4.0 7.9 ± 0.2 7.2 7.9 8.3 9.1 ± 1.0 

Lysine 5.1 ± 0.9 9.4 ± 1.4 4.9 ± 1.0 3.3 ± 2.7 6.2 ± 0.1 5.7 8.0 7.5 5.8 ± 0.4 

Methionine 2.1 ± 0.1 1.5 ± 0.0 2.5 ± 0.0 2.7 ± 0.7 2.2 ± 0.1 2.0 1.4 1.6 2.5 ± 0.2 

Phenylalanine 3.4 ± 0.2 5.2 ± 0.4 4.3 ± 0.1 5.1 ± 3.2 4.9 ± 0.3 4.7 6.0 5.4 5.4 ± 0.4 

Threonine 3.1 ± 0.2 3.2 ± 0.1 3.2 ± 0.1 3.6 ± 3.7 4.9 ± 0.1 4.1 4.0 3.8 5.2 ± 0.4 

Valine 3.7 ± 0.5 6.9 ± 1.1 3.8 ± 0.0 6.9 ± 2.7 6.7 ± 0.3 5.4 6.2 6.3 7.3 ± 0.7 

Histidine 0.8 ± 0.0 1.9 ± 0.1 1.4 ± 0.0 0.5 ± 0.6 1.3 ± 0.1 1.7 1.9 1.9 1.5 ± 0.1 

Tryptophan n.a. n.a. n.a. n.a. n.a. 0.9 0.5 0.5 n.a. 

Σ EAA% 27.4 39.1 31.1 32.9 38.6 36.0 40.9 40.6 41.8 
n.a. not analyzed, EAA: essential amino acid, PESR: post-extraction seaweed residue 
a Calculated for P. palmata after enzymatic treatment by Celluclast® (0.2%w/w) + Alcalase® (0.2%w/w) followed by NAC-assisted alkaline extraction 
b Calculated for P. palmata (solid phase) after enzymatic treatment with Umamizyme 
c Calculated for P. palmata (solid phase) after enzymatic treatment with Xylanase and Umamizyme 

d Calculated for P. palmata after enzymatic treatment with 50 U of xylanase and cellulose 

 

 Generally, the protein extraction showed an increase in the relative proportion of all amino acids. In the study  

by Bjarnadóttir et al., all the amino acids in the solid phase had an increase compared to the raw matrials 

(untreated seaweed) except for Methionine, Threonine and Tryptophan [17]. In the study by Mæhre et al. 

Lysine was the only amino acid, which  decreased after protein extraction [32]. However, it should be 

mentioned that unlike the previous studies, which investiged  two fractions (solid and liquid), the present study 

had done one step further to recover protein from the liquid extract. Therefore, there were three fractions 

including recovered protein (pellet), liquid after protein recovery and seaweed after protein extraction (PESR). 

To the author’s knowledge, there is no similar study reported in the literature and it makes it difficult to 

compare the obtaind results with the other studies. 
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4. Conclusion and future perspectives 

To sum up, the main finding of the present research is that by using the combination of enzymes followed by 

NAC-assisted alkaline extraction, it is possible to extract up to 90 percent of protein from Palmaria palmata. 

In this study, the most efficient treatments were the combination of Celluclast® 0.2% w/w plus Alcalase® 

0.2% w/w (90.0% extraction efficiency) or Shearzyme® 0.2% w/w plus Alcalase® 0.2% w/w (85.5% 

extraction efficiency). The obtained efficiency for protein extraction was higher than previously reported 

findings on this and other seaweeds. However, further studies are needed and recommended to optimize the 

protein separation as up to 70% of the extracted protein in our study remained in the liquid and was not 

recovered by the conventional method (precipitation at the isoelectric point). Different techniques are available 

to recover as much as possible from the liquid such as using ultrafiltration (UF), and this needs to be 

investigated in the future. The temperature applied in the present study had a significant effect on the extraction 

efficiency, but it was also noticeable that pH had no effect on extraction efficiency and there was no significant 

difference between the protein extraction at pH 4.5 and 8. The results for amino acid profile, EAA score and 

ratio showed an improvement and increase after protein extraction. Moreover, the peptides obtained may have 

interesting functional and nutritional properties, which deserve to be investigated. The protein content and 

quantity of the solid fraction (PESR) is an indicator that shows non-extracted protein from the raw materials. 

As this solid fraction has a higher protein content than the raw material, it is possible to use it as a protein-rich 

by-product for different applications, e.g., supplemented feed for poultry or fish.  
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Abstract: 10 

Seaweed contains many interesting and valuable compounds, which, for example, can be used in the food 11 

industry. Carrageenan is one such product and is a vegetarian and vegan alternative to gelatine. Carrageenan 12 

is a polysaccharide, which has been extracted from seaweed for centuries and is used as a texturizer in food 13 

and non-food products. However, seaweed contains other bioactive compounds than carrageenan, such as 14 

proteins, antioxidants, and pigments in order to increase the product portfolio for a search for proteins to feed 15 

the world, and improve the use of the resource. This should however be applicable and not compromise the 16 

industrial scale carrageenan extraction yield and quality.  17 

This investigation aimed at up-stream protein extraction from red seaweed Eucheuma denticulatum by 18 

application of an optimized enzyme-assisted extraction consisting of an aqueous/enzymatic treatment followed 19 

by alkaline extraction, and then the commercial carrageenan extraction. The protein extraction efficiency of 20 

four enzymes was evaluated including Celluclast® 1.5L, Shearzyme® 500 L, Alcalase® 2.4 L FG and 21 

Viscozyme® L at 0.0, 0.1, 0.2 and 0.4 % (w/w). In order to avoid detrimental effects on carrageenan, all the 22 

experiments were performed at pH 7 at room temperature. The protein content of the raw material and the 23 

fractions from the extraction were established by determination of the nitrogen contents using the Dumas 24 

method and multiplying with the nitrogen-to-proteinfactor 5.0. The results showed that at 0.2% w/w Alcalase® 25 

or Viscozyme® singlely achieved the highest protein extraction efficiencies (59% and 48%, respectively) pH 26 

7 and room temperature (p<0.05). The obtained results for the most common descriptors of carrageenan quality 27 

(e.g., gel strength and viscosity) indicate that using either these enzymes had no negative effect on the 28 

carrageenan yield and quality. 29 

 30 

 31 

Keywords: red algae, industrial seaweed, vegan protein, bioactive compounds, carrageenan production, 32 

quality improvement, purity, functionality 33 

 34 
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1. Introduction 37 

Seaweed contains many bioactive compounds, which can be used in e.g. the food industry. Carrageenan is a 38 

polysaccharide, which has been extracted from seaweed for centuries and is used as a texturizer in food and 39 

non-food products. Eucheuma denticulatum with the commercial name of spinosum is one of the main red 40 

seaweeds used in carrageenan production, and this seaweed constituted almost 20% of the carrageenan-41 

containing seaweed harvested worldwide in 2015 [1]. Methods of extracting carrageenan from seaweed are 42 

well known, and such methods involve alkaline extraction of seaweed at high temperatures (generally around 43 

100-120°C). However, the commercially used alkaline extraction of seaweed usually results in a carrageenan 44 

product, which also contains other solids, such as proteins, antioxidants, and pigments [2]. 45 

It would be advantageous to have a method of preparing carrageenan where other bioactive compounds from 46 

seaweed could be extracted as value added products without decreasing the carrageenan yield, and the 47 

functional quality of the carrageenan.  48 

Furthermore, the global demand for protein is increasing and is expected to escalate further in the coming 49 

decades - mostly due to population growth, which must be matched by increased food production. There is a 50 

good reason to develop new technologies for the industrial extraction of vegan proteins from seaweed since 51 

some species of seaweed have an interesting amino acid profile close to that of animal protein [3]. Moreover, 52 

the global carrageenan production in 2014 amounted to 60,000 tonnes with a value of US$ 626 million in 2014. 53 

From this, it can be estimated that the total dried seaweed consumption for this production was at least 300,000 54 

tonnes per year. The protein content of these types of seaweed is typically in the range 4 – 28%. If just half of 55 

the total amount of protein could be extracted, more than 20,000 tonnes per year of a new high-value protein 56 

product would be obtained per year. [4,5] The variation in protein content in seaweeds used in carrageenan 57 

production could be attributed to differences in seasonality, growth conditions in the environment or source 58 

and species of samples [4,6].  59 

Although E. denticulatum with 4-5% protein content is in the lowest level of protein in comparison with the 60 

other seaweeds such as Palmaria palmata, Furcellaria lumbricalis or Chondrus crispus, it should be 61 

considered that the global industrial utilization of this seaweed for carrageenan production is high [1,4], and 62 

therefore large amounts of industrial seaweed available. Hence, an improved method of extracting carrageenan 63 

from seaweed would be advantageous, and in particular, a method enabling the extraction of proteins and other 64 

bioactive compounds in addition to carrageenan, without any detrimental effects on carrageenan yield and 65 

quality. 66 

In recent years, a variety of processes for extraction of protein from various seaweed species have been 67 

reported. These include enzyme-assisted extraction (EAE), physical processes, chemical extraction, as well as 68 

novel techniques such as ultrasound-assisted extraction (UAE), pulsed electric field (PEF) extraction, and 69 

microwave-assisted extraction (MAE)[3].  70 
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Some of these studies evaluated the effect of enzymatic treatment, alkaline pre-treatment and process 71 

conditions on viscosity and gel strength of carrageenan extracted from different red seaweeds commonly used 72 

in carrageenan production. In 2015, Azevedo et al. studied the effect of pre-extraction alkali treatment on the 73 

chemical structure and gelling properties of extracted hybrid carrageenan from Chondrus crispus and 74 

Ahnfeltiopsis devoniensis [7]. The effect of process conditions on the viscosity and gel strength of semi-refined 75 

carrageenan (SRC) produced from red seaweed Kappaphycus alvarezii was studied by Bono et al. in 2014 [8]. 76 

Moreover, in another study, development of a high yielding carrageenan extraction method from Eucheuma 77 

cotonii using cellulase and the fungi Aspergillus niger was investigated [9]. However, no other studies have 78 

dealt with both protein and carrageenan extraction from E. denticulatum as well as effects of the protein 79 

extraction on the yield and quality of the extracted carrageenan. 80 

The overall aim of this study was to design and develop a method to extract more than one product (multi-81 

extraction), e.g. extraction of both protein and carrageenan, from E. denticulatum (spinosum), which is 82 

commonly used in carrageenan production. The extraction of protein from spinosum upstream the carrageenan 83 

extraction was optimized with regard to temperature, pH, concentration of enzymes, and extraction time. The 84 

quality of the extracted protein was evaluated based on the amino acid profile and the contents of essential 85 

amino acids (EAA). In addition, the effect of multi-extraction on the yield and quality of the isolated 86 

carrageenan (i.e., gel strength, turbidity, and viscosity) was evaluated.  87 

  88 
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2. Material and Methods 89 

2.1. Seaweed biomass and preparation 90 

CP Kelco (Lille Skensved, Denmark) provided the Eucheuma denticulatum seaweed used in the industry. 91 

The seaweed biomass was harvested and shipped in semi-dried condition in big pack pallets from the 92 

Philippines and Indonesia. The pallets were stored in a non-insulated warehouse at ambient outdoor 93 

temperature. The industrial samples were taken from different batches to obtain representative samples. All 94 

seaweed samples were dried at ambient temperature (as is the procedure in industrial scale carrageenan 95 

production) after which the biomass was reduced to 0.5-1 cm particle size using a cut miller (Retsch - SM 96 

2000, Haan, Germany). The milled seaweed was stored in plastic bags at -20℃ until used.  97 

2.2. Enzymes and chemicals 98 

Novozymes A/S (Bagsværd, Denmark) kindly provided all enzymes, including the a cellulase Celluclast® 99 

1.5L, the xylanase Shearzyme® 500 L, the protease (endo-peptidase) Alcalase® 2.4 L FG, and the  100 

multi-enzyme mixture Viscozyme® L which contains a wide range of carbohydrases, including arabinase, 101 

cellulase, β-glucanase, hemicellulase, and xylanase. All chemicals were purchased from Merck (St. Louis, IL, 102 

USA). All solvents used were HPLC grade and were purchased from Lab-Scan (Dublin, Ireland). The amino 103 

acids standard was purchased from Sigma-Aldrich (St. Louis, IL, USA). HPLC grade water was prepared at 104 

DTU Food using a Milli-Q® Advantage A10 water deionizing system from Millipore Corporation (Billerica, 105 

MA, USA). 106 

2.3. Aqueous/enzymatic extraction 107 

In accordance with the selected ratio in Table 1, the certain amount of deionized water was added to each of 108 

1 L Erlenmeyer flasks. Aqueous/enzymatic extraction conditions such as pH and temperature were set in 109 

accordance with Table 1. The pH was adjusted using either hydrochloric acid (HCl) or sodium carbonate 110 

(Na2CO3). Sodium carbonate was used for pH adjustment in order to open up the seaweed structure and gives 111 

better access to do the extraction. In order to avoid extractionkeep the carrageenan inside the seaweed, both 112 

steps of the enzymatic treatment and NAS-assisted alkaline extraction were performed at room temperature. 113 

The semi-dried seaweed was rehydrated for 1 hour, and the enzymes were then added. All treatments were run 114 

in triplicates (n=3).  115 

2.4. NAC-assisted alkaline extraction 116 

The conditions for the alkaline extraction were modified from those reported by Harnedy and FitzGerald for 117 

extraction of protein from P. palmata [10,11]. After the aqueous/enzymatic extraction (2.4) was completed, 118 

the content of each Erlenmeyer flask was filtered through a sieve (ca. 1 mm mesh size). The filtrate stored in 119 

separate containers at 4°C. The filter cakes were suspended in the same amount as the aqueous extraction of 120 

the alkaline extraction solution containing 1 g/L of NAC and 4 g/L of NaOH. During alkaline extraction, the 121 
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1 L Erlenmeyer flasks were placed in an orbital shaker at a speed of 120-130 rpm at ambient temperature for 122 

1.5 hours, after which time the content was filtered, and the alkaline-extraction solution was replaced (Figure 123 

1). The liquid fraction recovered was pooled together with the liquid fraction recovered from the enzymatic 124 

extraction. The procedure was repeated three times to give a total of three 1.5-hour alkaline extractions. The 125 

total pooled liquid fraction was stored at 4°C overnight before precipitation of protein by addition of acid. 126 

2.5. Post-extraction solid residue (PESR) 127 

At the end of the extraction process, the above mentioned filter cakes were placed in plastic containers and 128 

dried in an oven at 45°C. The samples were subsequently ground to powder and stored in the freezer (−20 °C) 129 

prior to the further analysis. 130 

2.6. Experimental plan 131 

The proposed multi-extraction of proteins and carrageenan from spinosum seaweed is shown in Figure 1. This 132 

includes enzymatic treatment, NAC (see explaination below) assisted extraction and protein separation prior 133 

to the normal single product carrageenan production/extraction. In order to study and optimise this multi-134 

extraction, the experimental setup consisted of five steps. The first step was to determine the best conditions 135 

for temperature, pH, the ratio of seaweed to water and enzyme combination. In accordance with the results 136 

reported in the literature [11,12], the ratios of seaweed to water  selected were 1:15, 1:20 and 1:25. Enzyme 137 

concentrations of 0.0, 0.1, 0.2 and 0.4% w/w were used. All the enzyme treatments were carried out in 138 

duplicates for 4, 6 or 8 hours. 139 

In the second step, a variety of enzymes were evaluated at different concentrations followed by N-acetyl-L-140 

cysteine (NAC) assisted extraction. The main reason for using NAC was that reducing agent (beta-141 

mercaptoethanol, L-cysteine-hydrochloride-monohydrate, or NAC) significantly increase the yield of alkaline 142 

soluble nitrogen [10]. Thus, the combination of NaOH and NAC as a food grade reducing agent was selected 143 

to aid the extraction of proteins in the current study. In this step, different enzymes were used at the selected 144 

optimal condition (Table 1), after which the effect of protein extraction on the yield of carrageenan extraction 145 

(step 3) and carrageenan quality (step 4) was evaluated. In the last step the amino acid profiles for the selected 146 

treatments were compared. 147 
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 148 

Figure 1: Process flow diagram for a proposed multi-extraction process of seaweed with both enzymatic 149 

extraction of proteins, followed by NAC assisted alkaline extraction before the actual industrial utilization of 150 

the spinosum seaweed for carrageenan production. 151 

 152 

2.7. Protein precipitation and centrifugation 153 

Protein precipitation was performed by lowering pH of the solution to the isoelectric point of the protein (3.5). 154 

For this purpose, the pH of the pooled protein extract was lowered to 3.5 by addition of aqueous hydrochloric 155 

acid (2 M). The mixture was then centrifuged at 4400 g for 15 minutes at 4 °C. Following centrifuging, the 156 

supernatant and solid residue were separeted and stored at -40°C. The solid fraction was freeze-dried and 157 

milled prior to the analysis (cf. below).     158 

2.8. Chemical analyses 159 

Seaweed samples, post-extraction seaweed residue (PESR), and precipitated protein were dried at 45°C and 160 

ground to a fine powder, using a KNIFETEC mill (1095 sample Mill, FOSS TECATOR, Hillerød, Denmark), 161 

and stored at room temperature until further analysis. Chemical analyses were performed in accordance with 162 

the Association of Official Analytical Chemists (AOAC) procedures (AOAC 2006), and samples were run in 163 

triplicates. Dry matter (DM) content was determined after drying the biomass in an oven at 105°C until 164 

constant weight.  165 

2.9. Total nitrogen, protein content and extraction efficiency 166 

Total nitrogen content was determined using the DUMAS combustion method using a fully automated rapid 167 

MAX N (Elementar Analysensysteme GmbH). Approximately 150-250 mg of dried sample and 3-4 mL of 168 
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liquid sample (liquid fraction) were fed into the system. Protein content was determined by multiplying the 169 

nitrogen content by a factor of 5.0, which is the recommended conversion factor for seaweeds [13].  170 

The extraction efficiency for every treatment was calculated based on the below equation. 171 

Extraction efficiency % =
Protein content before extraction −  Protein content after extraction

Protein content before extraction
∙ 100 172 

However, in order to do the calculation faster, the below equation was used. 173 

Extraction efficiency (%) = 100 % − Protein recovered in PESR %   174 

2.10. Carrageenan extraction and yield 175 

The seaweed samples were freeze-dried, milled and passed through a 1 mm mesh sieve to obtain uniform 176 

particle size. The dry matter was determined by drying samples at 105°C. The carrageenan was extracted using 177 

a water-extraction technique. In brief, the seaweeds (5 % w/v) were soaked in milli-Q water overnight. The 178 

pH of the suspension was adjusted (pH 7.5-8.5) by KOH and the carrageenans were extracted at 99 °C for 1.5 179 

hours in a water bath with shaking. The carrageenan was separated from the seaweed residue by filtration using 180 

filter aid and subsequently isolated by precipitation in isopropanol. The samples were freeze-dried, and yields 181 

were determined by weighing [14]. 182 

2.11. Carrageenan gel strength  183 

The gelling properties of the isolated carrageenan was evaluated in a dessert formulation (milk jelly) prepared 184 

from whole milk and sugar corresponding to 80% use level in a SGI-3F test. The milk jelly ingredients were 185 

heated at 80°C for 30 minutes, then filled directly into crystallization dishes. Finally, the gel was allowed to 186 

cool in a 5°C water bath for 3-4 hours and the top layer of the gel was then carefully removed using a wire 187 

cheese slicer. The gel and breaking strengths were measured with a Stable Micro System (SMS) Texture 188 

Analyser-TX.XT2, Godalming, UK. (Plunger: ½ inch diameter, Plunger speed: 1 mm/sec, Distance: 30 mm). 189 

The gel strength was measured at 4, 8 and 12 mm penetration of the gel. The breaking strength was measured 190 

at the first peak on the curve. The gel and breaking strengths were calculated as the averages of three 191 

measurements.  192 

2.12. Turbidity of a 1.0% solution of carrageenan 193 

The turbidity was determined using HACH 2100 N Turbidimeter. Turbidity was measured using a 1.0% (w/w) 194 

aqueous solution of carrageenan, which was prepared by addition of 1.00 g carrageenan to 100 ml deionized 195 

water.  196 

2.13. Food Chemicals Codex (FCC) viscosity  197 

The viscosity of a 1.5% solution is measured at 75˚C when making FCC-viscosity on a product standardized 198 

with sugar, and the amount of weighed material must be corrected to 1.5% pure material. When the product 199 
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contains salts, the FCC-viscosity is not correct. FCC viscocity was measured at CP Kelco using a Brookfield 200 

LVF Viscosimeter fitted with a UL-adapter. The viscosity was measured at 30 rpm for 30 seconds. 201 

2.14. Amino acid composition 202 

The amino acid (AA) composition was determined as described by Farvin et al. (2010). To 50 mg dry weight 203 

(DW) of sample was added 6 M aqueous hydrochloric acid, and the mixture was heated in the oven at 105°C 204 

overnight, followed by derivatization using a Phenomenex EZ:faast amino acid analysis kit . Following 205 

filtration through a 0.2 μm filter, derivatization was carried out using the EZ:Faast kit from Phenomenex A/S 206 

(Allerød, Denmark). The amino acid composition was determined using LC-MS (Agilent 1100 Series, 207 

LC/MSD Trap) with an EZ:faast 4u AAA-MS new column (250×3.0 mm, Phenomenex) as described by Farvin 208 

et al. (2010). This procedure does, however, not allow for the detection of tryptophan (Trp) and cysteine (Cys) 209 

as both amino acids decompose during the acid hydrolysis [15]. 210 

 211 

2.15. Statistical analysis 212 

Statgraphics Centurion 18 (Statistical Graphics Corp., Rockville, MD, USA) was used for data analysis. Data 213 

were expressed as mean ± standard deviation, corresponding to three experimental replicates (n=3). Firstly, by 214 

ANOVA test, multiple sample comparison analysis was performed to identify significant differences between 215 

samples. Secondly, mean values were compared using Duncan’s test. Differences between means were 216 

considered significant at p < 0.05.  217 
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3. Results and discussion 218 

3.1The optimization of parameters for enzymatic treatment 219 

In the present study, semi-dried Eucheuma denticulatum (spinosum) containing approximately 50% water and 220 

3.8% dw protein was used as a raw material. Carrageenan is sensitive to low pH and will start to extract at 221 

high temperature. Hence, to avoid detrimental effects on carrageenan quality, all experiments were performed 222 

at room temperature (˂30 ˚C) at pH ≥ 7. Based on preliminary experiments, a combination of Celluclast® and 223 

Shearzyme® was selected.  224 

Table 1 shows the investigated process parameters, i.e. extraction time, seaweed to water ratio, enzyme 225 

concentration, and extraction efficiency. Generally, the obtained results show that the protein extraction 226 

efficiency after enzymatic extraction was highest when using a 1:20 ratio of seaweed to water, an extraction 227 

time of 6 hours, and  enzyme concentrations of 0.2% or 0.4% w/w. Shorter extraction time also resulted in 228 

some degree of protein extraction, but with lower extraction efficiency. The treatment with the number of 11, 229 

19, 20 and 24 had the highest extraction efficiency. However, the treatment number 19 which had the ratio 230 

1:20 and was conducted for 6 h with 0.2% w/w of each enzymes was selected as the optimal condition. 231 

 232 

  233 
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Table 1: Protein extraction conditions (ratio, extraction time and enzymes concentraion) and obtained 234 

extraction efficiency 235 

Number Ratio  
(Seaweed: water) 

Extraction 
time (hours) 

Concentration of 
Celluclast® plus 

Shearzyme® (w/w %) 

Extraction 
efficiency (%) * 

1 1:15 4 0 7.2±0.0 d 
2 1:15 4 0.1 10.9±0.3 d 
3 1:15 4 0.2 9.2±0.3 d 
4 1:15 4 0.4 12.7±0.4 d 
5 1:15 6 0 8.1±0.8 d 
6 1:15 6 0.1 9.0±0.3 d 
7 1:15 6 0.2 12.3±0.1 d 
8 1:15 6 0.4 11.9±0.3 d 
9 1:15 8 0 8.8±0.3 d 

10 1:15 8 0.1 9.4±0.3 d 
11 1:15 8 0.2 14.5±0.4 abc 
12 1:15 8 0.4 13.7±0.4 d 
13 1:20 4 0 7.4±0.2 d 
14 1:20 4 0.1 7.3±0.2 d 
15 1:20 4 0.2 9.9±0.3 d 
16 1:20 4 0.4 12.7±0.3 d 
17 1:20 6 0 10.1±0.4 d 
18 1:20 6 0.1 11.5±0.3 d 
19 1:20 6 0.2 15.1±0.5 ab 
20 1:20 6 0.4 15.5±0.1 a 
21 1:20 8 0 8.8±0.4 d 
22 1:20 8 0.1 11.6±0.1 d 
23 1:20 8 0.2 12.9±0.1 d 
24 1:20 8 0.4 14.2±0.0 bc 
25 1:25 4 0 8.9±0.5 d 
26 1:25 4 0.1 8.9±1.0 d 
27 1:25 4 0.2 12.9±0.2 d 
28 1:25 4 0.4 11.8±2.0 d 
29 1:25 6 0 9.3±0.5 d 
30 1:25 6 0.1 9.8±0.6 d 
31 1:25 6 0.2 10.7±0.0 d 
32 1:25 6 0.4 12.9±0.4 d 
33 1:25 8 0 9.4±0.6 d 
34 1:25 8 0.1 10.7±1.1 d 
35 1:25 8 0.2 12.1±0.2 d 
36 1:25 8 0.4 12.6±0.7 d 

*mean±SD 236 
Different superscripts letters in the same column indicate significant difference at the confidence level of 95% 237 
(α=0.05) 238 

 239 
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3.2 Different enzymes for protein extraction  240 

Previous studies have shown that using alkaline solutions (NaOH) effectively solubilize and improves the 241 

extraction of highly water insoluble proteins from seaweed and microalgae [16,17]. Furthermore, food-grade 242 

NaOH is consistently used in the food industry, for example in the extraction of protein-rich ingredients from 243 

plant and muscle sources. Also, it has been shown that reducing agents (beta-mercaptoethanol, L-cysteine-244 

hydrochloride-monohydrate, and NAC) significantly increase the yield of alkaline soluble nitrogen [10].  245 

Two other enzymes (Viscozymes®, and Alcalase®) were also tested and compared with the enzymes already 246 

tested in step 1 (Celluclast®, Shearzyme®). Furthermore, these enzymatic extractions were followed by NAC-247 

assisted alkaline extraction to test for possible further optimization. In order to evaluate the efficiency of NAC-248 

assisted alkaline extraction alone, the first treatment was done with no added enzymes. The obtained result of 249 

protein extraction efficiency for this treatment was 15.7%. The results showed a steady increase from 19.4% 250 

at the concentration of 0.1% w/w to 37.9% for the concentration of 0.4% w/w. The results for Shearzyme were 251 

different. The lowest efficiency was 12.3% at the concentration of 0.2% w/w, while the highest efficiency was 252 

35.8% at the concentration of 0.1% w/w. Moreover, it was noticeable that due to an unexplainable reason, the 253 

obtained results for protein extraction efficiency of Shearzyme® at 0.2% w/w was lower than the treatment 254 

with no enzymes added. 255 

 256 

Photo 1: the red seaweed spinosum before and after protein extraction with enzymatic treatment followed by 257 

NAC-assisted extraction 258 

  259 
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 260 

Table 2: Protein extraction efficiency for different samples were treated with different enzymes followed by 261 

NAC-assisted alkaline extraction (n=3) 262 

Samples Efficiency % * 
NO enzymes pH=7 15.7 ± 0.13 ef 
Celluclast (0.1%) pH=7 19.4 ± 0.55 def 
Celluclast (0.2%) pH=7 22.1 ± 8.92 de 
Celluclast (0.4%) pH=7 37.8 ± 2.76 c 
Shearzyme (0.1%) pH=7 35.8 ± 2.95 c 
Shearzyme (0.2%) pH=7 12.3 ± 1.34 f 
Shearzyme (0.4%) pH=7 24.8 ± 2.85 d 
Viscozymes (0.1%) pH=7 36.0 ± 8.05 c 
Viscozymes (0.2%) pH=7 48.5 ± 6.70 b 
Viscozymes (0.4%) pH=7 41.8 ± 2.63 bc 
Celluclast + Shearzyme (0.1%) pH=7 20.5 ± 1.94 def 
Celluclast + Shearzyme (0.2%) pH=7 39.1 ± 7.43 c 
Celluclast + Shearzyme (0.4%) pH=7 24.8 ± 2.92 d 
Celluclast + Shearzyme (0.2%) pH=6 17.7 ± 3.47 def 
Alcalase (0.2%) pH=7 59.4 ± 1.43 a 

*mean±SD 263 

Different superscripts letters in the same column indicate significant difference at the confidence level of 95% (α=0.05)264 

  265 

The Viscozymes®  treatment resulted in a significant increase in extraction efficiency in comparison to 266 

Celluclast® and Shearzyme®. The highest protein extraction efficiency was 48.45% at the concentration of 267 

0.2% w/w. Viscozymes® is a multi-enzyme complex containing a wide range of carbohydrases, including 268 

arabinose, cellulase, β-glucanase, hemicellulase, and xylanase. 269 

In the current study, Alcalase®, which is a protease was selected to be tested in comparison with other non-270 

protease enzymes, and the protein extraction efficiency of 59.4% was the highest efficiency among all the 271 

experiments conducted in this study (concentration of 0.2% and tested at pH 7.0)  (Table 2). It has been 272 

reported that the protein extraction efficiency could be increased if there was no limitation and pre-defined 273 

framework with respect to pH and temperature [3,11,12]. For example, the extraction efficiency for Palmaria 274 

palmata could reach up to 90% by using the combination of Alcalase® and Shearzyme® or Alcalase® and 275 

Celluclast® at pH 8 and the concentration of 0.2% for each one at a temperature of 50˚C for 14 hours [11]. 276 

However, as mentioned before, all experiments of this study were done at room temperature (˂˚30C) and 277 

neutral pH in order to adverse effect on carrageenan quality and to avoid gelling during the extraction process.  278 

3.3 Effect of the protein extraction process on the yield of carrageenan extraction 279 
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All the carrageenan extractions were performed based on an optimized method in lab scale done by Rhein-280 

Knudsen et al [14]. In the current study, the yield of isolated carrageenan extraction for the blank sample (with 281 

no enzymatic treatment and no NAC-assisted alkaline extraction) was 17.8%, while it increased to 23.84% 282 

when only NAC-assisted alkaline extraction with no enzymatic treatment was tested for protein extraction. 283 

Moreover, four different enzymatic treatments were selected to be compared with the blank samples, including 284 

Viscozymes (0.2% w/w) or Alcalase (0.2% w/w) or Celluclast (0.2% w/w) plus Shearzyme (0.2% w/w) at pH 285 

6.0 and 7.0 followed by NAC-assisted alkaline extraction.  286 

Table 3 shows that Viscozymes (0.2% w/w) or Alcalase (0.2% w/w) followed by NAC-assisted alkaline 287 

extraction had the lowest carrageenan isolation yield with 27.6% and 27.7%, respectively. Celluclast 0.2% 288 

w/w plus Shearzyme 0.2% w/w followed by NAC-assisted alkaline extraction at pH 6.0 and the same treatment 289 

at pH 7.0 had the highest carrageenan yields, but there was no significant difference between the two samples 290 

were treated by  Viscozymes (0.2% w/w) or Alcalase (p<0.05). 291 

  292 
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Table 3: Effect of protein extraction on the yield of isolated carrageenan for different samples treated by 293 

enzymes followed by NAC-assisted alkaline extraction (n=3) 294 

Sample description Yield (%) * 
Blank (No enzymatic treatment,  No NAC-assisted alkaline extraction) 17.79±0.89 d 
No enzymatic treatment,  only NAC-assisted alkaline extraction 23.84±1.62 c 
Celluclast 0.2% + Shearzyme 0.2% (pH 6.0) + NAC-assisted alkaline extraction 31.92±4.52 ab 
Celluclast 0.2% + Shearzyme 0.2% (pH 7.0) + NAC-assisted alkaline extraction 35.46±2.12 a 
Viscozymes 0.2% + NAC-assisted alkaline extraction 27.57±0.97 bc 
 Alcalase 0.2% + NAC-assisted alkaline extraction 27.67±3.26 bc 

*mean±SD 295 
Different superscripts letters in the same column indicate significant difference at the confidence level of 95% (α=0.05) 296 
 297 

In 2009, Varadarajan et al. have compared the use of a cellulase from Aspergillus niger, and traditional boiling 298 

on the extraction of carrageenan from Eucheuma cottonii. They achieved the highest carrageenan yield when 299 

using the cellulase (45% by weight) compared to 37% for fungal treated and 37.5% for the traditional 300 

extraction methods. The viscosity of the cellulase-extracted carrageenan was lower than the one extracted by 301 

the traditional method, though. The decrease in viscosity could be explained by the presence of impurities 302 

bound to the carrageenan as the cellulase attacks the cell walls in the seaweed to release the carrageenan and 303 

thus does not degrade the carrageenan structure itself [9]. 304 

4.3 Effect of the protein extraction process on the carrageenan quality 305 

In order to facilitate the carrageenan isolation, a simplified extraction method was used after protein extraction. 306 

All treated samples were boiled in deionized water for 2 hours at pH 11, which was adjusted by using sodium 307 

carbonate. The carrageenan was isolated via precipitation by ethanol/isopropanol alcohol. Table 4 shows the 308 

results for gel strength, turbidity, intrinsic viscosity (IV) and Food Chemicals Codex (FCC) viscosity of 1.5% 309 

solution for the isolated carrageenan from the blank and different samples obtained after protein extraction.  310 

The obtained results for gel strength indicated that in comparison with the blank sample, enzymatic treatment 311 

with Celluclast® plus Shearzyme® did not change gel strength in 4, 8 and 12 mm whereas the enzymatic 312 

treatment with Alcalase® or Viscozymes® increased the gel strength significantly (Figure 2 and Table 4). 313 

These samples had the highest protein extraction efficiency; hence, the lowest amount of protein was left in 314 

the sample, so the carrageenan is most likely more pure. 315 

The maximum gel strength (breaking strength) and breaking distance for the samples were lower for the 316 

combination of Celluclast® plus Shearzymes® at pH 6 and 7 than the untreated sample. The same was the 317 

case for the sample treated with NAC only. In contrast, there was no significant difference between the samples 318 

treated by Alcalase® or Viscozymes® and the blank sample (Figure 2 and Table 4). 319 

Regarding the turbidity, there was a considerable deviation in the obtained results. The highest turbidity was 320 

for the blank sample, but it was evident that all the treated samples especially the samples treated by the 321 
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combination of Celluclast® and Shearzymes® had the lower turbidity. The lowest turbidity was observed in 322 

the sample treated by Celluclast® 0.2% w/w plus Shearzyme® 0.2% w/w at pH=7 and followed by NAC-323 

assisted alkaline extraction. A low turbidity is an advantage as it increases the possible applications of the 324 

carrageenan product. Therefore, protein extraction could be beneficial for expanding of carrageenan 325 

applications in different industries. 326 

Intrinsic viscosity (IV) and FCC-viscosity as two parameters related to the gel viscosity indicated that there 327 

was no significant difference between the blank samples, and the samples treated by the combination of 328 

Celluclast® and Shearzymes® or Viscozymes® for protein extraction. However, the obtained results were 329 

lower for the samples treated by Alcalase, or by only NAC. 330 

In summary, the obtained results in the present study indicate that Alcalase® at 0.2% w/w and pH 7 or 331 

Viscozymes® at 0.2% w/w and pH 7 are the optimal treatment to extract protein from spinosum. As it 332 

mentioned before, the highest extraction efficiencies were for Alcalase® at 0.2% w/w and pH 7 led to protein 333 

extraction efficiency of 59% and for Viscozymes® at 0.2% w/w and pH 7, the extraction efficiency was 48%. 334 

It was obvious that in comparison with the Viscozymes®, using Alcalase® will produce protein with low 335 

molecular weight. Moreover, although the carrageenan yield by using the combination of Celluclast® and 336 

Shearzymes® was more than the treatment were performed by Viscozymes® or Alcalase®,  the gel quality 337 

and in particular, the maximum gel strength (breaking strength) is lower for the combination of Celluclast® 338 

and Shearzymes® Compare to Viscozymes® or Alcalase®. The results in the table 4 showed that by using 339 

Celluclast® and Shearzymes® (cellulase or xylanase), there was a negative effect on breaking strength 340 

compare to the blank sample. It was in compliance with the study was performed by Varadarajan et al. (2009) 341 

[9]. Therefore, it could be concluded that using Alcalase® at 0.2% w/w and pH 7 or Viscozymes® at 0.2% 342 

w/w and pH 7 gives the higher protein extraction efficiency with no detrimental effects on carrageenan quality. 343 

However, further studies are needed to optimize the protein separation most of the extracted protein in our 344 

study remained in the liquid and was not recovered by the conventional method (precipitation at the isoelectric 345 

point). Different techniques are available to recover as much as possible from the liquid such as using 346 

ultrafiltration (UF), and this needs to be investigated in the future [11]. 347 

   348 



 

87 

 

 

Table 4: Effect of protein extraction on the quality of carrageenan gel (n=3) 

Sample treatments Gel 
strength 4 
mm (g/cm) 

Gel 
strength 8 
mm (g/cm) 

Gel strength 
12 mm 
(g/cm) 

Breaking 
strength 
(g/cm) 

Breaking 
distance 

(mm) 

Turbidity 
(NTU*) 

IV FCC ** 
viscosity 

Blank (No enzymatic treatment, No NAC-assisted 
alkaline extraction) 

8.3±0.1 bc 15.6±0.3 b 23.6±0.5 bc 56.5±3.5 a 26.5±0.2 a 62.8±25.2 a 8.0±0.2 a 248.5±24.7 a 

NO enzymatic treatment, Only NAC-assisted 
alkaline extraction, pH=7 

8.1±0.0 c 14.7±0.1 c 21.5±0.6 c 36.9±6.7 b 22.0±2.3 c 43.8±11.2 abc 7.8±0.5 a 233.0±33.9 a 

Celluclast 0.2% + Shearzyme 0.2% + NAC-
assisted alkaline extraction, pH=6 

8.1±0.4 c 14.9±0.6 c 21.4±0.0 c 34.6±1.6 b 22.2±0.9 c 33.1±12.0 bc 7.5±0.3 a 231.0±49.5 a 

Celluclast 0.2% + Shearzyme 0.2% + NAC-
assisted alkaline extraction, pH=7 

8.5±0.0 b 15.7±0.1 b 22.6±0.4 c 35.2±1.5 b 21.9±0.1 c 29.6±5.7 c 7.6±0.2 a 239.0±24.0 a 

Viscozyme 0.2% + NAC-assisted alkaline 
extraction, pH=7 

11.6±0.2 a 19.1±0.3 a 25.4±2.9 b 59.0±1.3 a 24.6±0.6 ab 48.1±2.1 abc 7.9±0.0 a 221.5±2.1 a 

Alcalase 0.2% + NAC-assisted alkaline 
extraction, pH=7 

11.7±0.3 a 19.4±0.6 a 28.3±1.5 a 59.1±6.4 a 24.5±0.8 b 54.2±18.0 ab 7.5±0.2 a 217.5±14.8 a 

Different superscripts letters in the same column indicate significant difference at the confidence level of 95% (α=0.05) 

 

*NTU: Nephelometric Turbidity Unit 

**FCC: Food Chemicals Codex 
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5.3 Comparison of amino acid profile  385 

In the present study, the amino acid profile for the protein extracted by isoelectric precipitation at pH=3.5 for 386 

three different treatments including Viscozymes® 0.2%w/w or Alcalase® 0.2%w/w or the combination of 387 

Celluclast® 0.2%w/w plus Shearzyme® 0.2% w/w followed by NAC-assisted alkaline extraction at pH=7 388 

were analyzed and compared. The reason for selecting the sample which treated by Celluclast® 0.2%w/w plus 389 

Shearzyme® 0.2% w/w was that comparing the sample with highest carrageenan extarction yield with the 390 

samples with highest protein extraction efficiencies. 391 

The obtained results showed that protein extracted from the sample treated by the combination of Celluclast® 392 

0.2%w/w and Shearzyme® 0.2% w/w had the highest amount of total amino acids with 5.08 g/100g dry weight. 393 

Moreover, the protein extracted from samples treated by Viscozymes® 0.2%w/w or Alcalase® 0.2%w/w had 394 

3.62 and 2.55 g/100g of total amino acid, respectively. The highest amount of amino acids were Glutamic acid, 395 

Aspartic acid, Cystine, Leucine, Alanine, and Valine. In addition, in the sample treated with Viscozymes®, 396 

the lysine content was more than for the other treatments. However, it was noticeable that arginine was not 397 

detectable in the samples treated with Viscozymes® or Alcalase®. 398 

In addition, in comparison with the untreated sample, the lowest increase, 44% and 30% in total of AAs and 399 

EAAs, was observed for the sample treated by Alcalase®, while the highest were for the combination of 400 

Celluclast® and Shearzymes® with 146% and 159%, respectively. 401 

  402 
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Table 5: Amino acid composition (mg amino acid g-1 protein), total essential amino acid content (∑ EAA), the essential amino acid 403 

ratio (EAA/AA) of the untreated spinosum seaweed, and extracted protein (pellet) obtained from using the selected enzymes  404 

Amino acid untreated seaweed 
  Viscozyme® L   Alcalase® 2.4 FL  Celluclast® 1.5L + Shearzyme® 500L 

  Pellet   Pellet  Pellet 

LYS(1) 1.1±0.0  2.3±0.0  1.2±0.2  2.0±0.1 

ALA 1.0±0.1  2.3±0.6  1.5±0.0  3.0±0.5 

ARG 0.6±0.0  nd  nd  4.7±0.2 

C-C(1) nd  4.5±1.0  0.6±0.8  4.8±0.1 

MET(1) 0.4±0.0  1.0±0.2  0.6±0.0  1.3±0.0 

LEU(1) 2.0±0.3  2.6±0.3  1.4±0.0  3.3±0.3 

TYR(1) 0.4±0.1  1.2±0.1  0.7±0.0  1.3±0.1 

PHE(1) 1.9±0.1  2.1±0.0  1.1±0.1  2.6±0.1 

PRO 0.7±0.0  1.5±0.2  0.7±0.0  1.9±0.1 

THR(1) 2.4±0.0  1.1±0.2  0.6±0.0  1.6±0.4 

ASP 2.6±0.2  3.4±1.0  2.4±0.1  5.1±0.9 

SER 1.5±0.0  0.1±0.3  0.6±0.1  1.5±0.3 

HYP nd  nd  nd  nd 

GLU 2.6±0.2  6.1±2.2  4.7±0.2  7.7±1.7 

VAL(1) nd  2.6±0.3  1.1±0.1  3.8±0.9 

HIS(1) 0.2±0.0  0.5±0.0  0.3±0.1  0.6±0.0 

ILE(1) 1.1±0.1  1.6±0.0  0.6±0.1  2.1±0.2 

GLY 0.9±0.7  2.4±0.6  2.0±0.0  3.5±0.4 

∑ AA 19.6  36.2  25.5  50.8 

∑ EAA 9.5  19.5  13.7  23.4 

EAA/AA 0.49  0.54  0.54  0.46 
(1) Essential amino acids in human nutrition 405 

  406 
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4. Conclusion and future perspectives 407 

To the author’s knowledge, there is no similar study reported in the literature. However, the present study 408 

successfully showed that it is possible to extract protein from Eucheuma denticulatum, in a multi-extraction 409 

setup, adding a new possible future protein product, and a further utilization of our industrial resources. The 410 

best enzymes were Alcalase® or Viscozymes® at 0.2% w/w and the maximum efficiency was increased up to 411 

60% of protein for Alcalase®. It seems that it was possible to extract more protein from seaweed if there was 412 

no limitation. However, as it mentioned before, due to keeping carrageenan safe and avoiding from all possible 413 

negative effect on quantity and quality of isolate carrageenan, all the experiments were done at room 414 

temperature and neutral pH. The present study furthermore demonstrated that the protein extraction process 415 

does not have a detrimental effect on the isolated carrageenan in the downstream carrageenan processing. 416 
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 13 

1. Introduction 14 

Nowadays, there are a remarkable interest in protein extraction from marine sources, 15 

industrially. Seaweeds also have been regarded as an important source of bioactive compounds 16 

with a promising and potential future in food, nutraceutical, and cosmeceuticals products 17 

(Wijesinghe and Jeon 2012; Kadam et al. 2013). The major water-extractable polysaccharide 18 

from Furcellaria lumbricalis, named furcellaran, gave rise to the Danish seaweed industry 19 

during World War II when the supply of agar from the Far East was inadequate. The chemically 20 

inappropriate term “Danish Agar” was introduced because of the agar-like properties of this 21 

product. Furcellaran has many similarities with the kappa-fraction of carrageenan, but it forms 22 

gels at a distinctly lower potassium concentration (Knutsen and Grasdalen 2009). Apart from 23 

furcellaran, F. lumbricalis has been reported to contain proteins, lipids, antioxidants, pigments, 24 

and other polysaccharides. Meanwhile, the chemical bioactivities such as agglutinant, 25 

antifungal, antibacterial, and cytotoxic properties in this species are promising, (Blunden et al. 26 

1981). The protein content in this seaweed with up to 28% w/w dw is more than other seaweeds 27 

used in carrageenan production lines (Naseri et al. 2019b). 28 

However, seaweeds are known to have complicated and rigid cell walls owing to their 29 

biochemically polymerized structures. Thus it is typically challenging to extract the compounds 30 

from their intracellular wall, efficiently. This is mainly due to the presence of microfibrillar 31 

polysaccharides of the fibrous algal cell walls (Rodrigues et al. 2015). The traditional extraction 32 

methods, such as water-based extraction is cheap, of food grade and environmentally friendly, 33 
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but with low selectivity and efficiency. The ones based on organic solvents have higher 34 

selectivity and efficiency, but are considered hazardous in food products and even harmful for 35 

the environment, due to their toxic solvent residues (Samarakoon & Jeon, 2012). Over the years, 36 

many novel extraction methods have been researched in industry application, e.g., ultrasound-37 

assisted extraction (UAE), supercritical fluid extraction (SFE), microwave-assisted extraction 38 

(MAE), enzyme-assisted extraction (EAE), and pressurized liquid extraction (PLE) 39 

technologies. The process of SFE is costly and often used to extract dietary supplements from 40 

marine algae. MAE and PLE have the limitation for thermolabile bioactive, as the two methods 41 

are carried out at high temperatures. UAE has been adopted to extract bioactive compounds 42 

from seaweeds in full-scale commercialized extraction. Enzyme-Assisted Extraction (EAE) is 43 

a promising method with precise selectivity, high efficiency, and yield. Furthermore, the 44 

method is conducted in mild reactive conditions which can keep the original efficiency to 45 

maximum (Wijesinghe and Jeon 2012; Kadam et al. 2013; Romarís-Hortas et al. 2013; 46 

Rodrigues et al. 2015; Hardouin et al. 2016). 47 

Recently, furcellaran is the most utilized product from F. lumbricalis, while the other 48 

compounds such as antioxidants, pigments, and proteins are often neglected and wasted during 49 

the production of furcellaran. Thereby, this study will investigate the enzyme-assisted 50 

extraction of proteins, and evaluate the effect of different parameters such as time, pH, and 51 

temperature on extraction efficiency. Moreover, the results will be compared to the alkaline-52 

aided extraction by KOH or NaOH at different extraction duration, temperature, and 53 

concentration. Finally, the effect of optimally selected treatment on furcellaran quality in terms 54 

of gel quality and viscosity will be examined. 55 

Therefore, this study aims to define and develop a method to extract more than one product 56 

(multi-extraction), e.g., extraction of both protein and furcellaran from Furcellaria lumbricalis 57 

with the possibility to implement in large scale. In order to avoid detrimental effects on 58 

furcellaran, there was a pre-defined framework that all the experiments were performed at pH 59 

7 at ambient temperature.   60 
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2. Material and Methods 61 

 62 

2.1. Seaweed biomass and preparation 63 

EST-Agar A/S (Saaremaa, Estonia) kindly provided the seaweed sample Furcellaria 64 

lumbricalis. The biomass was harvested and shipped in the semi-dried condition in a big pack 65 

from Estonian coast (Baltic Sea). The big packs were stored in a non-insulated warehouse at 66 

ambient outdoor temperature. The industrial samples were taken from different batches to 67 

obtain representative samples. All seaweed samples were dried at ambient temperature (as is 68 

the procedure in industrial scale furcellaran production) after which the biomass was downsized 69 

to 0.5-1 cm particle size using a cut miller (Retsch - SM 2000, Haan, Germany). The milled 70 

seaweed was stored in plastic bags at -20℃ until further experiments.  71 

 72 

2.2. Enzymes and chemicals 73 

Novozymes A/S (Bagsværd, Denmark) kindly provided all enzymes, including: Celluclast® 74 

1.5L as a cellulase, Shearzyme® 500 L as a xylanase, Alcalase® 2.4 L FG as a protease 75 

(endopeptidase), Flavourzyme® as a protease (endoprotease and exopeptidase), Ultraflo® Max 76 

as a mixture of endo-beta-glucanase and xylanase and Viscozyme® L as a multi-enzyme 77 

complex containing a wide range of carbohydrases, including arabinose, cellulase, β-glucanase, 78 

hemicellulase, and xylanase. All chemicals were purchased from Merck (St. Louis, IL, USA). 79 

All solvents used were of high-performance, liquid chromatography (HPLC) grade and were 80 

purchased from Lab-Scan (Dublin, Ireland). The standard of amino acids was purchased from 81 

Sigma-Aldrich (St. Louis, IL, USA). HPLC grade water was prepared at DTU Food using a 82 

Milli-Q® Advantage A10 water deionizing system from Millipore Corporation (Billerica, MA, 83 

USA). 84 

 85 

2.3. Experimental plan 86 

In order to study and optimize the multi-extraction (to extract protein and furcellaran), the 87 

experimental setup consisted of two main steps. The first step was to test the different enzyme 88 

followed by N-Acetyl-L-Cystein (NAC) assisted alkaline extraction at the concentration of 0.2 89 

and 0.4% w/w, pH 7 for 6 h (Naseri et al. 2019c, a). The second step was to use KOH at different 90 

temprature and concentration to increase the protein extraction efficiency.  91 
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2.4. Post-extraction solid residue (PESR) 92 

At the end of the extraction process, the leftover solid residue (recovered in the 1 mm sieve) 93 

was placed in a plastic container and dried in an oven at 50°C overnight. The samples were 94 

subsequently ground to powder and stored in the freezer (−20 °C) prior to the chemical analysis. 95 

2.5. Chemical analyses 96 

Seaweed samples, post-extraction seaweed residue (PESR), and precipitated protein (pellets) 97 

were dried at 50°C and ground to a fine powder before chemical analyses, using a KNIFETEC 98 

mill (1095 sample Mill, FOSS TECATOR, Hillerød, Denmark), and were stored at room 99 

temperature until further analysis. Chemical analyses were performed in accordance with 100 

AOAC procedures (AOAC 2006), and samples were run in duplicates to evaluate analytical 101 

precision. Dry matter (DM) was determined after drying the biomass in an oven at 105 °C until 102 

constant weight. 103 

2.6. Total nitrogen, protein content and extraction efficiency 104 

Total nitrogen content was determined using the DUMAS combustion method using a fully 105 

automated rapid MAX N (Elementar Analysensysteme GmbH). Approximately 150-250 mg of 106 

dried sample and 3-4 mL of liquid sample (liquid fraction) were fed into the system. Protein 107 

content was determined by multiplying the nitrogen content by a factor of 5.0, which is the 108 

recommended conversion factor for seaweeds (Angell et al. 2016).  109 

The extraction efficiency for every treatment was calculated based on the below equation. 110 

Extraction efficiency % =
Protein content before extraction −  Protein content after extraction

Protein content before extraction
∙ 100 111 

However, in order to do the calculation faster, the below equation was used. 112 

Extraction efficiency (%) = 100 % − Protein recovered in PESR %   113 

2.7. furcellaran quality /gel strength  114 

Two methods, Valenti and BLOOM, determined the quality of furcellaran. The method was 115 

based on the measurement of the gel and breaking strength of a sugar or water solution of 116 

furcellaran. To determine water gel strength prepare 100 ml dissolve with 2.,5% absolute dry 117 

furcellaran. The 2.5% furcellaran solution was kept at least 1 hour in room temperature, then 118 

melted in a water bath at 80℃. Melted hot furcellaran divided into two 100 ml beaker (about 119 

30 ml to each). Place beakers in the water at 20℃ for 1 hour (temperature was adjusted by hot 120 
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or cold water). The gel and breaking strength were measured with a Brookfield CT-3 Texture 121 

analyzer, Middleboro, USA. (trigger 4.5g, deformation 1.5cm, speed 0.4mm/sec) 122 

2.8. The viscosity of a 1.0% solution (distilled water and drinking water) 123 

The viscosity was determined by using a viscometer. For the preparation of a 1.0% (w/w) 124 

aqueous solution, 1.00 g carrageenan was added to 100 ml distilled or drinking water.  125 

2.9. Statistical analysis 126 

Statgraphics Centurion 18 (Statistical Graphics Corp., Rockville, MD, USA) was used for data 127 

analysis. Data were expressed as mean ± standard deviation, corresponding to three 128 

experimental replicates (n=3). Firstly, by ANOVA test, multiple sample comparison analysis 129 

was performed to identify significant differences between samples. Secondly, mean values were 130 

compared using Duncan’s test. Differences between means were considered significant at  131 

p < 0.05. 132 

  133 
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3. Results and discussion 134 

3.1. Enzymatic-assisted extraction 135 

The enzymatic assisted extraction was performed in three steps. The first step was to set up the 136 

condition in accordance with the previous experience and experiments. In the second step, a 137 

new amylase enzyme was added to help for cell disruption. In the last step, enzymes were used 138 

in the optimal condition which was out of the defined framework, to evaluate the possibility of 139 

using enzyme-assisted extraction. 140 

3.1.1. Different enzymes at the pre-defined framework 141 

Seven different enzymes were used to evaluate the effect of different enzymatic treatment 142 

followed by NAC-assisted alkaline extraction. All the experiment were conducted the pre-143 

defined framework which was at pH 7 and at room temperature to avoid all adverse effect of 144 

low pH and high temperature on the furcellaran quality. The results indicated that application 145 

of Alcalase® (0.2% for 6h) and combination of Alcalase® and Viscozyme®, with 15.7% and 146 

15.3%, respectively,  had the highest protein extraction efficiency, followed by Celluclast® 147 

plus Shearzyme® and Alcalase (2.0% for 6h), while showing no significant differences 148 

(p>0.05). 149 

Table xx: Different enzymatic treatment followed by NAC-assisted alkaline extraction 150 

(n=3) at pH 7 and room temperature 151 
 

Concentration 
%  

Time (h) Efficiency% ± SD  

NO enzymes added 0.0 6 8.2±1.6 bc 
Shearzyme® 0.2 6 7.1±1.6 c 
Viscozyme®  0.2 6 7.3±2.2 c 

Alcalase®  0.2 6 15.7±2.4 a 
Celluclast® and Shearzyme®  0.2 6 12.2±0.7 ab 
Celluclast® and Shearzyme®  0.2 18 12.3±1.1 ab 

Flavourzyme®  0.4 6 7.2±1.9 c 
Ultraflo®  0.4 6 9.9±4.3 bc 
Alcalase® 2.0 6 11.8±2.1 ab 

Alcalase® and Viscozyme® 2.0 6 15.3±3.5 a 
 152 

3.1.2. new added enzyme at the pre-defined framework 153 

In order to improve the extraction efficiency of protein by enzyme-assisted extraction, a new 154 

α-amylase (Fungamyl® 800 L) was added to the experiment. Therefore, the new combination 155 

of the most efficient enzyme combined the Fungamyl® 800 L followed by NAC-assisted 156 
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alkaline extraction was used to improve protein extraction efficiency. The pre-treatment by 157 

adding Na2CO3 also was performed to may help the increase in protein extraction. 158 

As the results indicated in Table xx, using a mixture of Fungamyl® 800 L, Viscozyme® L and 159 

Alcalase® 2.4 L FG followed by NAC-assisted alkaline extraction significantly (p<0.05) 160 

increased the protein extraction about 23%. 161 

Sample 
number 

Pre-
treatment 

with 
Na2CO3 

Fungamyl® 
800 L 

Viscozyme® 
L 

Alcalase® 
2.4 L FG 

NAC-
assisted 
alkaline 

extraction 

Efficiency % 
± SD 

1 - + - - - 3.19±1.72 b 
2 - + - - + 7.30±0.13 b 
3 + + - - + 9.09±1.28 b 
4 - + + + + 22.94±4.54 a 
5 + + + + + 21.68±2.51 a 

 162 

3.1.3. Different enzymes outside of the pre-defined framework 163 

In accordance with the previous studies (Naseri et al. 2019c, a), the obtained results were not 164 

promising. Therefore, a trial was conducted to evaluate the effect of higher temperatures on 165 

protein extraction. In this regards, two treatments (Celluclast® 0.2%w/w plus Shearzyme® 166 

0.2% w/w and Alcalase® 0.2%w/w plus Viscozyme® 0.2%w/w) were selected, and the new 167 

extraction was performed at higher temperatures (35, 45, 50 and 55˚C). 168 

 
Tempera

ture  
Efficiency% ± SD  

Celluclast® (0.2%) plus Shearzyme® (0.2%) 35 12.52±3.07 c 
Alcalase® (0.2%) plus Viscozyme® (0.2%) 35 14.36±3.51 bc 
Celluclast® (0.2%) plus Shearzyme® (0.2%) 45 17.25±2.85 bc 
Alcalase® (0.2%) plus Viscozyme® (0.2%) 45 18.80±3.64 ab 
Celluclast® (0.2%) plus Shearzyme® (0.2%) 50 16.25±1.72 bc 
Alcalase® (0.2%) plus Viscozyme® (0.2%) 50 23.66±1.37 a 
Celluclast® (0.2%) plus Shearzyme® (0.2%) 55 18.37±2.29 abc 
Alcalase® (0.2%) plus Viscozyme® (0.2%) 55 20.03±4.92 ab 

 169 

Based on the results, the highest (20.03%) and lowest (16.25%) protein content belonged to the 170 

Alcalase® (0.2%) plus Viscozyme® (0.2%) at 55C and 45C (p<0.05), respectively, indicating 171 

that that increasing temperature is not sufficient to improve the protein extraction efficiency. 172 

  173 
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3.2. Chemical extraction 174 

Chemical extraction methods, such as acid and alkali treatments, have been reported that are 175 

efficient in protein extraction from different seaweeds (Bleakley and Hayes 2017). KOH and 176 

NaOH were selected for extracting protein from Furcellaria lumbricalis. The chemical 177 

extraction were conducted and compared in 9 steps. 178 

3.2.1. Control samples 179 

The first step was the control samples. The seaweed water ratio of 1:25 was selected and all 180 

experiments were performed in triplicates. Two experiments were performed at 40C and room 181 

temperature. The results showed that there was no significant difference between the two 182 

treatments (p>0.05).  183 

 184 

3.2.2. pH adjusted at 8-9 by adding KOH and boiled at 100 C 185 

Methods of extracting carrageenan and furcellaran from seaweed are well known, and such 186 

methods involve alkaline extraction at high temperatures. In the second step, the samples were 187 

treated with a similar extraction method used in the carrageenan production line. Three samples 188 

were examined at 100C for 0.5, 1, and 1.5 h. The results indicated that by increasing the 189 

extraction duration, protein extraction efficiency improves but it is not efficient. 190 

 191 
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3.2.3. KOH at 40C 192 

In order to avoid the extraction of furcellaran, the maximum temperature of 40˚C was tested. 193 

Samples were treated at four different treatment at different concentration of KOH (2, 4, 6, 194 

and 8%)  for 6 h. The results showed that the highest protein extraction efficiency belonged 195 

to the sample was treated with KOH 8% for 6 hours at 40C.  196 

 197 

 198 

3.2.4. KOH 8% at 40C 199 

Five samples were tested at different times at 40C to evaluate the protein extraction with 200 

KOH 8%. The selected extraction duration was 1, 2, 4, 6, and 7 h. The highest extraction 201 

efficiency (58%) was for the sample were treated for 7 hours, and lowest efficiency (22%) 202 

was observed for the samples were treated for 1 h.  203 

 204 

 205 

 206 

3.2.5. Different alkaline at 40C 207 
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Three different alkaline solutions include NaOH, KOH, and Ca(OH)2 were selected to find 208 

the best alkaline treatment for extracting protein from Furcellaria lumbricalis. Three 209 

samples were tested with a different alkaline solution at the concentration of 8% at 40C for 210 

6 hours. The results indicated that the highest extraction efficiency was for the sample were 211 

treated with NaOH 8% with the efficiency of 60%, whereas the lowest efficiency was 212 

observed for the samples were treated with Ca(OH)2 with the efficiency of 4% (p<0.05). 213 

However, the results also showed that application of NaOH increased the possibility of 214 

furcellaran extraction during protein extraction step which is not suitable for the multi-215 

extraction process. 216 

 217 

3.2.6. KOH 8% at 80 C 218 

The sample which was treated with KOH 8% at 80C for 6 hours had the highest extraction 219 

efficiency. In order to optimize this extraction, six samples were selected and treated with 220 

KOH 8% at 80C for different extraction duration (1, 2, 3, 4, 5 and 6 h). The results showed 221 

that there is no significant difference between the samples were treated for 4 and 6 hours. 222 

However, the highest and lowest extraction efficiencies were for the samples were treated 223 

for 6 and 1 hour, respectively. 224 

 225 
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 226 

3.2.7. KOH 8% at different temperatures 227 

In order to evaluate the effect of temperature on the protein extraction efficiency, three 228 

samples were treated with KOH 8% for 6 hours at 40C, 60C, and 80C. The results showed 229 

that there is a significant difference between the samples were treated at different 230 

temperatures. The highest and lowest extraction efficiencies were for the samples were 231 

treated at 80C and 40C with the efficiency of 89% and 41%, respectively 232 

 233 

3.2.8. Harvesting time at 40C 234 

In order to evaluate the type of samples (fresh or dried) and harvesting time on the protein 235 

extraction efficiency, four experiments were performed with KOH 8%, at 40C for 6 hours 236 

on four samples. The samples were for three years, and one sample was fresh and collected 237 

directly from the sea. The obtained results indicated that there is no significant difference 238 

between the samples were collected at different time and years. However, it seems that the 239 

protein extraction efficiency for the dried sample is significantly more than the fresh sample.  240 

 241 
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 243 

3.2.9. KOH at lower concentration and different  244 

KOH also used at lower concentration (below 1%) to evaluate the positive or adverse effect 245 

of protein extraction on furcellaran quality. Four treatment were selected at the KOH 246 

concentration of 0.1% and 0.5% at room, 40 and 80 C for 2, 7 and 18 h.  247 

 248 

 
Temp. (C) Time (h) Efficiency% ± SD  

KOH 0.1% 80 2  
KOH 0.5% room 18  
KOH 0.5% 40 7  
KOH 0.5% 80 7  

 249 

3.3. Rheological parameters 250 

The rheological experiments were performed on the sample were treated by KOH 2, 4, 6 and 251 

8% indicated an adverse effect of protein extraction on gel strength of furcellaran (table4). 252 

Therefore, four experiments were selected to be conducted as mild protein extraction.  253 
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Table 4: Effect of protein extraction on the quality of furcellaran (n=2) 

Sample treatments for protein extraction 

Gel strength - 
Valenti  

(sugar solution) 
g/cm2 

Gel strength – 
BLOOM 

 (sugar solution) 
g/cm2 

Temp. of 
gelation on 

cooling  
(sugar 

solution) 
˚C 

Gel strength - 
Valenti  

(water solution) 
g/cm2 

Gel strength – 
BLOOM 

 (water solution) 
g/cm2 

Temp. of 
gelation on 

cooling  
(water 

solution) 
˚C 

Viscosity 1%  
(drinking 

water) 
sec 

Viscosity 1% 
(destilled 

water) 
sec 

Internal standards* Min 1000 Min 600 Max 60 Min 200 Min 100 Max 29 - - 
Internal samples** 2100 1237 62 967 663 43 12,5 79,7 
Blank (No protein extraction)  1328.0±48.1 1535.3±83.8 58.5±2.1 829.5±26.2 373.0±21.2 38.5±2.1 27.6±3.4 106.4±62.1 
KOH 8%, 7h at 40˚C 503.5±33.2 387.3±39.2 53.0±7.1 579.0±79.2 291.0±73.5 41.5±2.1 30.2±12.4 28.1±25.4 
KOH 8%, 6h at 80˚C 392±70.7 250.5±22.7 57.5±17.7 544.0±116.9 319.5±139.3 43.0±4.2 37.3±29.2 49.0±18.8 
KOH 4%, 6h at 40˚C 323.5±241.1 383±196.6 69.5±13.4 876.0±94.8 538.0±49.5 46.0±1.4 16.5±9.5 86.8±40.4 
KOH 0.5%, 2h at 80˚C 1678.5±328.8 2126.8±155.9 32.5±3.5 932.0±152.7 497.0±33.9 38.5±2.1 111.9±53.6 nd – very high 
KOH 0.5%, 7h at 80˚C 1407.0±206.5 978 50.0±14.1 838.5±14.8 471.5±23.3 41.5±2.1 56.5±14.8 nd – very high 
KOH 0.5%, 18h at room temprature 1721.5±205.8 1634 62.5±3.5 895.5±24.7 520.5±40.3 37.5±3.5 85.9±27.2 nd – very high 
KOH 0.5%, 2h at 40˚C 1323.5±153.4 1775 60.0±0.0 979.5±26.2 575.5±2.1 44.0±1.4 74 nd – very high 
KOH 0.5%, 7h at 40˚C 1666.0±80.6 1580.5±466.0 65.0±7.1 819.5±7.8 527.0±7.1 41.5±2.1 nd – very high nd – very high 
KOH 0.1%, 2h at 80˚C 1644.5±212.8 2431 67.5±3.5 815.5±22.3 460.0±55.2 39.5±4.9 116,31 nd – very high 
NaOH 0.1 N, 6h at 40˚C 1507.5±463.2 2360 60.0±0.0 645.5±27.6 458 36.0±0.0 Not thick Thick 
NaOH 0.1 N, 2h at 80˚C 812.0±93.3 863.5±188.8 56.5±4.9 679.5±20.5 451±145.7 40.0±0.0 Not thick Thick 
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4. conclusion 

 

 

 

References 

Angell AR, Mata L, de Nys R, Paul NA (2016) The protein content of seaweeds: a universal 

nitrogen-to-protein conversion factor of five. J Appl Phycol 28:511–524. doi: 

10.1007/s10811-015-0650-1 

Bleakley S, Hayes M (2017) Algal Proteins: Extraction, Application, and Challenges 

Concerning Production. Foods 6:33. doi: 10.3390/foods6050033 

Blunden G, Barwell CJ, Fidgen KJ, Jewers K (1981) A Survey of Some British Marine Algae 

for Anti-Influenza Virus Activity. Bot Mar 24:267–272. doi: 

10.1515/botm.1981.24.5.267 

Hardouin K, Bedoux G, Burlot AS, et al (2016) Enzyme-assisted extraction (EAE) for the 

production of antiviral and antioxidant extracts from the green seaweed Ulva armoricana 

(Ulvales, Ulvophyceae). Algal Res 16:233–239. doi: 10.1016/j.algal.2016.03.013 

Kadam SU, Tiwari BK, O’Donnell CP (2013) Application of novel extraction technologies 

for bioactives from marine algae. J Agric Food Chem 61:4667–4675. doi: 

10.1021/jf400819p 

Knutsen SH, Grasdalen H (2009) Characterization of Water-extractable Polysaccharides from 

Norwegian Furcellaria lumbricalis (Huds.) Lamour. (Gigartinales, Rhodophyceae) by IR 

and NMR Spectroscopy. Bot Mar 30:497–505. doi: 10.1515/botm.1987.30.6.497 

Naseri A, Løvstad Holdt S, J.P. Sejberg J, et al (2019a) Multi-extraction and quality of protein 

and carrageenan from commercial spinosum (Eucheuma denticulatum). Algal Res 

Naseri A, Løvstad Holdt S, Jacobsen C (2019b) Nutritional and value-added compounds in 

industrial red seaweed used in carrageenan production. J Aquat Food Prod Technol 

Naseri A, S. Marinho G, Løvstad Holdt S, et al (2019c) Enzyme-assisted extraction and 

characterization of protein from red seaweed Palmaria palmata. Algal Res 



 

108 

 

Rodrigues D, Sousa S, Silva A, et al (2015) Impact of enzyme- and ultrasound-assisted 

extraction methods on biological properties of red, brown, and green seaweeds from the 

Central West Coast of Portugal. J Agric Food Chem 63:3177–3188. doi: 

10.1021/jf504220e 

Romarís-Hortas V, Bermejo-Barrera P, Moreda-Piñeiro A (2013) Ultrasound-assisted 

enzymatic hydrolysis for iodinated amino acid extraction from edible seaweed before 

reversed-phase high performance liquid chromatography-inductively coupled plasma-

mass spectrometry. J Chromatogr A 1309:33–40. doi: 10.1016/j.chroma.2013.08.022 

Wijesinghe WAJP, Jeon YJ (2012) Enzyme-assistant extraction (EAE) of bioactive 

components: A useful approach for recovery of industrially important metabolites from 

seaweeds: A review. Fitoterapia 83:6–12. doi: 10.1016/j.fitote.2011.10.016 

 

 



 

109 
 

6: Summarizing discussion 

The obtained results in papers II, III, and IV are summarized in the below table.  

Table 7: Most efficient treatments for protein extraction and optimized treatment for the three selected 

seaweeds in the present Ph.D. study 

Seaweed Most efficient treatments for protein extraction optimized 
treatments* 

Palmaria palmata  

  
Alcalase® 0.2%w/w plus Shearzyme® 0.2%w/w followed 
by NAC-assisted alkaline extraction at pH 8 and at 50˚C 

(Efficiency** up to 92%) ✔ 
  

Alcalase® 0.2%w/w plus Celluclast® 0.2%w/w followed by 
NAC-assisted alkaline extraction at pH 8 and at 50˚C 

(Efficiency up to 90%)  
✔ 

   

Eucheuma denticulatum 

  
Alcalase 0.2%w/w followed by NAC-assisted alkaline 

extraction at pH 7 and at room temperature 
(Efficiency up to 59%) 

✔ 

  
Viscozymes 0.2%w/w followed by NAC-assisted alkaline 

extraction at pH 7 and at room temperature 
(Efficiency up to 48%) 

✔ 

  
Celluclast® 0.2%w/w plus Shearzyme® 0.2%w/w followed 

by NAC-assisted alkaline extraction 
(Efficiency up to 39%) 

 

   

Furcellaria lumbricalis 

  
KOH 8%, at 80˚C for 1 hour (Efficiency up to 70%)  
KOH 8%, at 80˚C for 2 hours (Efficiency up to 82%)  
KOH 8%, at 80˚C for 3 hours (Efficiency up to 85%)  
KOH 8%, at 80˚C for 6 hours (Efficiency up to 90%)  
KOH 8%, at 40˚C for 6 hours (Efficiency up to 53%)  
KOH 0.5%, at 80˚C for 6 hours (Efficiency up to 50%) ✔ 
KOH 0.1%, at 80˚C for 6 hours (Efficiency up to 20%) ✔ 

   
*An optimized treatment has the highest protein extraction efficiency with no adverse effect on the other 
products 

∗∗ Extraction efficiency % =
Protein content before extraction −  Protein content after extraction

Protein content before extraction
∙ 100 

However, in order to do the calculation faster, the below equation was used. 

Extraction efficiency (%) = 100 % − Protein recovered in PESR %   
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The enzymatic extraction procedure is milder than classical chemical methods, which use NaOH or 

KOH, and appears to limit unwanted protein-polysaccharides interactions (Fleurence et al. 1995).  

The literature has reported several examples of enzymatic extraction of carrageenan from red 

seaweed. Enzymatic extraction has also been used to extract bioactive compounds from different 

seaweed. For example, enzyme-assisted hydrolysis of Mastocarpus stellatus could be a 

complementary way to extract bioactive components in addition to carrageenan (Blanco-Pascual et 

al. 2014). Also, Wang et al. (2010) investigated the effect of six proteases (Alacalase® 2.4L FG, 

Protamex®, Kojizyme® 500 MG, Neutrase® 0.8 L, Flavourzyme® 500 MG and Umamizyme®) and 

five carbohydrases (Viscozyme® L, Celluclast® 1.5 L FG, Ultraflo® L, AMG® 300 L, and 

Termamyl® 120 L) on the extraction of polyphenols and other antioxidant compounds from Palmaria 

palmata. The results indicated that enzyme-assisted extraction was effective in enhancing the 

recovery of polyphenols and other hydrophilic antioxidant compounds from P. palmata. In total, 

proteases were more effective than carbohydrases, and Umanizyme® had the highest total phenolic 

content (g GAE/kg extract) and the highest extraction yield of all enzymes (Wang et al. 2010). 

However, to our knowledge, there is no similar study reported in the literature that has been 

investigated the effect of protein extraction on carrageenan or furcellaran quality, and this makes it 

difficult to compare our results with the results found in other studies.  

Palmaria palmata is one of the most interesting seaweeds for the scientist as it has high protein, 

mineral, and vitamin content (Wang et al. 2010). Fleurence et al. (1995) demonstrated that the use of 

commercial polysaccharidases enzymes for Palmaria palmata increases the accessibility of this 

procedure for large-scale testing. They investigated the use of enzymatic cell-wall degradation to 

improve the extraction of protein from Chondrus crispus and Gracilaria verrucosa. In this study, the 

effect of polysaccharidases (κ-carrageenase, ß-agarase, xylanase, and cellulase) on the protein 

extraction from these three red seaweeds has been studied. The results indicated that when the cell 

wall polysaccharide is degraded by enzymatic hydrolysis, protein extraction efficiency can be 

improved (Fleurence et al. 1995). Kulshreshtha et al. (2015) used four commercial enzymes (three 

carbohydrases and one protease). They reported a significant improvement in extraction efficiency of 

bioactive materials from Chondrus crispus compared to aqueous extraction (Kulshreshtha et al. 

2015).  

In the present Ph.D. study, the highest protein extraction efficiency (92 %) was obtained for Palmaria 

palmata (Table 7). In contrast to Furcellaria lumbricalis and Eucheuma denticulatum, no  
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pre-defined limitations with respect to pH and temperature ranges were applied in the extraction 

procedure. Therefore, it was possible to adjust all the conditions to increase the protein extraction 

efficiency, while for Eucheuma denticulatum and Furcellaria lumbricalis, it was necessary to bear in 

mind that the protein extraction should not have any adverse effect on carrageenan and furcellaran 

quality. The high efficiency obtained for Palmaria palmata was mainly because it was possible to go 

outside the frame of pH 7 and room temperature. Thus the selected enzymes were more efficient 

when they were used under optimal conditions. Moreover, the cell wall structure is one of the most 

important factors that has a significant effect on giving more access to the enzyme for protein 

extraction. It has been reported that Palmaria palmata mainly interacts in the cell wall by hydrogen 

bonds (Deniaud et al. 2003), and it facilitates protein extraction.  

It should also be considered that using Alcalase® for protein extraction may affect breakdown of the 

structure of the protein and convert it to smaller proteins, peptides, and amino acids that end up in all 

the liquid extract, PESR, and pellet. Therefore, it should be noted that if the main aim is to obtain 

high molecular weight proteins, hydrolysis using protease as we have done in our study is not a 

desirable method.  

Generally, the method used in the Ph.D. study (an enzymatic treatment followed by NAC-assisted 

alkaline extraction) has not aimed at modifying the target polysaccharides (carrageenan or 

furcellaran) during the extraction process. However, the effect of protein extraction on the 

carrageenan and furcellaran quality to ensure that there are no detrimental effects on gel and viscosity 

compared to the untreated samples was evaluated.  

In summary, the obtained results in the present PhD study for Eucheuma denticulatum indicated that 

Alcalase® at 0.2% w/w and pH 7 (59 % protein extraction efficiency) or Viscozymes® at 0.2% w/w 

and pH 7 (48 % protein extraction efficiency) were the optimal treatments to extract protein from 

Eucheuma denticulatum (Table 7). In the current study, the yield of carrageenan extraction for the 

blank sample (with no enzymatic treatment and no NAC-assisted alkaline extraction) was 17.8%, 

while it increased to 23.8% when only NAC-assisted alkaline extraction with no enzymatic treatment 

was tested for protein extraction. Moreover, although the carrageenan yield when using the 

combination of Celluclast® and Shearzymes® with 35.5% was more than in the treatments that were 

performed with Viscozymes® (27.6%) or Alcalase® (27.7%),  the gel quality, and in particular the 

maximum gel strength (breaking strength), is lower for the combination of Celluclast® and 

Shearzymes® compared with Viscozymes® or Alcalase®. The results in Paper 3 showed that by 
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using Celluclast® and Shearzymes® (cellulase or xylanase), there was a negative effect on breaking 

strength compared with the blank sample. The negative effect was in compliance with the study 

performed by Varadarajan et al. (2009). Varadarajan et al. compared three extraction methods: 

enzyme (cellulase) treated extraction, fungal-treated extraction, and the traditional extraction method, 

for extracting carrageenan from Eucheuma cottonii. The highest carrageenan yield with 45% w/w 

was obtained for the cellulose- treated extraction, followed by 37% and 37.5% for the traditional 

extraction method and the fungal-treated extraction methods, respectively (Varadarajan et al. 2009). 

It was noticeable that the viscosity of carrageenan derived from cellulose-treated extraction and 

fungal-treated extraction was lower than that derived from the traditional extraction method. The 

decrease in viscosity could be due to the presence of impurities bound to the carrageenan. The 

hydrolysis of seaweed may have extracted other cellular impurities that are attached to carrageenan. 

The impurities could not be separated through alcohol precipitation and centrifugation. The cellulase 

enzyme attacks the cell walls in the seaweed to release the carrageenan and, thus, it does not degrade 

the carrageenan structure. It is also possible that in the fungal-treated extraction, the organism may 

have used the carrageenan as a source of carbon (Varadarajan et al. 2009; Rhein-Knudsen et al. 2015). 

In addition, Blanco-Pascual et al. obtained a carrageenan yield of 28.6% by using Alcalase® for the 

extraction of a κ/ι-hybrid carrageenan from Mastocarpus stellatus. The extracted carrageenan 

indicated good gelling properties, and other value-added components such as polyphenols were 

extracted (Blanco-Pascual et al. 2014). However, these studies used a different type of seaweed, and 

this may explain the differences with regard to the obtained results. 

In addition, in the present Ph.D. study, the effect of protein extraction on the amino acid profile of 

extracted protein was evaluated. Compared with the untreated sample, the lowest increase, 44% and 

30% in total of AAs and EAAs, was observed for the sample treated by Alcalase®, while the highest 

were for the combination of Celluclast® and Shearzymes® with 146% and 159%, respectively. 

For Furcellaria lumbricalis, the lowest protein extraction efficiency was obtained by using different 

enzymatic treatments followed by NAC-assisted alkaline extraction. The maximum extraction 

efficiency was 23% when the combination of Fungamyl® 800 L, Viscozyme® L, and Alcalase® 2.4 

L FG was used followed by NAC-assisted alkaline extraction (Paper IV). In order to avoid detrimental 

effects on carrageenan and furcellaran, all the experiments were performed at pH 7 at room 

temperature. Low pH (below 5-6) has an adverse effect on the furcellaran quality and will degrade 

the structure (EST-Agar AS). However, in order to evaluate the effect of the enzymatic treatment, 
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experiments at higher temperatures of 35, 45, 50, and 55˚C were also evaluated. However, there was 

no significant difference (p<0.05) between the maximum protein extraction efficiency at higher 

temperatures and at room temperature.  

In accordance with the reported studies, a new series of experiments was performed to extract protein 

by chemical extraction using chemicals such as NaOH and KOH. The first results indicated that 

NaOH is more efficient than KOH to extract protein, however, it also releases furcellaran to the 

extracted solution. Therefore, KOH was selected for further experiments. Different temperatures and 

extraction duration were examined to evaluate the possibility of protein extraction from Furcellaria 

lumbricalis. The results showed a significant increase in extraction efficiency: it was up to 90% for 

the sample treated by KOH 8% for 2 or 6 hours at 80˚C. However, the quality tests indicated that 

there was a detrimental effect on furcellaran quality for the treatments at 40˚C and 80˚C with KOH 4 

and 8%. The protein extraction with KOH 0.5% for 2 or 7 hours at 40˚C and also KOH 0.5% for 18 

hours at room temperature had a positive effect on furcellaran quality. 

The obtained results for the difference between the effect of NaOH and KOH complies with the results 

obtained by Azevedo et al. (2015). They studied the effect of pre-extraction alkali treatment using 

NaOH and KOH on the chemical structure and gelling properties of extracted hybrid carrageenan 

from Chondrus crispus and Ahnfeltiopsis devoniensis. Their results showed the optimum alkali pre-

treatments which led to forming a stronger gel were Chondrus crispus treated by KOH 2% for 5 hours 

at 80˚C and Ahnfeltiopsis devoniensis treated by KOH 3% for 5 hours at 80˚C.  An adverse effect was 

observed when the KOH concentration was increased more than the optimal conditions (Azevedo et 

al. 2015). However, the optimal concentration of KOH for Chondrus crispus and Ahnfeltiopsis 

devoniensis was higher than for Furcellaria lumbricalis. However, seaweed are known to have 

complicated and rigid cell walls (Figure 5) owing to their chemical structures, thus it is typically 

difficult to extract the compounds from their intracellular wall efficiently. This is due to the presence 

of microfibrillar polysaccharides of the fibrous algal cell, as well as the ionic and covalent interactions 

between the compounds and the cell walls (Rodrigues et al. 2015).  
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Figure 5. Scanning electron micrographs for F. lumbricalis (cross-sections). Arrows indicate main 

location sites of galactans 
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Chapter 7: Conclusion and future perspectives 

7.1: Conclusion 

The two main hypotheses of this Ph.D. project were that 1) enzyme-assisted extraction (EAE) is the 

best method to extract proteins from Eucheuma denticulatum, Palmaria palmata, and Furcellaria 

lumbricalis and that 2) EAE should be followed by alkaline extraction to increase the efficiency of 

protein extraction. The obtained results for Eucheuma denticulatum and Palmaria palmata showed 

that the enzymatic treatment followed by NAC-alkaline extraction led to a protein extraction 

efficiency of up to 59% and 92%, respectively. The enzyme type and concentration, pH, temperature, 

and extraction duration varies in accordance with the seaweed. Nevertheless, for some seaweeds such 

as Furcellaria lumbricalis, the current enzymatic treatment with NAC-assisted alkaline extraction 

does not work. Hence, hypothesis number 1 was only partly confirmed.  

For Palmaria palmata, using protease (Alcalase®) followed by NAC-assisted extraction, increased 

the protein content of the liquid extract compared with Celluclast® or Shearzyme® or Viscozyme®. 

However, the highest efficiency was when a protease and a carbohydrase were combined (Alcalase® 

plus either Celluclast® or Shearzymes®).  

For Eucheuma denticulatum, three different treatments were selected with the highest protein 

extraction efficiency (39-59 %) and carrageenan extraction yield (27–35 %). As it was necessary to 

avoid all the possible adverse effects of protein extraction on carrageenan quality, a series of tests 

were performed to evaluate the quality of isolated carrageenan after protein extraction. With respect 

to all parameters, two optimal treatments were selected: one with a protease (Alcalase®, 0.2%w/w, 

pH 7, room temperature) and one with a carbohydrase (Viscozyme®, 0.2%w/w, pH 7, room 

temperature). The two selected optimal treatments did not show any detrimental effect on carrageenan 

quality.  

For Furcellaria lumbricalis, none of the nine selected enzymes worked for the protein extraction, 

even when conducted at a higher temperature. Chemical extraction with KOH was used instead, and 

the results were significantly higher than for the enzymatic treatments. However, the experiments on 

the quality of the isolated furcellaran were performed on, indicating that there was an adverse effect 

of protein extraction on furcellaran when the concentration of KOH and temperature are high (2, 4 

and 8%). In order to optimize the multi-extraction process, lower concentration of KOH (0.5 %) was 
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conducted. The obtained results showed an improvement in the furcellaran quality when the protein 

extracted from Furcellaria lumbricalis was conducted at the concentration of 0.1 and 0.5%. 

In summary, hypothesis 1 and 2 were confirmed for Palmaria palmata and Eucheuma denticulatum 

but not for Furcellaria lumbricalis. The obtained results demonstrated that protein extraction by the 

optimized treatments has no negative effect on the carrageenan quality for Eucheuma denticulatum 

and for Furcellaria lumbricalis (hypothesis 3).  

7.2: Future perspectives 

Due to the large consumption of seaweed in the industry and the lack of protein in the near future, it 

is highly recommended to implement a new and sustainable extraction process that can minimize 

waste of non-carrageenan and non-furcellaran compounds. The obtained results in this Ph.D. study 

showed that the extraction of protein from red seaweed used in carrageenan and furcellaran 

production is a technologically feasible approach and the environmental and economic effects of such 

a multi-extraction strategy should be quantified. Moreover, more studies are needed to optimize the 

enzyme concentration and extraction conditions to reach the expected balance of benefits and costs 

in the production lines. 

As mentioned above, to my knowledge, there is no similar study reported in the literature that 

investigates the effect of protein extraction on carrageenan or furcellaran quality, and this makes it 

difficult to compare the obtained results with other studies. Process development needs time and a lot 

of work, especially working on Furcellaria lumbricalis was very challenging. This Ph.D. study 

focused on how to extract and release protein from the seaweed cell wall to the extraction liquid.  

As most of the extracted protein remained in the extraction solution and was not recovered using the 

conventional pI sedimentation method, more investigation needs to develop and optimize large-scale 

protein recovery. New enzymes may also be combined with other techniques to improve the protein 

extraction efficiency for the selected red seaweed.  
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