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ABSTRACT 

Bioactive oligosaccharides and peptides have drawn great attention due to reported health benefits 

such as antidiabetic, anti-obesity, anticancer, anti-hypertensive, and antioxidant. The most 

common methods to produce oligosaccharides and peptides are enzymatic and acid hydrolysis 

which have multiple disadvantages such as being environmentally harmful, time consuming, 

expensive, and using complicated procedures. Therefore, the main objective of this thesis was to 

evaluate subcritical water processing as an ecofriendly technology to hydrolyze pectin and pea 

protein concentrate to obtain oligosaccharides and peptides, respectively. In the first study, citrus 

pectin was hydrolyzed at 135-200oC and 50 bar for 10-60 min using subcritical water, modified 

by either malic acid or citric acid, to obtain hexuronic acids and pectic oligosaccharides. The 

contents of hexuronic acids, pectic oligosaccharides, rhamnose, and the antioxidant activity of the 

obtained hydrolysates were determined. The results showed that with increasing temperature, the 

content of hexuronic acid significantly enhanced up to 0.63 g/g pectin at 200oC/50 bar/10 min in 

aqueous citric acid media. The main oligosaccharide in the hydrolysates was arabino-

oligosaccharide with the highest content obtained at 160oC/50 bar/20 min with a molecular weight 

of 2.65 kDa. The main monosaccharide in the hydrolysates was rhamnose, which content increased 

at elevated temperature with a maximum value of 0.075 g/g pectin at 180oC/50 bar/10 min. In the 

second study, citrus pectin was added as a catalyst for pea protein concentrate hydrolysis due to 

its ability of releasing hexuronic acids into the media to obtain bioactive peptides. Subcritical water 

at 160-240oC and 50 bar for 10-60 min was employed. The degree of hydrolysis, the peptide size 

distribution, the hydrolysate antioxidant activity, the amino acid profile, the fluorescence intensity, 

and the total protein/peptide/amino acid content were determined. The degree of hydrolysis 

improved with increasing temperature with the highest value of 64.8% at 220oC/50 bar/10 min 
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using pectin as the catalyst compared to citric acid (27.2%). The peptide with molecular weight of 

4.1 kDa was the dominant peptide in the hydrolysate. The DPPH- scavenging activity of protein 

hydrolysates using citric acid was significantly higher than the ones obtained with pectin. The 

hydrolysates with pectin, on the other hand, had significantly higher ferric reducing antioxidant 

activity than the ones obtained with citric acid, indicating that pectin and citric acid catalyzed the 

hydrolysis reaction in different patterns to produce peptides capable of accepting and donating 

hydrogen atoms, respectively.  

Keywords: Bioactive oligosaccharides, bioactive peptides, citrus pectin, pea protein concentrate, 

subcritical water hydrolysis. 
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Chapter 1: Introduction 

1.1. Rationale  

Nowadays, the consumption of plant-based proteins has become more popular as it is of high 

quality, affordable, and a sustainable source of food for human consumption (Boukid et al., 2021; 

Kornet et al., 2020). According to Food and Agriculture Organization Expert Consultation, pulses, 

especially pea protein, meets almost all recommendations of essential amino acids for human 

consumption, except for methionine and cysteine. Canada is the world largest pea producer with a 

production yield of 2.5 million tonnes in 2021 followed by Russia, China, and the USA (Agri-

Food Canada. 2021). 

Pea, Pisum sativum, is one of the pulse crops that contains a relatively high amount of protein, 

23-31% of pea seed (Boukid et al., 2021). The majority of protein found in pea are globulins and 

albumins accounting for 70-80% and 10-20% of total protein, respectively. Globulins can be 

further divided into three fractions, depending on the sedimentation coefficients: legumins (11S), 

vicilin (7S), and convicilin (7S) (Bogahawaththa et al., 2019). Several studies reported the 

potential bioactivities of pea protein hydrolysates. The angiotensin converting enzyme (ACE) 

inhibitory effect of pea protein hydrolysate was reported by Rudolph et al. (2017) where the 

inhibition capacity was 32mg/L obtained by the hydrolysis with an enzyme cocktail of 

thermolysin/chymotrypsin. Rudolph et al. (2017) mentioned that tryptophan- and tyrosine-

containing dipeptides showed the strongest ACE inhibitory activity, particularly phenylalanine-

trytophan and leucine-tyrosine. Moreover, the renin inhibitory activity of pea protein hydrolysates 

was reported by Chao et al. (2013) where the highest inhibition was 80% achieved after hydrolysis 

with 2% alcalase.  
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Enzymatic treatment is one of the most common methods to hydrolyze pea protein. Multiple 

types of enzymes have been employed such as alcalase, trypsin, chymotrypsin, pepsin, 

flavourzyme, papain, etc. (Awosika & Aluko, 2019; Barbana & Boye, 2010; Tamm et al., 2016). 

However, enzymatic hydrolysis requires various buffer systems, strict control temperature, pH, 

time, enzyme concentration, and ratio of enzyme and substrate. In addition, acids and alkaline 

hydrolysis have also been used to hydrolyze protein due to their effectiveness to achieve complete 

hydrolysis. Still, acids and alkaline hydrolysis can degrade and racemize amino acids due to the 

harsh conditions of concentrated acids or bases. The generated waste products would also require 

additional treatment before disposing due to the high content of corrosive reagents (Espinoza & 

Morawicki, 2012; Marcet et al., 2016). 

In addition to pea protein, another type of biopolymer that has been extensively studied is 

pectin. Pectin is a heterogenous polysaccharide where D-galacturonic acid (GalA) is the 

predominant monomer (60%). Neutral saccharides are also present in pectic structure such as 

xylose, arabinose, fucose, and galactose. Pectin has a highly complex structure that can be 

categorized into three major structural fragments: homogalacturonan (HG), rhamnogalacturonan-

I (RG-I), and rhamnogalacturonan-II (RG-II) (Valdivieso-Ramirez et al., 2021b). The most 

abundant fragment is HG accounting for 60% of the pectic polysaccharides, followed by RG-I and 

RG-II with 20-30% and 0.5-8%, respectively. Pectin is a potential source for the production of 

functional ingredients. The oligosaccharides derived from pectin such as arabinooligosaccharides, 

galactooligosaccharides, xylooligosaccharides, and mannooligosaccharides are known to have 

health-promoting and prebiotic effects (Khuwijitjaru et al., 2014). Moreover, rhamnose is a 

beneficial monosaccharide that constitutes the backbone of RG-I and RG-II regions in pectic 

structure. The reaction of rhamnose with fatty acids and amino acid can result in valuable 
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substances such as rhamnolipid (CA$166/10g) and furanone (CA$165/100g), respectively. 

Rhamnolipid and furanone are widely applied in food, pharmaceutical, and cosmetic industries 

(Illmann et al., 2009; Zhang et al., 2019). 

Hydrolysis of pectin is a necessary step to generate beneficial compounds such as 

arabinooligosaccharide, galactooligosaccharide, oligogalacturonan, rhamno-monosaccharide, etc. 

Currently, the most common methods to hydrolyze pectin are acid and enzymatic treatment. Acid 

hydrolysis, however, requires extended time up to 72h using concentrated mineral acids such as 

H2SO4, trifluoroacetic acid (TFA), and HCl at high temperatures of 100-121oC. In addition, 

without proper control of time and temperature, excessive hydrolysis can lead to the formation of 

lactones and furfural derivatives in different amounts (Li et al., 2017); these substances are known 

for being unsuitable for human consumption (Garna et al., 2006; Wikiera et al., 2015). Regarding 

enzymatic hydrolysis, multiple enzymes are required for the efficient depolymerization of pectin. 

The enzyme cocktail could include endo/exo-polygalacturonase, rhamnogalacturonan hydrolase, 

and rhamnogalacturonanlyase, among others. Babbar et al. (2015) used enzymes to produce pectic 

oligosaccharides with yields of 31.2% and 25.1% for sugar beet pulp pectin with 

ViscozymeL/40h/37oC/pH 5 and orange peel pectin with Cellulase/45h/37oC/pH 5, respectively. 

Recently, subcritical water (sCW) has been used as a green technology to hydrolyze pectin and 

pectin-rich biomasses. The hydrolysis of passion fruit pectin was studied by Klinchongkon et al. 

(2017) using sCW at 80-160oC/50 bar. The MW of pectin significantly reduced from 259 to 7 kDa 

when the temperature increased from 80 to 160oC within only 5 min. They also mentioned that a 

higher temperature of 160oC favored the release of uronic acids in the hydrolysate i.e., the content 

of uronic acids increased almost 6 times and reached the maximum value at 553 mol/g at 160oC/ 

5 min. A different source of pectin isolated from apple pomace was studied by Eblaghi et al. (2021) 
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using sCW at 90-140oC up to 210 min. The authors reported that the content of uronic acids 

increased from 480 to 620 mol/g as the temperature increased from 110 to 130oC at 30 min. Both 

studies investigated the hydrolytic potential of sCW towards pectin to produce uronic acids, 

however, none of them focused on the production of pectic oligosaccharides. Therefore, 

Valdivieso-Ramirez et al. (2021) conducted a study focusing on the yield of glucooligosaccharides 

derived from pea fiber hydrolysis. The yield of glucooligosaccharides with degree of 

polymerization of 2-6 was 20.4% at 135oC/120 min/100 bar.  

Regarding protein hydrolysis, different biomasses has been treated with sCW to recover 

protein and obtain amino acids. Rice bran protein was hydrolyzed using sCW at 150-250oC up to 

60 min (Sunphorka et al., 2012). The authors noticed that within the first 5 min, the protein 

aggregated and formed solid particle. Upon longer heating, the aggregates were decomposed to 

form amino acids with the highest content of 2g/L obtained at 250oC/60 min. Besides plant-based 

proteins, animal-based proteins such as tuna skin collagen was also hydrolyzed in sCW media 

(Ahmed & Chun, 2018). They reported that the highest degree of hydrolysis (DH) of 15% was 

obtained at 250oC/ 50 min. The DPPH scavenging and ABTS scavenging was found to be highest 

at 280oC/80 bar (21.32 and 50.68 vit C Eq/g of hydrolysate, respectively). 

1.2. Hypothesis and objectives 

To the best of our understanding, there is no study that employed sCW to hydrolyze either citrus 

pectin or pea protein concentrate to obtain beneficial compounds such as low MW bioactive 

oligosaccharides, rhamnose, hexuronic acids, and low MW bioactive peptides. Therefore, citrus 

pectin, pea protein concentrate, and their mixture were hydrolyzed with sCW in this study to 

achieve the objectives described below.  
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Study 1: Hydrolysis of citrus pectin by subcritical water modified with carboxylic acids. 

Hypothesis: Subcritical water technology could promote the production of bioactive 

oligosaccharides, hexuronic acid, and rhamnose sugars from citrus pectin without generation of 

toxic chemicals such as furfural and furfural derivatives compounds. 

Objectives: 

● Study the effects of temperature (135, 145, 160, 170, 180, and 200oC), reaction time (10, 

20, 30, 40, 50, and 60 min), and solvents (water, aqueous citric acid (0.2% w/w), and malic 

acid (0.2% w/w)) on the production of pectic oligosaccharides, hexuronic acid, and 

rhamnose.  

● Characterize the hydrolysates based on their physico-chemical properties, including the 

hexuronic acid content, rhamnose content, oligosaccharides degree of polymerization, the 

molecular weight distribution among others. 

● Evaluate the functionality of the hydrolysates based on the antioxidant activity. 

Study 2: Hydrolysis of pea protein concentrate in subcritical water with the addition of citrus 

pectin and citric acid.  

Hypothesis: Hydrolysis of pea protein concentrate could be enhanced in subcritical water media 

with the supplementation of pectin-a biopolymer containing hexuronic acids. 

Objectives: 

● Study the effect of temperature (160, 180, 200, 220, and 240oC), reaction time (10, 20, 30, 

40, 50, and 60 min), mass ratio of protein:pectin (1:0.1, 1:0.5, 1:1, 1:2 and 1:3 w/w), and 

mass ratio of protein:citric acid (1:0.2, w/w) on the degree of hydrolysis of pea protein 

concentrate. 
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● Characterize the hydrolysates based on their physico-chemical properties, including the 

molecular weight distribution of peptides and amino acids profile. 

● Evaluate the functionality of the hydrolysates based on the antioxidant activity. 
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Chapter 2: Literature review 

2.1. Subcritical water 

Subcritical water, also called superheated water, is hot liquid water at temperatures ranging from 

100oC (boiling point) to 374oC (critical point) under pressure below 220 bar. Fig. 2.1 shows the 

phase diagram of water which indicates the changes in physico-chemical properties at various 

pressures and temperatures. Under high temperature and pressure, many of the anomalous 

properties of water have been observed, such as low dielectric constant, low viscosity, and low 

density, all of which can affect the solvating power as well as the reactivity of subcritical water 

(Chakraborty et al., 2021; Saldaña & Valdivieso-Ramírez, 2015)  

Fig. 2.1. Phase diagram of water: critical temperature of 374oC and critical pressure of 220 bar. 
(1) Solid (ice), (2) liquid (water), (3) vapor, (4) superheated steam, (5) Supercritical water, and 

(6) subcritical water.  

2.1.1. Physico-chemical properties of subcritical water 

2.1.1.1. Dielectric constant 

The dielectric constant, 𝜀, is proportional to the polarity of a solvent and is determined by the ratio 

of absolute permittivity of a compound to the absolute permittivity of free space (Machmudah et 
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al., 2017). The higher the dielectric constant, the more polar a substance is, e.g., at ambient 

condition (25oC), the liquid water can dissolve most of the polar compounds due to high 𝜀 of 78.3. 

The dielectric constant of water is reduced drastically at increasing temperature, e.g., at 100oC, 

𝜀𝑤𝑎𝑡𝑒𝑟= 55.7 (Malmberg & Maryott, 1956). At temperatures near and above the critical point, the 

intermolecular interactions between water molecules are broken down because hydrogen bonding 

is exothermic, leading to the significant reduction of the dielectric constant as well as polarity of 

water (Abdelmoez & Abdelfatah, 2017; Moldoveanu & David, 2013). Due to the extensive 

breakdown of hydrogen bonds, the water becomes significantly less polar and shares the same 

behavior as organic solvents, such as methanol and acetone (Kus, 2012). Hence, it can dissolve 

organic compounds, forming a homogeneous fluid phase. Moreover, the single phase of 

sub/supercritical water can promote a fast and complete reaction for organic compounds 

(Machmudah et al., 2017).  

2.1.1.2. Ionic strength  

The ionic strength, I, measures the concentration of electrically charged species in a solution. It is 

determined as:  

I = 1
2

∑ 𝑐𝑖𝑍𝑖
2

𝑖             (2.1) 

where, ci: the concentration of charge species i of charge Zi.  

The rate constant of reactions involving the same charge of ions proportionally increases with the 

ionic strength. Conversely, with the opposite charge ion, the reaction rate constant reduces as the 

ionic strength increases (Arnaut et al., 2007). 

The ionic products (Kw) in sub/supercritical water increased by 10,000-fold when the temperature 

increases from 25oC to 300oC. At these temperature ranges, water acts as an acid or base catalyst 

due to the high concentration of H3O+ and OH- ions. However, at temperatures higher than 300oC, 
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Kw value decreases, but increases with pressure e.g., Kw at 350oC/250 bar and 350oC/2500 bar are 

1.6910-12 mol2 kg-2 and 1.2310-10 mol2 kg-2, respectively (Kruse & Dinjus, 2007; Möller et al., 

2011). The closer to the supercritical point, the sharper decrease is observed, particularly at 400oC, 

Kw value (3.7210-20 mol2 kg-2) is even lower than the one at ambient condition (1.2610-14 mol2 

kg-2) (Marshall & Franck, 1981). Based on the ionic products, all reactions involving ionic species 

are generally enhanced in subcritical water media (Möller et al., 2011).  

2.1.1.3. Mass transfer properties 

The viscosity of water reduces substantially at subcritical temperature which can enhance the mass 

transfer rates, e.g., 
25𝑜𝐶

= 884 Pa s and 
371𝑜𝐶

= 50.4 Pa s. Because of the low viscosity and 

high diffusion rates, as well as high miscibility with non-polar substances, subcritical water is an 

outstanding medium for the fast and efficient chemical reactions.  

The density of sub- and super-critical water are 0.8 g/cm3 at 250oC and 0.17 g/cm3 at 400oC, 

respectively. Because of its high density and high dissociation constant, subcritical water can 

induce ionic reactions while in supercritical water, radical reactions dominate. The ionic reactions 

can favor the hydrolysis reactions in subcritical water media due to having high Kw value of 

1.2310-10 mol2 kg-2 at 350oC (Marshall & Franck, 1981; Toor et al., 2011). 

Due to these properties, subcritical water is highly compatible with heterogeneous catalysts which 

can be well-dissolved in the reaction medium. Additionally, biomass hydrolysis reactions can be 

favored in subcritical water because of its superior transport properties of low viscosity and low 

density (Machmudah et al., 2017). 

In subcritical water media, mass transfer rate of water is enhanced, however, water clusters 

phenomenon may occur. Near the critical point, an infinite network of hydrogen bonds is broken 

and water molecules cluster into each other to form a chain structure (Galkin & Lunin, 2005). The 
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density of the clusters ( = 1284 kg/m3) can be up to 7 times higher than the density of the bulk 

solution ( = 167 kg/m3) (Kalinichev & Churakov, 1999). At these “water clusters”, the 

concentration of reactants may be different from the average one in the bulk solution due to a 

diffusion barrier. This phenomenon in subcritical water conditions results in inhomogeneous 

reaction products which may complicate the analysis (Möller et al., 2011). 

In the subcritical water media, the solubility of certain types of salt, especially Type 2 salt like 

Na2SO4 is limited; therefore, it forms a fine-crystalline slimy precipitate which easily adheres to 

the wall of the system components, such as reactors or tubing, hence, causing folding or even 

blockage (Toor et al., 2011).  

2.1.1.4. Severity factor 

Severity factor (ln Ro) was first proposed by Overend & Chornet (1987) to combine the effect of 

time and temperature into a single factor that could evaluate the hydrolysis process. The severity 

factor is expressed in Eq (2.2). 

Ro= 𝑡 × 𝑒
𝑇−100

14.75            (2.2) 

where: t is the reaction time (min) and T is the reaction temperature (oC). 

A couple of years later, a new concept of combined severity factor was reported in the study of 

Chum et al. (1990) in which the authors used the pH after the hydrothermal treatment. The 

combined severity factor (CSF) is shown in Eq (2.3). 

𝐶𝑆𝐹 = ln  𝑅𝑜 − 𝑝𝐻          (2.3) 

where: ln Ro is the severity factor and pH is the value obtained after the sCW treatment.  

These factors have been widely employed in the sCW processes, especially for the hydrolysis of 

lignocellulosic biomasses using subcritical water. In the study of Kellock et al. (2019), where the 

authors used sCW as a pretreatment to remove hemicellulose and isolate lignin from spruce and 
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wheat straw, the severity factor varied from 3.4 to 3.9. There were up to 9% and 16% mass loss 

for spruce and wheat straw, respectively, at severity factor of 3.9. The effect of severity factor was 

again reported in the study of Batista et al. (2019) where the authors pretreated sugarcane straw 

with sCW to study the hemicellulose removal. The sugarcane straw had 96.47% and 97.01% of 

hemicellulose removed at severity factors of 4.7 and 4.99, respectively. Compared to severity 

factor of 3.23, the hemicellulose removal was 3 times lower than the one at a severity factor of 4.7. 

The authors mentioned that the severity factor and the residue yield was inversely proportional 

with a correlation of 0.989.  

The severity factor is not only applicable in the sCW media, but it was also employed in the organic 

solvent media with acid as the catalyst. Eq. (2.4) shows the severity factor calculation in the acid 

modified organosolv media. 

R*o= 10−𝑝𝐻 × 𝑡 × 𝑒
𝑇−100

14.75          (2.4) 

where: log R*o is the severity factor, t is the reaction time (min), T is the reaction temperature (oC). 

The concept of log R*o was used in the study of Salapa et al. (2018) where the authors used acetone 

media modified by sulfuric acid as a pretreatment to obtain xylose from barley straw at 140-160oC 

within 20-40 min. At higher severity factor, the lignin removal rate was significantly enhanced. 

There was up to 60% of lignin was removed at severity factor of 1.5. A linear regression model 

was used to describe the relationship of lignin removal and severity factor (log R*o) (Eq (2.5)).  

𝑅𝑒𝑚𝑜𝑣𝑒𝑑 𝑙𝑖𝑔𝑛𝑖𝑛 = 36.37 + 13.15 𝑙𝑜𝑔𝑅𝑜
∗        (2.5) 

The relationship between xylose recovery and severity factor was described using third order 

empirical polynomial model which was expressed in Eq (2.6). 

𝑇𝑜𝑡𝑎𝑙 𝑥𝑦𝑙𝑜𝑠𝑒 = 35.40 + 30.48𝑙𝑜𝑔𝑅𝑜
∗ − 4.85(𝑙𝑜𝑔𝑅𝑜

∗ )3     (2.6).  

The maximum recovery of xylose was found to be 67.3% at 152 °C/25 min with 35 mol/m3 of 
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sulfuric acid (log R*o = 0.78). 

2.1.2. Chemical reactions in subcritical water 

2.1.2.1. Synthesis reactions 

Alkylation is one of the major synthesis reactions that can be accomplished in subcritical water 

media. The reaction of phenol and propionaldehyde occurs without catalyst in the subcritical water 

media as indicated in the reaction scheme of Fig. 2.2. The results showed that the yield of 

alkylphenol increased with increasing water density, with a total yield of liquid products of 30% 

(Sato et al., 2003). 

Fig. 2.2. Alkylation reaction of phenol with the production of alkylphenols. 

The Friedel-Crafts alkylation reaction of phenol was studied in subcritical water at 275oC/20h/172 

bar, up to 17% of alkylphenol (2-tert-butylphenol) was found. However, the closer to equilibrium, 

the reduction in alkylphenol yield was observed and only 10% of 2-tert-butylphenol was obtained 

at equilibrium (Chandler et al., 1998). It is believed that at subcritical temperature (275oC), the 

concentration of H3O+ and OH- reach a maximum, hence, the acid- or base-catalyzed reactions 

occurs, leading to the formation of alkylphenol (Kruse & Dinjus, 2007).  

Condensation reaction can also be favored by the H+/OH- rich environment of subcritical water. 

Condensation reaction involves the combination of two molecules to form one product with the 

loss of entropy (Raji et al., 2019). The reaction of benzaldehyde and 2-butanone was investigated 

in subcritical water without the addition of a catalyst. The yield of terminal enone is higher than 

other enones. Even though the efficiency of the reaction was low (20%), it demonstrated the 
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potential of subcritical water to conduct the condensation reactions without the addition of acids 

or bases catalysts (Kus, 2012; Pollet et al., 2014). Fig. 2.3 shows the condensation reaction of 

benzaldehyde and 2-butanone. 

Fig. 2.3. Condensation reaction of benzaldehyde and 2-butanone to produce terminal enone and 
internal enone. 

2.1.4.2. Cross-linking reaction 

Cross-linking is one of the oxidative condensation reactions which can be accomplished in 

subcritical water. Chitosan and cassava starch were cross-linked with gallic acid in the study of 

Zhao & Saldaña. (2019). The authors detected new peaks in the FTIR spectra, indicating the 

formation of ester bonds between carbonyl and hydroxyl groups. The molecular weight of the 

starch/chitosan complexes was 1656 kDa, which was 5 times higher than the control sample of 

331.4 kDa. The ester bonds were believed to form from the interactions of non-dissociated gallic 

acid with −CH2−OH groups of starch and chitosan.  

After successfully crosslink starch and chitosan in subcritical water, a bioactive film was 

developed by crosslinking reaction of starch, chitosan, and gallic acid in sCW media with glycerol 

as a plasticizer in the study of Zhao et al. (2018) at the temperature from 75 to 150oC under 

different pressures of 50-155 bar. Compared to the FTIR spectra of the chitosan, the amide-I peaks 

of the film shifted to the longer wavelength of 1640-1627 cm-1, suggesting the linkages were 

formed between -OH groups of starch and -NH2 groups from chitosan. Moreover, the peak at 1627 

cm-1 was clearer indicating that starch, chitosan, and gallic acid were crosslinked via esters 

linkages. The XRD patterns showed a small peak at 20o in the starch film which resulted from the 
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interaction of glycerol with amylose structure from starch.  

Besides chitosan and starch, other polymer like polyvinyl alcohol (PVA) can also be formed by 

cross-linking reaction in subcritical water media. Polyvinyl alcohol synthesis was reported in the 

study of Purkayastha et al. (2022) where the authors used subcritical water at the temperature range 

from 140 to 170oC up to 60 min of reaction time. Citric acid was used as the crosslinker and CO2 

as the acid catalyst for the reaction. They reported that with increasing temperature and time, the 

content of polyvinyl alcohol was enhanced with the highest content of 85% obtained at 30 min. 

The addition of CO2 helped to increase the content of PVA which was increased approx. twice 

compared to the reaction without CO2 due to the acid catalytic effect of H2CO3 formed by the 

dissolution of CO2 in the sCW media. Moreover, the ester bonds found in the FTIR spectrum of 

PVA represented the linkage between -OH groups of PVA and -COOH groups of citric acid.  

The use of crosslinker such as citric acid, gallic acid is necessary to form linkages between 

polymers. However, in the study of Esfahan et al. (2021), the crosslink networks within bovine 

serum albumin (BSA) were formed in subcritical water media without the addition of any 

crosslinker. The formation of such matrix was obtained at mild sCW temperature and short time 

of 120oC/5 min. The BSA network had a highly porous structure that did not flow or fall in the 

inversion test, indicating that the protein network had well organized intermolecular interactions. 

The formation of BSA network was confirmed by gel electrophoresis. At 110oC, the protein band 

at 116 kDa clearly showed up, meaning that the aggregation of BSA, which had molecular weight 

of 66 kDa in native form, was induced. The FTIR spectra showed that the intensity of -OH and -

NH groups was stronger than the native protein, indicating that there was an enhanced interactions 

between -OH and -NH groups in the BSA matrix.  

Again, the crosslinking reaction without the use of crosslinker was performed in the study of 
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Nkurunziza et al. (2021). They utilized sCW at 120 to 160oC under constant time and pressure of 

30 min and 30 bar, respectively, to crosslink gelatin and sodium alginate. The FTIR spectra 

confirmed the crosslinking between the two polymers. The amide A stretching of gelatin and -OH 

stretching of alginate disappeared, indicating the hydrogen bonding between the two polymers. 

Moreover, the peak at 1739 cm-1 was enhanced at 120oC and 130oC, indicating the crosslinking of 

gelatin and alginate via Maillard reaction. However, as the temperature increased to 140oC and 

150oC, the peak at 1368 cm-1 disappeared, implying that sCW already hydrolyzed gelatin and 

alginate into smaller units. The X-ray diffraction pattern also indicated the crosslinking of gelatin 

and alginate. The native alginate and gelatin had 2 peak at 13.5o and 22o, respectively. After the 

sCW treatment at 120 and 130oC, the peak at 13.5o disappeared and the intensity at 22o was 

reduced. This result indicated that the crosslinking between two polymers was successful, and the 

partially crystal structure was the dominate arrangement in the crosslinked gelatin alginate chains. 

In addition, the hydrogel formed by the crosslinking of cellulose fibers was reported by Ciftci et 

al. (2017), where the authors employed ultrasound at 560W/40 min to form the nanofiber network 

without the addition of crosslinker. They noticed that the nanofibers were tangled to each other, 

forming a web-like structure. The interactions within the gel network were mainly inter- and intra-

molecular hydrogen bonds.  

2.1.4.3. Thermal hydrolysis 

Hydrolysis in subcritical water media is usually referred as wet oxidation which involves high 

temperature (150-350oC) and pressure (5-200 bar). In subcritical state, water molecules are highly 

ionized, the ionization constant of water is three orders higher than the value at ambient condition. 

Hence, subcritical water can act as an acid- or base- catalyst, favoring the hydrolysis reaction 

(Galkin & Lunin, 2005). There are several biomass materials that were hydrolyzed in subcritical 



 

 16 

water. The most common ones are carbohydrates-rich, lipid-rich, and protein-rich biomasses.  

- Carbohydrate-rich biomass hydrolysis 

Carbohydrate-rich biomass has been extensively studied due to its potential to produce fermentable 

sugars, cellulose, and oligosaccharides (Khuwijitjaru et al., 2014; Novo et al., 2015; Prado et al., 

2014; Valdivieso-Ramirez et al., 2021b). Fermentable sugars are the sugars that are directly 

involved in the bioethanol/biofuel production. They are commonly produced from lignocellulosic 

biomass hydrolysis by either acid or enzymatic digestion. However, those methods possessed 

several disadvantages such as high operational cost and environmental issues (Brethauer & 

Wyman, 2010). The subcritical water hydrolysis is a green alternative method that can effectively 

generate fermentable sugars from carbohydrate biomass. 

In the study of Vedovatto et al. (2021), soybean hulls were subjected to subcritical water 

hydrolysis. The highest yield of fermentable sugars was obtained at 220oC/250 bar with the value 

of 10.52g/100g soybean hull. With increasing temperature, the production of fermentable sugars 

subsequently increased due to the high concentration of ionic products, high diffusivity and the 

reduced viscosity of sCW; which favor the penetration of water into the lignocellulosic matrix, 

resulting in the better hydrolysis and higher yield of fermentable sugars. The hemicellulose sugars 

were produced using sCW hydrolysis of sweet lupin hulls in the study of Ciftci & Saldaña. (2015). 

The hydrolysis reaction was performed in the semi-continuous flow type system with temperatures 

ranged from 160-220oC under 50-200 bar with flow rates of 2-10 mL/min. The yield of 

hemicellulose sugars was considerably influenced by temperature. When the temperature 

increased from 160 to 180oC, the yield increased by 1.5-fold with the highest value of 85.5% at 

180oC/50 bar. However, at elevated temperatures of 200 and 220oC, the yield was reduced, 

indicating the degradation of sugars into other substances such as furfural or hydroxymethyl 
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furfural. The effect of flow rate was investigated where increasing flow rate up to 5 mL/min 

increased the yield of hemicellulose sugars up to 85.5%. At higher flow rates of 7.5 and 10 

mL/min, the yield was reduced due to the short residence time of sCW with the material hence the 

hydronium ions were not given enough time to hydrolyze the hull.  

Cellulose is a polymer of glucoses which are linked by β-(1 → 4)-glycosidic bonds. Cellulose has 

strong intra- and intermolecular hydrogen bonds which limit the cellulose solubility in water and 

hence resist the attack of enzymes toward glycosidic bonds. In the study of Rogalinski et al. (2008), 

pure cellulose and corn starch were hydrolyzed in subcritical water under pressures of 200-250 bar 

and temperatures from 210oC to 310oC. At 280oC, the conversion rate of cellulose reached 100% 

only within 2 min. With the addition of CO2, the conversion rate was enhanced significantly due 

to the formation of H2CO3 that resulted from the dissolution of CO2 in sCW media, which later 

acted as an acid catalyst. However, the effect of CO2 became less pronounced at the temperatures 

above 260oC.  

Starch hydrolysis occurred faster than cellulose hydrolysis because the β-1,6-glycosidic bonds are 

more prone to hydrolysis than the β-1,4-glycosidic bonds (Rogalinski et al., 2008). The reaction 

rate increased 50 times when the temperature raised from 210oC to 270oC. Upon further heating 

above 270oC, the glucose concentration in the hydrolysate significantly reduced and dropped to 

undetectable level, which could be due to the further degradation of glucose to carboxylic acids 

and furfural compounds. 

Starch is one of the most abundant carbohydrate biomasses, which is widely used in food, 

nutraceutical, and pharmaceutical industries. Hydrolysis of starch to reducing sugars and low 

molecular weight starch has been studied (Li et al., 2016; Mohd-Thani et al., 2019; Nagamori & 

Funazukuri, 2004). Zhao & Saldaña. (2019) employed subcritical water under moderate conditions 
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with temperatures from 75 to 150oC under 50-155 bar for 10 min to obtain low molecular weight 

starch from cassava starch hydrolysis. The authors reported that amylose content of the starch 

hydrolysates gradually reduced at increasing temperature, indicating that the starch was 

hydrolyzed at higher extent. The depolymerization sequence possibly occurred in the order of long 

amylose chains → short amylose chains → dextrins. The reducing end content of the hydrolysates 

increased at higher temperature, indicating that low MW compounds were formed during 

hydrolysis. However, they noticed that no reducing sugars were found, therefore, low MW starch 

was produced during the hydrolysis. The low MW starch (172.5 kDa) was obtained at 150oC/50 

bar/10 min.  

Another type of carbohydrate-rich biomass is straw derived from barley and canola. The hydrolysis 

of barley and canola straw was investigated in the study of Huerta & Saldaña (2018). The authors 

extracted phenolic compounds that were linked to lignin and hemicellulose from the biomass using 

high temperatures of 140-220oC under 50-200 bar for 10-40 min. The content of phenolic 

compounds increased with increasing temperatures. At 220oC, total phenolic content was 3.5 times 

higher than its content at 140oC. The authors argued that the glycosidic linkages between 

phenolics, glucose, and lignin were broken down, leading to the more effective extraction process 

at a high temperature of 220oC. The fermentable sugar is one of the compounds that can also be 

obtained from the canola straw. The hydrolysis of canola straw using sCW was performed in the 

study of Oliveira et al. (2022). The hydrolysis was conducted at a constant temperature of 230oC 

from 5 to 35 min. The highest yield of fermentable sugars (arabinose, xylose, cellobiose, glucose) 

was 11.5% obtained at 30 min. Among them, xylose was the dominant sugar which had the content 

of 6.1%. Under the effect of sCW, the lignocellulosic matrix was dissolved, leading to the release 

of monomeric sugars and xylose was originated from the hydrolysis of hemicellulose structure. 
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Pectin is the second most important carbohydrate hydrocolloids material after starch. Pectin 

hydrolysis has been investigated due to the potential of obtaining multiple beneficial compounds 

such as uronic acids, neutral sugars, and oligosaccharides (Gómez et al., 2016; Onumpai et al., 

2011; Pińkowska et al., 2019; Valdivieso-Ramirez et al., 2021b). The properties of pectin and 

technologies for pectin hydrolysis were later discussed in detail in section 2.2.  

- Protein hydrolysis 

Peptide bonds are aimed to break down during protein hydrolysis reaction to produce oligopeptides 

and amino acids. The peptide bonds are quite stable under high temperature; hence the reaction 

rate is slow at a temperature below 230oC (Rogalinski et al., 2005; Toor et al., 2011). Compared 

to acid hydrolysis, the amino acid yield in subcritical water is lower due to the thermal sensitivity 

of amino acids under high temperature conditions. In the study conducted by Abdelmoez & 

Yoshida (2013), bovine serum albumin was hydrolyzed in subcritical water to produce amino acids 

with the highest yield of 10% obtained at 225oC. Upon further heating, the yield dropped to 5.6% 

at 300oC. Four types of protein: -globin, -globin, bovine serum albumin (BSA), and -casein, 

were hydrolyzed in sCW conditions at 160-300oC up to 20 min, to study the specificity towards 

the production of peptides (Powell et al., 2016). They found that the highest peptide yields were 

97% and 96% for -globin and -globin hydrolysis, respectively, obtained at 160oC/20 min. As 

the temperature increased to 253oC, there was a drastic reduction in peptide yield and eventually, 

no peptide was detected at 300oC. Similarly, the highest yield of peptides derived from BSA and 

-casein were 69% and 100%, respectively also obtained at 160oC/20 min. The peptide yields from 

trypsin hydrolysis were comparable to sCW hydrolysis, particularly, 89%, 93%, 86%, and 40% 

for -globin, -globin, BSA, and -casein, respectively. The authors also mentioned that sCW 

treatment might not be effective in breaking down disulfide bonds, hence, the pretreatment to 
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reduce the disulfide bonds was necessary to obtain high yield of peptides. Therefore, they used 

two reducing agents: 10 mM dithiothreitol and 55 mM iodoacetamide prior to the sCW treatment 

and reported that the peptide yield significantly enhanced up to 71.1% obtained at 160oC. The 

peptides are known to have strong bioactivities. Bioactive compounds are defined as the 

compounds that exhibit the therapeutic potential such as reducing the inflammatory, oxidative 

stress, and metabolic disorders (Santos et al., 2019). Moreover, bioactive compounds also offer 

many health benefits such as free radical scavenging, anti-inflammatory, antimicrobial, and 

anticancer activity (Saldaña et al., 2021). 

The defatted rice bran was hydrolyzed by subcritical water in the study of Watchararuji et al. 

(2008) to recover protein from the biomass, where a major portion of protein (84%) could be 

recovered in the hydrolysates at 220oC/30 min. Under subcritical water conditions, the high 

concentration of H3O+ and OH- could break down peptide bonds to form peptides and amino acids 

which are soluble in water. However, when the temperature increased to 220oC, the protein yield 

reduced because of the further degradation of amino acids to carboxylic acids. The hydrolysis of 

protein derived from plant-based biomasses in sCW are summarized in Table 2.1.  

 

Table 2.1. Hydrolysis of protein-rich biomass in subcritical water. 

Material Hydrolysis conditions Remarks Reference 
Rice bran (1g) - T: 100-220oC 

- P: 1-39.7 bar 
- t: 5-30 min 
- Material:water ratio: 
1:5 (w/v) 
 

- The highest protein (219 mg/g) 
and amino acid (8 mg/g) yields 
were obtained at 200oC/30 min. 
- Hydrolysis time did not 
significantly affect the protein and 
amino acids yields.  
- Alkali hydrolysate had less 
protein and amino acids than sCW. 
- Hydrolysate at 200oC/30 min 
showed the highest antioxidant 
activity and was the favorable 
medium for yeast growth. 

Sereewatthanawut et al. 
(2008) 
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Table 2.1. Continued 
Rice bran protein 
(weight not 
reported) 

- T: 150oC-250oC 
- P: 4.7-39.7 bar 
- t: 5-60 min 
- Material:water ratio: 
0.167:100, and 
0.416:100 (w/v) 

- Protein aggregates reduced; 
polypeptides and amino acids yield 
increased after 5 min of heating. 
- Maximum amount of 
polypeptides was 3.7 g/L obtained 
at 250oC for 35 min. 
- Amino acid content increased 
from 0.2 to 3.9 g/L at temperatures 
from 150 to 250oC, without an 
observable maximum. 

Sunphorka et al. (2012) 

Rice bran (3g) - T: 100-360oC 
- P: not reported 
- t: 5 min 
- M/W: 3:18 (w/v) 

- The highest total soluble nitrogen 
was reached at 280oC. 
- Lysine and glutamic acid had the 
highest contents of 0.9 and 2.7 
mg/g, respectively at 127oC then 
decreased upon further heating; 
being degraded to carboxylic acids 
and gaseous products. 
- Sucrose was detected with the 
highest concentration of 85 mg/g 
at 140oC then degraded to fructose 
and glucose which contents were 
37 and 17, respectively, mg/g at 
200oC. 
- Organic acids: formic, acetic, 
citric, glycolic, and levulinic acids 
were the degradation products of 
amino acids; which had the highest 
content at >190oC. 

Pourali et al. (2009) 

Red algae 
(Pyropia yezoensis) 
(35g) 

- T: 120-230oC 
- P: 30 bar 
- t: 30-50 min 
- M/W: 1:20 (w/v) 

- The highest hydrolysis efficiency 
(73.62%) at obtained 210oC 
- Maximum DPPH (16.63 mg/g), 
ABTS (19.45 mg/g), and total 
phenolic content (14.29 mg/g) 
obtained at 210oC. 
- Increasing temperature resulted 
in lower amino acids content, with 
the highest content obtained at 
120oC (6273 mg/100g). 

Park et al. (2019) 

Microalgae 
(Scenedesmus sp.) 
(50g) 

- T: 240-320oC 
- P: 207 bar 
- t: 6-12s 
- M/W: 1:10 (w/v) 

- Only arginine presented in 
significant amount after hydrolysis 
with maximum value of 127.8 
mg/g at 320oC/ 6s. 
- Highest soluble peptides (674.7 
mg/g) obtained at 320oC/9s.  
- Gallic acid and Maillard reaction 
products could form in the 
hydrolysates. 
- Phenols in the hydrolysates was 
200-1000 times less than 
conventional process (300-
350oC/1h)  

Garcia-Moscoso et al. 
(2015) 
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Table 2.1. Continued 
Material Hydrolysis conditions Remarks Reference 

Brewer’s spent 
grains (BSG) 
(weight not 
reported) 

- T: 105-135oC 
- t: 15-120 min 
- P: not reported 
- M/W: 2.5, 4, 5, 
6.67:100 (w/v) 

- BSG protein did not degrade to 
soluble peptides and amino acids 
under the investigated 
temperatures. 
- Instead, more carbohydrates were 
soluble in the hydrolysates.  

Qin et al. (2018) 

Soybean protein 
isolate 
(83% protein) 
(0.35-1.65g) 

-T: 40-160oC 
-P: 103 bar 
-t: 4-14 min 
- M/W: 1:100, 4:100, 
and 7:100 (w/w) 

- Highest isoflavones yield (61%) 
obtained at 114oC, 2 min with a 
ratio of solid/liquid of 1%.  
- Conversion of malonyl to 
glucosides forms occurs at >60oC, 
glucosides to aglycones at >160oC. 
- Temperatures did not 
significantly affect isoflavones 
recovery but could alter the 
structure of its derivatives.  
- Highest amount of malonyl 
(23%) and glucosides (42%) 
obtained at 80oC and 160oC, 
respectively. 

Benjamin et al. (2017) 

Soy protein isolate 
(85.79% protein) 
(weight not 
reported) 

- T: 90, 120oC 
- P: 0.7/1.9 bar 
- t: 20 min 
- M/W: 1:100, 2:100, 
and 4:100 (w/v) 

- Hydrodynamic diameter of 
protein increased with increasing 
temperature and protein 
concentrations. 
- Partial hydrolysis also occurred 
in sCW condition. 
- Partial unfolding led to the 
exposure of the molecule's interior 
containing hydrophobic fragments. 
- Less exposed hydrophobic sites 
at 120oC than 90oC. Suggesting 
larger soluble aggregates. 
- Heat treated proteins had more 
flexible confirmation, hence higher 
surface activity at air/water or 
oil/water interfaces.   

Wang et al. (2019) 

Soybean meal 
(weight not 
reported) 

- T: 200-220oC 
- P: 1-39.7 bar 
- t: 10-30 min 
- M/W: 1:5 and 2:5 
(w/v) 

- Protein content increased with 
increasing temperature and time, 
maximum content of 165.72 mg/g 
at 210oC for 30 min. 
- Further heating at 220oC could 
decrease protein yields. 
- Highest amino acids yield (18.62 
mg/g) was obtained at 210oC/ 30 
min. 
- At 220oC, reaction time did not 
greatly affect the amino acids 
content. 

Watchararuji et al. (2008) 
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Table 2.1. Continued 
Material Hydrolysis conditions Remarks Reference 

Soy meal 
(1.5g) 

Enzyme pre-treatment 
for hydrolysis 
- Protease M 
- E/S: 4:100 (w/w).  
- T: 50oC 
- t: 10-120 min 
 
sCW extraction 
- T: 120oC 
- P: not reported. 
- t: 20 min 
- M/W:1:10 (w/v). 

- Protein yield, 59.3%, 
considerably higher than 
conventional methods. 
- Large protein aggregates were 
disrupted and eventually improved 
solubility. 
- sCW treated soy protein had 
higher neutral (Gly, Ser, Thr, Tyr, 
Cys) and hydrophobic (Ala, Ile, 
Leu, Met, Phe, Val, Pro) amino 
acids than the native one.  
- Long hydrolysis time, high 
content of hydrophobic amino 
acids. 
- Plenty of aggregates were found, 
which were bigger than the native 
protein.  
- Red-shifted in fluorescence 
spectrum indicated a more polar 
environment. Reduction in 
fluorescence intensity showed the 
partial unfolding of protein.  

Lu et al. (2016) 

Okara extract 
(140 mg) 

- T: 170-260oC 
- P: not reported 
- t: 2-120min 
- M/W: 2:100 (w/v) 

- Highest protein content (7g/L) 
was obtained at 240oC meanwhile 
the time had insignificant effect on 
the protein content. 
-  sCW could disrupt the strong 
aggregation of protein which 
mainly resulted from hydrophobic 
interactions.  
- Hydrolysate at 240oC/5 min had 
the highest antioxidant activity of 
70%.  
- Antioxidant activity was 
proportional to protein content.  

Wiboonsirikul et al. 
(2013) 

Flaxseed meal 
(2g) 

- T: 130-190oC 
- P: 340 bar 
- t: 180-420 min 
- M/W: 1:90, 1:150, 
1:210 (w/v) 

- Protein yield reached a maximum 
of 225 mg/g meal at 160°C/400 
min and pH 9. 
- Polar protein is more soluble at 
lower temperature, less polar 
protein is more soluble at higher 
temperature. 

Ho et al. (2007) 

Bean dregs 
(weight not 
reported) 

- T: 200-240oC 
- P: 18-34 bar 
- t: 5-30 min 
- M/W: 1:10 (v/v) 

- Arg and Ala were dominant 
amino acid, highest content were 
16.23 and 13.54 mg/L obtained at 
240oC/5 min and 220oC/5 min, 
respectively.  
- The optimal condition to produce 
amino acids was 200oC/20 min 
with the yield of 52.9%. 

Zhu et al. (2011) 

T: temperature, P: pressure, t: time, M/W: ratio of material and water, E/S: ratio of enzyme and 
substrate. 
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The animal-based biomass was also investigated to recover protein and amino acids in subcritical 

water conditions. The fish gelatin was hydrolyzed in the study of Ueno et al. (2015) using 

subcritical water at temperatures from 160oC to 240oC under constant pressure of 20 bar. The 

highest amino acids concentration of 20 mM was obtained at 220oC. After further heating to 240oC, 

the amino acids content was reduced, indicating that 240oC was too harsh for amino acid 

production. The authors also reported the formation of lysinoalanine which is toxic for human 

consumption in the hydrolysates obtained at 160 and 180oC. However, at higher temperatures of 

220 and 240oC, lysinoalanine was undetectable, hence, the hydrolysates at these conditions did not 

pose any risk for human use.  

Fig 2.4. Mechanism of peptide bond cleavage in subcritical water media. 

 

The possible mechanism of protein hydrolysis is proposed in Fig. 2.4. Firstly, a hydrogen ion 

attaches to a nitrogen atom in peptide bond which make it becomes positively charged. Leading to 

the cleavage of the bond to form carbon-cation and an amino group. Later, a hydroxyl group, 

dissociated from a water molecule, binds with the carbocation forming a carbonyl group (Brunner, 

2009). 

- Lipid hydrolysis 

Hydrothermal liquefaction of lipids has also been widely studied in subcritical water processing. 

The solubility of organic compounds quickly increases in the subcritical region of water due to the 
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low dielectric constant. As aqueous media returns to ambient conditions, the dielectric constant 

consequently increases which no longer favors the dissolution of oil in water, therefore, the 

extractions can be efficiently completed due to the separation of water and oil phases (Machmudah 

et al., 2017; Reddy et al., 2014). The hydrolysis of oil normally occurs in three-step reactions: 

triglyceride → diglyceride → monoglyceride →glycerol where fatty acids are released in each step 

of the reaction. Sunflower oil was hydrolyzed by subcritical water using a continuous flow system 

to produce biodiesel from fatty acids in the study of Alenezi et al. (2009). Temperature had the 

most pronounced effect in fatty acid production, especially at temperatures above 300oC, the 

highest yield of fatty acids was 90% obtained at 350oC/8 min/200 bar. The authors explained that 

fatty acids can act as an acid catalyst in the hydrolysis reaction, hence, the reaction rate was 

significantly enhanced at high temperatures (>300oC) without catalyst addition. The dominant 

fatty acid was C18:2 which had the highest yield of 52% obtained at 300oC/25 min/150 bar. Yedro 

et al. (2014) investigated the recovery of bio-oil from the hydrolysis of grape seeds. The yield of 

bio-oil significantly increased at higher temperature and reached the maximum value of 32% at 

340oC. Among them, light and heavy bio-oil accounted for 8.1–15.7 wt% and 10.6–16.2 wt%, 

respectively. 

2.2 Pectin  

2.2.1. Structure 

Pectin is the third important hydrocolloid after gelatin and starches that has been used in various 

industries: food and beverage, pharmaceutical, nutraceutical, and biomedical (Ciriminna et al., 

2022). Pectin is a soluble polysaccharide abundantly found in plant cell walls and intercellular 

layers, which acts as a type of glue for cell adhesion and separation. Industrially, pectin is mainly 

produced from citrus processing waste (56% from lemons, 30% from limes, and 14% from 
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oranges), apple pomace (~14%), and a small portion (~1%) from sugar beet pulp (Das & Arora, 

2021). The structure of pectin is still under debate, up to date, there are 5 polymeric structures 

derived from pectic polysaccharides: homogalacturonan (HG), rhamnogalacturonan-I (RG-I), 

rhamnogalacturonan-II (RG-II), arabinogalacturonan (AG), and xylogalacturonan (XG). 

However, three pectic regions which are well-established are HG, RG-I, and RG-II (Basak & 

Annapure, 2022).  

Homogalacturonan (HG) is a straight-chained homopolysaccharide which accounts for 60-65% of 

pectin structure. HG is composed of galacturonic acid (GalA) units linked together by -1,4-

glycosidic bonds. GalA residues can be partially esterified at C-6, O-2, or O-3 positions (Picot-

Allain et al., 2020). The percentage of carbonyl groups esterified by methyl is referred as degree 

of esterification (DE). The commercial pectin is classified into two categories based on its degree 

esterification: high-methoxylated (HM with DE>50%) and low-methoxylated (LM with DE<50%) 

pectin. HM pectin are commonly used in jams and jellies production due to the ability to form gel 

in the presence of cosolutes such as sucrose, under acidic environment (pH<3.5). On the other 

hand, the LM pectin requires divalent cations such as Ca2+ to form gels due to the formation of 

calcium bridges that connect HG regions (Fraeye et al., 2010). Hence, LM pectin are utilized as 

fat replacers in ice cream, yogurt, and cake glaze productions (Robledo & Vázquez, 2019).  
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Fig. 2.5. (A) Schematic structure of pectin and (B) New proposed pectin model composed of 
repeating units of Rha and GalA as the backbone and linear HG, and various oligosaccharides 

(Ara and Gal) as the side chains, (adopted from Lin et al. (2022); Wang et al. (2018)). 
 

 

Rhamnogalacturonan-I (RG-I), highly branched pectic polysaccharide, accounts for approx. 20- 
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30% of the pectin structure. The backbone of RG-I consists of alternating D-rhamnose and GalA 

residues. The RG-I and HG are linked to each other by covalent bonds, and they cannot be 

separated unless enzymes or chromatographic fractionation are employed (Robledo & Vázquez, 

2019; Valdivieso-Ramirez et al., 2021b). Rhamnogalacturonan-II (RG-II) is the most complex 

pectic polymer which accounts for only a small portion, 0.5-8%. Similar to HG, linear chains of 

GalA is the backbone of RG-II, however, there are various hetero-oligomeric side chains attached 

to the backbone. The compositions of RG-II branches include 11 to 12 rare saccharides such as 2-

O-methyl fucose, aceric acid, 2-keto-3-deoxy-D-lyxo heptulosaric acid, etc. (Picot-Allain et al., 

2020). The structure of pectin with 3 main fragments is shown in Fig. 2.5A. 

The structure of the pectin, however, could be more complex than the existing motifs indicated by 

other study (Yapo, 2011). Therefore, a new model has been developed and predicted that new 

motif has linear side chains of HG attached to the main chain of RG-I, as shown in Fig. 2.5B. 

Various types of carbohydrates are linked to RG-I as the side chain; hence, this new model would 

have the combined characteristics of HG and RG-I (Lin et al., 2022). However, due to the 

limitation of the current analytical methods, the characterization of new pectic model could not be 

yet certainly confirmed and the pectin structure is yet to be clearly understood. 

2.2.2. Hydrolysis of pectin 

2.2.2.1. Enzymatic hydrolysis 

The modification of the pectin structure is well-known to be achieved by enzymatic treatment. The 

pectinolytic enzymes can be classified into 3 categories: (1) pectinesterases which facilitate the 

cleavage of methoxyl group in pectin, (2) polygalacturonases that induce the breakdown of -1,4-

glycosidic bonds between nonesterified galacturonic acid residues, and (3) lyases that catalyze the 

pectin depolymerization by transelimination (Bélafi-Bakó et al., 2007). These enzymes have 
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different affinities to different sites in the pectin chain, leading to the cleavage at different spots, 

hence resulting in different fragments with varied molecular weights and structures (Basak & 

Annapure, 2022). 

Polygalacturonase is one of the most popular enzymes to hydrolyze pectin. This enzyme was 

employed by Bélafi-Bakó et al. (2007) to study the kinetics of pectin hydrolysis. The reaction time 

and substrate concentration had the most pronounced effect on the yield of reducing sugars. With 

longer time, the reducing sugars content significantly increased with the maximum value of 1.8 

g/L at 150 min. The concentration of reducing sugars increased 3 times as the substrate 

concentration increased from 2 to 8 g/L. However, the authors noticed that during the reaction, the 

inhibitory product led to the reduction of reaction rate. The inhibitory product was later determined 

to be galacturonic acid which was formed due to the breakdown of pectin by polygalacturonase. 

They concluded that using the membrane bioreactor, the efficiency of pectin hydrolysis reaction 

can be greatly enhanced due to the elimination of inhibitory product in the hydrolysate.  

Oligosaccharide is a valuable product derived from pectin that exhibits multiple beneficial 

functionalities such as anti-ulcer, anti-cancer, and anti-obesity (Gullón et al., 2013; Matsumoto et 

al., 2008). Moreover, pectic oligosaccharide is a potential prebiotic that has proven to be able to 

increase the populations of beneficial bacteria in human gastrointestinal tract (Manderson et al., 

2005). Combo et al. (2012) investigated the production of pectic oligomers using 6 types of 

commercial pectinases. The authors noticed that endopolygalacturonase randomly attacked 

polygalacturonic acid and releases long chain of oligogalacturonic acid (oligogalA) which were 

later hydrolyzed into smaller oligomers. The highest yield of oligogalA was obtained by EPG-M2 

from Megazyme with DP3, DP2, DP1 yields of 58%, 18%, and 13%, respectively, after 2h of 

reaction. Other enzymes produced mainly monogalacturonic acid with a small amount of tri- and 
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di-galacturonic acid in the hydrolysate. They concluded that Pectinase 62L, Viscozyme L, 

Pectinase, Macer8 FJ and Pectinex Ultra SP-L are more favorable to produce galacturonic acid, 

while the hydrolysate obtained from EPG-M2 are richer in oligogalA with DP3.  

Besides oligogalA, another type of oligosaccharide derived from pectin was reported to have a 

strong prebiotic effect that can selectively promote the growth of beneficial bacteria in the gut and 

reduce the risk of colon cancer. Galacto(arabino)-oligosaccharides was produced from potato pulp 

using single or multiple types of enzymes (Depol 670L, Gamanase 1.5 L, Iogen HS 70, Newlase 

II, Pectinex Ultra SPL and Viscozyme L) in the study of Khodaei & Karboune (2016). They 

observed that the higher yield of oligosaccharides was 93.9% obtained from the treatment with 

Depol 670L with DP 2-12. They also mentioned that Depol 670L showed the strongest enzymatic 

activity of galactanase + arabinanase/rhamnogalacturonase but very low polygalacturonase 

activity, therefore, the catalytic activity had higher affinity toward RG-I side chain compared to 

its backbone indicated by high content of oligosaccharides and low yield of monosaccharides (0.0–

14.0% w/w). 

2.2.2.2. Ultrasound-assisted hydrolysis 

Ultrasound is a well-known physical method to hydrolyze pectin. Ultrasonication is normally 

performed by bath or probe systems, where pectin suspension is subjected to high energy and low 

frequency ultrasound. Under the effect of acoustic energy, cavitation and microstreaming 

phenomenon occurs, leading to the increase in local temperature and pressure oscillation which 

eventually favor sonolysis of glycosidic linkages (Muñoz-Almagro et al., 2017). The combination 

of ultrasound and enzyme was widely employed to depolymerize pectin due to the improvement 

of enzymatic activity under high-intensity ultrasound. Sonoenzymolysis can improve the 

hydrolysis rate by: (1) enhancing the interaction between enzyme and substrate due to violent 
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mixing effect, (2) breaking up the enzyme clusters and altering the enzyme structure hence 

exposing more active sites, (3) degrading the substrate structure therefore providing larger contact 

area for enzyme binding and (4) increasing the reaction temperature to the optimum temperature 

of enzymes (~50oC) due to the cavitational effect (Ma et al., 2016). 

Larsen et al. (2021) employed ultrasound together with enzymatic treatment to study the hydrolysis 

of pectin obtained from apple and sugar beet. Compared with the enzymatic treatment alone, 

ultrasound-assisted hydrolysis significantly increased the content of medium MW 

oligosaccharides by 14% after 60 min treatment. The authors argued that ultrasonication could 

influence the pectin degradation in several aspects: (1) due to the violent mixing, the interaction 

between enzymes and pectin was enhanced, (2) ultrasound alone generates violent shear force and 

microjets that can alter the structure of pectin, exposing more active sites that can be easily 

approached by enzymes, and (3) the linkages in the structure of enzymes such as hydrogen bonds, 

and van der Waals forces are disrupted by ultrasound, leading to the unfolding of enzyme structure 

and increase in -sheet conformations eventually, exposing more active binding sites in the 

enzyme hence its catalytic activity increased.  

The modified structure of citrus and apple pectin was explored in the study of Muñoz-Almagro et 

al. (2017) using the combination of ultrasound (bath and probe) and enzymatic digestion 

(Viscozyme L) to develop value-added foods. The authors reported that ultrasonic treatment 

showed no effect on the degradation of pectin regardless of the use of the bath or probe system. 

The main hydrolytic action was contributed by pectinase with 2 major fragments identified as 2.8 

kDa and 0.7 kDa. The higher pectin concentration, the lower hydrolysis was detected. Probably 

due to the aggregation of the polysaccharide chains where the energy transfer was limited, leading 

to the reduction of the enzyme-substrate interaction.   
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The synergistic effect of ultrasound and enzymatic treatment was investigated in the study of Ma 

et al. (2016) for pectin hydrolysis. In contrast to the previously study, the hydrolysis rate of pectin 

increased with increasing ultrasound intensity and reach the highest value of 23.9% at 5 W/mL. 

The hydrolysis rate later decreased at higher power of 9 W/mL. Due to the large amount of free 

radicals and violent shear forces generated during sonication, the structure of pectinase could be 

destroyed hence decrease its catalytic activity. Though ultrasonic treatment could favor complete 

pectin degradation, denaturation of pectinase structure significantly lowered hydrolysis rate. As 

the sonication time exceeded 15 min, the authors noticed that the enzyme was inactivated as per 

the lower hydrolysis rate than the control. The sonoenzymolysis and enzymolysis rate were 37% 

and 51%, respectively. They reported that the optimal temperature for pectinase was 20-50oC as 

the hydrolysis rate increased from 23.74 to 43.30 %, respectively. However, at temperatures higher 

than 50oC, thermal inactivation of pectinase and reduced cavitation forces occurred, leading to the 

lower sonoenzymolysis rate of 8% at 70oC. 

2.2.2.3. High speed shearing depolymerization 

High speed shearing (HSS) is a relatively new physical method that was employed to disintegrate 

the structure of pectin. Due to the strong mechanical forces generated by HSS, the complex pectin 

structure and its glycosidic bonds can be disrupted and produce smaller fragments. However, the 

depolymerization of pectin cannot be achieved within a short period of time, on the other hand, 

only prolonged shearing time up to 8h can produce noticeable effects on pectin structure. Chen et 

al. (2014) used fig seeds pectin as the raw material. The microscopic structure was clearly modified 

after HSS treatment, the flake-like structure was disintegrated to form silk-like structure after 24h 

of HSS. The authors noticed that the molecular weight of sheared pectin was significantly reduced 

from 2566.3 to 212.7 kDa after 24h treatment, they believed that the reduction in MW could be 
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due to 2 reasons: disruption of the pectin aggregates and breakdown of the glycosidic bonds. 

However, the disruption of glycosidic bonds is more favorable under HSS treatment indicated by 

the content of reducing sugars that dramatically increased from 0.075 to 0.25 mM after 24h 

shearing. They concluded that energy provided by HSS could effectively disrupt the covalent 

bonds and hydrophobic forces in pectin structure, resulting in smaller fragment in the sheared 

samples. 

 The high-speed shearing was employed by Lin et al. (2021) to extract pectin from passion fruit 

peel. The HSS pectin had MW of 12.7 kDa which was 2-fold lower than the conventional extracted 

pectin of 24.3 kDa. They argued that under the strong shearing action, the pectin chain could be 

partially hydrolyzed into average MW (12.7 kDa) polymers. Low degree of linearity and high 

degree of branching was observed in the structure of high-speed sheared pectin, due to the random 

cleavage in the main and side chains under the effect of high-speed shearing. 

2.2.2.4. Subcritical water (sCW) hydrolysis 

Green technology is defined as the technology which activity has minimal impact on the natural 

environment (Oxford Languages, 2022). Therefore, sCW can be considered as a green alternative 

method to hydrolyze pectin due to its non-hazardous nature and simple operation. At temperatures 

higher than 100oC up to 374oC under high pressure condition, liquid water has a strong hydrolytic 

potential because of its distinct properties: low dielectric constant and high ionic products (H3O+ 

and OH-) which could promote acid-, base-, or bi-catalyzed reactions (Zhao & Saldaña, 2019). The 

mechanism of pectin hydrolysis can be briefly described as the H3O+ and OH- ions initiate the 

hydrolysis of pectin to yield hexuronic acids which later donate the proton and act as the catalyst 

for pectin self-hydrolysis (Shao et al., 2022). Various studies have utilized sCW to hydrolyze 

pectin from multiple sources, as summarized in Table 2.2. 
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Table 2.2. Subcritical water hydrolysis of pectin from various biomasses. 

Material Hydrolysis conditions Remarks Reference 
Citrus pectin 
(15g) 

- T: 90-110oC. 
- P: 5-50 bar. 
- t: 60-240 min. 
- M/W: 5:100 (w/w). 
 
 

- The molecular weight (MW) of pectin reduced 
from 648.3 to 205.7 kDa with prolonged heating 
time of 240 min, additional pressure of 50 bar 
helped to reduce the MW to 30 kDa. 
- Smallest MW was 30 kDa obtained at 
100oC/50 bar/240 min. 
- The reducing end content was reversely 
proportional to the MW.  
- The increase in reducing end during hydrolysis 
followed zeroth order reaction kinetics law.  
- Under ambient pressure, hydrolysis reaction 
hardly occurred. 

Shao et al. (2022) 

Citrus pectin 
(weight not 
reported) 

- T: 75-110oC. 
- P: not reported. 
- t: 0-300 min. 
- M/W:1:100 (w/w). 

- Under both acidic and alkaline environment, 
pectin breakdown was mainly due to -
elimination, though, at alkaline pH, pectin is 
less stable.  
- Formation of reducing groups increased at 
higher pH, primarily by -elimination pathway. 
- The rate of -eliminative reaction increased by 
3.5 times for every 10oC rise in temperature.  
- Molecular weight of pectin reduced almost 
80% at pH 8.5 and 95oC/30 min. 
- Arrhenius plot was used to determine 
activation energy of -elimination, acid 
hydrolysis and demethylation which were 136, 
95, and 98 kJ/mol, respectively. 

Diaz et al. (2007) 

Citrus pectin 
(1g) 

- T: 140oC 
- P: not reported 
- t: 35 min 
- M/W: 1:25 (w/v) 
- Enzyme: endo-
polygalacturonase 

- Hydrothermal pre-treatment could reduce 
pectin MW by 73.9% from 93.9 kDa to 24.5 
kDa. The degree of esterification (DE) was 
slightly reduced from 35% to 30 % after the 
hydrothermal treatment. 
- The hydrothermal treatment did not play a 
significant role in reducing the DE. 
- Combination of hydrothermal (140oC/35 min) 
and enzymatic treatment increased the yield of 
oligogalacturonides (54.5%) by 5 times higher 
than hydrothermal treatment alone (10.7%). 
- Optimal pectinolysis time was 36h which 
yielded the highest amount of oligogalacturonic 
acid of 75.3%.  

Wang et al. 
(2021) 

Passion fruit 
pectin 
(weight not 
reported) 

- T: 80-160oC. 
- P: 50 bar. 
- t: 0.5-1, 2-4, 5-25 
min. 
- M/W: 0.4:100 (w/v). 
 

- MW and dispersity of mass distribution 
reduced with increasing temperature; the lowest 
MW was 7 kDa obtained at 160oC/5 min. 
- Emsley equation was used to describe the 
reduction in degree of polymerization of pectin. 
- The content of reducing end increased with 
longer reaction time and was described by 
zeroth order kinetics. 
- During hydrolysis, the pectin chains were 
randomly cleaved which made the pectin 
structure less complex and hydrolysis 
progressed easier.  

Klinchongkon et 
al. (2017) 
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Table 2.2. Continued 

Material Hydrolysis conditions Remarks Reference 
Passion fruit 
pectin 
(weight not 
reported) 

- T: 100-160oC 
- P: not reported 
- t: 0-50 min 
- M/W: 80:125 (w/v) 
 

- The viscosity of the hydrolysates initially 
decreased due to the electrostatic repulsions and 
then increased because of pectin-pectin 
interaction among aggregations.  
- At 160oC, MW of hydrolyzed pectin was 3 
kDa, reduced 98.4% compared to native pectin, 
197 kDa. 
- Addition of NaCl could reduce the viscosity of 
the native and hydrolyzed pectin by 14 and 43 
times, respectively, suggesting that NaCl can 
prevent pectin aggregations.    
- Reduction of MW did not affect moisture 
adsorption characteristics of pectin.  

Klinchongkon et 
al. (2018) 

Apple pectin 
(weight not 
reported) 

- T: 90-140oC. 
- P: not reported. 
- t: 0-210 min. 
- M/W: 1:2 (w/w) 
 

- Content of hexuronic acids significantly 
increased at a temperature higher than 120oC, 
the highest content was 9.8 μmol GalUA/g 
pomace at 140oC/20 min. 
- Acid hydrolysis and -elimination occurred at 
the same time. 
- Thermal hydrolysis of pectin is better 
described by first-order kinetics. 
- At temperature higher than 110oC, pectin is 
more likely to be hydrolyzed into GalA, 
indicated by hexuronic acid content that 
increased from 0.2 to 7 μmol/g pomace at 90 
and 130oC, respectively. 

Eblaghi et al. 
(2021) 

T: temperature, P: pressure, t: time, M/W: ratio of material and water. 
 

Another type of biopolymer, which hydrolysate has been proven to have many health benefits, is 

pea protein hydrolysate. The bioactive peptides found in pea protein hydrolysate was confirmed 

to be capable of lowering cholesterol level, regulating blood pressure, and modulating immune 

activities (Boukid et al., 2021; Ndiaye et al., 2012). Therefore, the properties of pea protein and 

pea protein hydrolysate were reviewed in detail in the following section.  

2.3. Pea protein 

2.3.1. Structure 

Pea, Pisum sativum L., is the second biggest pulse crop cultivated on more than 30% of the total 

dry pulse area (Boukid et al., 2021). In 2019, the global production of pea seeds was reported to 

be more than 14 million tons. Canada is the world largest pea producer, its production yield was 
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2.5 million tons in 2021, followed by Russia, China, and the USA (Agri-Food Canada, 2021). The 

protein content in pea seeds can range from 23.3 to 31.7%, depending on the genotypes and 

ecophysiological factors (Reinkensmeier et al., 2015). Gorissen et al. (2018) stated that pea protein 

possesses a well-balanced amino acid profile, its essential amino acids content (except for 

methionine) satisfies the recommendations of the World Health Organization and Food and 

Agricultural Organization. 

The majority portion of pea protein is globulin which accounts for 70-80%, and a minor portion 

of albumin was also found in pea seed which has 10-20% of total protein (Acquah et al., 2020).  

Globulin is a salt soluble globular protein which is made up of three different fractions: legumin, 

vicilin, and convicilin which are different in sedimentation coefficient and molecular mass. 

Legumin (11S, ~360 kDa) is a hexameric protein which consists of 6 subunits linked together non-

covalently. Each of these subunits constitute of a α-acidic chain and a β-basic chain linked together 

by one disulfide bond. Even though there is a large variation in the amino acid profiles of α- and 

β-chains, glutamic acid is the predominant amino acid in α-chain with an N-ternimal amino group 

of leucine. Whereas N-terminal amino group of β-chain is glycine and β-chain contains a high 

number of alanine, valine, and leucine residues (Lam et al., 2016). The α-acidic chain is 

hydrophilic therefore it is exposed to the surface, meanwhile β-basic chain is buried in the 

molecule interior due to its high hydrophobicity (Boukid et al., 2021). 

Vicilin (7S, 150-170 kDa) is a trimer that contain low level of cysteine hence cannot form disulfide 

bonds, the subunits are mainly held together by hydrophobic interactions (Shewry et al., 1995).  

The subunits of vicilin are estimated approx. of ~47-50 kDa, due to having two possible cleavable 

sites, the proteolytic cleavage can result in fractions of 12.5–33 kDa (Mession et al., 2012). Vicilin 

is dominated by basic (arginine, lysine) and acidic (aspartic acid, glutamic acid) amino acids but a 
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low level of sulfur containing amino acids (methionine, cysteine) and tryptophan (Sikorski, 2001). 

Both structures of legumin and vicilin are dominated by β-sheets secondary conformation. The 

properties of amino acids present in pea flour is shown in Table 2.3. 

Table 2.3. Profile and properties of amino acids found in pea (Pisum sativum) protein. 

Amino acid 

Content in pea 

flour (g/100g) 
Melting 

point (oC) 

Water 

solubility 

(g/L) 

Isoelectric 

point 
RefA RefB 

Essential amino acids 

Threonine5 2.5 4.5 228-256 97 5.6 

Methionine3 0.3 1.6 280-282 56.6 5.7 

Phenylalanine 3.7 5.2 270-284 26.9 5.9 

Histidine2,4 1.6 2.3 287 45.6 7.6 

Lysine2,4 4.7 6.25 224 1000 9.5 

Valine3 2.7 5.1 293-315 58.5 6.0 

Isoleucine3 2.3 3.9 285 34.4 6.0 

Leucine3 5.7 7.8 269-293 21.5 6.0 

Non-essential amino acids 

Serine5 3.6 5.7 228 425 5.7 

Glycine5 2.8 4.8 262-290 249 6.1 

Glutamate1,4 12.9 18.5 213-224 8.5 3.1 

Proline3 3.1 4.6 205-222 162 6.3 

Cysteine 0.2 0.4 220-260 277 5.0 

Alanine3 3.2 4.8 300 164 6.1 

Tyrosine5 2.6 3.3 344 0.5 5.6 

Arginine2,4 5.9 7.9 222-244 182 10.8 

Aspartate1,4 NR 11.2 272 5.4 2.9 

RefA: Gorissen et al. (2018), RefB: Boye et al. (2010), 1: acidic amino acid, 2: basic amino acid, 3: 
hydrophobic amino acid, 4: hydrophilic amino acid, 5: uncharged polar amino acid. NR: not 
reported. 



 

 38 

Lastly, convicilin (7S, ~210±70 kDa) is a trimeric fraction which molecular weight can increase 

to ~290 kDa with N-terminal extension. Although the amino acid profiles of vicilin and convicilin 

are quite similar, convicilin is richer in sulfur containing amino acids and its polypeptide N-

terminal extension is highly charged and hydrophilic (Bogahawaththa et al., 2019; González-Pérez 

& Arellano, 2009).The structure of legumin, vicilin, and convicillin are shown in Fig. 2.6.  

Albumin (2S, 5-80 kDa) is a water soluble protein which consists of enzymes, protease inhibitors, 

amylase inhibitors, and lectins (Boye et al., 2010). The essential amino acids content in albumin 

is higher than globulin regarding tryptophan, lysine, threonine, and methionine residues (Boukid 

et al., 2021). Within the structure of albumin, two major fractions were identified: bigger albumin 

constituted by two polypeptides with MW of 25 kDa and a smaller albumin 6 kDa (Boye et al., 

2010). 
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Fig. 2.6. Native conformation of pea (Pisum sativum) globulin: (A) hexameric legumin (360 
kDa), (B) trimeric vicilin (~150 kDa), and (C) trimeric convicilin (~210 kDa). 

2.3.2. Hydrolysis of pea protein 

2.3.2.1. Microwave assisted acid hydrolysis 

Microwave is a green technology that emit electromagnetic radio in a frequency range of 300 MHz 

and 300 GHz. The electromagnetic energy can be converted to thermal energy in food due to two 

mechanisms: dipolar rotation and ionic conduction (Barba et al., 2016).  

Microwave assisted hydrolysis has been employed in various types of protein such as chia seed 

(Urbizo-Reyes et al., 2019), black soybean (Li et al., 2018), cricket (Hall & Liceaga, 2020), etc. 

Kroll et al. (1998) employed hot and concentrated hydrochloric acid and microwave to hydrolyze 

pea protein. The authors noticed that microwave hydrolysis could obtained a comparable amount 

of amino acids to the conventional method (110oC/24h) at significantly shorter time (130oC/2h). 

For example, the content of glutamate after the conventional and microwave hydrolysis were 130 

and 129 mg/g, respectively. Microwave hydrolysis took only 2h at 130oC, while the conventional 

(A) 

(B) 
(C) 
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method required 24h at 110oC to recover the same yields of amino acids which were 827 and 832 

mg/g protein, respectively. 

2.3.2.2. Enzymatic hydrolysis 

Enzymatic digestion is a well-known method to cleave peptide bonds in the protein, hence, obtain 

protein hydrolysates or peptides (Ndiaye et al., 2012). However, different proteolytic enzymes can 

specifically cleave at different binding sites of the protein, therefore, the released peptides can be 

varied in size and composition, leading to differences in the bioactivities (Chalamaiah et al., 2018). 

Numerous enzymes obtained from plants, animals and microbes have been employed to produce 

protein hydrolysates or peptides with potent bioactivities.  

In the study of Ding et al. (2020), alkaline protease (2-5%, w/w) was utilized to produce bioactive 

peptides derived from pea protein isolate. The highest DPPH scavenging activity was 27.95% 

obtained at enzyme to substrate ratio of 10% w/w, increasing enzyme to substrate ratio resulted in 

the reduction of antioxidant activity. The authors argued that with higher enzyme concentration, 

competitive inhibition occurred which hindered the binding of enzyme to protein, leading to 

insufficient hydrolysis and eventually reduced antioxidant activity. They reported that the optimal 

conditions for complete hydrolysis were pH 9 and 50oC. Within the protein hydrolysate, they 

identified 3 peptide sequences that primarily contributed to the antioxidant activity: Tyr-Ser-Ser-

Pro-Ile-His-Ile-Trp (YSSPIHIW), Ala-Asp-Leu-Tyr-Asn-Pro-Arg (ADLYNPR), and His-Tyr-

Asp-Ser-Glu-Ala-Ile-Leu-Phe (HYDSEAILF).  

Other antioxidative properties of pea protein hydrolysate such as ferric reducing power, superoxide 

scavenging, H2O2 scavenging, and OH• scavenging activities were investigated by Pownall et al. 

(2010). Thermolysin was employed to initiate the hydrolysis, resulting in the hydrolysate with high 

concentration of hydrophobic amino acids. The most hydrophobic fraction showed the highest 
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activity to scavenge OH•, superoxide radicals and H2O2. They hypothesized that with high 

concentration of tryptophan (1.16%), which was reported as a potent hydrogen donor, was able to 

neutralize the free radicals. On the other hand, phenylalanine (16.44%), with the aromatic 

structure, can easily react with OH• free radicals to form stable hydroxylated derivatives. However, 

pea protein hydrolysate and its fractions exhibited quite low ferric reducing power, due to the low 

content of sulfur-containing amino acids as sulfhydryl groups are effective reducing agents.  

Besides antioxidative property, peptides derived from pea protein showed several inhibitory 

effects for diabetes and obesity (diabesity). Awosika & Aluko. (2019) employed 4 types of 

enzymes alcalase, pepsin, trypsin, and chymotrypsin to obtain pea peptides that are capable of 

inhibiting -amylase, -glucosidase and lipase, which are 3 main enzymes contributing to 

diabesity. Chymotrypsin hydrolysate had the highest inhibitory activity against -amylase 

(30.52%) and -glucosidase (53.35%). Regarding lipase inhibitory effect, alcalase and trypsin 

showed the highest activity with the lowest IC50 values of 3.98 and 3.95 mg/mL, respectively. The 

fractionation did not show significant effect on -amylase inhibitory activity of chymotrypsin 

hydrolysate which was likely due to the synergistic effect of the peptides. However, <1 kDa 

fraction of chymotrypsin hydrolysate had significantly higher inhibitory activity against -

glucosidase and lipase than the unfractionated one. Because peptides with smaller size can easily 

bind to the active sites of enzymes and exert the inhibitory effect, meanwhile, the unfractionated 

are bigger and wider, hence, they are limited in binding to the enzymes, resulting in lower 

inhibitory activity.  

Apart from the forementioned enzymes, other types of proteases have been employed to produce 

bioactive peptides from pea protein, namely papain, and flavourzyme (Barbana & Boye, 2010), 

thermoase (Liao et al., 2019),  α-chymotrypsin (Barbana & Boye, 2010; Rudolph et al., 2017), and 
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L. plantarum 299v fermentation (Jakubczyk et al., 2013). 

Besides being a popular yet effective method to produce bioactive protein hydrolysates or peptides 

from pea protein, enzymatic treatment can also modify the protein structure, resulting in 

hydrolysates with enhanced techno-functionalities. Pea protein is known as having low solubility 

due to the folded structure of its globular proteins. Hence, Klost & Drusch (2019) utilized trypsin 

to hydrolyze pea protein concentrate to enhance its functional properties: solubility and 

emulsifying activity. After enzymatic digestion, the solubility improved from 30% (degree of 

hydrolysis of 0) to 60% (degree of hydrolysis of 4) at pH 4 to 6 due to the higher amount of 

terminal carboxyl- and amino-groups in the hydrolysates. Compared to the untreated protein, the 

interfacial shear modulus of hydrolyzed pea protein significantly increased from 62 to 121 mN/m 

at the DH of 0 and 4%, respectively. This indicated that at a higher DH of 4%, the intermolecular 

interactions were enhanced which limited the aggregation of oil droplets. 

Pea protein isolate was hydrolyzed by 11 types of enzymes (alcalase, flavourzyme, Neutrase, 

Protamex, Savinase, Trypsin, Bromelain, Esperase, Chymotrypsin, Corolase, and Papain) in the 

study of García-Arteaga et al. (2020) to understand the techno-functionalities of pea protein 

hydrolysates. The solubility was significantly increased after enzymatic hydrolysis, the highest 

solubility was 78% obtained after 120 min hydrolysis with Esperase at pH 7. Esperase is a serine 

endopeptidase which can cleave peptide bonds at tyrosine, phenylalanine, or leucine at the 

carboxyl side, therefore, increased the solubility. Trypsin hydrolysate had the highest foaming 

capacity of 2271% but papain hydrolysate was the most stable foam (97%) after 120 min storage. 

The hydrolyzed protein produced peptide with higher surface hydrophobicity, leading to a more 

stable foam. Chymotrypsin and trypsin hydrolysate showed the highest emulsifying capacity of 

727 mL/g and 711 mL/g, respectively. The authors explained that these enzymes could facilitate 
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the unfolding of protein to expose the hydrophobic side chains, hence improve the amphiphilic 

nature of the hydrolysates. 

Tamm et al. (2016) hydrolyzed pea protein isolate using trypsin and alcalase to obtain partially 

hydrolyzed protein which was used as a stabilizer to encapsulate rapeseed oil. They noticed that 

trypsin hydrolysate could produce smaller oil droplet size with significantly more stable emulsions. 

There was no phase separation observed after 24h of storage, while the alcalase hydrolysates 

showed a noticeable aggregation, the particle size increased from 8.32 to 32.09 m after 24h 

storage. They explained that trypsin hydrolysates had low content of low MW peptides, the 

formation of thick interfacial films was more favorable hence effectively stabilized the oil droplets 

after homogenization. At DH of 6%, the higher zeta potential due to the exposure of hydrophobic 

segments from the protein core to the surface resulted in the improved hydrophobicity.  

2.3.2.3. High pressure assisted enzymatic hydrolysis 

High pressure processing is a non-thermal technology that operates under isostatic pressure from 

1000 to 10000 bar. This technology attracts the interest of the scientific community because 

bioactive compounds are well preserved due to low or moderate temperatures applied in the 

process (Ulug et al., 2021). Recently, high-pressure processing has been employed as a pre-

treatment for enzymatic digestion of pea protein. Under high pressure, the disruptions of non-

covalent bonds occur, leading to the rearrangement and unfolding of protein conformation which 

favor the enzymatic cleavage due to the exposure of more binding sites from the protein core. Chao 

et al. (2013) pretreated pea protein isolate at 2000-6000 bar before subjecting the protein to alcalase 

hydrolysis. The high-pressure treatment resulted in the red shifting of maximum emission 

wavelength, suggesting that tryptophan residues were more exposed to the surface of the protein. 

However, under 6000 bar treatment, the fluorescence intensity reduced which was due to the 
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shielding effect from excessive protein-protein interactions. After enzymatic treatment, the 

obtained peptides had strong bioactivities. Among which, 6000 bar pre-treatment produced 

peptides with the highest ACE and renin inhibitory activities. Under high pressure, the protein 

unfolded and exposed the hydrophobic regions which increased the binding sites for enzymes, 

hence, resulting in higher amounts of bioactive peptides. 

Other antioxidant activities such as DPPH, oxygen radical absorbance, metal chelating, 

superoxide, and hydroxyl scavenging activities of high-pressure treated pea protein were 

investigated in the study of Girgih et al. (2015). Pea protein isolate was subjected to high-pressure 

pre-treatment of 2000-6000 bar then hydrolyzed by alcalase to obtain the protein hydrolysates. 

The high-pressure treatment showed significant effect in improving the antioxidant activities of 

the hydrolysates. The scavenging activities against DPPH and oxygen radicals had the highest 

values of 18% and 897 M TE/g, respectively, at 4000 bar treatment. The authors concluded that 

pressurization enhanced the exposure of peptide bonds, resulting in the increased production of 

peptides with strong proton donating capacity. On the other hand, superoxide, hydroxyl, and metal 

chelating activities had maximum values of 41%, 17%, and 12%, respectively, at 2000 bar 

treatment which was due to the slightly change in protein conformation at 2000 bar that favored 

the release of peptides with potent superoxide and hydroxyl radical scavenging activity.   

The structural and functional changes of high-pressure treated pea protein was evaluated in the 

study of Chao et al. (2018). They observed that after high pressure treatment, the non-covalent 

bonds were shortened, leading to the enhanced protein-protein interactions and eventually protein 

aggregates. The protein fluorescence intensity significantly reduced after 6000 bar treatment, 

suggesting that the protein conformation was highly denatured and exposed to the aqueous 

environment. The droplet size of the emulsions stabilized by 6000 bar treated pea protein had the 
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most significant decrease from 92 μm to 68 μm as the protein structure was unfolded, resulting in 

the enhanced interactions of hydrophobic regions to the oil droplets, leading to the smaller 

emulsified particles. In contrast, the foaming capacity of 6000 bar treated protein was the lowest, 

instead the highest foaming capacity was obtained at 2000 bar treatment. The authors explained 

that, at higher pressure, the aggregated protein was less flexible, and their ability to form air bubble 

and foam stability were therefore reduced. 

2.4. Summary 

Overall, the technologies discussed in this literature review (e.g., high pressure processing, 

microwave, ultrasound, high speed shearing, etc.) were able to produce protein and pectin 

hydrolysates with enhanced functionalities and techno-functionalities. However, most of the 

technologies such as high pressure processing, microwave, and ultrasound processing are 

commonly employed as the pre-treatment prior to enzymatic hydrolysis. Hence, the procedure to 

generate protein hydrolysates can be costly and complicated. Though, enzymatic hydrolysis is an 

effective method to hydrolyze pectin and pea protein concentrate, the high cost of enzyme 

prolonged procedure, and hazardous reagents limits its applications for large-scale productions.  

Moreover, the high speed shearing technology requires extensively long time up to 24h to 

disintegrate pectin, and the hydrolyzed pectin still had high molecular weight of 212 kDa. In 

addition, the high pressure technology was used as the pretreatment for protein hydrolysis, in 

which the obtained hydrolysates had relatively low antioxidant activities with DPPH- scavenging 

and metal chelating activities of 18 and 12%, respectively. Therefore, it is necessary to employ a 

technology that is capable of directly producing the pectin and protein hydrolysates with high 

degree of hydrolysis and satisfactory functionalities. As a result, subcritical water processing has 

been used as a green alternative method to hydrolyze some sources of protein (soy protein, rice 
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bran protein, microalgae, etc.) and pectin (passion fruit, apple, pea hull fiber, etc.) to obtain 

beneficial compounds such as reducing sugars, oligosaccharides, amino acids, and peptides. For 

that reason, sCW was employed in this research as an effective method to depolymerize citrus 

pectin and pea protein concentrate, which were presented and discussed in Chapters 3 and 4 of this 

thesis, respectively. 
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Chapter 3: Hydrolysis of citrus pectin by subcritical water modified with carboxylic acids1 

3.1. Introduction 

Pectin, a heteropolysaccharide accounting for approximately 30% of the plant primary cell walls 

(Cui et al., 2021), is mainly produced from citrus processing waste (56% from lemons, 30% from 

limes, and 14% from oranges), apple pomace (~14%), and a small portion (~1%) from sugar beet 

pulp (Das & Arora, 2021). Commercial pectin is commonly produced by acid extraction using 

strong mineral acids such as sulfuric, nitric, or phosphoric acid at high temperatures from 80 to 

100oC (Dranca & Oroian, 2018). Even though the acid extraction method generates high yields 

from 11.1% to 21.3%, the pectin structure is altered to small molecular weight pectin fractions 

(Marić et al., 2018). Alkali and enzymatic treatments have also been used to obtain pectin from 

plant biomass. The alkali extraction produces pectin with high yields of 17.9–24.5%. However, 

under alkaline conditions of pH 9-11, the structure of pectin can be degraded via -elimination 

pathways and debranched especially in the arabinose side chain (Khodaei & Karboune, 2014; Mao 

et al., 2019). The enzymatic extraction, on the other hand, employs moderate conditions of pH 3.7-

4.5 but the process can be costly due to the enzyme’s price and therefore unsuitable for large scale 

hydrolysis process (Khodaei et al., 2016). 

Pectin is a highly complex biopolymer in which D-galacturonic acid (GalA, approx. 65% of pectin) 

is the predominant constituent (Picot-Allain et al., 2020). Several types of neutral sugars were also 

found in pectin, such as galactose, arabinose, rhamnose, and xylose (Das & Arora, 2021). 

Depending on the side chains, the pectin structure can be classified into three structural fragments: 

homogalacturonan, rhamnogalacturonan-I, and rhamnogalacturonan-II (Picot-Allain et al., 2020).  

 
1 A version of this chapter will be submitted as “Vo, H. and Saldaña, M.D.A. (2022). Hydrolysis of citrus pectin by 
subcritical water modified by carboxylic acids.” to Food Hydrocolloids journal. 
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Homogalacturonan (HG) is an unbranched homopolysaccharide, accounting for 60-65% of pectin 

structure. HG is composed of GalA units linked together by -1,4-glycosidic bonds. GalA residues 

can be partially methyl-esterified at C-6 carbonyl or acetyl-esterified at O-2 or O-3 positions 

(Picot-Allain et al., 2020). Rhamnogalacturonan-I (RG-I) is a highly branched pectic 

polysaccharide that accounts for approx. 20-30% of pectin. The backbone of RG-I consists of 

alternating D-rhamnose and GalA residues where the side chains of D-galactose and L-arabinose 

residues are linked at O-4 positions. Rhamnogalacturonan-II (RG-II), which accounts for only a 

small portion of 0.5-8% of pectin, is the most complex polymeric form of pectin. The backbone of 

RG-II is composed of linear chains of GalA with various hetero-oligomeric side chains. 

From the hydrolysis of pectin, various types of oligosaccharides can be produced: 

oligogalacturonides, oligo-rhamnogalacturonides, galacto-oligosaccharides, and arabino-

oligosaccharides (Babbar et al., 2016; Singh & Tingirikari, 2021). Pectic oligosaccharides have 

been known for many health benefits such as anti-inflammatory (Yeung et al., 2021), anti-obesity 

(Choi et al., 2016), anticancer (Kapoor & Dharmesh, 2017), antioxidant (Ogutu & Mu, 2017) and 

prebiotic potential (Gómez et al., 2016).  

One of the most common methods to produce pectic oligosaccharides is enzymatic hydrolysis. 

Polygalacturonase has been used to breakdown pectin due to its potential to cleave -1,4-

glycosidic bonds (Silva et al., 2019). Apple pectin was hydrolyzed by polygalacturonase  (Nikolić 

& Mojovic, 2007). The results showed that with longer incubation time up to 24h, the 

concentrations of octa-, hepta-, and hexa-galacturonic acid was reduced, while tetra-, tri-, di-, and 

mono-galacturonic acid contents increased in the hydrolysate. When apple pectin was hydrolyzed 

by polygalacturonase and pectin esterase, the hydrolysate had mostly tri-galacturonic acid 

(34.1%), followed by di-galacturonic acid (18.6%), and mono-galacturonic acid (6.84%) after 24h 



 

 49 

hydrolysis. In the study of Sabater et al. (2019), ViscozymeL and Glucanex200G were used to 

hydrolyze apple and citrus pectins to produce pectic oligosaccharides. The highest yield of 

oligosaccharide was 652 mg/g (65.2%) achieved at 30 min of hydrolysis with ViscozymeL where 

the molecular size ranged from 0.8 to 2.5 kDa. Besides di- and tri-galacturonic acids as the 

dominant oligosaccharides, the authors also detected various acidic peaks which had degree of 

polymerization (DP) from 2, 3, and >3. Though the peaks’ identity were not clarified, they believed 

these unknown acidic compounds were oligosaccharides with one galacturonic acid linked to one 

or more neutral sugars residues based on the elution patterns (Sabater et al., 2019).  

Onion skin pectin was hydrolyzed in the study of Babbar et al. (2016) to obtain oligogalacturonides 

using three types of enzymes: viscozyme, pectinase, and EPG-M2. The hydrolysis was performed 

at 45oC for 120 min. Among the three, EPG-M2 was the best enzyme to produce 

oligogalaturonides with DP2-4. The highest yields of DP2 and DP3 were 18.7% and 37.1%, 

respectively, obtained at 120 min of hydrolysis. Meanwhile, DP4 had the highest yield of 6.5% at 

a shorter time of 5 min. Babbar et al. (2016) suggested that EPG-M2 had the behavior of endo-

polygalacturonase due to the random formation of different oligomers. 

Besides pectic oligosaccharides, rhamnose is also a valuable monosaccharide (C$482/100g, 

Sigma-Aldrich at https://www.sigmaaldrich.com/CA/en/product/sigma/r3875) that can be 

produced from pectin hydrolysis. Rhamnose is used in food, pharmaceutical, and cosmetic 

industries.  

Furanone is a cyclic compound that results from the reaction of rhamnose with amino acids. It has 

been used as a food additive due to its caramel and fruity flavor and sweet taste (Illmann et al., 

2009). In addition, furanone also exhibits multiple therapeutic effects, such as anticancer, antiviral, 

and anti-inflammatory (Husain et al., 2019).  
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Moreover, rhamnose can be used as the substrate sugar for biofuel production particularly 1,2-

propanediol. van der Wal et al. (2013) reported that rhamnose was efficiently utilized by 

Clostridium beijerinckii to produce 1,2-propanediol with considerably high content of 9.7 g/L. 

Recently, the anti-ageing effect of rhamnose has been reported in the study of Pageon et al. (2019). 

They mentioned that rhamnose can provide beneficial effect on the papillary dermis and dermal 

epidermal junction which can slow down the anti-ageing process. 

To date, there are limited studies that obtained rhamnose from pectin hydrolysis. In the study of 

Valdivieso-Ramirez et al. (2021a), rhamnose was one of the monosaccharides obtained from the 

hydrolysis of soybean rhamnogalacturonan among arabinose, fucose, and xylose. They reported 

that at 125oC, rhamnose was undetectable, however, as the temperature increased, the yield of 

rhamnose significantly increased and reach the highest value of 86.6% at 135 °C/100 bar/60 min. 

In addition, apple pectin was hydrolyzed in the study of Wikiera et al. (2015) using 2M 

trifluoracetic acid. The content of rhamnose increased significantly as the time increased with the 

highest value of 1.12 g/100g (1.12%) at 100oC/2.5h. The temperature, on the other hand, had 

negative effect on the content of rhamnose, which substantially decreased from 1.12 to 0.39 g/100g 

as the temperature increased to 120oC as degradation of neutral sugars occurred, leading to 

reduction in the rhamnose content. However, the degradation products were not quantified 

(Wikiera et al., 2015).  

Even though enzymatic and acid hydrolysis are well-known methods to depolymerize pectin, the 

process involves one or several hazardous and environmentally harmful reagents (e.g., 

concentrated mineral acids, furfural, and lactones) that requires extensive treatment before 

disposing. Moreover, the protocol does not only require long time, costly reagents, complex buffer 

systems, strictly controlled temperature, and enzyme/substrate ratio, but the depolymerization of 
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pectin may also be incomplete. For those reasons, subcritical water (sCW) treatment has recently 

become an ecofriendly alternative process for pectin hydrolysis. sCW is water in aqueous state at 

high temperatures from 100oC to 374oC under high pressure conditions. sCW has unique properties 

which could favor the hydrolysis process: low dielectric constant and high ionic products (H3O+ 

and OH-) which could promote acid-, base, or bi-catalyzed reactions (Zhao & Saldaña, 2019).  

There are some studies employing sCW to hydrolyze pectin which are summarized in Table 2.2 

where mono- and oligosaccharides were produced from pectin hydrolysis. Additionally, uronic 

acid, a product derived from the oxidation of -OH group on C6 of aldose sugar was obtained from 

the hydrolysis of pectin (Moreno & Peinado, 2012b; Pińkowska et al., 2019). The properties of 

uronic acids derived from pectin were summarized in Table 3.1. 

Table 3.1. Uronic acids obtained from pectin hydrolysis (Adopted from Donati et al., 2009; 
Kohn & Kovác, 1978; Pińkowska et al., 2019) 

Neutral 
sugar Uronic acid Uronic acid structure 

Uronic acid 
solubility 
in water 

(g/L) 

Uronic 
acid pKa 

Hexose     

Glucose Glucuronic 
acid 

 

295 3.21 

Galactose Galacturonic 
acid 

 

100 3.24 

Mannose Mannuronic 
acid 

 

295 3.38 
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Table 3.1. Continued 

Neutral 
sugar Uronic acid Uronic acid structure 

Uronic acid 
solubility 
in water 

(g/L) 

Uronic 
acid pKa 

Pentose     

Xylose Xyluronic acid 

 

NR NR 

Arabinose Arabinuronic 
acid 

 

NR NR 

NR: not reported.  

The selectivity of the sCW media is quite low, therefore, several studies modified the reaction 

environment to obtain the desirable product with high yield. Brunner (2009) reported the increase 

in selectivity by adding 96% CO2 to the media, as a result, the yield of glucose obtained from corn 

starch hydrolysis was improved from 5 to 60% higher than sCW alone. Recently, Valdivieso-

Ramirez et al. (2021b) modified the reaction media using carboxylic acids (malic and citric acid) 

in the hydrolysis reaction of pea hull fiber. The authors found that citric and malic acid enhanced 

the selectivity of sCW towards cleavage of glycosidic bonds. Specifically, the content of gluco-

oligosaccharides (2–6 DP) was approximately 5-fold higher compared to the media with sCW 

alone. 

Carboxylic acids are organic acids that contain one or more carboxyl groups (-COOH) in their 

structure. Similar to other acids, carboxylic acids are able to donate hydrogen atoms to water to 

form hydronium ions (Moreno & Peinado, 2012a), the mechanism is shown in Fig. 3.1. 
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Fig 3.1. Schematic description of proton donation by carboxylic acid. 

In the study of Gomes et al. (2020), citric acid, a tricarboxylic acid, was used as a biocatalyst to 

pre-treat sugarcane bagasse prior to the enzymatic hydrolysis. The purpose of the pre-treatment 

was to increase the cellulose content, remove lignin and hemicellulose from the sugarcane bagasse 

biomass. The lignin removal was not significantly changed in the short reaction time (<60 min), 

however at longer time of 90 min with high concentration of citric acid (12% w/w), the lignin 

content in the biomass slightly decreased from 24.1 to 22.7%. The hemicellulose fraction, on the 

other hand, was efficiently removed in a short period of time (<60 min) with citric acid 

concentration of 6.0% w/w, resulting in a low content of 13.57% in the pretreated biomass. Due 

to the reduction of lignin and hemicellulose in the biomass, the content of cellulose increased. The 

highest content of cellulose was 36.9% obtained at 60 min in 6% w/w citric acid. 

Another type of biomass, rice straw, was used in the study of Amnuaycheewa et al. (2016). The 

material was firstly pre-treated with acetic, oxalic, and citric acid to remove lignin to obtain the 

substrate for anaerobic fermentation. Compared to other carboxylic acids, oxalic acid was the most 

effective to remove lignin which content reduced approx. 3 times from 13.27% to 4.89%, 

compared to the untreated material. The optimal condition for oxalic acid pre-treatment was found 

to be at 136oC/31 min with 5% w/w oxalic acid.  

Generally, carboxylic acids were used as a green and effective catalyst for the hydrolysis of 

lignocellulosic biomasses and pectin. However, to the best of our knowledge, there are no previous 
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studies that investigated the optimization of rhamnose and oligosaccharides production from citrus 

pectin hydrolysis using carboxylic acids as catalysts.  

Therefore, the objectives of this study were to: (1) evaluate the reaction parameters (temperature, 

time, and solvent) on the production of rhamnose sugar and oligosaccharides, (2) determine 

functionality of the hydrolysates based on the antioxidant activity, and (3) elucidate the catalytic 

effect of citric acid and malic acid towards the pectin hydrolysis reaction.  

3.2. Materials and methods 

3.2.1. Materials 

Citrus pectin (73% DE) was kindly provided by CP Kelco (Atlanta, GA, USA). The reagents for 

the sCW hydrolysis were citric acid and malic acid (> 99.5%, ACS grade) from Sigma Aldrich 

(Oakville, ON, Canada), water from the Milli-Q system (18.2 MΩ cm, Millipore, Billerica, MA, 

USA) and nitrogen gas (99.9% purity) from Praxair (Edmonton, AB, Canada). 

For sample characterization, all chemicals used were of analytical grade. Sodium acetate, copper 

(II) sulfate, sodium chloride, sodium nitrate, ammonium formate, ferric (III) chloride hexahydrate, 

ethanol, acetonitrile, 12M sulfuric acid, galacturonic acid monohydrate (≥ 97%), L-rhamnose 

(≥ 98%), D-arabinose (≥ 98%), ascorbic acid, Folin-Ciocalteu reagent, 2,2-diphenyl-1-

picrylhydrazyl, and 2,4,6-Tris(2-pyridyl)-s-triazine were purchased from Sigma Aldrich (Oakville, 

ON, Canada). Ethanol and methanol (99.9%) were purchased from Fisher Scientific (Ottawa, ON, 

Canada). The calibration standards for the oligosaccharide size distribution (5, 12, 25 and 72 kDa 

dextran) were obtained from the American Polymer Standards Corporation (Mentor, OH, USA). 

 3.2.2. Subcritical water hydrolysis of citrus pectin  

The hydrolysis was conducted using a Parr 4590 system (Parr Instrument Company, Moline, IL, 

USA) as shown in Fig. 3.2. The system was equipped with a 600mL batch reactor, a 780W heating 
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mantle, a stirrer, a nitrogen tank, a pressure gauge, and a temperature controller (Valdivieso-

Ramirez, Sanchez Gallego, et al., 2021). The stirring speed was estimated to be approximately 660 

rpm (1.5 knob position on the controller’s panel). The optimized proportional, integral, and 

derivative parameters for the temperature controller were 21, 500, and 71, respectively.  

Fig. 3.2. Schematic description of subcritical water system in batch mode. (1) magnetic driver, 
(2) pressure gauge, (3) fixed head for sealing, (4) dip tube, (5) stirrer, (6) thermocouple, and (7) 

heating jacket. 
 

Citrus pectin (10g) prior to the sCW treatment was washed with 2L of 80% ethanol to remove any 

interfering sugars, according to the method described by Eblaghi et al. (2021). The pectin 

suspension at 1% (w/w) in water was prepared by mixing 1g of pectin with 100g of miliQ water. 

Similarly, 1g of pectin was mixed with 0.2g of citric acid and 100g of miliQ water to obtain pectin 

suspension in 0.2% (w/w) aqueous citric acid. The pH values of pectin suspensions with water, 

citric acid, and malic acid were 4.6, 2.6, and 2.5, respectively. After, the suspensions were loaded 

into the 600 mL reactor and then purged with N2 gas for 12 min under constant stirring. The pectin 

suspensions were very viscous because pectin is a natural gelling agent, therefore, prolonged 

purging time of 12 min was used to remove any dissolved air oxygen in the suspensions to prevent 

N2

cylinder

(1)

(2)

(3)

(4)
(5)

(6)

(7)

Temperature
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any undesirable oxidation reactions. The reactor was then pressurized with N2 gas to a certain level 

(e.g., use of 30 bar for 180oC, use of 25 bar for 200oC, etc.) so that after reaching the desired 

temperature, a final pressure value of 50 bar was achieved. The reactions were conducted at 

different temperatures (135, 145, 160, 170, 180, 200) and times (10, 20, 30, 40, 50, and 60 min) 

under a constant pressure of 50 bar. To reach the desired temperature, the heating time ranged from 

6-7.5 min (e.g., use of 6 min for 160oC, use of 7.5 min for 200oC, etc.). The reactor was 

immediately cooled down to 40oC within approximately 3-5 min, depending on the reaction 

temperature used (e.g., use of 3 min for 160oC, use of 5 min for 200oC, etc.), employing a water 

bath. After cooling the reactor, the system was depressurized within 4 min. The resulting 

hydrolysates were collected and stored at -18oC until further characterization. The hydrolysis of 

pectin was performed in duplicate, and the processing conditions are summarized in Table 3.2. 

Table 3.2. Hydrolysis conditions of citrus pectin in subcritical water media. 

Temperature (oC) Time (min) Solvent 
135 

10 

Water 
 

145 
160 
170 
180 
200 

180 

10 
20 
30 
40 
50 
60 

135 

10 Citric acid 
0.2% (w/w) 

145 
160 
170 
180 
200 
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Table 3.2. Continued 

180 

10 

Citric acid 
0.2% (w/w) 

20 
30 
40 
50 
60 

160 10 Malic acid 
0.2% (w/w) 20 

180 10 
 

 3.2.3. Hexuronic acid content 

As hexuronic acid is uronic acid derived from hexose, the content of hexuronic acids can reflect 

the total amount of acidic sugars in the hydrolysate. The spectrophotometric method was used to 

determine to content of hexuronic acids in the hydrolysates, the protocol was adopted from 

Klinchongkon et al. (2017), with slight modifications. First, copper (II) solution was prepared by 

mixing 23.3g NaCl, 5.4g NaAc, and 0.32g CuSO4, which were then dissolved in 100 mL of miliQ 

water. Later, 0.3 mL of copper (II) solution was added to 0.3 mL of the pectic hydrolysate. The 

mixture was then heated to 100oC/15 min, followed by the addition of 2.4 mL of diluted Folin-

Ciocalteu reagent (1:40 v/v with miliQ water), and mix well for 10s. The absorbance was read at 

750 nm using the UV-Vis spectrophotometer (Rose scientific, Edmonton, AB, Canada) with 

galacturonic acid (0.1-1g/L) as the standard for the calibration curve (See Fig. A1 in Appendix A).  

 3.2.4. Rhamnose determination 

Rhamnose is one of the constituents of the backbone of rhamnogalacturonan region. The higher 

content of rhamnose in the pectic hydrolysate reflects the higher extent rhamnogalacturonan 

hydrolysis. The content of rhamnose was determined using the HPLC method, previously 

described by Valdivieso-Ramirez et al. (2021a). The analysis was performed using the Shimadzu 
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10-A HPLC pump (Shimadzu Corp., Kyoto, Japan) with a refractive index detector RID-10A, an 

Aminex HPX-87H column (300 × 7.8 mm, 9 µm particle size) (Bio-Rad Laboratories Ltd., 

Mississauga, ON, Canada), and a column heater. The separation involved 0.005M H2SO4 as the 

mobile phase with the flow rate of 0.3 mL/min at 45oC. The rhamnose concentration in the 

hydrolysates was calculated against the calibration curve obtained from different concentrations 

of L-rhamnose from 0.1 to 1.5 mg/mL (See Fig. A2 in Appendix A). 

3.2.5. Oligosaccharide determination 

Pectic oligosaccharides obtained from the hydrolysis reaction was determined by hydrophilic 

interaction liquid chromatography. The characterization was conducted using the method 

described by Valdivieso-Ramirez et al. (2021) with minor modifications. The separation was 

performed using Shimadzu SPD-20A HPLC pump (Shimadzu Corporation, Kyoto, Japan) 

connected to the evaporative light scattering detector (3300 Alltech ELSD, BÜCHI Labortechnik. 

AG, Flawil, Switzerland) with N2 as the carrier gas at the flow rate of 1.5 L/min and the drift tube 

temperature was 50oC. The oligosaccharides separation were carried out using XBridge Amide 

column (4.6 × 250 mm, 3.5 μm particle size, Waters Corporation, Milford, MA, USA) at 35oC and 

the flow rate of 1 mL/min. The eluents were composed of two solvents: (A) 80:20 (v/v) 

acetonitrile/10 mM ammonium formate at pH 3 and (B) 20:80 (v/v) acetonitrile/ammonium 

formate at pH 3. The calibration curve was determined by D-arabinose at the concentration of 0.1 

to 1 g/mL (see Fig. A9 in Appendix A). The pectic hydrolysates were diluted by 2-fold with 

acetonenitrile:water 1:1 (v/v) then filtered before injecting to the column. 

 3.2.6. Oligosaccharide size distribution 

The changes in pectin molecular weight was monitor by high performance size exclusion 

chromatography using the procedure described by Valdivieso-Ramirez et al. (2021). The 
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oligosaccharide size distribution was determined by a Shimadzu 10-A HPLC pump coupled with 

a refractive index detector RID-10A. The 4-fold diluted hydrolysates was filtered and injected 

through Ultrahydrogel 250 column (7.8 × 300 mm, 6 μm particle size) (Waters, Milford, MA, 

USA). The size exclusion was conducted using 0.05 M sodium nitrate at pH 6.8 as the mobile 

phase at the flow rate of 0.5 mL/min with column temperature of 40oC. The estimation of 

oligosaccharide molecular weight was calculated based on the dextran standards with different 

molar weights of 5, 12, 25, and 72.7 kDa. The calibration curve was generated using third order 

polynomial regression equation of the retention time vs. log (molecular weight) (see Fig. A3 in 

Appendix A).  

 3.2.7. Antioxidant activity of pectic hydrolysates 

The antioxidant activity was determined by the ability to scavenge DPPH- free radicals and 

reduce ferrous ions. The protocol was adapted from Ekaette & Saldaña. (2021) with minor 

modifications. Briefly, 0.1 mM DPPH solution was prepared with absolute methanol. The diluted 

hydrolysate (1 mL) was mixed with 3 mL of DPPH solution then incubated in the dark at room 

temperature for 35 min. After that, the solution was centrifuged at 7000 g for 5 min to collect the 

supernatant. The absorbance of the supernatant was measured at 514 nm using the UV-Vis 

spectrophotometer. The scavenging ability was expressed as the percentage of scavenging ability 

using Eq. (4.1): 

DPPH scavenging ability (%) =  𝐴𝑐−𝐴𝑠

𝐴𝑐
x100       (4.1) 

where: Ac is the absorbance of the DPPH solution, and As is the absorbance of the sample. 

The ferric reducing activity was determined based on the complex of Fe3+ and tripyridyltriazine 

that has maximum absorbance at 593 nm (Benzie & Strain, 1996). The pectic hydrolysates were 

diluted by 4-fold with deionized water before the measurement. Briefly, 0.4 mL of the diluted 
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hydrolysates were mixed with 3 mL of TPTZ solution which is composed of 0.3 M sodium acetate, 

10 mM TPTZ in 40 mM HCl, and 20 mM ferric (III) chloride hexahydrate at the ratio of 10:1:1 

(v/v/v). The mixture was incubated in the water bath at 37oC for 30 min then centrifuged at 7000g 

for 7 min to collect the supernatant. The absorbance of the mixture was measured at 593 nm using 

the UV-Vis spectrophotometer. The calibration curve was determined using vitamin C as the 

standard at the concentrations from 50 to 300 M (See Fig. A4 in Appendix A).  

3.2.8. Statistical analysis 

The subcritical water hydrolysis of citrus pectin was performed in duplicate. The results were 

reported as mean  standard deviation. The effect of temperature, reaction time, and solvents were 

statistically evaluated using one-way analysis of variance (ANOVA). The p-value of 0.05 was 

used to determine the significant difference between treatments. The differences between means 

were determined by t-test and Tukey’s multiple range test using Minitab software version 17 

(Minitab Inc., State Collegue, PA, USA).  

3.3. Results and discussion 

The pectic hydrolysates were characterized based on the content of hexuronic acids which could 

be used as an indicator of the extent of pectin hydrolysis. Moreover, the rhamnose content, the 

oligosaccharides degree of polymerization, and the antioxidant activities of the hydrolysates were 

also determined.  

 3.3.1. Hexuronic acid content  

Hexuronic acid (HexA) is any uronic acid that is derived from the oxidation of hexose. These 

include glucuronic acids, galacturonic acids, fructuronic acids, and mannuronic acids (Moreno & 

Peinado, 2012). The reducing end of hexuronic acids can react with copper ions and Folin–

Ciocalteau reagent to form blue color complex which can be used to monitor the pectin 
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depolymerization reactions. The more pectin hydrolyzed, the higher content of hexuronic acids. 

Fig. 3.3 shows the effect of time and temperature on the content of hexuronic acid in the pectic 

hydrolysates. 
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Fig. 3.3. Hexuronic acid content of citrus pectin hydrolysates in sCW and sCW modified with 
citric acid as a function of time at 160oC and 50 bar (A), temperature at 50 bar and 10 min (B), 
and types of solvent (0.2% (w/w) malic acid, and 0.2% (w/w) citric acid) (C). The averages that 

do not share the same letter or symbol are statistically different. 
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The reaction time did not have significant effect on the content of hexuronic acid (HexA), the 

highest value was 0.57g HexA/g pectin obtained at 160oC/30 min/50 bar (Fig. 3.3A). The similar 

content of HexA obtained could be attributed to the dissociation constant (Kw) of water, which 

depends on temperature and pressure of the media (Martinez-Monteagudo & Saldaña. 2014) i.e., 

the concentration of H3O+ and OH- ions do not change under constant pressure and temperature 

conditions. For this reason, the HexA content did not increase after the pectin was hydrolyzed by 

the available ionic species in the sCW medium. Meanwhile, with the addition of citric acid, a 

significant increase in HexA content with reaction time from 10 to 20 min was observed, which 

had the maximum value of 0.69g HexA/g pectin at 160oC/20 min. Previously, in the study of 

Valdivieso-Ramirez et al. (2021b), citric acid could effectively enhance the hydrolysis reaction of 

pea hull fiber, resulting in 5-fold increment of glucooligosaccharide compared to the media with 

water alone. However, the production of HexA declined from 20 min to the end of the hydrolysis 

of 60 min, which could be due to the further degradation of HexA into acetic acid, formic acid, 

and lactic acid. Kühnel et al. (2011) employed sCW at 140-170oC for the pretreatment of sugar 

beet pulp and reported that the content of degradation products increased with increasing 

temperature. The highest concentrations of acetic, lactic, and formic acids were 27.8%, 18%, and 

7.5%, respectively, obtained at 170oC  

Eblaghi et al. (2021) reported that the formation HexA decreased after reaching the maximum 

value at 140oC/20 min, when using sCW treatment for apple pectin hydrolysis. They produced 

HexA at high temperatures  120oC (optimum at 140oC, with the yield of 0.12g HexA/g pectin) in 

the first 20 min of the reaction, however, this content could rapidly reduce at prolong times up to 

210 min. Shao et al. (2022) noticed a similar increment of HexA content with longer times up to 

100 min when hydrolyzing citrus pectin in sCW. However, they did not notice the reduction of 
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HexA content upon longer heating, probably due to the low temperature of 110oC employed in the 

study, leading to the steady increase of HexA content instead of the fast release under higher 

temperatures ( 120oC). Particularly, after 100 min of hydrolysis at 110oC/50 bar, the content of 

HexA reducing end only increased 10% compared to the initial HexA content of untreated sample. 

On the other hand, temperature significantly affected the concentration of HexA in the 

hydrolysates (Fig. 3.3B). The HexA content of pectic hydrolysate increased with increasing 

temperatures and reached a maximum value of 0.71 g HexA/g pectin at 200oC/10 min. Regarding 

the pectin + citric acid hydrolysates, HexA content also increased with temperature, the highest 

value of 0.63 g HexA/g pectin was obtained at 200oC/10 min. At temperatures above 145oC, there 

was more HexA produced which might have occurred via three possible pathways: acid, base, and 

bi-catalyst (combination of acid and base catalysts) because of the H3O+ and OH- ions in sCW 

media could catalyze the hydrolysis of pectin. Valladares-Diestra et al. (2022) employed 

subcritical water at 120-180oC modified with 0.5-2.3% (w/v) citric acid as a pretreatment of cocoa 

pod husk. They noticed that with the high citric acid concentration of 1.25% (w/v) the 

concentration of xylose significantly enhanced up to 69.75 mg/g. Valladares-Diestra et al. (2022) 

explained that citric acid was be able to enhance the solubilization of pectin to facilitate the 

cleavage of covalent bonds, hydrogen bonds, and van der Waals interactions of pectin structure, 

therefore, leading to the escalation of HexA content in the hydrolysates.  

Several authors reported a similar effect of temperature on apple, passion fruit, and sugar beet 

pectin hydrolysis with the highest HexA yields of 0.12g/g pectin, 0.11g/g pectin, and 0.01g/g 

pectin, respectively. The yield of HexA in this study was 0.71g/g pectin which was considerably 

higher than the reported values in the previous studies (Eblaghi et al., 2021; Klinchongkon et al., 

2017; Pińkowska et al., 2021) due to the differences in processing temperature used in this study 
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compared to the others. The temperature used in this study was up to 200oC, meanwhile other 

study employed a relatively low temperature of 80-160oC. For that reason, the hydrolytic potential 

of sCW was lower, leading to the lower content of HexA in the hydrolysates. Several studies 

hydrolyzed citrus pectin using sCW, however, the authors did not quantify the content of HexA, 

hence the comparisons between studies were not possible (Diaz et al., 2007; Wang et al., 2021) 

The pectin hydrolysis in this study was enhanced at increasing temperature regardless of the 

reaction media (either water at pH 4.5 or aqueous citric acid at pH 2.6), which indicated that the 

depolymerization reaction of pectin is more temperature dependent than pH dependent. Moreover, 

the hydrolysis of pectin may occur in both pathways: acid hydrolysis and -elimination indicated 

by the dramatically increment of HexA content from 0.16 g/g pectin at 145oC to 0.63 g/g pectin at 

180oC. However, -elimination could be more favorable than acid hydrolysis because -

eliminative degradation could happen at either acidic or alkaline conditions which was reported in 

the study of Diaz et al. (2007). The authors employed high temperature of 110oC to hydrolyze 

citrus pectin at different pH from 4.5-8.5 and found that the amount of reducing sugars stayed 

almost unchanged in either alkaline or acidic pH conditions.  

Besides citric acid, malic acid was also used as a biocatalyst to breakdown citrus pectin. The 

content of HexA in the hydrolysates with malic acid is shown in Fig. 3.3C. Generally, malic acid 

hydrolysates had significantly higher content of HexA than the ones obtained with citric acid. The 

highest HexA content (0.93 g/g pectin) was obtained at 180oC/10 min. This behavior could be due 

to the acid strength of citric and malic acid as per their pKa values. As reported by Papagianni 

(2007), the pKa values of citric acid are 3.1, 4.7, and 6.4, meanwhile malic acid has pKa values of 

3.4 and 5.13 (Uslu & Kirbaşlar, 2010) . Because of the lower pKa values, malic acid has higher 

tendency to donate hydrogen atoms than citric acid. Therefore, the hydrolysis was more effective 
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with malic acid, which eventually led to the higher content of HexA. A similar observation was 

reported in the study of Amnuaycheewa et al. (2016) where the authors used carboxylic acids such 

as acetic, oxalic, and citric acid to hydrolyze rice straw at 100oC-140oC for 30-60 min prior to the 

enzymatic hydrolysis. The authors noticed that oxalic acid, which had the lowest pKa values (1.25 

and 4.28), had the highest catalytic potential indicated by the sugar yields in the hydrolysates. They 

reported that the hydrolysates with oxalic acid (4.56%) had significantly higher yield of sugars 

than the ones obtained with acetic (2.54%) and citric acid (2.31%).  

3.3.2. Rhamnose content 

The content of rhamnose in the hydrolysates can provide information about the structural changes 

of pectin, especially in the rhamnogalacturonan regions. Rhamnose was detected using the Aminex 

HPX-87H column and the content is shown in Fig. 3.4. Also, the more rhamnogalacturonan 

hydrolyzed, the more rhamnose released in the hydrolysates.  
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Fig. 3.4. Rhamnose content of pectic hydrolysates in sCW and sCW modified with citric acid as 
a function of time at 160oC and 50 bar (A), temperature at 10 min and 50 bar (B), and types of 

solvent (0.2% (w/w) malic acid or 0.2% (w/w) citric acid) (C). The averages that do not share the 
same letter or symbol are statistically different. 
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available ionic species, leading to the insignificant effect of reaction time on rhamnose content. 

However, there was a slight increase from 0.05 to 0.06 g/g pectin as the time increased from 10 to 

30 min, respectively. The hydrolysates with 0.2% citric acid, on the other hand, required less time, 

20 min, to obtain the same amount of rhamnose. There was a significant improvement from 0.05 

to 0.06 g/ g pectin of rhamnose content as the time increased from 10 to 20 min. Valdivieso-

Ramirez et al. (2021a) also noticed the increase of rhamnose content with longer time in the 

aqueous citric acid media. They reported that the maximum yield of 86.6% was obtained at 

145oC/100 bar/60 min. Ramirez et al. (2021a) performed the hydrolysis at a temperature of 145oC, 

while this study was conducted at 160oC. The higher temperature used in this study could lead to 

the faster release of rhamnose from the pectic structure. The release of rhamnose from pectic 

structure could be potentially favored by three factors: (1) the ionic products (H3O+ and OH-) from 

the dissociation of water, (2) the hexuronic acids released from the hydrolysis of pectin, and (3) 

the H+ atoms dissociated from carboxylic groups of citric acid.  

The sCW temperature played an important effect on the rhamnose content. At lower temperatures 

of 135oC and 145oC, rhamnose sugar was undetectable (Fig. 3.4B) regardless of the addition of 

citric acid. However, at 160oC or higher, its content drastically increased and reached the 

maximum value of 0.075g/g pectin at 180oC/10 min then decreased upon further heating to 200oC. 

The results agreed well with findings in Fig. 3.3B that at 135 and 145oC, the content of HexA was 

quite low, indicating that pectin was hydrolyzed to a lower extent. At 180oC, the HexA content 

reached the value of 0.63g/g pectin, suggesting that pectin was extensively hydrolyzed and broken 

down into smaller units, which was confirmed by the rhamnose concentration at 180oC (0.08g/g 

pectin). Similar observations were reported in the study of Zhang et al. (2019) using sCW from 
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140 to 240oC for the hydrolysis of green algae Enteromorpha prolifera to obtain rhamnose. The 

addition of citric acid significantly enhanced the rhamnose concentration by 1.4-fold compared to 

the hydrolysates with only water at 180oC/10 min. They noticed that the yield of rhamnose 

gradually improved from 1.59% to 10.92% as the temperature increased from 140 to 180oC. With 

further increase of temperature higher than 200oC, rhamnose was no longer detectable in the 

hydrolysates probably due to the decomposition of monosaccharides under high temperature to 

form hydroxymethyl furfural, acetic acid and lactic acid. Zhang et al. (2019) recommended 180oC 

as the most suitable temperature for monosaccharide production. Additionally, they studied the 

effect of formic acid as a catalyst on the yield of rhamnose monosaccharide and found that the 

rhamnose yield was approximately 8 times higher than the hydrolysate without formic acid. In 

addition, the result also agreed with findings of Xu et al. (2020) where poplar wood was hydrolyzed 

using sCW at 160-180oC to obtain reducing sugars (xylose, rhamnose, and arabinose). With 

increasing temperature, the yield of rhamnose was significantly enhanced at 180oC/30 min which 

was 1.5 times higher than the one obtained at 160oC/30 min (Xu et al., 2020). 

It was interesting that at 200oC, the concentration of rhamnose was undetectable in the 

hydrolysates with only water, however, with citric acid added, the rhamnose content was 0.05 g/g 

pectin. These results demonstrated that the release of rhamnose catalyzed by citric acid was 

significantly higher than the rhamnose degradation rate. The cleavage of glycosidic bond results 

from the hydrogen ions obtained from the ionization of water, hexuronic acids, and citric acid. 

Firstly, H+ ions would protonate O atoms in the glycosidic bond. The positive charge was then 

transferred to the C atom, resulting in the breaking of C-O-C bonds. Finally, positively charged C 

atoms attached with one -OH group and negatively charged -C-O- groups attached with one 
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hydrogen atom result in the formation of two new monosaccharides (Zhang et al., 2019). The 

possible mechanism of glycosidic bond cleavage is described in Fig. 3.5. 

Fig. 3.5. Schematic representation of glycosidic bond hydrolysis in sCW. 

The catalytic effect of citric acid was reported by Valladares-Diestra et al. (2022) where the content 

of glucose was up to 38.2 mg/g in citric acid media, suggesting that citric acid can act as a 

biocatalyst for the hydrolysis of cocoa pod husks. In addition, Gomes et al. (2020) reported that 

hydrothermal pretreatment with citric acid could increase the content of reducing sugars (28.2g/L) 

from sugarcane bagasse hydrolysis.  

The effect of different solvents aqueous citric and malic acids, on rhamnose content is shown in 

Fig. 3.4C. Compared to the citric acid hydrolysates, the hydrolysates with malic acid had slightly 

higher rhamnose content. As reported by Valdivieso-Ramirez et al. (2021b), the catalytic pattern 

of malic acid was random, meaning that side chains and backbone of pectin were hydrolyzed 

simultaneously. On the other hand, stepwise hydrolysis is the catalytic pattern of citric acid, 

indicating that the side chains were broken down prior to the backbone. Therefore, the higher 
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content of rhamnose in the hydrolysates could be due to the random catalytic pattern of malic acid. 

The highest rhamnose yield in this study (0.075g/g citrus pectin) was higher than the yield reported 

in the study of Gómez et al. (2013) where the authors had 0.058g rhamnose/g pectin in the lemon 

peel pectin hydrolysate obtained by sCW hydrolysis. However, it was lower than the yield obtained 

in the soybean rhamnogalacturonan (0.112g/ g RG) and macroalgae hydrolysates (0.417g/g algae), 

(Valdivieso-Ramirez et al., 2021a; Zhang et al., 2019).  

3.3.3. Oligosaccharide determination and molecular weight estimation 

The hydrolysis of pectin results in different kinds of oligosaccharides depending on the hydrolyzed 

regions in the pectic structure (Onumpai et al., 2011). The homogalacturonan hydrolysis can 

produce oligogalacturonides as it contains galacturonic acid as the monomer (Chung et al., 2017). 

On the other hand, hydrolyzed rhamnogalacturonan region can generate various types of 

oligosaccharides such as rhamnogalacturonides, galacto-oligosaccharides, and arabino-

oligosaccharides due to its nature of being heteropolysaccharides (Gómez et al., 2014; Singh et al., 

2020; Valdivieso-Ramirez et al., 2021a). The type of oligosaccharides, in this study, was 

determined by hydrophilic interaction liquid chromatography, which are shown in Fig. 3.6.  
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Fig. 3.6. Elution patterns of arabinose and arabino-oligosaccharides from HILIC-ELSD analysis 
of pectin hydrolysates under the effect of (A) temperatures and (B) reaction time in 0.2% (w/w) 

citric acid media. 
 

The predominant oligosaccharide in the hydrolysates was arabino-oligosaccharides eluted at the 

retention time of 6.8 min. Together with arabino-oligosaccharides, arabinose was also detected in 

the hydrolysates at the retention time of 6.3 min. The temperature and reaction time significantly 

influenced the content of arabinose. When the temperature increased from 135 to 160oC, arabinose 

content increased from 1.4 to 1.5 mg/g pectin, respectively. However, it reduced to 0.8 mg/ g pectin 

upon further heating at 200oC. Compared to the content of rhamnose (Fig. 3.4B), the highest 
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rhamnose content was 0.08 g/g pectin obtained at 180oC, while the highest content of arabinose 

was 1.5 mg/g pectin obtained at lower temperature of 160oC. This could be contributed by the 

thermal stability of rhamnose and arabinose. Xu et al. (2020) reported that arabinose was more 

prone to hydrolysis than rhamnose where the removal of arabinose could be achieved at 160oC, 

however, rhamnose removal required a higher temperature of 170oC. The contents of 

arabinooligosaccharides also had increased as the temperature increased from 135 to 160oC but 

reduced upon further heating at 200oC, as indicated by the peak’s height and area in the 

chromatograms of Fig 3.6A. At 135, 160, and 200oC, the peaks’ area of arabinooligosaccharide 

were 3.6106, 4.7106, and 3.3106, respectively. Earlier Gómez et al. (2013) hydrolyzed lemon 

peel to obtain pectic oligosaccharides using subcritical water at 150−180 °C. They reported that 

the content of arabinooligosaccharide improved with increasing temperature and reached the 

maximum value of 4.91% at 160oC but reduced to 3.72% at 180oC. 

Rhamnose and arabinose are two monosaccharides presented in the region of rhamnogalacturonan-

I (Yapo, 2011), as shown in Fig. 2.5A. The release of rhamnose and arabinose in the hydrolysates 

clearly indicated rhamnogalacturonan-I hydrolysis. Due to having rhamnose and 

arabinooligosaccharide as the main mono- and oligosaccharide (Figs. 3.4-3.6), respectively, it is 

very likely that the citrus pectin used in this study was composed of mainly rhamnogalacturonan 

regions.  

The influence of reaction time on the arabinose and arabino-oligosaccharides contents is shown in 

Fig. 3.6B. The chromatograms showed a similar elution pattern as in Fig. 3.6A. The concentration 

of arabinose slightly improved from 1.5 to 1.6 mg/g pectin as the time increased from 10 to 20 

min, however, it reduced to 1.1 mg/ g pectin upon longer heating of 40 min at 160oC. Interestingly, 

the peaks’ areas at tR=6.8 min which represents arabino-oligosaccharides, exhibited a similar trend. 
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The peaks’ areas slightly increased from 4.7103 to 5.4103 as the reaction time increased from 10 

to 20 min but it decreased to 3.4103 at longer reaction time of 40 min. In general, the hydrolysis 

of pectin in this study released arabino-oligosaccharides as the predominant pectic 

oligosaccharides, the content of arabinose and arabino-oligosaccharides were the highest at 

160oC/20 min. The molecular weight of pectic oligosaccharides obtained at 160oC/20 min was 

determined and is shown in Fig. 3.7. 

Fig 3.7. The molecular weight of oligosaccharide in the citric acid hydrolysate obtained at 
160oC/50 bar/20 min. 

 

The dominant oligosaccharide was eluted at 20.01 min with the molecular weight of 2.65 kDa. 

Because oligoarabinan (AraOS) is the dominant oligosaccharide in the hydrolysates, it can be 

interpolated that AraOS had the degree of polymerization from 17 DP-18 DP, corresponding to 

the molecular weight of 2.55 and 2.7 kDa, respectively. Moreover, as rhamnose is the main 

monosaccharide in the hydrolysates (Fig. 3.4), it is very likely that oligo-rhamnogalacturonan 

(OligoRG) was also presented after hydrolysis of pectin. Based on the molecular weight, the 

degree of polymerization of oligoRG could be from 7 DP-8 DP, corresponding to the molecular 

weight of 2.38 and 2.72 kDa, respectively. The production of AraOS from lemon peel hydrolysis 
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was reported by Gómez et al. (2016) where the authors employed subcritical water at 160oC/326 

min. They noticed that the lowest molecular weight of pectic oligosaccharide was 5.9 kDa which 

was larger than the one identified in this study (2.65 kDa). Though the authors used a substantially 

longer time of 326 min, they employed only water for the hydrolysis without any catalyst added, 

which likely produced the oligosaccharides with considerably larger MW of 5.9 kDa. 

3.3.4. Antioxidant activity 

The functionality of the pectic hydrolysates was determined by its ability to neutralize the DPPH- 

free radicals and reduce the ferric ions. The DPPH- scavenging activity determines the ability of a 

substance to donate protons to the negatively charged radicals (Kedare & Singh, 2011) which is 

shown in Fig. 3.8.  
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Fig. 3.8. DPPH- scavenging activity of pectic hydrolysates in sCW and sCW modified with citric 
acid as a function of reaction time at 160oC and 50 bar(A), temperature at 50 bar and 10 min (B), 
and types of solvent (0.2% (w/w) malic acid and 0.2% (w/w) citric acid) (C). The averages that 

do not share the same letter or symbol are statistically different. 
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There was a significant reduction of the scavenging activity of pectic hydrolysates from 85.3% to 

72.9% when the time increased from 10 to 60 min (Fig. 3.8A), respectively. Similarly, the 

hydrolysates with 0.2% (w/w) citric acid had scavenging activity reduced from 90.6% to 82.9% as 

the time increased from 10 to 30 min, respectively. However, from 30 min to the end of the 

hydrolysis of 60 min, the antioxidant activity remained constant. The highest scavenging activity 

was 90.6% obtained at 160oC/10 min in aqueous citric acid media. Despite the reduction in the 

DPPH- scavenging activity, the hydrolysates with citric acid were significantly higher than the 

control samples. As mentioned earlier, citric acid could act as a biocatalyst which hydrolyzed 

pectin at a higher extent as shown in Fig. 3.3A. Therefore, the hidden functional groups such as 

carbonyl and hydroxyl in the pectic structure were now exposed to the cleavage sites. These 

functional groups acted as protons/electrons donor hence neutralized the negatively charged 

radical species, which greatly contributed to the scavenging activity (Wang et al., 2018).  

The temperature influenced  the scavenging activity of pectic hydrolysates in a different pattern 

(Fig. 3.8B). When the temperature increased from 135 to 160oC, the scavenging activity 

significantly enhanced for both hydrolysates with and without citric acid. At lower temperature of 

135 and 145oC, the hydrolysates with citric acid, in fact, had lower scavenging activity than the 

ones obtained without citric acid. However, from 160 to 200oC, the addition of citric acid enhanced 

the scavenging activity of the hydrolysates which were significantly higher than the ones obtained 

with only water. The highest value was 90.6% obtained at 160oC/10 min in aqueous citric acid 

media.  

As shown in Fig. 3.3B, the content of hexA was enhanced as the temperature increased up to 

200oC, indicating that pectin was hydrolyzed at a higher extent. Consequently, there would be 

more hydroxyl groups exposed, leading to the higher scavenging activity of 90.6% at 160oC. 
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Moreover, at the higher extent of hydrolysis, the molecular weight of pectin was also considerably 

reduced. Due to the low molecular weight, the pectic hydrolysates would have better water 

solubility, hence efficiently interacted with free radicals, leading to the increased scavenging 

activity (Guo et al., 2014; Zhi et al., 2017). In addition, the intramolecular forces of low MW pectin 

were mainly weak hydrogen bonds, hence, it provided more chance for the free hydroxyl groups 

to neutralize the DPPH- free radicals (Guo et al., 2014).  

Beside citric acid, the catalytic effect of malic acid was also investigated in the scavenging activity 

of pectic hydrolysates, as shown in Fig. 3.8C. The hydrolysates with malic acid had a significantly 

higher activity than the ones obtained with citric acid, where the highest value was 92.6% obtained 

at 160oC/10 min. Malic acid is a carboxylic acid containing two carboxyl groups, the catalytic 

effect of malic acid was reported in the study of Valdivieso-Ramirez et al. (2021b) who hydrolyzed 

pea hulls in the media modified by citric and malic acid. They noticed that aqueous malic acid 

exhibited a stronger catalytic effect than citric acid regarding the yield of gluco-oligosaccharides. 

In particular, the gluco-oligosaccharides yields were 11.7% and 9.7% in malic and citric acid 

modified media, respectively. Due to the higher content of oligosaccharides, the free hydroxyl 

groups are, therefore, increased. That explained the high scavenging activity of malic acid 

hydrolysates in this study.  

In addition to DPPH- scavenging activity, the ferric reducing antioxidant power (FRAP) of pectic 

hydrolysates was also evaluated as shown in Fig. 3.9. The FRAP assay determines the ability of a  

substance to reduce ferrous ions based on the color intensity of blue the complex formed by ferrous 

ions and tripyridyltriazine (Benzie & Strain, 1996). 
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Fig. 3.9. Ferric reducing antioxidant power of pectic hydrolysates in sCW and sCW modified 
with citric acid as a function of reaction time at 160oC and 50 bar (A), temperature at 50 bar and 
10 min (B), and types of solvent (0.2% (w/v) malic acid and 0.2 % (w/w) citric acid) (C). The 

averages that do not share the same letter or symbol are statistically different. 
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The effect of time was shown in Fig. 3.9A, the reducing power of the pectic hydrolysates was 

improved by increasing time and obtained the highest value of 1423.8 M at 160oC/20 min in the 

aqueous citric acid media. After longer heating the value remained almost constant up to 60 min 

of hydrolysis. The control samples also showed a similar behavior however, the maximum value 

was 1353.2 M obtained at longer time of 160oC/50 min. The effect of temperature was not 

noticeable at lower temperatures of 135 and 145oC (Fig. 3.9B), however, the reducing power 

drastically increased approx. 5 times at the elevated temperatures and reached the maximum value 

of 1515 M at 170oC/10 min in the citric acid media. As shown in Fig 3.3B, the content of HexA 

significantly enhanced at temperature higher than 160oC, indicating that pectin was hydrolyzed at 

higher extent. Therefore, low molecular weight pectin could be produced which interacted with 

ferrous ions more effectively leading to the high ferric reducing activity at higher temperature 

(>170oC). Interestingly, the malic acid hydrolysates had significantly lower ferric reducing activity 

than the ones obtained with citric acid as shown in Fig. 3.9C. The differences among two different 

carboxylic acids hydrolysates could be contributed to their hydrolysis patterns. In particular, malic 

acid hydrolyzed the pectic polysaccharides in a random manner, meaning that the side chains and 

backbone structure of pectin were simultaneously cleaved. On the other hand, citric acid could 

break down pectin in a progressive pattern i.e., the side chains was first hydrolyzed then the 

backbone (Valdivieso-Ramirez et al., 2021b). Therefore, the composition of the hydrolysates with 

citric and malic acid varied leading to the differences in the ferric reducing power. 

Although DPPH- and FRAP methods have different mechanisms: electron donating and electron 

receiving, respectively. The results demonstrated that the subcritical water hydrolysis was an 

effective, innovative, and green method to generate pectic hydrolysates with lower molecular 

weight of approx. 2.65 kDa and significantly enhanced antioxidant activity.  
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3.4. Conclusions 

Subcritical water modified by carboxylic acids (malic and citric acid) was an ecofriendly 

technology to hydrolyze pectin, producing hexuronic acids and rhamnose. The content of 

hexuronic acid significantly improved as the temperature increased from 135 to 200oC with a 

maximum value of 0.7 g/g pectin at 200oC/50 bar/10 min. The hydrolysates obtained with malic 

had (0.9 g/g pectin) significantly higher content of HexA than the ones obtained with citric acid 

(0.6 g/g pectin). Rhamnose is the main monosaccharide in the hydrolysates which content was 

significantly influenced by the reaction temperature. The highest content of rhamnose was 0.08 

g/g pectin obtained at 180oC/50 bar/10 min. The malic acid hydrolysates had higher content of 

rhamnose than the ones obtained with citric acid because the acid strength of malic acid was 

stronger than citric acid indicated by the pKa values. Besides having rhamnose as the main 

monosaccharide (0.08 g/g pectin), arabinose was also detected in the hydrolysates with the highest 

content obtained at 160oC/50 bar/20 min (1.6 mg/g pectin). The dominant oligosaccharide in the 

hydrolysates were arabinooligosaccharide with the highest content obtained at 160oC/50 bar/20 

min and its molecular weight was estimated at approx. 2.65 kDa, corresponding to DP17-18.  

The antioxidant activity of the hydrolysates with carboxylic acids (malic and citric acids) were 

significantly higher than the control sample, due to the exposure of carbonyl and hydroxyl groups 

which were able to donate electrons/protons to scavenge the free radicals. The DPPH- scavenging 

activity of citric acid hydrolysates was lower than ones obtained with malic acid. Oppositely, the 

ferric reducing activity of the citric acid hydrolysates were significantly higher than the malic acid 

ones. Due to the hydrolysis pattern of malic and citric acids being random and stepwise, 

respectively, leading to the different composition in the hydrolysates hence difference in the 

antioxidant activities. For that reason, the type of catalyst can be specifically chosen to produce 
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the hydrolysates with the desired functionality. Ultimately, the pectin hydrolysates can be freeze 

dried or sprayed dried to produce the powder which can be used directly as fiber supplement or 

added into food products to increase their fiber content. In addition, rhamnose in the hydrolysates 

can be isolated to be used as the substrate for biofuel production (1,2-propanediol) via microbial 

fermentation. The hydrolysis of citrus pectin is graphically described in Fig. 3.10. 

Fig. 3.10. Schematic description of citrus pectin hydrolysis in subcritical water with citric and 
malic acids as catalysts. 
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Chapter 4: Hydrolysis of pea protein concentrate in subcritical water media with addition 

of citrus pectin and citric acid2 

4.1. Introduction 

The protein consumption worldwide is witnessing a major shift from animal-based to plant-

based sources. It is not only because plant protein is of high quality, affordable, and sustainable 

food source; but it also offers multiple potential health benefits, such as reduce the risk of 

cardiovascular diseases, hypertension, diabetes, LDL cholesterol level, and balance blood sugar 

level (Boukid et al., 2021; Klost et al., 2020). Pea, Pisum sativum, is one of the pulse crops that 

can provide a considerable amount of protein from pea seeds. Canada is the world largest pea 

producer, its production yield was 2.5 million tons in 2021, followed by Russia, China, and the 

USA (Agri-Food Canada, 2021). The protein content in pea seeds can range from 23.3% to 31.7%, 

depending on the genotypes, environment, and soil factors (Reinkensmeier et al., 2015). The 

commercial pea protein products are pea flour, pea protein concentrate, and pea protein isolate 

listed from the lowest to the highest protein content.  

Pea protein is mainly consisted of globulin which accounts for 70-80%, and a minor portion 

of albumin which accounts for 10-20% of total protein (Acquah et al., 2020). Globulin is a salt 

soluble globular protein which is made up of three different fractions with different sedimentation 

coefficients and molecular masses (legumin, vicilin, and convicilin). Legumin (11S, ~360 kDa) is 

a hexameric protein which subunits consist of α-acidic chain and β-basic chain linked together by 

disulfide bonds. Vicilin (7S, ~180 kDa) is a trimer which is held together by hydrophobic 

interaction and lastly convicilin (7S, ~290±40 kDa) is trimeric fraction (Bogahawaththa et al., 

 
2 A version of this chapter will be submitted as “Vo, H. and Saldaña, M.D.A. (2022). Hydrolysis of pea protein 
concentrate in subcritical water media with addition of citrus pectin and citric acid.” to the Journal of Supercritical 
Fluids. 



 

 84 

2019; Klost & Drusch, 2019). Albumin (2S, 5-80 kDa) is a water-soluble protein, which contains 

more essential amino acids than globulin, such as tryptophan, lysine, threonine, and methionine 

(Boukid et al., 2021). 

Recently, pea protein has drawn the attention of the scientific community due to its 

functional properties and its derived bioactive peptides. Several studies have demonstrated that 

pea protein hydrolysates possess antioxidant activities as well as health promoting properties. Li 

& Aluko. (2010) used alcalase enzyme to hydrolyze pea protein. The peptides fraction that had the 

most positive charge showed the strongest angiotensin converting enzyme (ACE) and renin 

inhibitory activities. In addition, the more hydrophilic the peptides, the stronger inhibitory 

activities against ACE and renin. There were three dipeptides identified to have moderate to strong 

ACE and renin inhibitory activities: IR (isoleucine-arginine), KF (lysine-phenylalanine), and EF 

(glutamic acid-phenylalanine). Even though, the authors were able to determine and characterize 

the health promoting effects of pea peptides, the degree of hydrolysis as well as molecular mass 

of the peptides were not determined. Hence, Barbana & Boye (2010) investigated the changes in 

molecular weight (MW), degree of hydrolysis (DH), and ACE inhibitory activities of pea protein 

hydrolysates generated by enzymatic digestion. The MW range of the native protein was between 

30 and 670 kDa, the MW distribution was smaller after enzymatic treatment, 0.244 - 44 kDa, with 

more than 50% had MW below 4 kDa. Regarding the degree of hydrolysis, alcalase and 

flavourzyme (AF) combination had the highest DH (78.58%) compared to other hydrolysates 

generated by other enzymes: papain (31.18%) and gastrointestinal (31.08%). The antihypertensive 

effect of pea hydrolysate was tested in humans (Li et al., 2011), where the participants were orally 

administered pea protein hydrolysates daily for 3 weeks. The consumption of 3 g/day resulted in 

a maximum 10 mmHg reduction in systolic blood pressure compared to the placebo group. 
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On the other hand, the antioxidant activities of pea protein have also been improved by 

hydrolysis mainly due to the formation of peptides and amino acids. Pea protein hydrolysates were 

generated by thermolysin digestion (Pownall et al., 2010) and their scavenging activities against 

DPPH free radicals and metal ions were enhanced. After protein hydrolysis, the total content of 

hydrophobic amino acids (alanine, valine, isoleucine, leucine, etc.) increased, leading to the 

improvement of DPPH scavenging activity. However, the ability to neutralize superoxide ions, 

hydroxyl radicals, and hydrogen peroxide did not significantly increase after protein 

depolymerization. Ding et al. (2020) also observed that after hydrolyzing pea protein with alkaline 

protease, the DPPH radical scavenging rate of the hydrolysate fraction (Mw<1kDa) was 37.9%. 

Contrasting with the previous study, the scavenging ability of pea protein hydrolysate against 

hydroxyl radical was reported to be 27.8%. Ding et al. (2020) identified three main peptides 

contributing to the antiradical activities of the hydrolysates: YSSPIHIW (Tyr-Ser-Ser-Pro-Ile-His-

Ile-Trp), ADLYNPR (Ala-Asp-Leu-Tyr-Asn-Pro-Arg), and HYDSEAILF (His-Tyr-Asp-Ser-Glu-

Ala-Ile-Leu-Phe). 

Besides the enzymatic hydrolysis, pea protein hydrolysate can also be generated by heat- 

and pressure-pretreatment (Chao et al., 2013; Girgih et al., 2015). Both studies used high pressure 

(2000-6000 bar/24 oC/5 min) or high temperature (100oC/30 min) prior to the enzymatic treatment 

with alcalase (1-4%). With the pretreatment of high pressure or temperature, lower concentration 

of alcalase needed to generate low MW peptides. The improvement of antioxidant activities was 

observed after the high pressure pretreatment: superoxide and hydroxyl, DPPH, and oxygen radical 

scavenging. Probably under high pressure of 4000 bar, the peptide bonds were more exposed and 

more prone to alcalase hydrolysis, resulting in the formation of bioactive peptides which led to the 

enhancement of free radical scavenging. 
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Enzymatic digestion is a well-known approach to hydrolyze protein; however, the method 

bears several disadvantages such as high-cost enzymes, time consuming, complex protocol, 

numerous buffer systems, and strictly controlled parameters. In addition, acid or base hydrolysis 

is also commonly used to breakdown protein. Similarly, this method could generate 

environmentally harmful waste, toxic compounds (e.g., lysinoalanine), difficult to control peptides 

size, and destroy and racemize the amino acids (Espinoza et al., 2012; Marcet et al., 2016; 

Sereewatthanawut et al., 2008). Therefore, subcritical water (sCW) has been employed as a green 

technology to hydrolyze protein or protein-rich biomass. Not only because sCW is 

environmentally friendly but it also has unique characteristics that could favor depolymerization 

reaction such as low dielectric constant, high ionic species, and high hydronium and hydroxide ion 

concentrations (Kus, 2012; Zhao & Saldaña, 2019).  

Even though sCW has been extensively used to hydrolyze protein from various sources, it 

has been known to have quite low specificity hydrolysis. Powell et al. (2016) concluded that 

cleavage could happen elsewhere in the protein molecules besides the breakdown of peptide bonds, 

possibly in the amino acids side chain. Previously, Rogalinski et al. (2005) reported the low 

selectivity of sCW in bovine serum albumin hydrolysis. However, they increased the selectivity 

by adding 90% CO2 to the media, as a result, the amino acid yield improved by 4 times higher than 

the sCW alone. Valdivieso-Ramirez et al. (2021) observed a similar phenomenon however with 

pea hull fiber hydrolysis and found that citric and malic acid could enhance the selectivity of sCW 

towards cleavage of glycosidic bonds. Specifically, targeting gluco-oligosaccharides (2–6 DP) 

which was approximately 5-fold higher compared to the media with only water. 

There were various types of protein that had been hydrolyzed or isolated using sCW 

technology (Table 2.1). However, to the best of our knowledge, there is no study investigating the 
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hydrolysis reaction of pea protein concentrate in sCW media. Therefore, the objectives of this 

study are to: (1) evaluate the effect of reaction parameters (temperatures, times, and protein/pectin 

ratios) on the degree of hydrolysis, (2) elucidate the effect of pectin and citric acid on pea protein 

hydrolysis in sCW media, and (3) determine the antioxidant activities of the hydrolysate towards 

DPPH free radical scavenging and ferric reducing activity.  

4.2. Materials and methods 

4.2.1. Materials  

Pea protein concentrate (51% protein) was kindly provided by AGT Food and Ingredients 

Inc. (Saskatoon, SK, Canada). Citrus pectin (30% degree of esterification) was generously 

supplied by CP Kelco (Atlanta, GA, USA). Chemicals involved in the sCW hydrolysis were citric 

acid (> 99.5%, ACS grade) from Sigma Aldrich (Oakville, ON, Canada), potassium phosphate 

monobasic from ICN Biomedicals, Inc. (Aurora, OH, USA), sodium hydroxide (>95%) from 

Fisher Scientific (Ottawa, ON, Canada), water from the Milli-Q system (18.2 MΩ cm, Millipore, 

Billerica, MA, USA), and nitrogen gas (99.9% purity) from Praxair (Edmonton, AB, Canada).  

For characterizations, all chemicals were of analytical grade. Sodium tetrahydroborate, 

sodium dodecyl sulfate, sodium carbonate, sodium acetate, sodium potassium tartrate, copper (II) 

sulfate, iron (III) chloride hexahydrate, β-mercaptoethanol, o-Phthaldialdehyde, Folin-Ciocalteu 

reagent, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), L-lysine 

and bovine serum albumin were obtained from Sigma Aldrich (Oakville, ON, Canada). Methanol 

(99.9%) was purchased from Fisher Scientific (Ottawa, ON, Canada). The calibration standards 

for peptide size exclusion chromatography were blue dextran (2000 kDa), bovine serum albumin 

(66.4 kDa), carbonic acid (29 kDa), cytochrome C (12.4 kDa), aprotin (6.5 kDa). L-serine, L-

Histidine, L-Threonine, L-Arginine, L-Alanine, L-Tyrosine, L-Methionine, L-Valine, L-
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Phenylalaline, L-Lysine, L-Isoleucine, L-Glycine, L-Leucine, L-Aspartic acid, and L-Glutamic 

were used as standards for amino acid HPLC analysis were purchased from Sigma Aldrich 

(Oakville, ON, Canada).  

4.2.2. Subcritical water hydrolysis 

The suspensions were prepared by mixing pea protein concentrate with pectin at different 

mass ratios of 1:0.1, 1:0.5, 1:1, 1:2, and 1:3 (w/w) (e.g., the pea protein and pectin ratio 1:1 (w/w) 

was prepared by mixing 1g of pea protein concentrate with 1g of pectin). The protein suspensions 

with citric acid were prepared by mixing 1g of pea protein concentrate with 0.2g of citric acid. The 

mixtures were then dissolved in 100mL of 0.2M phosphate buffer at pH 8 using a Heidolph 

homogenizer (Heidolph Instruments GmbH & Co., Germany) at 3,200 rpm for 1 min. After that, 

the suspensions were stirred overnight under constant speed at 4oC. Then, subcritical water was 

employed to hydrolyze the suspensions according to the procedure described by Valdivieso 

Ramirez et al. (2021) with slight modifications.  

The hydrolysis was conducted using a high pressure system which was described in detail 

in the previous Chapter 3 in section 3.2.2. Briefly, the system was equipped with a 600mL batch 

stirred reactor, a 780W heating mantle, a nitrogen tank, and a temperature controller. The stirring 

speed was estimated around 660 rpm and kept constant throughout the hydrolysis.  

The suspensions were loaded into the reactor then purged with N2 gas for 12 min under 

constant stirring. Due to the viscous solutions obtained from mixing pea protein with pectin, 

prolonged purging time was used to remove the dissolved air oxygen and prevent any undesirable 

oxidation reaction. After that, the reactor was pressurized with N2 gas to a certain extent (e.g., use 

of 30 bar for 180oC, use of 22 bar for 240oC, etc.) so that after reaching the desired temperature, a 

pressure value of 50 bar could be reached. The reaction was performed at different temperatures 
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(160, 180, 200, 220, and 240oC) and times (10, 20, 30, 40, 50, and 60 min) under constant pressure 

of 50 bar. The reactor was immediately cooled down to 40oC in approximately 8-10 min (e.g., use 

of 8 min for 180oC, use of 10 min for 240oC, etc.) using a water bath. Then, the reactor was 

depressurized within 4 min. The resulting hydrolysates were centrifuged at 8,000g for 20 min to 

collect the supernatant which was then stored at -18oC until further characterizations. The 

hydrolysis of pea protein was conducted in duplicate, and the processing conditions were 

summarized in Table 4.1.  

Table 4.1. Hydrolysis conditions of pea protein concentrate in subcritical water media. 

Temperature (oC) Time (min) Solvent 
160 

10 

Water 
 

180 
200 
220 
240 

180 

10 
20 
30 
40 
50 
60 

160 

10 

Citric acid 
0.2% (w/w) 

180 
200 
220 
240 

180 

10 
20 
30 
40 
50 
60 
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Table 4.1. Continued 

160 

10 

Protein:pectin 
1:1 (w/w) 

180 
200 
220 
240 

180 

10 
20 
30 
40 
50 
60 

 

4.2.3. Characterizations of the protein hydrolysates 

4.2.3.1. Degree of hydrolysis 

  The extent of protein hydrolysis was measured by spectrophotometry method based on the 

reaction of primary amine and OPA with the presence of β-mercaptoethanol to form an OPA 

adduct that could be detected at 340 nm (Church et al., 1983). The procedure was adopted from 

(Mirzaei et al., 2015) with slight modifications. Briefly, OPA reagent was prepared by mixing 

40mg of OPA dissolved in 1mL of methanol, 25mL of 0.1M sodium tetrahydroborate, 2.5mL of 

20% SDS (w/v), and 100 μL of β-mercaptoethanol were later added. The final volume was adjusted 

to 50 mL using mili-Q water. The OPA reagent was freshly prepared daily. To perform the assay, 

0.1mL of the hydrolysate was mixed with 2mL of OPA reagent and incubated for exactly 2 min at 

room temperature. Finally, the absorbance was read at 340 nm using a UV-Vis spectrophotometer. 

The concentration of free amino group was estimated by a calibration curve with L-Lysine as the 

standard (0-2 mM) (See Fig. A5 in Appendix A). The degree of hydrolysis (DH) was calculated 

using Eq. (4.1): 
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DH (%) = 𝐿−𝐿𝑜

𝐿𝑚𝑎𝑥−𝐿𝑜
 x100         (4.1) 

where, L is the concentration of free amino groups after hydrolysis, Lo is the concentration of free 

amino groups of the untreated sample, and Lmax is the concentration of free amino groups obtained 

by conventional acid hydrolysis (6M HCl at 110oC/ 24h). 

4.2.3.2. Protein/peptide/amino acid content determination 

The content of protein/peptide/amino acid is reflected by the color intensity which was 

formed by two reactions: (i) reaction with alkaline copper to produce Cu+ ions, and (ii) reaction 

with Folin-Ciocalteu reagent by Cu+ ions. The procedure was adopted from Waterborg (2009) with 

minor modifications. First, 1mL of 4-fold-diluted hydrolysate was mixed with 1mL of 2N NaOH 

solution and incubated at 100oC/10 min in a water bath. The solution was then cooled down to 

room temperature and mixed with 10mL of complex-forming reagent (100mL of 2% (w/v) sodium 

carbonate + 1mL of 1% (w/v) copper (II) sulfate + 1mL of 2% (w/v) sodium potassium tartrate). 

After 10 min at room temperature, 1mL of Folin-Ciocalteu reagent was added to the solution. The 

mixture stood in the dark at room temperature for 35 min. The absorbance was read at 550 nm 

using the UV-Vis spectrophotometer. The protein/peptide/amino acid content was calculated by a 

calibration curve with bovine serum albumin as the standard (0-2 mg/mL) (See Fig. A6 in 

Appendix A). 

4.2.3.4. Total amino acid profile 

The hydrolysate was treated with hydrochloric acid before determination of amino acids 

profile; by mixing 1mL of the hydrolysate with 6mL of 6M HCl at 110oC/24h. The mixture was 

then mixed with 0.2 mL of internal standard of B-amino-n-butyric acid and ethanolamine at 25 

µmol/mL; followed by centrifugation at 2500 rpm for 15 min. The vials for HPLC injection 

included 50 µL of the supernatant, 50 µL of 4.29M NaOH, and 400 µL of mili-Q water. More 
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NaOH solution can be added to maintain pH of the solution at 9, which is crucial for derivatization. 

The mobile phase included two eluents: (A) 1600mL of 0.1M sodium acetate buffer pH 7.2, 180mL 

methanol, 10mL tetrahydrofolic acid, and 210mL of mili-Q water; (B) 100% methanol. The elution 

gradient was: 0-1 min, isocratic 100% A; 5-25 min, isocratic 85% A and 15% B; 38-39 min, linear 

from 55% to 35% A and 45% to 65% B; 40-42.5 min, isocratic 100% B, and 43-48 min, isocratic 

100% A. The separation was performed using Supelcosil LC-18 column (Sigma Aldrich, Oakville, 

ON, Canada), 150mm x 4.6mm, 3µm with the flow rate of 1.1 mL/min. The fluorescence intensity 

of the samples was measured at the wavelength of 340 nm (excitation) and 450 nm (emission). 

The calibration curves were prepared by three different concentrations of L-configuration amino 

acids (150, 300, and 600 nM). 

4.2.3.5. Peptide molecular weight distribution 

Size exclusion chromatography was used to evaluate the size distribution of peptides. The 

procedure was adopted from Klost & Drusch (2019) with minor modifications. The diluted 

hydrolysates were filtered and injected through a Superdex 75 Increase 10/300 GL (GE healthcare 

GmbH, Solingen, Germany) column with 0.1M phosphate buffer at pH 7 as the mobile phase. The 

UV detector was used at 280 nm. The estimation of peptide molecular weight distribution was 

carried out via calibration standards (Sigma Aldrich, Oakville, ON, Canada): blue dextran (2000 

kDa), bovine serum albumin (66.4 kDa), carbonic acid (29 kDa), cytochrome C (12.4 kDa), and 

aprotin (6.5 kDa) (See Fig. A7 in Appendix A). 

4.2.3.6. Intrinsic fluorescence spectroscopy 

The intrinsic fluorescence intensity of protein is mainly contributed by the aromatic 

hydrophobic amino acids of tyrosine, phenylalanine, and tryptophan. The fluorescence intensity 

indicates the conformational changes of the protein molecules (Lakowicz, 2006). The procedure 
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for intrinsic fluorescence determination was previously described by Chao & Aluko (2018) with 

minor modifications. Briefly, the hydrolysates were diluted with phosphate buffer pH 8 or aqueous 

citric acid until the protein concentration reached 20 𝜇g/mL. The solutions were then centrifuged 

at 10,000 g for 5 min to collect the supernatant. The fluorescence intensities of protein solutions 

were scanned with a spectrofluorometer (SpectraMax® M3, Molecular Devices, San Jose, CA, 

USA) with excitation wavelength of 295 nm and emission spectra from 350 nm to 450 nm with a 

2 nm increment.   

4.2.3.7. Antioxidant activity 

The DPPH- scavenging ability of the hydrolysates was determined according to the method 

of Zhang et al. (2008). Briefly, 0.1 mM DPPH solution was prepared with absolute methanol. 

Then, 1mL of 2-fold-diluted hydrolysates was mixed with 3mL of DPPH solution then stood at 

room temperature for 35 min. After that, the solution was centrifuged at 7000g for 5 min to collect 

the supernatant. The absorbance of the supernatant was read at 514 nm using the UV-Vis 

spectrophotometer. The scavenging ability was expressed as the percentage of scavenging ability 

using Eq. (4.2): 

DPPH scavenging ability (%) =  𝐴𝑐−𝐴𝑠

𝐴𝑐
x100       (4.2) 

where, Ac: absorbance of the DPPH solution, and As: absorbance of the samples. 

The ferric reducing antioxidant power (FRAP) was measured using the method described by 

Ekaette & Saldaña (2021) with minor modifications. The TPTZ solution included three reagents 

at the ratio of 10:1:1 v/v/v: 0.3 M sodium acetate, 10 mM TPTZ in 40 mM HCl, and 20 mM 

FeCl3⋅6H2O. The hydrolysates were diluted by 4-fold using deionized water before the 

measurement. Briefly, 0.4mL of diluted hydrolysates was mixed with 3mL of TPTZ solution. The 

mixture was incubated in the water bath at 37oC/30 min then centrifuged at 7000g for 7 min to 
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collect the supernatant. The absorbance of the supernatant was measured at 593 nm using the UV-

Vis spectroscopy. The reducing power was estimated using the calibration curve with vitamin C 

as the standard at the concentrations from 50 to 300 M (See Fig. A4 in Appendix A).  

4.2.3.8. Statistical analysis 

The hydrolysis of pea protein concentrate was conducted in duplicate. The results were reported 

as mean  standard deviation. The statistical difference between means was determined using one-

way ANOVA (p<0.05) with grouping information obtained from Tukey’s test and t-test. The 

comparisons were performed using Minitab version 17.0 (Minitab Inc., State College, PA, USA).  

4.3. Results and discussion 

4.3.1. Degree of hydrolysis  

The degree of hydrolysis (DH) is indicated by the amount of free amino groups in the 

hydrolysates. The higher DH demonstrates that the protein is cleaved into free amino groups at 

higher extent. With increasing time, the DH increased and reached the maximum value of 50.5% 

at 40 min (Fig. 4.1A). Afterwards, the DH remained unchanged even at longer times of 50 and 60 

min. The phenomenon could be attributed to the dissociation constant (Kw) of water, which 

depends on temperature and pressure of the media (Martinez-Monteagudo & Saldaña, 2014) i.e., 

the concentration of H3O+ and OH- ions do not change under constant pressure and temperature 

conditions. For that reason, the DH could not further increase after the protein was hydrolyzed by 

the available ionic species in the sCW medium. Regarding the reaction time from 10 to 40 min, 

the DH was significantly enhanced due to better interaction between ionic species and protein. 

Similar result was observed in the study of Sereewatthanawut et al. (2008) after hydrolyzing rice 

bran using subcritical water at 100-220oC/30 min. They reported that the protein as well as amino 

acid yields did not increase with the increase of the reaction time. In fact, the yields remained 
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constant after 5 min until the end of the experiment at 30 min. Espinoza et al. (2012) reported that 

the reaction time had no significant effect on the DH of whey protein hydrolysates. After 10 min 

of hydrolysis at 250oC, the DH values remained unchanged up to 60 min.  

 
Fig. 4.1. The effect of reaction times (A) at 180oC, temperatures (B) for 10 min, and mass ratios 
(C) at 180oC/10 min on the degree of hydrolysis of pea protein:pectin and pea protein:citric acid 

suspensions. 
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Fig. 4.1B shows the effect of temperature on the protein DH. When the temperature 

increased from 160oC to 200oC, the DH only slightly increased. However, the DH was 

considerably improved and peaked at 220oC with the highest DH value of 64.8%. As mentioned 

earlier, the Kw value of water increases with temperature, Kw value at 220oC is approximately 700 

times higher than the one at ambient conditions (Sereewatthanawut et al., 2008). Consequently, 

the protein underwent a more severe hydrolysis due to higher concentration of ionic species which 

could potentially break the peptide bonds in the protein; eventually increasing the amount of free 

amino groups in the hydrolysates. Ramachandraiah et al. (2017) reported hydrolysis reaction of 

soybean powder using sCW where they observed that when the temperature increased from 150oC 

to 190oC, the content of free amino groups appreciably increased from 28 to 89 mg/L. The yield 

of amino acids in the study conducted by Pińkowska & Oliveros (2014) had similar changes and 

considerably increased at 220oC then remained constant up to 260oC and eventually decreased 

upon higher temperatures (260oC to 300oC). The possible mechanism of peptide bond cleavage by 

H3O+ is shown in Fig. 2.4 and Fig. 4.2. 

 

Fig 4.2. Schematic presentation of peptide bond cleavage between glutamic acid and 
glycine residues. 
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Interestingly, the mixing ratio of pea protein and pectin had a noticeable effect on the DH. 

Particularly, with the increasing concentration of pectin, the DH was significantly enhanced. The 

maximum DH value was 64.4% at a ratio pea protein:pectin of 1:3 (w/w) (Fig. 4.1C). Pectin is a 

heterogeneous polysaccharide with D-galacturonic acid (GalA) as the predominant monomer 

(60%) which are bonded together by glycosidic linkages (Valdivieso-Ramirez, Sanchez Gallego, 

et al., 2021). Rogalinski et al. (2008) suggested that the stability of peptide bonds is considerably 

higher than glycosidic bonds. Therefore, pectin could be broken down into its monomers, D-

galacturonic acids and other hexuronic acids (Fig 3.2) before the protein was hydrolyzed. The 

released acidic sugars from pectin could then act as a catalyst for the hydrolysis reaction of protein. 

Earlier, Valdivieso Ramirez et al. (2021) reported that with the addition of 0.2% citric acid to the 

sCW, the yield of gluco-oligosaccharides (2–6 DP) was 5 times higher than the one with sCW 

only. Rogalinski et al. (2005) used sCW media with 90% CO2 and reported that the yield of amino 

acids from bovine serum albumin hydrolysis increased by 4 times compared to the one without 

CO2 addition. For that reason, at higher concentrations of pectin, there would be more acidic sugars 

released into the reaction media which further hydrolyzed the protein, resulting in a higher degree 

of hydrolysis.   

Pea protein hydrolysis reaction was also conducted in sCW media modified by citric acid. 

The reaction time did not exert a significant effect on the DH of the hydrolysates (Fig. 4.1A), 

which ranged from 23.5% to 27.6%. On the other hand, the processing temperatures had a more 

pronounced effect on the DH (Fig. 4.1B), specifically, at 240oC, the DH value reached the 

maximum of 34.7% meanwhile, the DH was only 22.9% at 160oC. Compared to the media using 

pectin, the aqueous citric acid media had a considerably less proteolytic effect, resulting in a 

significantly lower DH. The pH of the suspensions could be the primary reason attributed to the 
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cleavage of pea protein. In the media with pectin, the pH value was maintained at 8 which is far 

above the isoelectric point of pea protein (~4.3). The protein molecules were then negatively 

charged due to the alkaline environment used. Therefore, the possibility to combine with hydrogen 

ions is appreciably increased compared to the positively charged ones (Steinhardt & Fugitt, 1942). 

Eventually, the proton donated by pectic acidic sugars could protonate and break down the peptide 

bonds, leading to the escalation of free amino groups in the samples with pectin added. On the 

contrary, the pH of aqueous citric acid solution was 2.6 which had the protein positively charged, 

reducing the hydrolysis potential of hydronium ions in the sCW media. Moreover, the proteolytic 

potential of the basic solution is proven to be more effective than acidic one (Espinoza & 

Morawicki, 2012), probably due to the recombination of peptides under acidic pH.  

4.3.2. Protein/peptide/amino acid content of hydrolysates  

The content of protein/peptide/amino acid was determined by Lowry’s method, which 

detects peptide bonds from its reaction with copper ions and Folin reagent. The resulting complex 

has a strong blue color which is detectable at 550 nm (Waterborg, 2009). The content steadily 

improved when the reaction time increased from 10 to 30 min; then reached the maximum value 

of 903.1 mg/g protein at 40 min. With prolonged heating periods from 40 to 60 min, the 

protein/peptide/amino acid content was considerably reduced (Fig. 4.3A). The results agreed with 

the protein degree of hydrolysis where the DH value significantly increased from 10 to 40 min of 

reaction time. Under high temperature and pressure conditions, the structure of globular proteins 

could be unfolded (Chao et al., 2013; Lu et al., 2016). Therefore, more peptide bonds, which used 

to be buried inside, were exposed; hence, provided better interactions of the peptide bonds with 

the assay’s reagents. Consequently, the protein/peptide/amino acid content increased.  
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 Lu et al. (2016) reported a similar behavior of soy protein hydrolysis reaction, under the 

effect of extended heating time (>30 min), a significant decrease in protein yield was observed. 

Additionally, Sunphorka et al. (2012) noticed a similar behavior in rice bran protein hydrolysis, 

where the protein content increased up to 60 min of processing time. However, within the first 

period of the reaction (5 min), the proteins aggregated then assembled into solid precipitates. 

Afterwards, with the increasing reaction time, the particles disaggregated and released the 

unfolded structure of protein, smaller soluble peptides, and amino acids. As a result, the protein 

content of the hydrolysates was improved. The results also agreed with the findings in the study 

of Sereewatthanawut et al. (2008) who reported that the protein content of soy protein hydrolysates 

gradually increased at longer holding times from 10 to 30 min.  

On the other hand, the protein suspensions supplemented with citric acid had a quite limited 

increase in the content of protein/peptide/amino acid, specifically the highest value was 543.9 mg/g 

protein obtained at 40 min, which was only 1.23 times higher than the lowest value at 10 min. The 

main reason, as mentioned above, could be due to the acidic pH of the reaction medium. As citric 

acid was supplemented, the pH value dropped to 2.6 which was below the isoelectric point of pea 

protein, hence, the protein molecules obtained the positive charges; eventually, reduced the 

hydrolytic ability of H3O+ ions.  
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Fig. 4.3. The protein/peptide/amino acid content of the hydrolysates under the effects of (A) 
reaction time at 180oC, (B) reaction temperature during 10 min, and (C) mass ratio of protein and 

pectin at 180oC/10 min.  
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Fig. 4.3B shows the effect of temperature on the content protein/peptide/amino acid in the 

hydrolysates. With the increasing temperatures from 160oC to 220oC, the content was 

progressively increasing and peaked at 220oC (799.9 mg/g protein). Afterwards, it remained almost 

constant at 240oC with the value of 768.7 mg/g protein. The results agreed with findings in the 

study of Ndlela et al. (2012), who reported that the protein contents of soybean protein 

hydrolysates were enhanced from 68% to 73% as temperatures increased from 150oC to 234oC. 

Sunphorka et al. (2012) noticed a similar phenomenon for rice bran protein hydrolysis with the 

increasing temperature, where the protein content significantly increased. The dissociation of 

aggregated protein particles and unfolding of the protein structure could be likely leading to the 

increase in peptide bonds of the hydrolysates as explained previously. The hydrolysates with citric 

acid added had considerably lower protein/peptide/amino acid content, the highest content was 

obtained at 220oC with the value of 536.3 mg/g protein and decreased upon further heating at a 

higher temperature of 240oC. 

The protein/peptide/amino acid content of the hydrolysates are consistent with the degree 

of hydrolysis in Fig. 4.1B, where the DH value also peaked at 220oC. However, there was no 

sudden increase observed in the content of protein/peptide/amino acid when the temperatures 

increased from 200oC to 220oC. The employed assays could be the major reason attributed to the 

variation between the two sets of data. The degree of hydrolysis was quantified by the OPA assay 

which detected the free amino groups in the hydrolysates. On the other hand, the reagents in 

Lowry’s method would react with peptide bonds of the protein molecules. Therefore, it is obvious 

that the peptide bonds in the hydrolysates did not increase but instead broken down after the 

treatment at 220oC. Increasing the amount of free amino groups in the hydrolysates was evident as 
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shown in Fig. 4.1B to confirm the cleavage of peptide bonds. Then, peptide size distribution was 

estimated using high performance size exclusion chromatography.  

The mixing ratio of protein and pectin significantly influenced the protein/peptide/amino 

acid content of the hydrolysates (Fig. 4.3C). With increasing concentrations of pectin, there was 

more protein/peptide/amino acid in the hydrolysates. Its content significantly increased, 

approximately 2.6 times from 471.9 mg/g protein to 1210.3 mg/g protein when the ratio of protein 

and pectin increased from 1:0.1 to 1:3 (w/w). As discussed earlier, pectin could be broken down 

into hexuronic acids under sCW conditions; the more pectin, the higher the content of hexuronic 

acids in the hydrolysate (Fig. 3.2). Therefore, pectic acids together with H3O+ ions in the media 

could hydrolyze the protein at a higher extent i.e., they could disrupt the inter- and intramolecular 

linkages: H-bonds, electrostatic and hydrophobic interactions, and disulfide bonds, leading to the 

unfolding of its structure, eventually increasing the protein/peptide/amino acid content of the 

hydrolysates (Zhang et al., 2018). Another reason that could contribute to the increase in 

protein/peptide/amino acid content was the pH of the media which also influenced the 

conformational changes of protein molecules. At pH 8, which is far above the isoelectric point 

(~4.3) of pea protein, the electrostatic repulsion and ion hydration were enhanced, therefore, the 

unfolding of protein was induced (Wen et al., 2019).  

4.3.3. Intrinsic fluorescence spectroscopy 

Fluorescence spectroscopy is a sensitive method to monitor the conformational changes of 

protein tertiary structure. The fluorescence intensity of protein is largely attributed to the aromatic 

amino acid residues. Fig. 4.4 shows that sCW treatment modified the conformation of pea protein 

concentrate mainly for phenylalaline, tyrosine, and tryptophan, which was indicated by the 

intensity of the emission spectra and the maximum emission wavelength (𝜆max).  
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Fig. 4.4. Emission fluorescence spectra of pea protein concentrate hydrolysates prepared by sCW 
hydrolysis with (A, B) pectin and (C, D) citric acid. 

 
Compared to the untreated sample, all sCW-hydrolyzed protein with pectin had 

appreciably lower fluorescence intensity (Fig. 4.4A-B). The decrease in the fluorescence intensity 

indicated the unfolding of the protein occurred, leading to the exposure of the interior hydrophobic 

clusters to the surface of the protein. Lu et al. (2016) observed similar behavior of enhancing 

surface hydrophobicity by hydrolyzing soy protein using sCW. Chao et al. (2018) reported the 

reduction in fluorescence intensity of pea protein after 6000 bar treatment. They suggested that the 

protein could be severely denatured and unfolded to expose the structures that were previously 

buried in the interior. The maximum emission wavelength is another indicator of protein 
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denaturation level (Schmid, 1989). Compared to the untreated sample which had 𝜆max at 382 nm, 

the sCW hydrolyzed proteins experienced a slight red-shifting in 𝜆max ranging from 384 nm to 388 

nm. Due to the exposure of tryptophan residues to the aqueous environment. The interactions of 

aromatic amino acids with aqueous media could enhance the fluorescence quenching of water 

therefore resulting in the lower fluorescence intensity and the red shift of 𝜆max. A similar 

observation was reported in the study of Chao et al. (2013) where the 𝜆max of pea protein slightly 

shifted from 372 nm to 375-378 nm after the high pressure pretreatment (2000-6000 bar). The 

change of the 𝜆max from short to long wavelengths is an indication of the denaturation of protein 

and exposure of interior hydrophobic regions.  

For the hydrolysis of pea protein concentrate with citric acid, the 𝜆max values of the 

hydrolyzed proteins were in the range of 382-386 nm and had slightly red-shifted compared to the 

untreated protein (𝜆max=382 nm) and the fluorescence intensity was also reduced (Fig. 4.4C-D). 

Chao et al. (2018) observed that the intensity of fluorescence signal was considerably lower pH 3 

than the samples at pH 5 and 7. They suggested that at the protein was excessively denatured and 

exposed the tryptophan residues that were previously buried in the interior at pH 3. The extensive 

interactions of tryptophan residues with the aqueous environment increased the fluorescence 

quenching of water, as a result, the fluorescence intensity was reduced. In this study, the pH of the 

citric acid and protein suspensions were 2.6, therefore a similar phenomenon could have occurred 

for the pea protein. Another possible reason is that the protein-protein interactions increased at pH 

2.6 due to the isoelectric point of pea protein being 4.3. The lack of repulsive forces and the 

associated steric hindrance could have resulted in the reduced fluorescence intensity (Chao & 

Aluko, 2018). 
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The temperature and time treatment could reduce the fluorescence intensity and shift the 

𝜆max of protein. However, there was no linear relationship observed between the fluorescence 

intensity and sCW treatments. Chang et al. (2022) hydrolyzed egg white protein using sCW and 

reported that temperatures did not correlate to the fluorescence intensity of the protein and 𝜆max of 

the hydrolysates remained unchanged after sCW treatment.  

4.3.4. Peptide size distribution 

The changes in the molecular weight of peptide chains were monitored by size exclusion 

chromatography shown in Figs. 4.5-4.6. After 40 min hydrolysis, the intensity of 4.3 kDa peak 

considerably increased. Also, the peak areas of 4.3 kDa at 20 min and 40 min were 1.8 and 5.5 

times higher than the one obtained at 10 min, respectively. This observation agreed with the degree 

of hydrolysis (Fig. 4.1A) where the highest DH was obtained at 40 min, which is likely due to the 

high content of peptides in the hydrolysate. Compared to the reaction time, temperature had the 

most significant effect in reducing the peptides molecular mass. With increasing temperature, the 

better hydrolysis and the smaller peptides were produced. The peptides found at 180oC had 

molecular masses of 4.5-4.9 kDa with relatively low intensities from 53-55 mAu. However, at a 

higher temperature of 220oC, the peaks eluted at 30 and 31 min disappeared, instead, there was a 

prominent peak detected at 32 min with a considerably higher intensity of 153 mAu (Fig. 4.5B). 

The molecular mass of the identified peptides was 4.1 kDa with the estimated degree of 

polymerization of 30-31. As shown in the chromatograms, the intensity of peptides at 220oC was 

approximately 3 times higher than the one obtained at 180oC. The area of 4.1 kDa peptides at 

220oC were 6.5 times higher than the one at 180oC, suggesting that the proteolytic activity of the 

media was enhanced at a higher temperature. The result well-explained the increment of the degree 

of hydrolysis at 220oC in Fig. 4.1B which was due to the higher content of peptides in the media.  
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Fig. 4.5. Distribution of peptide size in the hydrolysates of protein and pectin at (A) 
protein:pectin 1:1 (w/w)/180oC, (B) protein:pectin 1:1 (w/w)/10 min, and (C) 180oC/10 min. 

 
The mixing ratios of pectin and protein also showed a noticeable effect on the hydrolysis of protein. 

At the ratios of 1:0.1 and 1:0.5 protein:pectin (w/w), there were no considerable changes in the 

peptides profile of the hydrolysates, the major peak was eluted at approximately 29 min 

corresponding to the MW of 6.3-6.5 kDa (Fig. A8). However, at the ratios of 1:1 and 1:3 

protein:pectin (w/w), the smaller peptides gradually appeared with the retention times of 30-37 

min which correlated to the MW of 4.3-1.6 kDa, respectively (Fig 4.5C). Wang et al. (2019) 

observed a similar result after hydrolyzing soy protein with sCW. At 120oC, the MW of the 

peptides decreased to less than 75 kDa and the percentage of aggregated protein particles was 

reduced. They suggested that the disulfide bonds were broken under sCW treatment, limiting the 

formation of aggregated particles.  

(A) 
(B) 

(C) 
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Fig. 4.6. Size exclusion chromatograms of pea protein hydrolysates with citric acid at (A) 10 min 
and (B) 180oC. 

 
Regarding the hydrolysis of pea protein with citric acid (Fig. 4.6), the molecular weight 

distributions had a relatively similar elution pattern. The prominent peak eluted at ~32 min which 

had a MW of 4.2 kDa. The peak’s intensity gradually increased and reached a maximum of 72 

mAu at 240oC/10 min (Fig 4.6A). The reaction time did not greatly affect the intensity of the ~32 

min peak, there was only a slight increase in its intensity from 49 to 56 mAu at the reaction time 

of 20 and 40 min, respectively. 

4.3.5. Amino acid profile 

The amino acid profiles of pea protein and pectin hydrolysates are reported in Table 4.2. 

The dominant amino acid was glutamic acid (43.12g/100g protein at 240oC). This agreed with the 

data reported by Gorissen et al. (2018) that glutamic acid is the most abundant amino acid 

(12.9g/100g) in pea flour. Most of the essential amino acids were degraded at temperatures higher 

than 180oC, especially threonine, arginine, and serine were undetectable at 240oC. Hao et al. (2019) 

reported that threonine could not be found in the hydrolysates of abalone viscera extract at 230oC. 

On the other hand, the hydrophobic amino acids had increasing trends at higher sCW temperatures, 

particularly, hydrophobic amino acids contents were 33.08, 35.93, and 42.08 g/100g at 160oC, 

180oC, and 220oC, respectively. Among which Met/Val, Phe, and Ala had the highest contents at 

(A) (B) 
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240oC (5.36, 8.85, and 12.74 g/100g protein, respectively). Similarly, Domenico-Ziero et al. 

(2022) that the content of hydrophobic amino acids (Ile, Phe, Trp) were higher at elevated 

temperatures. It suggested that the hydrophobic characteristic of the hydrolysates was enhanced 

by the high temperatures of sCW which related to the exposure of hydrophobic amino acids in the 

interior of protein molecules to the surface as it was previously proposed by the fluorescence 

intensity in Fig. 4.4A-B. The dielectric constant of sCW decreases at increasing temperature which 

favors the dissolution of non-polar molecules. Hydrophobic amino acids normally possess non-

polar side chains which solubility is considerably enhanced at high temperature (Domenico-Ziero 

et al., 2022).
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Table 4.2. Total amino acid composition of the protein and pectin hydrolysates. 

Amino acids 180oC/10min Protein:pectin 1:1 (w/w), 10 min Protein:pectin 1:1 (w/w), 
180oC 

(g/100g 
protein) 

Protein:pectin 
1:0.1 (w/w) 

Protein:pectin 
1:1 (w/w) 

Protein:pectin 
1:3 (w/w) 160oC 180oC 220oC 240oC 10min 40min 60min 

Asp 15.67 15.7 15.05 15.43 15.7 5.27 1.7 15.7 14.03 12.73 
Glu 24.65 26.24 24.36 23.39 26.24 31.62 43.12 26.24 26.95 27.72 
Ser 2.33 2.56 4.94 5 2.56 0.44 0 2.56 1.93 2 
His 3.09 3.38 3.03 2.9 3.38 3.15 2.5 3.38 3.25 3.08 
Gly 7.79 7.5 6.83 6.37 7.5 9.73 9.26 7.5 7.38 8.46 
Thr 1.03 1.34 3.84 3.55 1.34 0 0 1.34 1.18 1.07 
Arg 3.7 1.32 1.06 2.37 1.32 0 0 1.32 0.99 0.69 
Ala 6.91 7.79 6.93 6.41 7.79 10.39 12.74 7.79 8.14 8.33 
Tyr 4.11 4.37 5.1 5.56 4.37 5.14 5.37 4.37 4.94 4.37 

Met/Val 4.2 4 4.17 3.93 4 4.88 5.36 4 4.53 4.3 
Phe 6.82 7.09 6.58 6.47 7.09 7.9 8.85 7.09 7.03 7.12 
Ile 6.25 6.54 6.32 6.16 6.54 6.33 5.29 6.54 6.63 6.78 
Leu 10.48 10.51 10.33 10.11 10.51 12.58 2.75 10.51 11.08 11.1 
Lys 2.97 1.65 1.46 2.36 1.65 2.55 3.07 1.65 1.95 2.24 

           
Basicb 9.76 6.35 5.55 7.63 6.35 5.7 5.57 6.35 6.19 6.01 

Uncharged 
polarc 15.26 15.77 20.71 20.48 15.77 15.31 14.63 15.77 15.43 15.9 

Hydrophobicd 34.66 35.93 34.33 33.08 35.93 42.08 34.99 35.93 37.41 37.63 

Hydrophilice 50.08 48.29 44.96 46.45 48.29 42.59 50.39 48.29 47.17 46.46 
a Asp: aspartic acid, Glu: glutamic acid. b His: histidine, Arg: arginine, Lys: lysine. c Ser: serine, Gly: glycine, Thr: threonine, Tyr: tyrosine. d 
Ala: alanine, Met: methionine/Val: valine, Phe: phenylalaline, Ile: isoleucine, Leu: leucine. e Asp, Glu, His, Arg, Lys. 
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The contents of hydrophilic amino acids were the highest compared to other amino acid 

categories. In general, hydrophilic amino acids increased at increasing temperatures and reached 

the maximum value of 50.39 g/100g protein at 240oC. The exposure of hydrophilic amino acids 

suggested the potential to chelate the ferrous ions of pea protein hydrolysates (Phongthai et al., 

2018). The reaction times again did not considerably affect the changes in amino acids profiles of 

pea protein hydrolysates. There was a slight increase in hydrophobic amino acids content from 

35.93 to 37.63g/100g protein at 10 and 60 min of reaction times, respectively. However, 

Sunphorka et al. (2012) contrastingly reported the amino acid contents of rice bran protein 

hydrolysates significantly increased with longer time from 10 to 60 min, the possible reason was 

due to the differences in temperature. The authors employed sCW at 250oC which was much higher 

than this study, 180oC. Hence, under higher temperature, the amino acids content was very likely 

to increase. 

Table 4.3 shows the amino acid profiles of pea protein and citric acid hydrolysates. 

Similarly, Glu was the most prominent amino acid in the hydrolysate with the maximum content 

of 40.05g/100g protein at 240oC. Most of the amino acids were unstable at high temperature of 

240oC, except for the hydrophobic ones which content improved with increasing temperature and 

peaked at 240oC with 39.52 g/100g. That explained the unfolding of protein at high temperature, 

which was previously indicated by the intrinsic fluorescence intensity in Fig. 4.4C-D. Most of the 

amino acid contents were not significantly influenced by the reaction times.
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Table 4.3. Total amino acid composition of the protein and citric acid hydrolysates. 

Amino acid Protein:citric acid ratio of 1:0.2 (w/w), 10 
min 

Protein:citric acid ratio of 1:0.2 (w/w), 
180oC 

(g/100g 
protein) 

160oC 180oC 240oC 10 min 20 min 40 min 

Asp 13.97 11.95 1.56 11.95 10.3 7.55 
Glu 21.56 23.77 40.05 23.77 23.59 26.84 
Ser 5.66 5.63 1.29 5.63 5.59 5.46 
His 3.09 3.38 3.06 3.38 2.91 3.29 
Gly 5.61 6.08 8.21 6.08 5.91 6.47 
Thr 4.35 4.19 0.98 4.19 4 4.21 
Arg 9.88 7.98 1.95 7.98 7.97 6.39 
Ala 5.47 5.97 10.58 5.97 6.14 6.86 
Tyr 3.01 4.03 0 4.03 5.22 2.94 

Met/Val 3.11 3.35 4.72 3.35 3.73 4.06 
Phe 5.65 5.88 6.65 5.88 6.12 6.43 
Ile 4.92 5.28 6.08 5.28 5.64 6.18 

Leu 8.63 9.09 11.49 9.09 9.45 10.07 
Lys 5.07 3.42 3.38 3.42 3.44 3.26 

   
  

   

Acidica 35.53 35.72 41.61 35.72 33.89 34.39 
Basicb 18.04 14.78 8.39 14.78 14.32 12.94 

Uncharged 
polarc 

18.63 19.93 10.48 19.93 20.72 19.08 

Hydrophobicd 27.78 29.57 39.52 29.57 31.08 33.6 
Hydrophilice 53.57 50.50 50.00 50.50 48.21 47.33 

a Asp: aspartic acid, Glu: glutamic acid. b His: histidine, Arg: arginine, Lys: lysine. c Ser: serine, Gly: glycine, Thr: threonine, Tyr: 
tyrosine. d Ala: alanine, Met: methionine/Val: valine, Phe: phenylalaline, Ile: isoleucine, Leu: leucine. e Asp, Glu, His, Arg, Lys.
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4.3.6. Antioxidant activity of pea protein hydrolysates 

The antioxidant activity of pea protein hydrolysates was estimated by its ability to 

neutralize DPPH- free radicals. Once DPPH- encounters proton-donating species, its absorbance 

reduces thus reflect its scavenging ability of that species. The reaction time did not significantly 

influence the antioxidant activity of pea protein hydrolysates with citric acid (Fig. 4.7A), however, 

all the hydrolysates possessed relatively high antioxidant activity. At least 88% of DPPH- free 

radicals were scavenged. On the other hand, the DPPH- scavenging activity of hydrolysates with 

pectin were significantly affected by the reaction time, the scavenging activity was 72.27% at 10 

min, decreasing upon longer heating.  

Regarding the effect of temperature, the antioxidant activity of hydrolysates obtained from 

protein with both citric acid and pectin gradually increased and reached the maximum values of 

90.88%, and 76.95% respectively at 200oC. However, higher temperatures of 220 and 240oC 

resulted in the reduction of the scavenging activity. This could be related to the small peptide size 

(4.1 kDa) and the peptides composition in the hydrolysates. At lower temperatures of 160-200oC, 

there were different peptides with various MW detected (Figs. 4.5-4.6). It was likely that these 

peptides could have encountered DPPH- radicals then transformed them to more stable products; 

hence, contributed to the antioxidant activity of the hydrolysates. At higher temperatures of 220 

and 240oC, the degradation of high MW peptides was clearly observed (Fig. 4.5) where there was 

only one dominant peptide with MW of ~4.1 kDa detected which probably had lower antioxidant 

activity than the ones at 200oC. Consequently, the antioxidant activity of the hydrolysates at 220 

and 240oC was reduced. Another plausible reason is related to the content of aromatic amino acids 

(Tyr, Phe, Trp) that can donate hydrogen atoms from the hydroxyl groups to neutralize the free 

radicals (Phongthai et al., 2018). As indicated in Table 4.2, the contents of aromatic amino acids 
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(Tyr and Phe) considerably decreased from 9.91 to 6.65 g/100g protein at 180 and 240oC, 

respectively; therefore, that may affect the DPPH- scavenging activity of the hydrolysates. 

Compared to citric acid hydrolysates, the protein and pectin hydrolysates showed a lower 

scavenging activity against DPPH- indicated in Fig. 4.7A-B. This potentially demonstrated that 

pectin and citric acid catalyzed pea protein hydrolysis reaction in different patterns, thus different 

peptides were formed, leading to the differences in DPPH- scavenging activity. It is noteworthy to 

mention that the antioxidant activity seems to be inversely proportional to the degree of hydrolysis 

of pea protein. The higher DH (Fig 4.1B), the lower antioxidant activity (Fig 4.7B). A similar 

observation was reported in the study of Klompong et al. (2007) where with increasing the DH of 

yellow stripe trevally animal protein from 5 to 25%, the DPPH scavenging activity was reduced 

from approximately 97% to 78%, respectively.  
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Fig. 4.7. DPPH- radicals scavenging activity of pea protein hydrolysates with pectin 1:1 (w/w) 
and citric acid 1:0.2 (w/w) at: (A) 10 min, (B) 180oC and (C) 180oC/10 min. The averages that 

do not share the same letter are statistically different.  
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Gomes & Kurozawa (2020) investigated the antioxidant capacity of rice protein hydrolyzed 

by alcalase and flavourzyme. They reported that with increasing degree of hydrolysis, the DPPH 

scavenging activity increased as the smaller peptides are more effective to engage with DPPH- 

radicals, consequently increased the antioxidant activity of the protein hydrolysates. However, the 

data reported in this study did not agree with those findings. The degree of hydrolysis at 200oC 

and 220oC were found to be 25.1% and 64.8% respectively; however, the antioxidant activity at 

220oC was significantly lower than the one at 200oC. Gomes & Kurozawa (2020) only evaluated 

the hydrolysates at the DH from 1 to 10% of rice protein. Meanwhile, in this study, we obtained 

hydrolysates with appreciably higher degree of hydrolysis from 13% to 65%. Therefore, the 

antioxidant activity is not proportionally related to the degree of hydrolysis but likely depends on 

the peptide size and its composition.  
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Fig. 4.8. Ferric reducing antioxidant power of the protein:pectin (1:1, w/w) hydrolysates and 
protein:citric acid (1:0.2, w/w) at: (A) 10 min, (B) 180oC, and (C) 180oC/10 min. The samples 

that do not share the same letter are statistically different. 
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The ferric reducing activity measures the ability of a substance to donate the electrons 

which reduce the ferrous ions in TPTZ solution. Similar to the DPPH- scavenging activity, the 

reaction time did not have significant effect on ferric reducing activity of pea protein hydrolysates 

with both citric acid and pectin, as shown in Fig 4.8A. However, it clearly showed that the 

hydrolysates with pectin had significantly stronger ferric reducing activity than the ones obtained 

with citric acid. Interestingly, the degree of hydrolysis of the hydrolysates with pectin were, as 

well, significantly higher than the ones obtained with citric acid (Fig 4.1A). Therefore, it was very 

likely that, at higher DH, the smaller MW peptides readily interacted with the ferrous ions leading 

to the higher ferric reducing activity. Moreover, due to the cleavage of peptide bonds, the small 

MW peptides had additional source of protons and electrons in the specific side chain which helped 

to effectively reduce the ferrous ions (Centenaro et al., 2011). A similar observation was reported 

in the study of Gomes & Kurozawa (2020) who mentioned that at higher degree of hydrolysis, the 

ferric reducing activity of rice protein hydrolysates were significantly increased. The highest 

activity was 957 μmol TE obtained at DH 10% using alcalase enzyme for the hydrolysis. 

The effect of temperature on the ferric reducing activity was shown in Fig 4.8B. At the 

temperatures lower than 200oC, the protein hydrolysates with pectin had significantly higher ferric 

reducing activity than the ones with citric acid. However, at 220oC, there was a significantly 

increase in the ferric reducing activity of hydrolysates with citric acid and the highest value was 

686.7 M obtained at 220oC/ 10 min. Upon further heating up to 240oC, the ferric reducing activity 

was significantly reduced to 517.3 M. The mixing ratio of protein and pectin had significant 

influence on the activity of the hydrolysates, as shown in Fig 4.8C. With increasing concentration 

of pectin, the activity significantly increased and reached the highest value of 1151.1 M at 

protein:pectin 1:3 (w/w). The degree of hydrolysis, as shown in Fig 4.1C, significantly improved 
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with increasing pectin concentration. As mentioned earlier, at higher DH, smaller MW peptides 

was released which could easily align with the ferrous ions and donate the electrons to reduce 

them, leading to the improvement in the ferric reducing activity.  

4.4. Conclusions 

For the first time, pea protein concentrate was hydrolyzed by sCW with citrus pectin and 

citric acid as the additives. The highest DH was found to be 64.8% at 200oC/50 bar/10 min, and 

the protein:pectin ratio of 1:1 (w/w). The hydrolysates with citric acid had significantly lower DH, 

the highest value was 34.66% at 240oC/50 bar/10 min and protein:citric acid ratio of 1:0.2 (w/w). 

The effect of temperature was more pronounced than the reaction time in terms of influencing the 

degree of hydrolysis. With increasing DH, the protein content of the hydrolysates increased due to 

the breakdown of protein molecules into smaller peptides with MW of 6.5-1.6 kDa. Among them, 

the most prominent peptide was 4.1 kDa (with the estimated degree of polymerization 30-31) that 

eluted at ~32 min. All the protein hydrolysates experienced the unfolding and the exposure of 

hydrophobic clusters as indicated by the fluorescence intensity and the max values. The amino 

acid profiles showed that hydrophilic amino acids were dominant in the hydrolysates, which 

accounted for at least 50% of total amino acids. The DPPH- scavenging activity of hydrolysates 

with citric acid were appreciably higher than the ones obtained with pectin. This indicated that 

pectin and citric acid could assist the hydrolysis of pea protein concentrate in different 

mechanisms. Overall, sCW is a green technology that has great potential to produce small MW 

peptides from pea protein concentrate, moreover, the selectivity of sCW can be adjusted to 

generate hydrolysate that has high DH with high ferric reducing activity or moderate DH with high 

DPPH- scavenging activity by adding either citrus pectin or citric acid, respectively to the media. 

The experimental scheme of pea protein hydrolysis is shown in Fig. 4.9. 
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Fig 4.9. Schematic representation of pea protein concentrate hydrolysis with citrus pectin 
and citric acid as catalysts. 
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Chapter 5: Conclusions and Recommendations 

5.1. Conclusions 

In this thesis, bioactive oligosaccharides and bioactive peptides were produced from the hydrolysis 

of citrus pectin and pea protein concentrate, respectively, using subcritical water technology.  

In the first study, citrus pectin was hydrolyzed in sCW media modified by either 0.2% (w/w) malic 

acid or 0.2% (w/w) citric acid. The hexuronic acids content of the pectic hydrolysates was 

significantly enhanced by increasing temperature. At temperatures above 145oC, the concentration 

of ionic species (H3O+ and OH-) improved which catalyzed the hydrolysis at a higher extent, 

leading to the increase in hexuronic acid content up to 0.712g HexA/g pectin at 200oC/50 bar/10 

min. The hexuronic acid content obtained in this study was significantly higher than the reported 

values of the hydrolysates obtained by subcritical water hydrolysis of apple pectin (0.079g/g 

pectin), apple pomace (0.12 g/g pectin), and passion fruit pectin (0.11 g/g pectin). Besides 

hexuronic acids, the content of rhamnose also improved at increasing temperatures, which had the 

highest value of 0.075g/g pectin at 180oC/50 bar/10 min in the aqueous citric acid media. The 

rhamnose content in this study was significantly higher than the content obtained by subcritical 

water hydrolysis of lemon peel pectin (0.058g/g pectin) but lower than the hydrolysate of 

Enteromorphan prolifera macroalgae (0.42 g/g algae) and soybean rhamnogalacturonan (0.113g/g 

RG). The malic acid hydrolysates had a significantly higher rhamnose content (0.082g/g pectin) 

than the ones obtained with citric acid (0.075g/g pectin) at 180oC/50 bar/10 min. The stronger 

catalytic effect of malic acid could be due to the pKa values of 3.4 and 5.1 which were lower than 

pKa values of citric acid (3.1, 4.7, and 6.4). The lower pKa, the more readily to donate hydrogen 

atom, hence, malic acid could catalyze the hydrolysis reaction at a higher extent. Rhamnose is one 

of the constituents of the backbone of rhamnogalacturonan (RG) regions. The more rhamnose in 
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the hydrolysate, the more RG was hydrolyzed, releasing the oligosaccharides attached to the RG’s 

backbone. Therefore, oligosaccharides were determined using the hydrophilic interaction liquid 

chromatography. The dominant oligosaccharide was arabinooligosaccharide eluted at 6.8 min with 

the highest content at 160oC/50 bar/20 min and a molecular weight of the oligosaccharide was 

estimated at approx. 2.65 kDa with DP17-DP18. In addition, arabinose was also detected in the 

hydrolysate which had the highest content of 1.55mg/g pectin at 160oC/50 bar/20 min. The 

functionality of the pectic hydrolysates was determined based on the DPPH- scavenging activity 

and ferric reducing antioxidant power (FRAP) methods. The DPPH- scavenging activity improved 

with increasing temperature which had the highest activity of 90.6% at 160oC/50 bar/10 min. 

Similarly, the ferric reducing power also increased at elevated temperatures and reached the 

maximum value of 1515 M at 170oC/50 bar/10 min. The DPPH- scavenging activity of malic 

acid hydrolysates (92.6%) was significantly higher than the ones obtained with citric acid (90.6%) 

at 160oC/50 bar/10 min. But the citric acid hydrolysates (993.5 M) had higher ferric reducing 

power than the ones obtained with malic acid (798.1 M) at 160oC/50 bar/10 min. This behavior 

might be because malic acid had random catalytic pattern, implying that the side chain and the 

backbone could be hydrolyzed simultaneously. On the other hand, citric acid catalyzed the pectin 

hydrolysis in a stepwise pattern, meaning that the side chain was broken down prior to the 

backbone. Due to the different catalytic patterns, the compositions of hydrolysates obtained in 

malic and citric acid media were different, leading to variations in their antioxidant activities.  

In the second study, due to the release of hexuronic acids from pectin hydrolysis, pectin was used 

as the catalyst for pea protein hydrolysis to obtain bioactive peptides. Pea protein concentrate was 

hydrolyzed using subcritical water with citrus pectin and citric acid as catalysts. Regardless of the 

catalysts used, the conformation of pea protein after subcritical water processing unfolded as 
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indicated by the reduction of the fluorescence intensity and the red shift of max from 382 to 388 

nm. The unfolded protein was severely denatured as determined by the protein content. The total 

protein/peptide/amino acid content of the hydrolysates increased up to 799.9 mg/g protein at 

220oC/50 bar/10 min with a protein:pectin ratio of 1:1 (w/w). The reaction time also played a 

significant effect on the protein content which was enhanced as the time increased from 10 to 40 

min, reaching the highest value of 903.1 mg/g protein at 180oC/50 bar/40 min. After the subcritical 

water hydrolysis, the structure of globular protein unfolded, leading to the exposure of peptide 

bonds which were buried in the molecule interior. Therefore, the higher amount of peptide bond 

in the hydrolysates, the higher protein content. The use of citric acid hydrolysis, on the other hand, 

had a significantly lower protein content of 543.9 mg/g protein obtained at 180oC/50 bar/40 min. 

The protein degree of hydrolysis (DH) agreed with the protein content, that also increased at high 

temperatures. The hydrolysates with pectin had significantly higher DH than the ones obtained 

with citric acid. At 220oC/50 bar/10 min, the highest DH was 64.7% obtained with a protein:pectin 

ratio of 1:1 (w/w), while the DH of citric acid hydrolysate was only 27.2%. The high DH (64.8%) 

indicated the presence of small MW peptides in the hydrolysates. The peptides were detected in 

the range of 6.5-1.6 kDa, among them, a peptide with MW of 4.1 kDa was the most prominent 

obtained at 220oC/50 bar/10 min with a protein:pectin ratio of 1:1 (w/w). The hydrophilic amino 

acids were the dominant type in the hydrolysates, with the highest contents of 50.39 and 

53.57g/100g obtained at 240oC/50 bar/10 min and 160oC/50 bar/10 min in the pectin and citric 

acid hydrolysates, respectively. Interestingly, the content of hydrophobic amino acids significantly 

increased from 33.08 to 42.08 g/100g as the temperature increased from 160 to 220oC. As known, 

the dielectric constant of water reduces at higher temperature, which favors the dissolution of non-

polar side chains of the hydrophobic amino acids, leading to the higher content of hydrophobic 
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amino acids at high temperatures. The functionality of pea protein hydrolysates was determined 

based on the ability of scavenge DPPH- free radicals and reduce ferric ions. The citric acid 

hydrolysates had significantly higher DPPH- scavenging activity than the ones obtained with 

pectin. Meanwhile, the pectin hydrolysates had higher ferric reducing activity than the citric acid 

ones, indicating that the catalytic patterns of pectin and citric acid were different, leading to the 

differences in the composition of the hydrolysates, hence, difference in the antioxidant activity. 

Therefore, depending on the application, the type of catalyst can tailor to either obtain hydrolysates 

with high degree of hydrolysis and high proton donating activity or moderate degree of hydrolysis 

with high electron donating activity.  

5.2. Recommendations and challenges 

5.2.1. Recommendations 

To further advance this research, there are some suggestions for future work.  

For the first study: 

• Ultrafiltration of pectic hydrolysates should be conducted with the molecular weight 

membrane cut-off of 3 kDa as the hydrolysates have 2.65 kDa oligosaccharides to obtain 

the oligosaccharides in the retentate and rhamnose in the permeate.  

• The retentate stream can then be freeze-dried or spray-dried to obtain oligosaccharide 

powder that can be directly used as fiber supplements or as fortifying agent to improve 

fiber content in food products.  

• The prebiotic effect of the obtained oligosaccharides should be tested in vitro using the 

gastrointestinal microorganisms such as Bifidobacterium bifidum, Lactobacillus spp., 

Streptococcus spp., and Escherichia spp. In vivo evaluation can be eventually conducted 

with rats and human subjects. 
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• In this study, the effect of dicarboxylic (malic acid) and tricarboxylic acid (citric acid) on 

pectin hydrolysis was evaluated. Further study can employ mono- or tetra-carboxylic acids 

such as acetic acid and pyromellitic acid, respectively to understand their catalytic patterns 

in the hydrolysis reaction. The pKa values of pyromellitic acid are 1.92, 2.87, 4.49, and 

5.63 which, while the pKa value of acetic acid is 4.76. Due to having lower pKa values, 

pyromellitic acid is expected to have higher hydrolytic potential than acetic acid. 

For the second study:  

• Ultrafiltration should be performed with a molecular weight membrane cut-off of 5 kDa 

due to the presence of 4.1 kDa peptides in the hydrolysates to isolate the bioactive peptides 

in the protein hydrolysate.  

• The isolated peptides can then be freeze-dried to produce powder which can be used as 

protein supplements. Moreover, the angiotensin converting enzymes inhibitory effect of 

the isolated peptides powder should be determined and eventually tested in rats and human 

subjects. 

• Identification of peptide sequence in the hydrolysate by tandem mass spectrometry method 

(MS/MS) and online database (https://web.expasy.org/peptide_cutter/) should be 

performed to clarify the peptide sequences that have bioactivities. 

• The unfolded protein has amphiphilic property due to the exposure of the hydrophobic core 

to the surface, therefore, the evaluation of the techno-functionalities of the protein 

hydrolysate such as emulsifying ability, foaming capacity, and encapsulating ability should 

be conducted. 

https://web.expasy.org/peptide_cutter/
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• This study evaluated the effect of hexuronic acids on protein hydrolysis. Therefore, the 

catalytic effect of NaHCO3 and CO2 towards protein hydrolysis reaction should also be 

determined due to their potential of forming H2CO3 in subcritical water media.  

• The crosslinking of bovine serum albumin in subcritical water media was reported in the 

literature. Therefore, crosslinking of pea protein to form gels in subcritical water media can 

be possible and should be evaluated. Gels obtained from pea protein can later be used as 

delivery systems such as hydrogel or aerogel using the supercritical CO2 drying process.  

• Subcritical water might be able to remove the beany flavor volatiles (e.g., alcohols, 

aldehydes, ketones) of the pea protein powder, therefore the sensorial evaluation of pea 

protein powder should be performed. Moreover, different techniques for beany flavor 

removal such as supercritical CO2 extraction and deep eutectic solvents extraction should 

be conducted for comparison purposes.  

5.2.2. Challenges 

Throughout my research, there were some challenges that I have successfully solved. 

 For the process: 

• The process involved high temperatures and high pressures; therefore, a high level of 

attention was needed to safely operate the high pressure-temperature system and accurately 

duplicate the experiments.  

• The system was pressurized using the N2 tank pressure, therefore, it was necessary to 

frequently check the tank’s pressure to avoid any insufficient supply of N2. 

For the analyses: 

• Spectrophotometry method was employed throughout the research, therefore, calibrating 

before each measurement was required to obtain accurate values.  
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• High performance liquid chromatography (HPLC) analysis also used for quantification of 

compounds of interest (e.g., rhamnose, oligosaccharides, amino acids, etc.), therefore, 

additional time was needed to learn the use of HPLC. 

•  During the pandemic, the chemical orders were delayed, hence, postponed the progress of 

some analysis.  
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APPENDIX 
Appendix A. Calibration curves 

 

 
Fig. A1. Calibration curve of hexuronic acid determination based on galacturonic acid equivalent 

by spectrophotometry method. 
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Fig. A2. Calibration curve for rhamnose determination by HPLC analysis. 
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Fig. A3. Calibration curve for molecular weight (MW) determination based on dextran as the 

standard by HP-SEC. 
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Fig. A4. Calibration curve of ferric reducing antioxidant power (FRAP) determination based on 

vitamin C equivalent by spectrophotometry method. 
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Fig. A5. Calibration curve for degree of hydrolysis determination using L-Lysine as the standard 

by spectrophotometry method.  
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Fig. A6. Calibration curve for protein/peptide/amino acid content determination using bovine 
serum albumin as the standard by spectrophotometry method  
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Fig. A7. Chromatogram of HPSEC standards used for peptides size determination. 
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Fig. A8. High performance size exclusion chromatograms (HPSEC) of pea protein and pectin 
hydrolysates. 
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Fig. A9. Calibration curve for arabinose determination by HPLC analysis. 
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Appendix B. Hydrolysis of citrus pectin by subcritical water modified with carboxylic acids. 
 

Table B1. Hexuronic acids content of pectic hydrolysates.  
Time 
(min) 

Temperature 
(oC) 

Solvent HexA 
concentration 

(g/g pectin) 

Average 
concentration 

(g/g pectin) Rep1 Rep2 
10 

160 Water 

0.50 0.59 0.540.06a 
20 0.56 0.54 0.550.01a 
30 0.60 0.54 0.570.04a 
40 0.52 0.58 0.550.04a 
50 0.48 0.5 0.490.02a 
60 0.46 0.48 0.470.01a 

10 

135 

Water 

0.09 0.03 0.060.04c 
145 0.12 0.13 0.130.00c 
160 0.50 0.59 0.540.06b 
170 0.48 0.41 0.450.05b 
180 0.52 0.53 0.520.01b 
200 0.71 0.71 0.710.00a 

10 

160 

Citric 
acid 
0.2% 
(w/w) 

0.48 0.48 0.480.00A 
20 0.73 0.67 0.700.04A 
30 0.54 0.59 0.560.03A 
40 0.62 0.7 0.650.06A 
50 0.50 0.68 0.590.13A 
60 0.6 0.51 0.550.06A 

10 

135 
Citric 
acid 
0.2% 
(w/w) 

0.05 0.07 0.060.01B 
145 0.18 0.13 0.160.04B 
160 0.48 0.48 0.480.00A 
170 0.57 0.58 0.580.01A 
180 0.61 0.64 0.630.02A 
200 0.56 0.71 0.630.11A 

10 
160 

Malic 
acid 
0.2% 
(w/w) 

0.63 0.60 0.620.02* 
20 0.80 0.81 0.800.00** 
10 180 0.89 0.97 0.930.06** 

The average that does not share the same lowercase letter (a-c), uppercase letters (A-B) and 
symbols (*-**) are statistically different (Tukey’s test, p<0.05). 
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Table B2. Rhamnose content of pectic hydrolysates.  
Time 
(min) 

Temperature 
(oC) 

Solvent Rhamnose 
concentration (g/g 

pectin) 

Average 
content (g/g 

pectin) Rep1 Rep2 
10 

160 Water 

0.05 0.05 0.050.002a 
20 0.05 0.05 0.050.001a 
30 0.05 0.07 0.060.012a 
40 0.05 0.05 0.050.001a 
50 0.05 0.05 0.050.002a 
60 0.05 0.05 0.050.001a 

10 

135 

Water 

0 0 0 
145 0 0 0 
160 0.05 0.06 0.050.002a 
170 0.05 0.04 0.050.008a 
180 0.05 0.06 0.050.003a 
200 0 0 0 

10 

160 
Citric acid 

0.2% 
(w/w) 

0.05 0.05 0.050.00A 
20 0.06 0.06 0.060.002A 
30 0.06 0.06 0.060.001A 
40 0.06 0.07 0.060.005A 
50 0.07 0.07 0.070.002A 
60 0.07 0.07 0.070.001A 

10 

135 

Citric acid 
0.2% 
(w/w) 

0 0 0 
145 0 0 0 
160 0.05 0.05 0.050.00C 
170 0.06 0.06 0.060.00B 
180 0.08 0.07 0.080.002A 
200 0.05 0.05 0.050.00D 

10 
160 

Malic 
acid 0.2% 

(w/w) 

0.06 0.06 0.060.001* 
20 0.07 0.06 0.070.007* 
10 180 0.08 0.08 0.080.001** 

The average that does not share the same lowercase letter (a), uppercase letters (A-D) and symbols 
(*-**) are statistically different (Tukey’s test, p<0.05). 
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Table B3. DPPH- scavenging activity of pectic hydrolysates.  
Time 
(min) 

Temperature 
(oC) 

Solvent Scavenging activity 
(%) Average (%) 

Rep1 Rep2 
10 

160 Water 

84.61 85.95 85.280.95a 
20 78.72 79.73 79.230.71b 
30 75.95 77.04 76.490.77bc 
40 75.78 76.96 76.370.83bc 
50 71.15 71.83 71.490.48d 
60 73.93 71.99 72.961.37cd 

10 

135 

Water 

74.35 80.82 77.594.58ab 
145 73.17 71.40 72.291.25bc 
160 84.61 85.95 85.280.95a 
170 74.60 73.84 74.220.54bc 
180 68.21 70.23 69.221.43c 
200 67.62 67.87 67.750.18c 

10 

160 
Citric acid 

0.2% 
(w/w) 

90.58 90.66 90.620.06A 
20 87.22 87.13 87.170.06B 
30 82.84 82.93 82.880.06CD 
40 85.28 84.02 84.650.89C 
50 81.08 81.67 81.370.42D 
60 80.91 81.92 81.410.71D 

10 

135 

Citric acid 
0.2% 
(w/w) 

40.71 40.45 40.580.18F 
145 71.24 70.23 70.730.71E 
160 90.58 90.66 90.620.06A 
170 83.26 84.19 83.730.65B 
180 81.16 81.16 81.160.00C 
200 77.54 78.30 77.920.54D 

10 
160 

Malic 
acid 0.2% 

(w/w) 

93.15 91.99 92.570.82* 
20 91.49 91.41 91.450.06* 
10 180 87.28 87.45 87.370.12** 

The average that does not share the same lowercase letter (a-d), uppercase letters (A-D) and 
symbols (*-**) are statistically different (Tukey’s test, p<0.05). 
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Table B4. Ferric reducing antioxidant power of pectic hydrolysates.  
Time 
(min) 

Temperature 
(oC) 

Solvent Concentration 
(M) 

Average 
concentration 

(M) Rep1 Rep2 
10 

160 Water 

716.55 1003.16 859.85202.66c 
20 961.97 868.68 915.3265.97bc 
30 1006.52 1029.21 1017.8716.05abc 
40 1284.73 1259.51 1272.1217.83a 
50 1321.71 1384.75 1353.2344.57a 
60 1227.57 1218.33 1222.956.54ab 

10 

135 

Water 

166.86 170.22 168.542.38b 
145 302.18 206.36 254.2767.75b 
160 716.55 1003.16 859.85202.66a 
170 1077.96 1043.50 1060.7324.37a 
180 1178.82 1156.13 1167.4816.05a 
200 828.33 987.19 907.76112.33a 

10 

160 

Citric 
acid 
0.2% 
(w/w) 

1015.76 971.22 993.4931.50C 
20 1425.09 1422.57 1423.831.78A 
30 1436.02 1382.22 1409.1238.04A 
40 1406.60 1359.53 1383.0633.28A 
50 1327.59 1359.53 1343.5622.58A 
60 1223.37 1169.58 1196.4738.04B 

10 

135 
Citric 
acid 
0.2% 
(w/w) 

229.89 207.20 218.5516.05C 
145 216.45 171.90 194.1731.50C 
160 1015.76 971.22 993.4931.50B 
170 1487.29 1542.76 1515.0239.23A 
180 1467.11 1555.37 1511.2462.40A 
200 1425.93 1462.07 1444.0025.56A 

10 
160 

Malic 
acid 
0.2% 
(w/w) 

767.82 828.33 798.0742.79* 
20 1000.64 998.95 999.791.19* 
10 180 

1466.27 1440.22 1453.2518.42** 
The average that does not share the same lowercase letter (a-c), uppercase letters (A-C) and 
symbols (*-**) are statistically different (Tukey’s test, p<0.05). 
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Appendix C. Hydrolysis of pea protein concentrate in subcritical water media with addition of 
citrus pectin and citric acid. 

 
Table C1. Degree of hydrolysis of pea protein hydrolysates.  

Time 
(min) 

Temperature 
(oC) 

Protein:catalyst 
ratio 

Degree of 
hydrolysis (%) Average (%) 
Rep1 Rep2 

10 

180 Protein:Pectin 
1:1 (w/w)  

24.01 26.81 25.411.98B 
20 34.53 33.21 33.870.93B 
30 44.08 43.64 43.860.31A 
40 53.81 47.15 50.484.71A 
50 48.81 47.15 47.981.18A 
60 47.32 46.45 46.880.62A 

10 

160 

Protein:Pectin 
1:1 (w/w) 

15.77 9.98 12.884.09B 
180 24.01 26.81 25.411.98B 
200 23.66 27.16 25.412.48B 
220 63.36 66.17 64.761.98A 
240 68.53 55.04 61.789.54A 

10 

180 Protein:citric 
acid 1:0.2 (w/w) 

26.05 25.12 25.580.66 
20 24.42 22.57 23.501.31 
30 27.82 26.82 27.320.71 
40 28.36 29.21 28.790.60 
50 29.68 29.45 29.560.16 
60 23.73 31.38 27.555.41 

10 

160 

Protein:citric 
acid 1:0.2 (w/w) 

23.50 22.34 22.920.82 
180 26.05 25.12 25.580.66 
200 22.26 24.58 23.421.64 
220 29.21 25.12 27.172.90 
240 34.86 34.47 34.660.27 

10 

180 Protein (control) 

26.59 25.04 25.811.09d 
20 33.46 28.13 30.803.77bcd 
30 25.51 25.81 25.660.22cd 
40 40.88 40.03 40.460.60a 
50 30.37 34.31 32.342.79bc 
60 37.87 39.57 38.721.20ab 

10 

160 

Protein (control) 

22.18 23.34 22.760.82c 
180 26.59 25.04 25.811.09c 
200 28.36 31.53 29.952.24b 
220 37.95 39.65 38.801.20a 
240 39.96 42.27 41.121.64a 

The average that does not share the same lowercase letter (a-d), uppercase letter (A-B), Greek 
letter (-), or symbol (*-****) are statistically different (Tukey’s test, p<0.05). 
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Table C1. Continued 

Time 
(min) 

Temperature 
(oC) 

Protein:catalyst 
ratio 

Degree of 
hydrolysis (%) Average (%) 
Rep1 Rep2 

10 180 

Protein:pectin 
1:0.1 (w/w) 19.62 18.66 19.140.68**** 

Protein:pectin 
1:0.5 (w/w) 16.73 16.38 16.560.25**** 

Protein:pectin 
1:1 (w/w) 24.01 26.81 25.411.98*** 

Protein:pectin 
1:2 (w/w) 39.08 38.21 38.640.62** 

Protein:pectin 
1:3 (w/w) 64.33 64.50 64.410.12* 
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Table C2. protein/peptide/amino acid content of pea protein hydrolysates.  
Time 
(min) 

Temperature 
(oC) 

Protein:catalyst 
ratio 

Protein/peptide/amino 
acid content (mg/g 

protein) 

Average content 
(mg/g protein) 

Rep1 Rep2 
10 

180 Protein:Pectin 
1:1 (w/w)  

717.12 755.52 736.3227.15B 
20 812.32 859.52 835.9233.38AB 
30 887.52 891.52 889.522.83A 
40 899.52 906.72 903.125.09A 
50 881.92 867.52 874.7210.18A 
60 844.32 937.12 890.7265.62A 

10 

160 

Protein:Pectin 
1:1 (w/w) 

625.12 620.32 622.723.39A 
180 717.12 755.52 736.3227.15A 
200 609.12 697.92 653.5262.79A 
220 824.32 775.52 799.9234.51A 
240 825.92 711.52 768.7280.89A 

10 

180 Protein:citric 
acid 1:0.2 (w/w) 

429.92 452.32 441.121.58 
20 461.12 445.92 453.5210.75 
30 485.92 496.32 491.127.35 
40 533.12 554.72 543.9215.27 
50 517.92 553.92 535.9225.46 
60 463.52 579.52 521.5282.02 

10 

160 

Protein:citric 
acid 1:0.2 (w/w) 

425.92 392.32 409.1223.76  
180 429.92 452.32 441.1215.84 
200 522.72 505.12 513.9212.45 
220 534.72 537.92 536.322.26 
240 505.12 489.12 497.1211.31 

10 

180 Protein (control) 

401.92 417.92 409.9211.31cd 
20 429.12 428.32 428.720.57bc 
30 385.12 381.12 383.122.83e 
40 396.32 400.32 398.322.83de 
50 436.32 431.52 433.923.39b 
60 455.52 454.72 455.120.57a 

The average that does not share the same lowercase letter (a-e), uppercase letter (A-B), Greek letter 
(-), or symbol (*-***) are statistically different (Tukey’s test, p<0.05). 
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Table C2. Continued 

Time 
(min) 

Temperature 
(oC) 

Protein:catalyst 
ratio 

Protein/peptide/amino 
acid content (mg/g 

protein) 

Average content 
(mg/g protein) 

Rep1 Rep2 

10 

160 

Protein (control) 

341.12 338.72 339.921.69c 
180 401.92 417.92 409.9211.31b 
200 425.92 431.52 428.723.96b 
220 486.72 493.92 490.325.09a 
240 489.92 486.72 488.322.26a 

10 180 

Protein:pectin 
1:0.1 (w/w) 465.12 478.72 

471.929.62*** 

Protein:pectin 
1:0.5 (w/w) 595.52 598.72 

597.122.26*** 

Protein:pectin 
1:1 (w/w) 821.12 821.92 736.3227.15** 

Protein:pectin 
1:2 (w/w) 989.92 1057.92 

1023.92 
48.08* 

Protein:pectin 
1:3 (w/w) 1283.52 1137.12 

1210.32 
103.52* 
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Table C3. DPPH- scavenging activity of pea protein hydrolysates. 
Time 
(min) 

Temperature 
(oC) 

Protein:catalyst 
ratio 

Scavenging activity 
(%) Average (%) 

Rep1 Rep2 
10 

180 Protein:Pectin 
1:1 (w/w)  

73.09 71.44 72.271.17a 
20 59.98 62.50 61.241.78ab 
30 47.94 47.68 47.810.19b 
40 47.51 52.41 49.963.46b 
50 47.96 50.42 49.191.74b 
60 52.27 64.73 58.508.81ab 

10 

160 

Protein:Pectin 
1:1 (w/w) 

66.18 68.13 67.151.38a 
180 73.09 71.44 72.271.17a 
200 73.00 80.90 76.955.58a 
220 72.57 75.44 74.002.03a 
240 73.80 66.53 70.165.14a 

10 

180 Protein:citric 
acid 1:0.2 (w/w) 

89.09 89.42 89.250.23A 
20 91.23 90.00 90.610.87A 
30 91.32 91.60 91.460.20A 
40 90.85 91.04 90.940.13A 
50 89.25 89.62 89.430.27A 
60 88.96 87.17 88.071.27A 

10 

160 

Protein:citric 
acid 1:0.2 (w/w) 

76.24 75.59 75.920.46D 
180 89.09 89.42 89.250.23B 
200 90.72 91.04 90.880.23A 
220 85.49 85.70 85.590.15C 
240 84.53 85.06 84.790.38C 

10 180 

Protein:pectin 
1:0.1 (w/w) 42.80 29.72 36.269.25*** 

Protein:pectin 
1:0.5 (w/w) 39.66 39.05 39.350.43*** 

Protein:pectin 
1:1 (w/w) 73.09 71.44 72.271.17** 

Protein:pectin 
1:2 (w/w) 90.21 89.48 89.850.51* 

Protein:pectin 
1:3 (w/w) 83.88 88.39 86.143.19* 

The average that does not share the same lowercase letter (a-b), uppercase letters (A-D) and 
symbols (*-***) are statistically difference (Tukey’s test, p<0.05). 
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Table C4. Ferric reducing antioxidant power of pea protein hydrolysates.  
Time 
(min) 

Temperature 
(oC) 

Protein:catalyst 
ratio 

Concentration 
(M) 

Average 
concentration 

(M) Rep1 Rep2 
10 

180 Protein:Pectin 
1:1 (w/w)  

430.77 435.82 433.303.57bc 
20 374.46 342.52 358.4922.58c 
30 473.64 444.22 458.9320.80ab 
40 503.90 519.87 511.8811.29ab 
50 550.97 496.33 523.6538.63a 
60 419.01 441.70 430.3516.05bc 

10 

160 

Protein:Pectin 
1:1 (w/w) 

331.59 345.04 338.329.51c 
180 430.77 435.82 433.303.57a 
200 389.59 398.84 394.216.54b 
220 440.86 419.01 429.9315.45a 
240 383.71 381.18 382.451.78b 

10 

180 Protein:citric 
acid 1:0.2 (w/w) 

195.43 182.83 189.138.91D 
20 223.17 221.49 222.331.19CD 
30 252.59 293.77 273.1829.12CD 
40 322.35 303.86 313.1013.08BC 
50 393.79 482.05 437.9262.40A 
60 422.37 418.17 420.272.97AB 

10 

160 

Protein:citric 
acid 1:0.2 (w/w) 

159.29 173.58 166.4410.10C 
180 195.43 182.83 189.138.91C 
200 420.69 404.72 412.7011.29B 
220 620.73 752.69 686.7193.31A 
240 500.54 534.16 517.3523.77AB 

10 180 

Protein:pectin 
1:0.1 (w/w) 84.49 62.63 73.5615.45***** 

Protein:pectin 
1:0.5 (w/w) 129.87 136.60 133.244.75**** 

Protein:pectin 
1:1 (w/w) 430.77 435.82 433.303.57*** 

Protein:pectin 
1:2 (w/w) 747.64 751.01 749.322.38** 

Protein:pectin 
1:3 (w/w) 1139.32 1162.85 1151.0916.64* 

The average that does not share the same lowercase letter (a-c), uppercase letters (A-D) and 
symbols (*-*****) are statistically different (Tukey’s test, p<0.05). 
 
 


	ABSTRACT
	PREFACE
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	ABBREVIATIONS
	Chapter 1: Introduction
	1.1.  Rationale
	1.2. Hypothesis and objectives
	Study 1: Hydrolysis of citrus pectin by subcritical water modified with carboxylic acids.
	Study 2: Hydrolysis of pea protein concentrate in subcritical water with the addition of citrus pectin and citric acid.


	Chapter 2: Literature review
	2.1. Subcritical water
	2.1.1. Physico-chemical properties of subcritical water
	2.1.1.1. Dielectric constant
	2.1.1.2. Ionic strength
	2.1.1.3. Mass transfer properties
	2.1.1.4. Severity factor

	2.1.2. Chemical reactions in subcritical water
	2.1.2.1. Synthesis reactions
	2.1.4.2. Cross-linking reaction
	2.1.4.3. Thermal hydrolysis
	- Carbohydrate-rich biomass hydrolysis
	- Protein hydrolysis
	- Lipid hydrolysis



	2.2 Pectin
	2.2.1. Structure
	2.2.2. Hydrolysis of pectin
	2.2.2.1. Enzymatic hydrolysis
	2.2.2.2. Ultrasound-assisted hydrolysis
	2.2.2.3. High speed shearing depolymerization
	2.2.2.4. Subcritical water (sCW) hydrolysis


	2.3. Pea protein
	2.3.1. Structure
	2.3.2. Hydrolysis of pea protein
	2.3.2.1. Microwave assisted acid hydrolysis
	2.3.2.2. Enzymatic hydrolysis
	2.3.2.3. High pressure assisted enzymatic hydrolysis


	2.4. Summary

	Chapter 3: Hydrolysis of citrus pectin by subcritical water modified with carboxylic acids
	3.1. Introduction
	3.2. Materials and methods
	3.2.1. Materials
	3.2.2. Subcritical water hydrolysis of citrus pectin
	3.2.3. Hexuronic acid content
	3.2.4. Rhamnose determination
	3.2.5. Oligosaccharide determination
	3.2.6. Oligosaccharide size distribution
	3.2.7. Antioxidant activity of pectic hydrolysates
	3.2.8. Statistical analysis

	3.3. Results and discussion
	3.3.1. Hexuronic acid content
	3.3.2. Rhamnose content
	3.3.3. Oligosaccharide determination and molecular weight estimation
	3.3.4. Antioxidant activity

	3.4. Conclusions

	Chapter 4: Hydrolysis of pea protein concentrate in subcritical water media with addition of citrus pectin and citric acid
	4.1. Introduction
	4.2. Materials and methods
	4.2.1. Materials
	4.2.2. Subcritical water hydrolysis
	4.2.3. Characterizations of the protein hydrolysates
	4.2.3.1. Degree of hydrolysis
	4.2.3.2. Protein/peptide/amino acid content determination
	4.2.3.4. Total amino acid profile
	4.2.3.5. Peptide molecular weight distribution
	4.2.3.6. Intrinsic fluorescence spectroscopy
	4.2.3.7. Antioxidant activity
	4.2.3.8. Statistical analysis


	4.3. Results and discussion
	4.3.1. Degree of hydrolysis
	4.3.2. Protein/peptide/amino acid content of hydrolysates
	4.3.3. Intrinsic fluorescence spectroscopy
	4.3.4. Peptide size distribution
	4.3.5. Amino acid profile
	4.3.6. Antioxidant activity of pea protein hydrolysates

	4.4. Conclusions

	Chapter 5: Conclusions and Recommendations
	5.1. Conclusions
	5.2. Recommendations and challenges
	5.2.1. Recommendations
	5.2.2. Challenges


	References
	APPENDIX
	Appendix A. Calibration curves
	Appendix B. Hydrolysis of citrus pectin by subcritical water modified with carboxylic acids.
	Appendix C. Hydrolysis of pea protein concentrate in subcritical water media with addition of citrus pectin and citric acid.


