
This is a repository copy of Covalently cross-linked proteins & polysaccharides: Formation,
characterisation and potential applications.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/111423/

Version: Accepted Version

Article:

Akhtar, M orcid.org/0000-0002-8135-362X and Ding, R orcid.org/0000-0002-6263-1524 
(2017) Covalently cross-linked proteins & polysaccharides: Formation, characterisation 
and potential applications. Current Opinion in Colloid & Interface Science, 28. pp. 31-36. 
ISSN 1359-0294 

https://doi.org/10.1016/j.cocis.2017.01.002

© 2017 Published by Elsevier Ltd. This manuscript version is made available under the 
CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright 
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy 
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The 
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White 
Rose Research Online record for this item. Where records identify the publisher as the copyright holder, 
users can verify any specific terms of use on the publisher’s website. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


������ ��	
����

Covalently cross-linked proteins & polysaccharides: Formation, characterisa-
tion and potential applications

Mahmood Akhtar, Rui Ding

PII: S1359-0294(17)30004-3
DOI: doi:10.1016/j.cocis.2017.01.002
Reference: COCIS 1093

To appear in: Current Opinion in Colloid & Interface Science

Received date: 30 October 2016
Revised date: 5 January 2017
Accepted date: 20 January 2017

Please cite this article as: Akhtar Mahmood, Ding Rui, Covalently cross-linked proteins &
polysaccharides: Formation, characterisation and potential applications, Current Opinion
in Colloid & Interface Science (2017), doi:10.1016/j.cocis.2017.01.002

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

http://dx.doi.org/10.1016/j.cocis.2017.01.002
http://dx.doi.org/10.1016/j.cocis.2017.01.002


AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Covalently cross-linked proteins & polysaccharides: formation, 

characterisation and potential applications 

 

Mahmood Akhtar* and Rui Ding 

Food Colloids Group, School of Food Science & Nutrition, University of Leeds, West Yorkshire, LS2 9JT, 

UK 

Abstract 

This review presents recent research conducted on the development of various protein-

polysaccharide conjugates, their functional properties and industrial applications. These 

conjugates are formed by the glycosylation of food proteins with carbohydrates via the 

Maillard reaction and are capable of improving the functional properties of proteins. The 

Maillard reaction facilitates covalent bonding between a reducing group of a carbohydrate 

and an amino group of a protein under controlled conditions of temperature, time, pH, and 

relative humidity. There is a great deal of interest in modifying the functional properties of 

proteins and in the use of novel conjugates for various industrial applications. This review 

discusses various methods and their implications for preparing and characterising these 

conjugates. Furthermore, the physicochemical properties of conjugates such as solubility, 

thermal stability, emulsifying activity, emulsion stabilising properties, gelling and foaming 

properties are also analysed. A novel processing technology, spinning disc reactor, could be 

an alternative process for the production of protein-polysaccharide conjugates, with 

desirable functionality in different food systems. 

KEYWORDS: Protein-polysaccharide conjugates, Maillard reaction, Glycation, Functional 

properties 

 

 

1. Introduction 

Proteins are important food ingredients due to their provision of the essential amino 

acids that are not synthesized in the human body, despite these being necessary for cellular 

metabolism. Proteins are amphiphilic molecules, which are able to adsorb strongly at the 

oil-water interface as highly effective emulsifiers. They are commonly used in the food 

industry in the stabilisation of oil-in-water emulsions [1-3]. However, the functional 
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properties of proteins may be lost under acidic conditions, high ionic strength, high 

temperature, and the presence of organic solvents, which limits their industrial applications. 

Thus, if proteins could be converted into more stable forms they could be more versatile in 

the food industry and elsewhere [4ƔƔ, 5]. 

Polysaccharides are high-molecule-weight, highly stable, hydrophilic, and 

biodegradable natural polymers which are usually used as thickeners to modify the viscosity 

of the aqueous phase in order to stabilise emulsions. Generally, they have little oil-water 

interfacial activity compared to proteins due to the lack of hydrophobic segments. However, 

some natural polysaccharides, such as gum arabic (Acacia Senegal), have emulsifying 

properties. Gum arabic is a highly branched carbohydrate polymer comprising ~2 wt% 

covalently-bonded protein and it is this that is responsible for the surface activity of the gum 

[6Ɣ]. 

Protein-polysaccharide conjugates are produced via the Maillard reaction, first 

reported by Maillard in 1912 [7]. It is a series of non-enzymatic browning reactions, which 

occur naturally between the reducing end of a sugar and an amino acid.  We can combine 

the functional properties of proteins and polysaccharides by covalently linking proteins to 

polysaccharides via the Maillard reaction to prepare novel protein-polysaccharide 

conjugates [5, 8Ɣ-10Ɣ].  The covalent bonding between proteins and polysaccharides may be 

expected to lead to an enhancement of protein functionality both as emulsifiers and 

stabilisers. The basic mechanism of the coupling is illustrated in Figure 1 [11ƔƔ]. 

High molecular weight glyco-conjugates possess the properties of the protein, strongly 

adsorbing at the surface of oil droplets and also possess the hydrophilic properties of the 

polysaccharide, in being highly solvated by the aqueous medium [12]. The conjugation 

between proteins and polysaccharides provides much more improved steric stabilisation of 

the emulsion droplets, as illustrated in Figure 2.  

The functional characteristics of proteins can be enhanced by means of physical, 

chemical or enzymatic treatments to obtain food ingredients for different applications [11ƔƔ, 

13]. However, the use of modified proteins as food ingredients, when achieved by chemical 

methods, is still limited due to some of the chemicals being, or perceived as being, harmful 

to human health [14-16]. One example is the use of cyanogen bromide to form the 
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ovalbumin-dextran compound that exhibit improved emulsifying properties compared to 

matrices containing pure ovalbumin [10Ɣ]. Thus, the search for naturally occurring chemical 

reactions remains necessary. 

The main advantage of linking proteins to polysaccharides via the Maillard reaction is 

enhanced solubility and functional properties of proteins over a wide range of 

environmental conditions, such as low pH and high ionic strength [6Ɣ]. For example, gum 

Arabic, a natural glycoprotein, is generally used in the emulsification of citrus flavoured oil 

for soft drink applications.  It has been suggested that Gum Arabic could be replaced by 

whey protein-maltodextrin conjugates as the emulsifier and stabiliser instead [9Ɣ]. Well-

prepared protein-polysaccharide conjugates can show substantial improvement in 

emulsifying and stabilising properties compared to native proteins, under both low and 

neutral pH conditions and with colouring agents. Furthermore, the conjugates exhibited 

effective stabilisation of emulsions over several weeks even after extensive emulsion 

dilution [9Ɣ]. Recently, a comprehensive critical review has been published on food protein-

polysaccharide conjugates obtained via Maillard reaction [17]. The review discusses various 

stages of the Maillard reaction and the products formed at each stage. 

As shown in Figure 2, the conjugate-stabilised emulsion droplets have a thicker 

stabilising layer than protein-stabilised emulsion droplets, when the molecular weight of 

polysaccharide moiety is sufficiently large. In other words, the molecular weight of the 

polysaccharide determines the thickness of the steric stabilising layer. 

 

2. Preparation of protein-polysaccharide conjugates 

Proteins used as functional ingredients in foods are derived mainly from animal 

products, e.g., meat, eggs and milk, but plant proteins are increasingly used, e.g., from soy 

protein and peas.  Similarly, most research in preparing protein-polysaccharide conjugates 

has been done on animal-derived proteins (caseins, whey, egg white) [18-20], though there 

have been some investigations on conjugates derived from plant-based proteins [21-23].  

In the case of polysaccharides, dextran and maltodextrin have been most commonly 

used for preparing these conjugates [18, 24, 25] while other saccharides have also been 

investigated such as glucose, lactose and chitosan [21, 26, 27].  
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Over the last 25 years, both dry and wet-heating methods have been used for 

developing protein-polysaccharide conjugates. In 1990, ovalbumin-dextran conjugates were 

prepared under controlled dry-heating method by a group of Japanese researchers [20]. 

Two years later, a similar method was adopted to synthesize hybrids between three 

different proteins (11S globulin icia fabaが Hﾗ┗ｷﾐW ゲWヴ┌ﾏ ;ﾉH┌ﾏｷﾐが é-casein) and dextran in 

the Procter Department of Food Science, University of Leeds [28Ɣ]. The researchers carefully 

selected the incubation conditions of temperature, relative humidity (RH) 65% and reaction 

time 3 weeks. In 2003, the key parameters for the dry-heating, such as the incubation 

デWﾏヮWヴ;デ┌ヴW ふΒヰこCぶ ;ﾐS ヴWﾉ;デｷ┗W ｴ┌ﾏｷSｷデ┞ ふΑΓХぶが ┘WヴW I;ヴWa┌ﾉﾉ┞ ゲWﾉWIデWS ;ﾐS デｴW ヴW;Iデｷﾗﾐ 

time was significantly reduced (2 hours) for preparation of conjugates [8].  

The coupling of proteins and polysaccharides in aqueous solution via the Maillard 

reaction was not considered until 2008 [29].  A few years later, more research was carried 

out using a similar wet-heating methods to produce protein-polysaccharide conjugates [30-

32].  The main benefit of wet-heating was to maximise the contact between protein and 

polysaccharide and eliminate the freeze-drying step prior to incubation, since freeze-drying 

is energy and time consuming [30, 31]. However, the dry-heating method is more desirable 

than wet-heating from an industrial point of view, due to ease of handling and long-term 

storage [4ƔƔ].  

In order to eliminate freeze-drying, new drying processing technologies have also been 

be considered, such as spray drying and roller drying [4ƔƔ]. More recently, a novel approach, 

utilising a spinning disc reactor (SDR), has been tested.  The SDR offers a lean process with 

significant benefits including removal of freeze drying and other process aids, significant 

reductions in processing time, plus decreased energy use [33, 34].  

In the SDR, protein + polysaccharide solution is fed into the centre of a rotating disc, and is 

forced towards the edge and onto the surrounding walls by centrifugal force. A schematic 

diagram showing various pathways for the flow is presented in Figure 3. The disc can be 

heated (or cooled) and the centrifugal force creates a very thin film (measurable in µm) [35], 

giving high heat transfer coefficients between the disc and solutions [36]. When the solution 

leaves the spinning disc, it can be re-circulated providing a continuous process. The 

residence time on the disc is short, of the order of 0.4 seconds, but it is possible to reduce 

significantly the reaction time compared to the classic dry-heating method. SDR technology 
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has also been used for other food applications including production of concentrated apple 

juice [37Ɣ].  

 

3. Characterisation of protein-polysaccharide conjugates 

According to the literature, there are many techniques that have been used to confirm 

the formation of conjugates including: spectrophotometry [19, 22, 38], gel electrophoresis 

[8ͼ, 18, 39], and chromatography [20, 25, 27]. 

Spectrophotometry is a rapid and useful technique for monitoring the browning 

process of the Maillard reaction and its reaction products, in the wavelength range 270-500 

nm [19, 22, 29, 30, 38, 40, 41]. Generally, Maillard browning process is monitored at 420nm, 

though Zhu et al., (2008) reported a maximum absorbance peak at 304 nm for the formation 

of the Schiff base. Spectrophotometry requires few pre-treatments before the 

measurement and is probably the easiest and cheapest way to characterise protein-

polysaccharide conjugates but alone is not adequate to confirm the synthesis of conjugates.  

During conjugate formation the concentration of free amino groups decreases as 

they react with the saccharide reducing group. Therefore, the analysis of free amino groups 

in the Maillard reaction products (MRPs) can provide more direct information on the extent 

or the degree of conjugation. A significant number of studies have utilised the 2,4,6-

Trinitrobenzenesulfonic acid (TNBS) method to determine the free amino groups in the 

protein-polysaccharide mixture after the heat treatment [18, 19, 24, 40, 42-44]. The 

reaction is illustrated in Figure 4.  The TNBS reagent reacts with the free amino groups to 

form an orange coloured compound which can be analysed for by absorbance at 335 nm 

[45]. The method is widely accepted for the determination of free amino groups during 

protein hydrolysis. However, Nielsen et al., (2001) reported several disadvantages of this 

method: it utilizes a toxic, high risk chemical; it is time-consuming and requires a dark 

Wﾐ┗ｷヴﾗﾐﾏWﾐデく TｴW┞ SW┗WﾉﾗヮWS ; ﾐW┘ ﾏWデｴﾗS ┌ゲｷﾐｪ Ｓ-phthalaldehyde (OPA) which was then 

tested/utilised by many researchers and is now widely accepted as a more accurate method 

than the TNBS reaction for determining the free amino groups in protein-polysaccharide 

mixtures [16, 31, 38, 41, 46].  Figure 5 [48] illustrates the reaction scheme, which it is easier 

and quicker than the TNBS reaction, whilst the OPA reagent is less toxic and more stable.  
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(The OPA method is now used to monitor the proteolysis of milk proteins in dairy science 

[47]).   

Electrophoresis is another commonly used method to confirm the formation of 

protein-polysaccharide conjugates, especially sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) [8Ɣ, 9Ɣ, 38, 42, 49, 50]. The intensity of the bands due to pure 

(un reacted) protein declines relative to that of the new bands due to the conjugates, in 

positions of higher molecular weight.  Chromatographic techniques are usually chosen to 

assess the molecular weight (Mw) distribution of MRPs [20, 25, 30, 51, 52]. Size exclusion 

high performance liquid chromatography (SE-HPLC) is the most popular approach to 

investigating the Mw profile of MRPs.  MRPs typically dissolved in a sodium phosphate buffer 

are injected into a specific column at a controlled flow rate and the elution monitored by a 

light scattered photometer at a selected wavelength, e.g., 214nm [24, 25]. The Mw of the 

conjugates can be estimated based on the elution profiles against the standard protein 

references [25].  Other approaches that have been applied to characterise protein-

polysaccharide conjugates include fluorescence measurement [26, 32, 40], circular 

dichroism for their amino acid profiles [32, 38, 41], and matrix-assisted laser desorption 

ionization-mass spectrometry (MALDI-MS) for structure characterisation of protein-

polysaccharide conjugates [26, 53Ɣ].  

 

4. Functional properties of protein-polysaccharide conjugates 

4.1 Solubility and thermal stability 

To be effective as proteinaceous emulsifiers, sufficient solubility is a critical 

requirement [54Ɣ]. However, high solubility is usually difficult to achieve when 

environmental conditions are けharshげ. For instance, when the pH of the aqueous phase is not 

far from the isoelectric pH (pI) the solubility is markedly lower for most proteins. The 

covalent coupling of proteins and polysaccharides can improve the solubility of native 

proteins under unfavourable conditions, due to the attached hydrophilic polysaccharide 

moieties. A number of researchers have demonstrated improvement in the solubility of 

proteins after glycosylation [9Ɣ, 22, 31]. Akhtar and Dickinson (2007) reported that the 

solubility of whey proteins was significantly enhanced after coupling with polysaccharides 
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around the isoelectric point (pI) [9Ɣ]. Similarly, a considerable improvement in solubility of 

soy proteins coupled with acacia gum was observed compared to the mixture of protein-

acacia gum without the Maillard reaction [31]. However, contradictory solubility results 

were reported by Al-Hakkak and Al-Hakkak (2010) for egg white protein-pectin conjugates 

[43].  

Another important test for protein stability is resistance to denaturation. Thermal 

treatment is inevitable in food processing, such as pasteurisation, which can lead to the 

denaturation of proteins. Previously, many investigations suggested the improvement of 

protein thermal stability when grafted to polysaccharides [19, 42]. Their results suggested 

that a more stable structure was formed during the Maillard reaction, most likely due to   

protein-protein interactions between denatured protein molecules being more hindered by 

the attached polysaccharide molecules [11ƔƔ]. 

4.2 Emulsifying properties 

Generally, it is expected that protein-polysaccharide conjugates possess better 

emulsifying properties than native proteins, particularly at a pH near the pI. A large number 

of studies have been conducted to investigate the emulsifying properties of protein-

polysaccharide conjugates [8Ɣ, 20, 28Ɣ, 41, 42, 55-58Ɣ]. The critical parameters that 

significantly influence the emulsifying properties of the conjugates are the molecular weight 

of polysaccharide and the ratio of proteins and polysaccharide, though this has been studied 

to a lesser extent. 

4.2.1 Influence of molecular weight of polysaccharide 

Shu et al. (1996) reported that the emulsifying properties of lysozyme-galactomannan 

conjugates were enhanced significantly by increasing the molecular weight of the 

polysaccharide [42]. An optimum molecular weight of the polysaccharide was recognized to 

be 6 kDa. Other researchers have argued that the emulsifying properties may not be 

improved if the molecular weight of the attached polysaccharides is less than 6 kDa [11]. 

Furthermore, Akhtar and Dickinson, (2007) also confirmed that whey protein isolate-

maltodextrin (DE 19) (Mw =8.7 kDa) conjugates, exhibited better emulsifying properties than 

the conjugates with maltodextrin (DE 2 and 47) [9Ɣ]. Theoretically, larger sugar moieties 

should provide increased steric stabilisation. However, if the polysaccharide is too large 
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compared to the proteins, it will reduce the adsorption of the conjugates onto the oil-water 

interface detrimentally. Thus, an optimum Mw should exist for a particular type of 

polysaccharide chain.      

4.2.2 Influence of protein-polysaccharide ratio 

Dickinson and Semenova (1992) investigated the effect of molar ratio of protein-

dextran hybrids [28Ɣ]. Four years later, Shu et al. (1996) reported studies on lysozyme 

attached with 1 and 2 mol galactomannan, which showed that conjugates synthesised with 

a higher proportion of polysaccharides may have better emulsifying properties than that 

with a relatively low proportion of polysaccharides [42]. Akhtar and Dickinson (2007) also 

found a similar improvement of emulsifying properties of whey protein isolate: maltodextrin 

conjugates by increasing the proportion of polysaccharide from 1:0.5 to 1:3 (w/w) [9Ɣ]. 

However, recently Lam and Nickerson (2013) warned that if the content of polysaccharides 

is above a certain level, the non-linked polysaccharides may destabilise emulsions due to 

the depletion effect [59]. Therefore, it is critical to control the molar or the weight ratio of 

proteins and polysaccharides for synthesising effective conjugates.  

4.3 Gelling and foaming properties 

 Protein-polysaccharide conjugates have also been explored for their gelling and 

foaming properties compared to native proteins [16, 60, 61]. Matsudomi et al. [60] 

compared the gelling properties of egg white-galactomannan conjugates with egg white 

protein alone and showed an increase of gel strength and water retention capacity. More 

recently, Spotti et al. [16] reported that WPI-DX conjugates significantly enhanced the 

mechanical properties of the gels, which could be subjected to as high as 80% deformation 

in a uniaxial compression test without fracture, far higher than the gel prepared by 

non/unconjugated WPI-DX mixture [16]. Although majority of studies have shown that 

protein-polysaccharide conjugates can have improved デｴW aﾗ;ﾏｷﾐｪ ヮヴﾗヮWヴデｷWゲが é-casein-

dextran conjugates showed a negative effect [61ƔƔ].     

 

 5. Site-specific conjugates 
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 Practically, the attachment of polysaccharide molecules to specific sites on protein 

molecules is extremely challenging, especially in the context of food. However, computer 

simulation has been used to estimate the theoretical behaviours of such conjugates. The 

interactionゲ HWデ┘WWﾐ ;SゲﾗヴHWS ﾉ;┞Wヴゲ ﾗa üs1-casein- polysaccharide conjugates have been 

investigated using the lattice-based self-consistent-field (SCF) theory, suggesting that short 

polysaccharide chains covalently bonded to proteins may have detrimental effects on 

colloidal stabilisation, especially when the attachment position is in the middle of the 

protein [62ƔƔ].  

 

 6. Conclusions 

 In the search for better and more environmentally friendly emulsifiers and stabilizers, 

the glycosylation of proteins via the Maillard reaction can enhance the functional properties 

of native proteins and the conjugates produced have many potential uses in foods and 

other, non-food applications, such as drug delivery systems for controlled release of 

bioactive agents. New processing technologies, such as spinning disc reactor, are being 

developed that could provide alternative methods for their production. There is a need for 

further exploration of the fundamentals of Maillard reaction between proteins and 

saccharides in order to achieve a better understanding of the structure and functional 

properties of the conjugates formed.   
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Figure 1. (A) The basic chemical reaction mechanism for the formation of protein-

polysaccharide conjugates via the Maillard reaction (B) the overview structure of the 

conjugate [11]. 
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Figure 2. Comparison between protein- and conjugate-stabilised oil droplets in O/W 

system. The red blocks represent proteins; the blue branches represent 

polysaccharides. 

 

 

 

 

Figure 3. A schematic diagram of an SDR. 
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Figure 4. A schematic illustration of reaction between TNBS and amino groups. 

 

 

 

 

 

 

 

 

Figure 5. A chemical reaction of OPA with SH- and NH2- groups to form detectable 

compound at 340nm. 
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Highlights 

 A novel process for preparing conjugates via Spinning Disc Reactor (SDR) has been 

presented. 

 Solubility of proteins and their functional properties can be improved significantly by 

coupling with polysaccharides. 

 Advances in protein-polysaccharide conjugates by dry and wet heating methods are 

compared.  


