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ABSTRACT ARTICLE HISTORY
Hydrocolloids are a class of food additives with broad applications in the food industry to develop Received 19 May 2021
structure in food ingredients. Hydrocolloids can be synthetic, plant-based, or animal-based.  Revised 16 June 2021

Increasing consumer awareness has led to the use of natural food ingredients derived from Accepted 17 June 2021
natural sources, making algae-derived hydrocolloids more appealing nowadays. Algae-derived KEYWORDS
hydrocolloids such as carrageenan, agar, and alginate are widely used in the food industry as Algae; food additive;
thickening, gelling, and emulsifying agents. Carrageenans are sulfated polysaccharides with hydrocolloid; carrageenan;
diverse structural specificities. The safety of carrageenan use in the food industry has been widely agar; alginate
debated recently due to the reported pro-inflammatory activities of carrageenan and the probable

digestion of carrageenan by the gut microbiota to generate pro-inflammatory oligosaccharides. In

contrast, both agar and alginate are primarily nontoxic, and generally no dispute regarding the

use of the same in food ingredients. This review provides an overview of the algae industry, the

food additives, the algae-derived hydrocolloids, the applications of algae-derived hydrocolloids in

food industries, health-related studies, and other sectors, along with future perspectives. Even

though differences of opinion exist in the use of carrageenan, it is continued to be used by the

food industry and will be used until suitable alternatives are available. In summary, algal hydro-

colloids are ‘label-friendly’ and considered a safe option against synthetic additives.

Benefits:

= “Label-friendly”
= Safe over synthetic derivatives
* Agar and alginate are safe

i & Health concerns:
Is carrageenan safe?
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1. Introduction consistency/shelf life of the prepared food, and

' ' ' ' the definition of a food additive varies based on
Exploring sustainable food ingredients and pro-  gtate regulations. In the United States, a food addi-

moting human health are two of the main chal-  tive is defined as ‘any substance the intended use
lenges the world is currently facing. Thus, it is  of which results or may reasonably be expected
critical not only to feed the growing human popu- o result - directly or indirectly - in its becoming

lation but also to maintain or improve their health 3 component or otherwise affecting the character-
conditions [1]. Food additives are substances that  istics of any food’. This definition includes any

are added to food to improve the quality/  gybstance used in the production, processing,
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treatment, packaging, transportation, or storage of
food [2]. On the other hand, the Food Protection
Committee of the Food and Nutrition Board
defines a food additive as ‘a substance or mixture
of substances, other than a basic foodstuff, which
is present in a food as a result of any aspect of
production, processing, storage, or packaging. The
term does not include chance contaminants.” [3]

Direct food additives are substances that are
intentionally added to food products for specific
functional purposes, in controlled amounts,
usually at low levels (from parts per million,
ppm, to 1-2% by weight). In contrast, indirect or
nonintentional food additives are those entering
into food products in trace amounts as a result of
growing, processing, packaging, storage, or other
handling [4,5]. It is mainly the quantity used in
any given formulation that differentiates food
additives from food ingredients. Food ingredients
can usually be consumed alone as food. In con-
trast, food additives are primarily used in small
quantities relative to the total food consumption,
which nonetheless play a large part in the produc-
tion of desirable and safe food products [6]. Many
direct additives are revealed on the ingredient
labels of food products [7].

The term ‘hydrocolloid’ indicates a heteroge-
neous group of high molecular weight, long-chain
hydrophilic polymers (i.e. polysaccharides and
proteins with polar or charged functional groups)
that can perform gelling, thickening, and stabiliz-
ing functions when dispersed in water [8,9]. Most
hydrocolloids are classified as food additives (e.g.
food stabilizers, thickeners, and gelling agents) for
controlling moisture and offering structure, visc-
osity, flow, stability, and eating qualities [8,10,11].
Also, hydrocolloids can be used in soups, gravies,
salad dressings, sauces, and toppings as thicken-
ing agents and in jam, jelly, marmalade, restruc-
tured foods, and low sugar/calorie gels as gelling
agents [11]. In short, hydrocolloids are widely
used in the food industry to improve shelf-life
and quality attributes [8,11]. The term ‘Food
Hydrocolloids’ implies that the functionalities
are obtained after mixing with water [10]. The
approval for food additives and purity criteria
are strictly controlled by regulations [10].
According to European food law (EU Directive
95/2/EC) [12], the definitions of stabilizers,

thickeners, and gelling agents are quoted as fol-
lows: Stabilizers are substances which make it
possible to maintain the physicochemical state
of a foodstuff; stabilizers include substances
which enable the maintenance of
a homogeneous dispersion of two or more
immiscible substances in a foodstuff and include
also substances which stabilize, retain or inten-
sify an existing color of a foodstuff. Thickeners
are substances which increase the viscosity of
a foodstuff. Gelling agents are substances which
give a foodstuff texture through the formation of
a gel [13].

Algae are the most abundant primary produ-
cers, and algae-derived hydrocolloids are high-
value thickening, gelling, and emulsifying agents,
which have reached 100,000 tons of annual global
production and exceeded US$ 1.1 billion of gross
market value [14,15].

The aim of this review is to compile and
analyze the recent trends in the applications of
algae-derived hydrocolloids in the food industry
and provide an oulook regarding the safe use of
the same as food additives. In this context, this
review presents comprehensive information
regarding common algae-derived hydrocolloids,
namely carrageenan, agar, and alginate. It cov-
ers these hydrocolloids’ background, their cur-
rent applications in the food industry as food
additives, and their potential health impacts
and controversies. Among these, the health
risks associated with carrageenan consumption
and the continued use of carrageenan as a food
additive have been debated vigorously in recent
years. Also, the so-called ‘carrageenan contro-
versy’ is discussed in detail and critically ana-
lyzed in this review. Lastly, the updated
information about algal hydrocolloids is com-
piled, along with future perspectives.

2. The ‘algae’ industry

The non-taxonomic term ‘algae’ is a highly hetero-
geneous group consisting of more than 40,000
species, primarily eukaryotes and typically (but
not necessarily) living in aquatic habitats. The
‘algae’ includes eukaryotic phyla of Rhodophyta
(red algae), Chlorophyta (green algae),
Phaeophyta (brown algae), Bacillariophyta
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Figure 1. The simple classification of algae. Adapted from 110
and 111.

(diatoms), and dinoflagellates, as well as the pro-
karyotic phylum of Cyanobacteria (blue-green
algae) (Figure 1) [16,17].

Algae can be classified into microalgae and
macroalgae (Figure 1) [18]. Microalgae, either
eukaryotes or prokaryotes, are aquatic and need
to be small in size, unicellular or colonial without
cell differentiation, pigment-producing, and
photoautotrophic [19]. Macroalgae can be further
categorized into red, brown, and green algae based
on their primary pigments (Figure 1) [18]. Red
and brown algae can be employed to produce
hydrocolloids (e.g. agar, alginate, and carrageenan)
as thickening and gelling agents [20,21]. Notably,
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algae are mostly autotrophs, a feature allowing
simple and economical cultivation for commercial
production of food additives, cosmetics, animal
feed additives, pigments, polysaccharides, fatty
acids, and biomass [16].

The first attempts at on-site algal cultivation
started in 1731. Alginate, the main commercial
phycocolloid, started gaining its industrial value
in the early twentieth century [17,22]. In the
1980s, there were 46 large-scale microalgal pro-
duction facilities in Asia (mainly for Chlorella
sp.), and the large-scale production of cyanobac-
teria began in India. The commercial p-carotene
production using halophilic green alga Dunaliella
salina in Australia, Israel, and the United States
became the third-largest microalgal industry
[17,23].

In the 1990s, the photobioreactor technology
has made the large-scale production of astax-
anthin (which can be used in pharmaceuticals,
nutraceuticals, agriculture, and animal nutrition)
using Haematococcus pluvialis  commercially
viable in the United States and India [17,23,24].
Over the past few decades, we have witnessed
steady growth and significant diversification in
the algal biotechnology and industry [17, 23].
Algae also play a vital role in waste bioremedia-
tion and resource recovery into valuable pro-
ducts [25,26].

Besides used widely as food for direct human
consumption, algal products are served as
ingredients for biofuels, foods and food supple-
ments, nutraceuticals, pharmaceuticals, cos-
metics, fertilizers, and animal feed additives
[13,27-30]. Currently, about 1 million tons of
wet macroalgae are harvested and extracted for
producing approximately 55,000 tons of hydro-
colloids, with a total annual value of around
US$ 600 million [21]. Among microalgae,
Chlorella and Spirulina (Arthrospira) dominate
the global microalgae market as popular nutra-
ceuticals because of their high-protein content,
nutritional value, and easy cultivation [31]. In
addition, Haematococcus sp. is popular as
a source of astaxanthin for the coloration of
salmonid fish products [17,24,32,33].

It is noteworthy that many algal secondary
metabolites, such as antioxidants, pigments,
and vitamins, have been known to deliver
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beneficial attributes to dermaceutical products,
including protection from ultraviolet (UV)
radiations and prevention of photoaging such
as rough skin surface, fine lines and wrinkles,
uneven pigmentation, flaccidity, hair loss, and
proliferative lesions [34-36]. Also, being con-
sidered safe materials from environmental
resources, algal components are frequently
used in cosmetic products as thickening agents
and water-binding agents [17,34]. Typical algal
species utilized in the cosmeceutical industry
include Chondrus crispus, Mastocarpus stellatus,
Laminaria spp., Porphyra spp., Ulva lactuca,
Ascophyllum  nodosum,  Alaria  esculenta,
Spirulina platensis, Nannochloropsis oculata,
Chlorella  vulgaris, and Dunaliella salina
(17,37].

3. Algal hydrocolloids
3.1. Carrageenan

Rhodophyceae, the red marine macroalgae, con-
tains linear sulfated polysaccharides that fill the
voids of its cellulose structure [11]. These polysac-
charides, including carrageenan, furcellaran, and
agar, all have a galactose backbone but differ in
the proportion of 3,6-anhydrogalactose and the
proportion and location of ester sulfate groups,
leading to distinct rheological behaviors and dif-
ferent applications in the food industry [38].
Carrageenan is widely used in food products
(especially dairy and meat products) to confer
thickening, gelling, stabilizing, and strong protein-
binding properties [38,39]. Most of the carragee-
nan-producing macroalgae are cultivated at the
coastal waters of Philippines, Indonesia, and
Chile [11].

Carrageenan is a vegetarian/vegan alternative to
bovine gelatin in the confectionery and pharma-
ceutical industries [40,41]. There are three main
types of carrageenan - kappa, iota, and lambda,
which differ in the degree of sulfation and thus
have different gel strength, texture, solubility,
melting and setting temperatures, syneresis, and
synergy properties (Figure 2a) [11,39]. Kappa-
carrageenan has one sulfate per disaccharide,
while iota-carrageenan and lambda-carrageenan

contain two and three sulfates per disaccharide,
respectively (Figure 2a) [42].

Properties of the three main types of carra-
geenan are summarized in Table 1, and the
structure is depicted in Figure 2a. It is worth
noting that the properties of kappa- and iota-
carrageenan are affected by the presence of salts
in food products [11,21]. Kappa-carrageenan
forms a strong, rigid, but brittle gel in the pre-
sence of potassium ions and can react with dairy
proteins; in contrast, iota-carrageenan forms soft
and elastic gel in the presence of calcium ions
[11,21,38]. Lambda-carrageenan is a pure thick-
ener and does not gel [43]. Besides, kappa-
carrageenan has poor freeze-thaw stability,
while iota-carrageenan shows excellent freeze-
thaw stability. Accordingly, the blended kappa-
and iota-carrageenan is commonly applied for
desired texture, stability, and water-binding
properties [11,44].

All types of carrageenan are soluble in both hot
water (80°C) and hot milk (80°C), but only lambda-
carrageenan and the sodium salts of kappa- and iota-
carrageenan are soluble in cold water (20°C) [11,39].
In addition, only lambda-carrageenan is soluble in
cold milk and can produce a thickening effect through
protein interactions, which can be enhanced by the
addition of phosphates [39]. These carrageenan solu-
tions can be used as thickeners that give a creamy,
smooth, and non-gummy texture in dairy products
and display pronounced pseudoplasticity (shear thin-
ning) behavior when pumped or stirred [11].

3.1.1. Carrageenan as food additives and its
health-related issues

Japanese nori and algal hydrocolloids are the most
consumed algal products annually, and carrageenan is
the leader of algal hydrocolloids in this regard [45].
Carrageenan is an excellent alternative to emulsify
salts, and it can stabilize cheese fat without altering
the Ca:P ratio to produce homogeneous cheese pro-
ducts [46]. Also, carrageenan can be applied to stabi-
lize the structure of cheese analogs and replace casein
for imitating cheese products [46].

Carrageenan is ‘generally recognized as safe
(GRAS)’ and is globally approved as a food addi-
tive, even for infant formula. Nevertheless, the
‘carrageenan controversy was evolved from
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a study reporting carrageenan’s promoting effect
on inflammatory gene expression in the intestinal
epithelium [45,47]. Different viewpoints in the
‘carrageenan controversy’ are summarized in
Table 2. Notably, three unresolved gaps of
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Table 1. Properties of the three main types of carrageenan.
Adapted from 38.

Carrageenan

type Kappa lota Lambda

Degree of One sulfate per Two sulfates per Three sulfates
sulfation disaccharide disaccharide per

disaccharide

Solubility

Hot (80°C] Soluble Soluble Soluble
water

Cold (20°C) Sodium salt Sodium salt All salt soluble
water soluble soluble

Hot (80°C) milk Soluble Soluble Soluble

Cold (20°C) milk Insoluble Insoluble Thickens

Cold milk (TSPP Thickens or gels Thickens or gels Increased

added) thickening
or gelling
50% sugar Soluble hot Insoluble Soluble
solutions
10% salt Insoluble Soluble hot Soluble hot
solutions
Gelation
Effect of cations Strongest gels  Strongest gels ~ Non-gelling
with with calcium
potassium
Gel texture Firm, brittle Soft, elastic Non-gelling
Syneresis Yes No Non-gelling
Hysteresis 10-20°C 5-10°C Non-gelling
Freeze-thaw No Yes Yes
stability
Synergy with Yes No No
locust bean
gum
Synergy with Yes No No
konjac
glucomannan
Synergy with No Yes No
starch
Shear No Yes Yes
reversibility
Acid stability Hydrolysis in Hydrolysis in Hydrolysis
solution, solution,
accelerated accelerated
by heat; gels by heat; gels
are stable are stable
Protein Specific reaction Strong protein  Strong protein
reactivity with kappa- interaction in interaction
casein acid in acid

‘carrageenan controversy were highlighted in
previous studies: (1) The public exposure level
to carrageenan needs to be determined; (2) the
differential digestive fate of carrageenan in the
gastrointestinal tract has to be resolved; (3)
more information is required to elucidate the
impact of carrageenan on the human digestive
system [47]. Thus, additional studies are war-
ranted in the future to elucidate carrageenan’s
adverse effects.

The daily level of carrageenan consumption in
the United States and France was only 45-100 mg,
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Table 2. Different viewpoints in ‘the Carrageenan Controversy'.

The carrageenan controversy [45]

1. Carrageenan is approved for food use by all major food regulatory agencies worldwide.

2. Carrageenan is approved for use in liquid infant formula.

3. The negative attitude toward carrageenan is evolved from the research using an in-vitro model.

4. Bloggers made the issue go viral.

5. 106,found that carrageenan did not cross intestinal epithelial cell wall, was not cytotoxic, did not increase oxidative stress, and did not induce

pro-inflammatory gene expression.

Reply to comments regarding ‘the Carrageenan controversy’ [107]

. Carrageenan has been used in labs for decades to induce inflammation.

. Carrageenan has been used in an ever-increasing list of foods, and one may consume several grams per day, day after day for years.

. The potential contribution of carrageenan to chronic human diseases is unknown.

. Carrageenan is unarguably inflammatory, and its usage is a serious public issue.

. More than 10,000 publications on PubMed website are about carrageenan, and carrageenan exposure predictably and reproducibly provokes
inflammation.

6. Inflammation leads to human diseases, including atherosclerosis, cancer, arthritis, colitis, diabetes, and other diseases.

7. Carrageenan exposure may lead to relapses of ulcerative colitis and diabetes.

8. Exposure to a low dose of undegraded lambda-carrageenan may change the gene expression profiles of a human colonic epithelial cell line.

9. Food-grade carrageenan contains some low-molecular weight carrageenan.

Revisiting the carrageenan controversy: do we really understand the digestive fate and safety of carrageenan in our foods? [47]

1. There are gaps in our understanding of carrageenan: (1) Current levels of public exposure are unknown; (2) The link between carrageenan
physicochemical properties and the impact on digestive proteolysis, microbiome, and inflammation are not yet resolved; (3) The digestive fate
of carrageenan and the predisposed populations need to be determined.

. Carrageenan is approved for food use by all major food regulatory agencies worldwide, but the supportive evidence may either based on
animal studies or studies that are ethically challenged.

. Carrageenan toxicology and possible health impacts have been reported in extensive in vivo and in-vitro studies since the 1970s.

. Carrageenan may cause neoplasms, tumors, and ulcers in the small intestine and colon.

. Carrageenan can play a role in the onset of glucose intolerance in mice.

. Carrageenan may lead to an earlier relapse in ulcerative colitis in humans.

. Low doses of undegraded carrageenan can activate inflammatory pathways in-vitro.

. The low-MW (degraded) carrageenan can undisputedly provoke epithelial ulcerations and induce secretion of inflammatory cytokines.

9. Low-MW carrageenan diffuses through the mucus layer and to the intestinal epithelium faster.

10. The risk from the hypothesized physiologically digested carrageenan needs to be confirmed.

Comment on ‘Revisiting the carrageenan controversy: do we really understand the digestive fate and safety of carrageenan in our

foods?’ [108]

1. Poligeenan or degraded carrageenan used for testing are generated under very harsh conditions and are not the same as commercial
carrageenan.

. High-MW carrageenan is a food additive and is never intentionally injected into humans to induce significant inflammatory responses.

. If food-grade carrageenan is stable in the gut, it cannot induce inflammatory responses.

. No allergy or anaphylaxis caused by carrageenan is reported in humans.

. Well-designed studies with good laboratory practices showed no harmful effects of dietary carrageenan.

. The carcinogenic effect of carrageenan needs to be confirmed with long-term animal studies.

. No adverse effects of carrageenan were observed in recent clinical trials.

. The in-vitro adverse effects of carrageenan cannot be reproduced.

9. There is no controversy, only confusion.

10. Carrageenan does not cause inflammatory or gastrointestinal effects in animals using standard protocols for safety evaluation.

11. Degraded carrageenan (Poligeenan) is not permitted to be used as a food additive.

12. Carrageenan injection is not relevant to the usage as a food additive.

Reply to the Comment on ‘Revisiting the carrageenan controversy: do we really understand the digestive fate and safety of
carrageenan in our foods?’ [109]

. There is little information on (1) the physicochemical properties of commercial carrageenan, (2) carrageenan exposure levels in human diets, (3)
the role of carrageenan in gut microbiome dysbiosis and inflammation, and [4) the effects of carrageenan on susceptible populations.

. Food-grade carrageenan has possible adverse effects on digestive proteolysis, epithelial integrity, and human health in double-blind, placebo-
controlled independent trials.

. Carrageenan is a complicated mixture of natural biopolymers, thus posing significant challenges for analyzing its physicochemical
characteristics.

4. The molecular-weight distributions of carrageenan are not disclosed.

. There is no confusion over carrageenan terminology.

6. Studies for enhancing our understanding of carrageenan’s broad-spectrum, polydisperse nature, and possible bio-transformations during
human digestion are warranted.

. The challenge of experimental reproducibility of carrageenan will be overcome by independent trials.

8. Possible impacts of long-term carrageenan exposure on the gut ecosystem and low-grade inflammation should be determined.
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but it has increased significantly since the 1980s. It
has been estimated that human carrageenan intake
has elevated to 2.5 g per day in 1989 and up to
7.7 g per day (0-1 mg/kg body weight) in south
Florida in 2003 [47,48]. Still, health agencies have
not yet revisited carrageenan intake levels nor
specifying the acceptable daily intake (ADI) of
carrageenan [47,49].

Carrageenan is generally classified as an indi-
gestible dietary carbohydrate, but some pieces of
evidence supported that kappa-carrageenan could
depolymerize in gastric juices and result in
degraded carrageenan (molecular weight (MW)
<100 kDa) [47,50]. Several studies also revealed
that carrageenan might inhibit human gastric
juices and interfere with digestive proteolysis, lead-
ing to anti-nutritional effects [47,51-53]. For
instance, food-grade iota-carrageenan engaged in
electrostatic bonding with lactoferrin nano-
particles, resulting in a charged compound with
a zeta potential value of —69.2 mV, and this com-
pound could resist gastric digestion of lactoferrin
up to 1 h [51]. Gel formation by kappa-
carrageenan at low concentrations was delayed by
20 minutes in the presence of cow’s milk (with 9%
total solids), while 0.1% carrageenan formed gel
within 20 minutes at 20°C [52]. Since low-MW
carrageenan (i.e. <100 kDa) is regarded as an
established food contaminant and few reports are
available concerning the digestive proteolysis of
carrageenan, further studies are required to clarify
carrageenan’s digestive fate and its resultant
impact on human health [47].

Although being disputed, several in-vitro studies
indicated that carrageenan can elicit inflammation
by engaging toll-like receptor (TLR)4/B-cell leuke-
mia/lymphoma (BCL)10-dependent activation of
nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-xB), which upregulates
Interleukin-8 (IL-8) to trigger inflammatory reac-
tions. These studies revealed that, in human coli-
nic epithelial cell line NCM640, low-dose of
undegraded lambda-carrageenan (1 ug/ml) treat-
ment led to an increase in Bcl10, a crucial innate
immunity mediator, which induces NF-«B activa-
tion. In turn, the activated NF-kB promotes the
expression of IL-8 to trigger inflammation but also
upregulates Bcll0 to sustain NF-«kB activation
[54,55]. Additionally, the lambda-carrageenan-
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induced increase of Bcll0 and IL-8 depends on
TLR4, an innate immunity receptor, as lambda-
carrageenan failed to upregulate Bcl10 and IL-8 in
both NCM640 cells and mouse macrophage cell
line RAW 264.7 when their TLR4 were function-
ally blocked by TLR4 antibody, nor in TLR4-
deficient mouse macrophage cell line 23ScCr
[54]. Moreover, low-MW carrageenan (or
degraded carrageenan) with higher epithelial diffu-
sion rates has been demonstrated as the cause of
adverse effects, which might elicit lysosomal dis-
ruption in macrophages to provoke epithelial
ulcerations but also induce monocytes to produce
pro-inflammatory molecules, such as tumor necro-
sis factor a (TNF-a) and intercellular adhesion
molecule 1 (ICAM-1) [47,48,56]. Intriguingly, the
gut microbiota has also been implicated to play an
active role in carrageenan’s metabolism. Although
carrageenan is expected inert to hydrolysis by
intestinal enzymes, some colonic bacteria can de-
sulfate carrageenan [47,57-59]. In-vitro fermenta-
tion study further revealed that kappa-carrageenan
oligosaccharides (KO3 and KO6) obtained from
simulated gastric digestion were gradually
degraded and utilized by gut microbes, which in
turn modulate gut microbiota composition and
the production of short-chain fatty acids by gut
microbes [60].

Additional evidence has substantiated the pro-
inflammatory effect of carrageenan. The kappa-
carrageenan oligosaccharides KO3 and KOG6 have
been shown to promote pro-inflammatory bacteria
Prevotella while suppressing anti-inflammatory
bacteria  Bacteroides and  Parabacteroides.
Moreover, the smaller kappa-carrageenan oligo-
saccharides might provoke human colorectal can-
cer cell line HT-29 to secret pro-inflammatory
cytokines (IL-1(, TNF-a) in addition to secretory
immunoglobulin A (SIgA) and mucin 2 (human
mucus gel forming protein) [60].

In addition to pro-inflammatory effects, carra-
geenan could exert anti-inflammatory action.
Carrageenan is commonly used as a ‘pro-
inflammatory agent’ for developing pleurisy,
intestinal inflammation, paw edema, prostatitis,
colitis, and arthritis in animal models [60-64].
Nevertheless, kappa-carrageenan hexamer, the
negatively charged sulfated oligosaccharides, has
been shown to suppress lipopolysaccharide (LPS)-
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elicited pro-inflammatory responses in murine
macrophage cell RAW264.7 via inhibiting the
cluster of differentiation 14 (CD14)/REL-
dependent NF-kB inflammatory pathway [65].

It is noteworthy that a recent study revealed
children with Crohn’s Disease, an inflammatory
colon disorder, frequently consume particular
food additives, such as aluminosilicates, carboxy-
methylcellulose, carrageenan, maltodextrin, poly-
sorbate-80, soy lecithin, titanium dioxide, and
xanthan gum, although the impacts of these addi-
tives on the pathogenesis of Crohn’s Disease
remain verified [66]. On the contrary, the iota-
carrageenan produced from red macroalgae
Sarconema filiforme was reported to attenuate
high-carbohydrate, high-fat diet-induced meta-
bolic syndromes (obesity, hypertension, dyslipi-
daemia, glucose intolerance, fatty liver, and
increased left ventricular collagen deposition) and
modulate gut microbiota in male Wistar rats [67].

Carrageenan-elicited pro-inflammatory
response has raised a significant health concern
on using carrageenan as food additives. In
November 2016, the National Organics Standards
Board (NOSB), which advises the US Department
of Agriculture (USDA) on organic products-
related issues, voted 10 to 4 to remove carrageenan
from the National List of additives approved for
use in foods labeled “USDA Organic’ [45,68]. Still,
USDA did not take the advice, and carrageenan is
still on the ‘Generally Recognized as Safe (GRAS)’
food additives list of the US Food and Drug
Administration (FDA) after the review in
April 2018 [68]. Thus, it is necessary to conduct
extensive human trials and epidemiological studies
to resolve the health-related issue of the ‘carragee-
nan controversy for future application of carra-
geenan in the food industry.

3.2. Agar

Agar (or agar-agar) is a hydrocolloid (or phyco-
colloid) extracted from red macroalgae
(Rhodophyceae). It has been used as a gelling,
thickening, and stabilizing food additive for more
than 350 years since discovered in Japan in 1658
[69,70]. Agar is composed of two types of poly-
saccharides, namely, agarose (a linear polysacchar-
ide) and a heterogeneous mixture of smaller

molecules called agaropectin (Figure 2b).
Notably, agarose is the main gelling agent in agar
[69,71].

Agar is insoluble in cold water, while colloidally
dispersible in hot water (>90°C). When cooled at
32-39°C, a 1.5% agar solution will form a firm and
brittle gel that does not melt by heating below
85°C [70,71]. Agar is a very efficient gelling
agent, which can form a firm, brittle, and ther-
mally reversible gel at low concentration (0.2%)
[71]. Agar gel is formed by hydrogen bonds
between the adjacent D-galactose and 3,6-anhy-
dro-L-galactose along the linear chains of agarose
with repeating units. In this context, no additional
agent is required to form an agar gel, and the gel
structure is not affected by salts or proteins [71].

Agar is commonly used in microbiology
research for preparing solid culture media. Also,
agar is widely used in culinary, food, and confec-
tionery industries as the gelling agent for produ-
cing Asian traditional dishes, canned meats,
confectionery jellies, and aerated products like
marshmallows, nougat, and toffees [71].
Comparing to gelatin, the higher melting point of
agar gel makes products more thermostable, which
is especially useful for preparing bakery fill-
ings [71].

3.2.1. Agar as food additives and its
health-related issues

Agar is a widely used food additive, and it has
been approved by the US Food and Drug
Administration (FDA) as ‘Generally Recognized
as Safe (GRAS)’ since FDA started classifying
food additives in 1972. It is noteworthy that no
adverse effect of agar on humans has ever been
reported during its long-lasting utilization history
[72]. In Asia, agar is a common food additive, and
it is commonly used to make foods that require
heating (e.g. fry, bake, broil, roast, toast, and bar-
becue) before consumption, such as cake, sausage,
roast pork, and bacon [73]. Agar fluid gels can also
be used for producing very stable foams to replace
fat in whipped products [74].

Agar can be thermally degraded when the heat-
ing temperature is above 250°C [73]. Thermal
degradation of agar was found to be a single-step
exothermic reaction, and the degradation tempera-
ture is positively correlated with gel strength [73].



Although mostly nontoxic, some thermal-
degraded agar products, such as furyl hydroxy-
methyl ketone, furfural, and 5-(hydroxymethyl)-
2-furancarboxaldehyde (HFM), can exert some
toxicity to humans [73]. The ICs5, of furan for
mice is 120 mg/m’, while some stimulatory and
anesthetic effects have been reported in
humans [73].

3.3. Alginate

Alginates are gel-forming hydrophilic polysacchar-
ides in the cell walls of a wide range of brown
macroalgae found on the coasts of the North
Atlantic, South America, and Asia [75]. Alginates
are polymers of mannuronate (M) and guluronate
(G) covalently linked together in different blocks,
including blocks of consecutive G residues called
G blocks, consecutive M residues called M blocks,
and alternating M and G residues called MG
blocks (Figure 2¢) [11]. Similar to agar, alginates
are commonly used for gelling, thickening, stabi-
lizing, and film-forming applications. Alginates are
present as a mixed salt of sodium and/or potas-
sium, calcium, and magnesium in brown macro-
algae, but only sodium alginate is predominantly
used in foods [11,75,76]. Alginates derived from
different brown macroalgae display slightly differ-
ent structures, leading to different gelling proper-
ties [11].

Unlike other hydrocolloids, alginates are
unique in their cold solubility, which allows the
production of cold-setting gels, heat/temperature-
independent non-melting gels, and freeze-thaw
stable gels [76]. Notably, the addition of cations
such as calcium is required for alginate gel for-
mation. Only G blocks and sometimes MG blocks
can react with calcium to form alginate gels [77].
Thus, the higher the G residues, the stronger the
alginate gels [11,75,78]. It should be aware that,
since alginates are very reactive to calcium, the
release of calcium must be carefully adjusted to
prevent pre-gel formation called lumps or ‘fish
eyes’. Also, controlling the alginates-calcium
interaction would confer shear-irreversible and
heat-stable properties on cold-setting gels
[11,75]. The controlled conditions can be accom-
plished by using suitable calcium sequestrants
such as citrate or phosphate [77] or by processing
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at temperatures above 70°C and setting by cool-
ing [75].

The internal setting under controlled conditions
is obligatory for most alginate applications, includ-
ing bakery fillings, custards, structured fruits,
structured vegetables, structured meat products,
and aerated confectioneries [11]. For bakery appli-
cations, alginate gels are stable at baking tempera-
tures and various sugar levels for making heat-
stable bakery and fruit fillings, and their cold-
setting properties allow the production of instant
bakery filling creams [11,75]. In addition, sodium
alginate can be used as the thickening and struc-
turing agent in low-fat margarine and spread pro-
ducts, and also used for controlling the melting
behavior of ice cream [11]. Other alginate applica-
tions in food products include reformed foods
such as onion rings and olive fillings [75].

3.3.1. Alginate as food additives and its
health-related issues

Bovine serum albumin (BSA) is a common food
protein ingredient found in bovine whey and
blood. Given its physicochemical and structural
properties have been well studied, BSA serves as
a good research model for protein interaction in
foods [79]. The interaction between BSA and
sodium alginate demonstrated that alginate hardly
induces changes in BSA’s secondary structure but
instead acting as a stabilizer to increase BSA pro-
tein stability [79].

Gum  Arabic/gelatin/alginate  microcapsules
loaded with fucoxanthin were shown resistant to
simulated gastrointestinal digestion using 0.32%
pepsin and 0.02% NaCl at pH 1.2 for 2 h, followed
by incubation with simulated intestinal fluid with
1% trypsin, pH 7.4 for 4 h. Alginate hydrogel can
be used for novel fucoxanthin encapsulation,
which can improve gastric acid tolerance and the
rapid disintegration and release of fucoxanthin in
the small intestine, providing a good oral delivery
system for fucoxanthin [80]. Also, alginate-based
encapsulation can increase the survivability of
Lactobacillus  plantarum during storage and
under simulated food processing and gastrointest-
inal conditions [81]. Alginate-chitosan and algi-
nate-skimmed milk encapsulated L. plantarum
showed survivability in the presence of simulated
gastric fluid (pepsin 3 g/L, pH 1.2) and stimulated
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intestinal fluid (3 g/L bile salt, 10 g/L pancreatin,
pH 7.5), respectively for up to 120 mins [81].
Likewise, microcapsules of alginate-whey protein
isolate can improve the survivability and release
behavior of the probiotic bacterium Lactobacillus
acidophilus under simulated gastric and intestinal
juice [82].

Minimally processed fruits can be an alternative
to dairy products for probiotic delivery. It has been
demonstrated that edible alginate coating can sus-
tain the incorporated probiotic Lactobacillus
rhamnosus CECT 8361. Similarly, the blueberries
encapsulated by edible alginate coating maintain
their sensory and quality attributes for up to
14 days of refrigerated storage, allowing further
implementation of functional fruit products [83].
Moreover, the stability of sodium alginate-coated
soybean oil body emulsions was proved to be
markedly enhanced against NaCl (0-250 mM at
pH 7) and freeze-thaw cycling, a discovery
encouraging the application of alginate coating to
the development of natural oil body-based pro-
ducts in the food industry [84].

For applications other than the food industry, the
formulations of sodium alginate and gelatin mix-
tures were commonly used in bio-printing and bio-
fabrication studies and applications. It has been
proved that the food matrix of soy protein isolate,
sodium alginate, and gelatin is a promising material
in 3D food printing [85,86]. Sodium alginate was
also widely used as bio-inks for 3D bio-printing
[87,88]. Moreover, alginate-encapsulated lipid
emulsion beads were shown to reduce food intake
by overweight adults in the human trial. Hence, it is
promising to apply alginate-encapsulated lipid
emulsion beads to the development of easy-to-use
weight management products [89].

Sodium alginates are known to be biocompati-
ble, biodegradable, and ‘Generally Recognized as
Safe (GRAS) with no reports about serious
adverse effects of alginates as food additives [90].
Toxicology studies on sodium alginate were car-
ried out very early in the 1940s using lab animals
such as mice, rabbits, and even cats [91,92].
Although adverse effects were reported in these
early studies, the intraperitoneal and intravenous
delivery of high dosage (up to 250 mg/kg) of
sodium alginate in those studies is far beyond the
amounts of human dietary intake [91,92].

In an in-vitro study using a murine macro-
phage-like cell line RAW264.7, sodium alginate
was found to provoke inflammation through the
NF-kB pathway, accompanied by a dose (1 and
3 mg/ml alginate) and time-dependent production
of pro-inflammatory cytokines, such as IL-1p, IL-
6, IL-12, and TNF-a [93]. The maximum concen-
tration of IL-1pB, IL-6, IL-12, and TNF-a at 120 h
was 20 pg/ml, 3 ng/ml, 20 pg/ml, and 2 ng/ml,
respectively. This finding appears to indicate that
sodium alginate is pro-inflammatory. In contrast,
a recent in vivo study revealed that purified algi-
nate could suppress the inflammatory responses
elicited by non-purified alginate. This notion was
evidenced by a more than 30% decrease of inflam-
matory cell levels and a threefold reduction in
fibrotic wall thickness in Wister rats implanted
with purified alginate microcapsules than its non-
purified counterpart [94]. Likewise, in C57BL/6 ]
mice fed with a high-fat diet, alginate oligosac-
charide provided at a concentration of 5 g/100 g
mice feed was shown to lower the inflammation
markers (i.e. IL-1p and CD-11 ¢) by enhancing the
probiotic gut microbiota population. In this con-
text, alginate supplementation decreased the pro-
inflammatory gut bacteria  Streptococcaceae,
Rikenellaceae, =~ and  Lachnospiraceae ~ and
Erysipelotrichaceae by 96%, 76%, and 83%, respec-
tively, along with a 32-fold reduction in
Erysipelotrichaceae [95]. Conversely, alginate sup-
plementation enriched the beneficial probiotic

bacteria including  Bacteroides  acidifaciens,
Lactobacillus ~ gasseri,  Lactobacillus  reuteri,
Akkermansia  muciniphila, L. reuteri, and

L. gasseri [95]. Also, alginate was demonstrated
to mitigate acetaminophen-induced acute liver
injury in mice via suppressing inflammation, as
evidenced by the decrease in serum IL-6 levels
after oral administration of alginate [96]. Thus, it
appears that the findings of most health-related
studies render alginates a positive public image in
contrast to carrageenan.

4. Summary and future perspectives

Algae are the leading primary producers on earth,
and algae-derived hydrocolloids, including carra-
geenan, agar, and alginate, are food additives
extensively used in the food industry. This review



gives a concise overview of the broad applications
of algal hydrocolloids along with their health-
related issues. The progressive trends in the novel
applications of algal hydrocolloids underscore
consumers’ preference for natural food additives
over synthetic food additives.

Aside from the reported adverse effects and
controversies as food additives, carrageenan is
a promising renewable biomaterial (e.g. films and
coatings) that could be an alternative to the petro-
leum-derived plastics used in pharmaceutical and
biomedical applications [97]. Carrageenan also
possesses anti-thrombotic, anti-viral, anti-cancer,
and immunomodulatory properties. Moreover,
carrageenan-based controlled drug delivery sys-
tems and carrageenan-derived hydrogels for 3D
printing have great application and market poten-
tials [98]. Therefore, the ‘carrageenan controversy’
will never be settled before a cheaper and better
substitute appearing in the market.

Agar has excellent rheological properties and
exhibits anti-coagulant, anti-viral, anti-oxidative,
anti-cancer, and immunomodulatory activities.
Without question, agar will continue to be widely
used in food, cosmetic, pharmaceutical, biomedi-
cal, and biotechnology industries [99, W. K.100].
Intriguingly, agar gels are also used to clean deli-
cate artwork surfaces. It is expected that more
applications of agar will be developed in different
fields due to its extreme versatility [101].

In addition to applications in the food industry,
alginate-based composites can be used to remove
various pollutants such as dyes, heavy metals, and
antibiotics in water and wastewater, due to their
biocompatible, nontoxic, and cost-effective prop-
erties [B.102]. Notably, alginate remains an attrac-
tive material for biomedical applications; it is
promising to develop alginate microparticles as
drug delivery systems for oral administration
[103]. Alginate-based materials can also be used
for tissue engineering and wound dressing appli-
cations [104,105]. More applications of alginates in
different fields are expected to be explored in the
future.

It is noteworthy that the commercial future of
any food ingredient, including hydrocolloids, is
determined by consumers’ perception but not by
scientific facts [10]. Macroalgal extracts like carra-
geenan, agar, and alginates are usually ‘Tabel-
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friendly’ in terms of perception and label image
[10]. Although there are ‘controversies’ and limita-
tions in the application of ‘natural’ food additives,
they are still considered as a ‘safer’ option than
synthetic food additives. Thus, more studies are
required to either resolve the ‘controversies’ or
develop new alternatives with better properties
and more friendly prices.

5. Conclusions

Carrageenan-induced inflammatory responses
have ignited controversy and rigorous debate
over the safety of using carrageenan as food addi-
tives. Accumulating evidence suggests that carra-
geenan is intricately connected to inflammatory
responses, either pro- or anti-inflammatory.
Furthermore, the public exposure levels and the
acceptable daily intakes (ADI) of carrageenan
remain specified. Moreover, the digestive fate of
carrageenan with its impacts on human health
requires more studies to determine. For both
agar and alginate, there is no controversy or
debate on safety issues. Notably, all algae-
derived hydrocolloids are ‘label-friendly’ com-
pared to synthetic food additives, and more inno-
vative applications of these hydrocolloids are
being configured in the food and biomedical
industries.

Highlights

® Major algae-derived hydrocolloids as food
additives are presented

e Algal hydrocolloids are considered as the
‘vegan’ alternative to animal products

e The wunsettled carrageenan controversy
related to inflammation is visited

e Both agar and alginate are safe for human
consumption based on safety-related studies

® Macroalgal hydrocolloids are considered
‘label-friendly’, and are regarded safer than
synthetic additives.
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