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Current trends are shifting away from using synthetic compounds in favor of discovering new natural component
sources that will allow them to create goods that are healthful, environmentally friendly, sustainable, and
profitable. The food industry, in light of these trends, has opted to look for safe natural ingredients that will allow
the production of low-fat, artificial-additive-free, gluten-free, prebiotic, and fortified foods. Similarly, the
pharmaceutical and medical industries have attempted to apply natural ingredients to address the challenges
related to biomaterials more efficiently than synthetic ingredients. Against this background, plant mucilage has
proven to be a polysaccharide with excellent health features and technological properties, useful for both food
and biomedical applications. Many studies have shown that its inclusion in different food matrices improves the
quality of the products obtained under appropriate reformulations. At the same time, plant mucilage has been
indicated to be a very interesting matrix in biomedical field especially tissue engineering applications since it has
been emerged to favor tissue regeneration with its highly biocompatible structure. This concise review discusses
the most recent advances of the applications of plant mucilage in different foods as well as its recent use in
biomedical field. In this context, firstly, a general definition of mucilage was made and information about plant-
based mucilage, which is frequently used, about the plant parts they are found in, their content and how they are
obtained are presented. Then, the use of mucilage in the food industry including bakery products, meat emul-
sions, fermented dairy products, ice cream, and other foods is presented with case studies. Afterwards, the use of
plant mucilage in the biomedical field, which has attracted attention in recent years, especially in applications
with tissue engineering approach such as scaffolds for tissue regeneration, wound dressings, drug delivery sys-
tems and pharmaceutical industry was evaluated.

1. Introduction occurs when microscopic algae called phytoplankton release mucilage

through various mechanisms, including overgrowth, exudation, death

Mucilage is a sticky and mucus-like substance secreted by almost all
plants and a large number of protista, especially phytoplankton and
green algae. The main constituents of this substance are mostly poly-
saccharides, proteins, minerals, lipids and uranic acids units [1] (Fig. 1).
The most notable among the sources of mucilage, marine mucilage

and decomposition [2,3]. On the other hand, plant-derived mucilage can
be obtained under normal conditions, so different from marine mucilage
which is generated from organisms when they are subjected to damage
and/or stress conditions. Therefore, plant mucilage can be obtained
more easily and can be reached in more abundant quantities. In
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Fig. 1. Sources of mucilage and location of it in different parts of plants.

Table 1
Some types of mucilage obtained from different plant parts.
Partof plant  Scientific name Family Common name Bioactive compounds Ref
Leaf Hibiscus rosa-sinensis L. Malvaceae Chinese hibiscus ~ 1-Rhamnose, d-galactose, d-galacturonic acid, d-glucuronic [13]
Malva parviflora L. Malvaceae Cheeseweed Galactose, rhamnose, arabinose, glucose, mannose [9]
Brasenia Schreberi Cabombaceae Watershield d-Galactose, d-glucuronic acid, 1-fucose, d-mannose [14]
Aloe barbadensis Miller Liliaceae Aloe Vera Arabinose, xylose, mannose, galactose, glucose, uronic acids [15]
Corchorus olitorius L. Malvaceae Jute mallow Rhamnose, xylose, galactose, glucose, arabinose, fucose glucuronic acid galacturonic [16]
acid
Seed Cydonia oblonga Rosaceae Quince seed Mannose, rhamnose, glucose, galactose d-xylose [17]
Linum usitatissimum Linaceae Flax/linseed d-Galacturonic acid, I-rhamnose, 1-galactose, dxylose [18]
Salvia hispanica L. Lamiaceae Chia seed d-Xylose, d-mannose, l-arabinose, p-glucose, galacturonic acid, glucuronic acid [19]
Plantago psyllium L. Plantaginaceae  Psyllium Rhamnose, galacturonic acid, xylose, arabinose [20]
Fruit Opuntia spp. Cactaceae Prickly pear Phenolic compounds, betacyanins, betaxanthins [21]
Abelmoschus esculentus L. Malvaceae Okra Monosaccharides, d-galactose, l-rhamnose, galacturonic acid [22]
Root Zea mays L. Poaceae Maize Galactose, fucose, mannose, arabinose, xylose, glucose, glucuronic acid [1]

addition, environmentally friendly, sustainable, cost-effective, biologi-
cally sourced, non-toxic features are among its other advantages [4]. In
plants, mucilage forms as an essential ingredient of the cell or as a
portion of the cell walls and executes various functions in plants,
including water and food storage, membrane thickening, and seed
germination and it can be found dispersed in different parts of plants
including leaves, buds, roots, bark, fruits and seeds [5-10]. Specifically,
mucilage is usually found in the mucous epidermis, which is usually
contained within the leaf of succulent plants such as aloe vera (Aloe
barbadensis mill.), prickly pear cactus (Opuntia spp.), and century plant
(Agave americana L.). In addition, the seed coats of many plants
belonging to the Plantaginaceae, Acanthaceae, Linaceae, and Brassicaceae
families also produce mucilage. Some of these include galactomannans
(endosperm non-starchy polysaccharide), soybean hemicelluloses, and
xyloglucans (cell wall material of endosperm), and flaxseed, basil seed,
chia seed, quince seed, and yellow mustard (mucilage components of the
seed coat) [11,12]. The mucilage in different parts of the plants is
summarized in Table 1, taking into account the plant species, parts,
families and active ingredient contents (Fig. 2).

Regarding the chemical composition, mucilage is formed mainly of a
complex of polymeric polysaccharides of high molecular weight joined
with organic acids. Concretely, mucilage contains galactose, pentose,
and methyl pentose linked to uronic acid (six-carbon molecule with
aldohexose in carboxylic acid form) residues by glycosidic bonds [23].
Plant mucilage reveals the existence of two different polysaccharide
fractions in its composition, namely a fraction composed of pectin
(primarily originated of rhamnogalacturonan I, RG-I) and another
fraction composed of hemicellulose (formed mainly of arabinoxylans,
AX) [24]. Mucilage RG-I comprehends a backbone of the a-(1,2)-
rhamnose and «a-d-(1,4)-galacturonic acid repeated disaccharide,
whereas mucilage AX consists of f-1,4-linked xylose backbones that are
mostly replaced by 1-3 sugar residues at O-2 and/or O-3 positions [25].
Additionally, RG-I can covalently bind to hemicellulose through side
chains, forming a super-macromolecule polymeric network [4]. The
neutral sugar found in mucilage structure are fundamentally the
monomers D-galactose, L-arabinose, and D-xylose. To a lesser extent,
mucilage also contains proteins, minerals, lipids, and bioactive com-
pounds such as tannins, phenolic compounds, alkaloids, and steroids, as
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Fig. 2. A schematic overview of plant based mucilage extraction and the methods used for the fabricated of this sticky material.

well as monosaccharides produced by hydrolysis [26-28]. Mucilage can
interact with other cationic polymers due to its anionic structure. A
polyelectrolyte complex was formed as a result of cross-bridging be-
tween the anionic structure of mucilage and cationic structure of other
polymers such as chitosan [29].

The composition and chemical structure of the mucilage are
responsible for the excellent technological properties of plant mucilage
and originated this compound to present a potential use in the food,
pharmaceutical, and biomedical industries. One of its excellent perfor-
mances is its thickening and structuring (gel-forming) capacity, which
are a consequence of the high structure conformational diversity on
account of the intermolecular interaction of the side groups of the
polymer chain through hydrophobic interactions or hydrogen bridges.
Thus, mucilage causes a sticky solution or gel in the presence of water
(known as hydrocolloid) with potential use in the food, pharmaceutical,
and biomedical industries [16,24]. Moreover, the hydroxyl groups and
protein substituents present in the mucilage structure are responsible for
the high water holding capacity of these natural hydrocolloid [4]
meanwhile the presence of non-polar molecules favors at the same time
the oil holding capacity, which may favor its use as a texture improver in
different nourishments [30]. For its part, the presence of protein resi-
dues and hydrophobic side chain groups (such as the methyl and ethyl
groups) is related to the surface and interfacial activity of the mucilage
in oil-water or air-water emulsions. In addition, the simultaneous pres-
ence of hydrophobic and hydrophilic groups gives the mucilage an
amphiphilic character that favors its acting as a stabilizer in emulsions
[31], and the structural flexibility of the mucilage decreases the surface
tension in foams, also favoring its stability [32]. Furthermore, the
greater presence of proteins also helps to increase the viscosity of the
hydrocolloid and therefore helps to stabilize emulsion systems [16].

The use of mucilage in the food and pharmaceutical industry entails
its prior extraction from the plant (roots, bark, leaves, buds, fruits, or
seeds). There are different methods that facilitate obtaining the muci-
lage. However, usually all the procedures consist of two successive

operations, namely maceration and precipitation, which are performed
using different conditions (solvent, time, temperatures, etc.) [4,33].
Maceration consists of dissolving the desired part of the plant in the
selected solvent (water, ethanol, acetone, etc.) at a predetermined
temperature and with regular agitation, while precipitation is performed
to facilitate the isolation of the mucilage using certain solvents (such as
ethanol) and generally followed by a centrifugation process [34]. This
extraction procedure can be completed with different treatments that
improve the efficiency of the process, such as physical treatments (for
example, ultrasound and microwave assistance [35-37]), chemical
treatments (addition of compounds such as ethylenediaminetetraacetic
acid (EDTA), ammonium oxalate, sodium hydroxide and hydrochloric
acid [35]), and enzymatic procedures (such as the use of hydrolases
[38,39]). It should be noted that depending on the technique employed,
different extraction yields are obtained (frequently between 3 and 35 %)
and also the chemical composition, and the physicochemical and func-
tional characteristics of the mucilage obtained can vary [24].

On the other hand, at present, there is a growing demand for the
application of natural ingredients in several industrial sectors such as
food, cosmetics, pharmacy, medicine, etc., because these permit the
replacement of certain synthetic compounds. In this context, vegetable
biopolymers have been continued to be studied as an effective ingre-
dient for the formulation of health-friendly, ecological, sustainable, and
profitable products [40]. As a consequence, in recent years the benefits
of plant mucilage have been explored since this substance is non-toxic,
non-irritating, and environmentally friendly [11]. In fact, throughout
the last years, different patents have been successfully developed that
have focused on the methods of obtaining, preparing, and/or applying
plant mucilage [41-43]. Moreover, historically mucilage has been
widely utilized by humans as a food additive and in medicine consid-
ering its many healthy properties and its very interesting technological
properties [27,44]. Concretely, mucilage is characterized by being a
very good structuring, texturizing, emulsifying and thickening agent,
which means that it can be employed successfully for different purposes
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Fig. 3. The use of plant-based mucilage in different food products and the improvements it has made in each product group.

in the food industry (Fig. 3). Thus, mucilage is used in the development
of low-fat [45-49], low-additive [45,50,51], gluten-free [52-56], forti-
fied [57-59], and prebiotic [60,61] foods, and facilitates the develop-
ment of probiotic products [48,60].

Additionally, plant mucilage is characterized by being generally
biocompatible, hydrophilic, multifunctional and has good versatility for
chemical modifications which has attracted wide research attention for
tissue engineering applications in recent years (Fig. 4). Thus, plant
mucilage has recently been used as scaffolds for tissue regeneration
[62-65], wound treatment [66-69], and for the development of
mucoadhesive drug delivery systems [70-74] since it can provide
structural support and physical tissue to cells. Furthermore, unlike
synthetic polymers, mucilage shows biological signals, and degrades
without producing toxic compounds providing striking benefits. Besides,
the gelling ability of mucilage makes this substance a suitable material
for scaffold production by supplying excellent properties such as high
swelling capacity, bioactivity, and antioxidant and anti-inflammatory
capacity [62].

Assessing the present need to develop natural ingredients for major
industries such as food and biomedical ones and the technological po-
tential of plant mucilage, this work aims to study its utilization in the
development of healthier foods and how the addition of mucilage in-
fluences nutritional, technological, and sensory characteristics of
reformulated healthy foods. In addition, this review goals to analyse the
application of plant mucilage in tissue engineering to provide detailed
and objective information to the pharmaceutical and medical industries
on this multifunctional ingredient.

2. Mucilage applications in food industry

The technological characteristics that plant mucilage possesses mean
that it can be successfully used in the food industry for different pur-
poses. In the following sections, the studies on its applications in
different food matrices are discussed (Fig. 3).

2.1. Bakery products

On many occasions, bakery products contain high amounts of fat,
which means that these foods are not considered healthy products.
However, the fat in products such as cakes, cookies, crackers, and even
some types of bread plays a fundamental role in their properties since
this constituent helps to maintain an adequate texture and extends the
shelf life of the product [75,76]. Therefore, the current trend to reduce
fat in these foods must be accompanied by the use of ingredients that
allow the characteristics of the bakery products to be maintained. In this
line, mucilage has been extensively investigated as a possible replace-
ment (total or partial) of fats/oils in bakery products (Table 2) since its
utilization allows to increase the shelf life of bakery products and helps
to improve their final texture [77]. For example, Felisberto et al. [78]
investigated the use of different concentrations of chia (Salvia hispanica)
seed mucilage (0.2-0.9 g of lyophilised mucilage/total dough) intro-
duced as an aqueous gel in the development of low-fat pound cakes.
Specifically, these authors observed that the reduction of up to 100 % of
vegetable fat by chia mucilage did not significantly modify the specific
volume, symmetry, uniformity, moisture, and water activity of the
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cakes. However, the substitutions greater than 50 % negatively modified
the cake colour since the foods formulated with the highest concentra-
tions of chia mucilage displayed their L* and b* values altered due to the
greyish and brownish colour of the mucilage gel. In the same way, the
cake texture was affected with a fat replacement greater than 50 % after
the storage period, because they had a higher crumb firmness. There-
fore, Felisberto et al. [78] indicated that the development of reduced-fat
cakes showed technological guarantees in the case of 25 % substitution
by chia mucilage gel. In a similar study, Fernandes & Salas-Mellado [79]
investigated the influence of different concentrations of hydrated chia
seed mucilage (dry and freeze-dried) on the production of bread and
chocolate cakes (mucilage concentrations between 0.05-0.18 % and
0.08-0.3 %, respectively) with reduced fat content. Thus, they deter-
mined that the substitution of 50 % of the fat employed (vegetable fat for
bread and margarine for cake) provided products with technological
properties identical to their counterparts with 100 % fat, while greater
substitutions caused a slight worsening of the technological features. In
addition, after a sensory analysis of the samples, Fernandes & Salas-
Mellado [79] demonstrated that breads and chocolate cakes added
with dried chia mucilage had an excellent acceptance and purchase
intention. Also, with the addition of chia seed mucilage, it was possible
to replace part of the fat (corresponding to butter) in cookies [80]. The
utilization of this plant mucilage in powder form (1.18-3.54 %) allowed
to obtain a low-fat biscuit with acceptable sensory characteristics in the
case of the 10 and 20 % substitutions, despite changes in the colour
(reduction of L* and b* values) and texture (hardness increase in the
substitution of 20 and 30 %) of the biscuits formulated.

On the other hand, plant mucilage has also been used as an ingre-
dient to meet the current challenge of making gluten-free baked food-
stuffs (Table 2), without diminishing its technological and sensory
properties [52,81], because gluten-free baked products are character-
ized by structural and textural defects as a result of the absence of this
protein in the dough [82]. In this field, Korus et al. [83] prosperously

employed Linum usitatissimum Linn seed (linseed) mucilage in the
preparation of gluten-free bread that was not incorporated with pectin
and/or guar gum. They concluded that the addition of linseed mucilage
had a minimal influence on the texture and rancidity of the crumb, while
providing greater acceptance at the sensory level. In the same way, Dick
et al. [53] prepared gluten-free crackers with the addition of Opuntia
monacantha mucilage cladodes, which had a greater sensory acceptance
than the control with commercial gum (sodium carboxymethyl cellulose
and guar gum), while the physical properties of the crackers were not
affected. Furthermore, the inclusion of this natural mucilage increased
the total phenol content in the bakery product, while also increasing the
antioxidant capacity being able to provide a functional food. The
mucilage of Cydonia oblonga (quince) seed was also investigated to
replace the commercial gum (carboxymethyl cellulose) in the produc-
tion of a gluten-free bread. However, on this occasion, no improvements
were observed, since its use did not enhance the rheological properties
of the dough, although at a sensory level this natural mucilage did
provide enhancements with respect to the control bread (without the
addition of gum or mucilage).

Additionally, the use of mucilage in bakery products is also being
investigated to obtain fortified foods (Table 2). An example is a study
carried out by Liguori et al. [57], where they used mucilage from
Opuntia ficus-indica cladodes to modify a fortified bread. In this case, the
authors replaced the water in the bread formulation (150 mL) with the
cladode mucilage (90 % of water) with promising results, since the
bread obtained was enriched in bioactive components, which had
antioxidant capacity. Besides, this increase in health properties did not
affect the fermentation process or the quality attributes of the bread
obtained, while achieving an acceptable sensory evaluation by the
panellists.

Different ingredients obtained from chia (whole seeds, whole chia
seed flour, semi-defatted chia seed flour, and low-fat chia seed flour),
which are rich in mucilage, were also used in different concentrations
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Table 2
Applications of plant mucilage in bakery products.
Product Mucilage source Mucilage concentration Application Main findings Ref
Pound cake Chia (Salvia 0, 0.23, 0.45, 0.66, and 0.9 g/mass of total dough (replacing  Low-fat cake Did not affect the specific volume, [78]
hispanica) seed 0, 25, 50, 75, and 100 % of fat, respectively) symmetry, uniformity, moisture, and
water activity
Substitution of 50-100 % negatively
affected colour (L* and b*) and crumb
firmness
25 % replacement provides cakes with
feasible technological characteristics
Bread and Chia (Salvia 0, 0.05, 0.09, 0.14, and 0.18 % for bread 0, 0.08, 0.15, 0.23, Low-fat bakery Adequate technological properties with [79]
chocolate hispanica) seed and 0.3 % for cake (dry or lyophilised) (replacing 0, 25, 50, products substitution of 25 and 50 %
cake 75, and 100 % of fat, respectively) Slight technological deterioration with
substitutions of 75 and 50 %
Acceptable sensory evaluation
Cookie Chia (Salvia 0, 1.18, 2.36, and 3.54 % (replacing 0, 10, 20, and 30 % of fat, Low-fat cookie Modified the colour by lowering L* and [80]
hispanica) seed respectively) b* values
Increased the hardness in the
substitution of 20 and 30 %
Sensory evaluation acceptable for
replacement of 10 and 20 %
Bread Linseed (Linum 0, 1.2, 1.8 and 2.4 % (of the flour) Gluten-free bread Rheological properties like control [83]
usitatissimum Linn) Dough susceptible to mechanical stress
Improved sensory acceptance
Cracker Opotunia 0and 2 % Gluten-free and Did not generally affect physicochemical ~ [53]
manacantha functional cracker properties
cladodes Improved sensory acceptability
Increased the total phenols content
Enlarged antioxidant activity
Bread Quince (Cydonia 0, 5, 7.5, and 10 % (in hydrocolloid form) Gluten-free bread Did not improve dough properties [52]
oblonga) seed Improved sensory properties
Mucilage was worse than the
carboxymethyl cellulose gum
Bread Opuntia ficus-indica 0 and150 mL fresh mucilage/406 g dough Functional bread Did not affect dough fermentation [57]
cladodes Did not influence quality attributes
Sensory analysis showed adequate
acceptability
Increased antioxidant activity of bread
Bread Chia (Salvia 0, 5, and 10 % on flour basis (whole seeds and whole, semi- Functional bread Decreased glycaemic index [58]

hispanica) seed defatted and low-fat chia seed flour)

Increased the content of high biological
value proteins

Incremented omega fatty acids
Enlarged mineral content

for modifying a functional bread [58]. Thus, the bread obtained with the
addition (5 and 10 %) of chia seeds (rich in mucilage) presented a lower
glycaemic index than a control bread (without the addition of chia seeds
or their flour). This fact was attributed mainly to the presence of
mucilage in the chia composition due to its ability to prevent starch
gelatinization during baking and therefore to prevent enzymatic
vulnerability. Moreover, the bread with a lower glycaemic index had a
higher nutritional value by containing a higher concentration of high
biological value proteins, lipids with a higher proportion of omega fatty
acids, and a greater amount of minerals [58].

2.2. Emulsified meat products

As with baked products, in emulsified meat products (for example,
sausage, frankfurters, patties, mortadella, bologna, and nuggets) fat
plays a fundamental role because it is both a structuring and flavouring
agent [84]. Thus, preparing meat products with low levels of fat (and
consequently healthier) is a major challenge for the meat industry. For
this reason, the use of natural substances such as mucilage is being
investigated more and more with the aim of solving the problems
involved in the elimination of fat (total or partial) in different meat
matrices (Table 3) since they can act by improving the texture of low-fat
emulsified meat products [24]. The ability of mucilage to stabilize
water-oil interfaces in an emulsion is associated with the formation of
heterogeneous viscoelastic structures in the vicinity of the water-oil
interface. This ability is attributed to polysaccharides and proteins as
well as microstructural diversity of these molecules [85]. Thus, the

polysaccharides present in the mucilage are good emulsion stabilizing
agents due to their high molecular weight and their gelling behavior
[86]. In this way, the mucilage exerts a significant interfacial activity
capable of stabilizing the water-lipid interfaces in the meat emulsions,
avoiding coalescence and separation [85,87]. In this field, Yiincii et al.
[88] investigated the development of a low-fat beef patty using different
concentrations of chia seed mucilage (5-20 %) as a substitute for beef fat
at various levels (i.e., 25-75 %). Thus, these authors observed that the
addition of mucilage in replacement of fat improved cooking charac-
teristics while it did not affect texture parameters or sensory attributes.
Moreover, the addition of chia mucilage helped prevent the oxidation
produced during the frying of the hamburgers. For their part, Camara,
Okuro, et al. [87] studied the influence of using a chia seed mucilage gel
(with 15, 20 and 25 % freeze-dried mucilage) simultaneously with the
addition of freeze-dried mucilage (powder). The gels were added at
different concentrations (10-33 %) depending on the formulation, while
the lyophilised mucilage was added at 2.5 or 5 % in a meat emulsion
model system. The authors observed that the stability of the meat
emulsion was enhanced by the addition of the mucilage gel without the
influence of the different concentrations added. Furthermore, the chia
mucilage gel decreased the water exudation in the meat system tested.
Nevertheless, the level of mucilage powder (2.5 or 5 %) was more
critical, increasing hardness and decreasing elasticity and cohesiveness
when added at the 5 % level. Additionally, the colour of the meat model
was negatively influenced.

Another function of mucilage in the development of healthy meat
products is their emulsifying function, which makes it possible to reduce
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Table 3

Applications of plant mucilage in emulsified meat products.
Product Mucilage source Mucilage concentration Application Main findings Ref
Cooked beef patty Chia (Salvia 0, 5, 10, and 20 % Low-fat patty Improved cooking characteristics [88]

hispanica) seed

Meat emulsion Chia (Salvia 0-33 % of different gels; and 2.5 and 5 %
model system hispanica) seed of powder

Mortadella Pereskia aculeata 0, 0.05, and 0.10 %
Miller leaf

Beef patty Chia (Salvia 0,0.2,0.6, 0.8, and 1 % (forming part of
hispanica) seed an emulsified olive oil gel)

Bologna sausage Chia (Salvia 0, and 1 % (forming part of an
hispanica) seed emulsified olive oil gel)

Bologna sausage Chia (Salvia 0, 2, and 4 % (powder or gel form)

hispanica) seed

Did not affect texture parameters
Maintained sensory properties
Prevented oxidation during frying
Low-fat emulsified meat Gel improved emulsion stability [87]
Gel decreased exudation
Increased hardness and decreased elasticity
and cohesiveness (5 % powder)
Colour was negatively affected
Low-fat mortadella High emulsifying power [46]
Good emulsion stability
Reduced the caloric level
Colour did not affect
Acceptance ratio like the control (0.05 %)

Low-fat patty with olive oil Enhanced the lipid profile [89]
replacement Health indices improved
Up to 60 % substitution maintained sensory
properties

Affected texture parameters

Increased lipid oxidation
Low-fat, reduced phosphate, Enhanced the lipid profile [45]
and addition of olive oil Health indices improved

Affected the emulsion structure

Provided products with darker tonality

Low fluid exudations

Did not affect the texture, aroma, and global

acceptance determined by consumers
Low-fat and reduced phosphate Overall firmness and chewiness decreased [50]
sausage Negatively modified the colour

The gel showed products with greater stability

and better texture

The 2 % contraction in gel form provided the

best characteristics

The 2 % concentration was shown to be feasible

in reducing phosphate to 50 %

the saturated animal fat used habitually. For example, Lise et al. [46]
employed the mucilage from the Pereskia aculeata Miller leaves (0.05
and 0.10 %) as an emulsifying agent in the replacement of chicken skin
(rich in saturated fats) in the production of mortadella. The mucilage was
found to have a high emulsifying power while also having good emul-
sion stability in the final product and an attractive nutritional compo-
sition (as it contains all the essential amino acids and is rich in minerals).
However, its use in mortadella has a concentration limit since, despite
the instrumental differences in texture were hardly observed, the sen-
sory analysis revealed that the highest concentration (0.1 %) resulted in
higher firmness values, and thus lower acceptance rates.

The emulsifying properties of mucilage also allow the incorporation
of healthy vegetable oils in substitution (total or partial) of animal fat
(Table 3). In this field, Liu et al. [89] employed chia seed mucilage at
different concentrations (0.2-1 %) in beef patties with the aim of
replacing pork back fat at different levels (20-100 %) with a gel that
included olive oil (39 %). In this way, they obtained fat-reduced patties
with a better lipid profile and better health indices (namely, poly-
unsaturated fatty acid/saturated fatty acid ratio, atherogenicity index,
and thrombogenicity). Also, these authors observed that the replace-
ment of fat up to 60 % managed to maintain the sensory characteristics,
with the substitution of 40 % being the most acceptable. Moreover, the
use of the emulsified gel positively influenced the cooking of the patties,
without affecting their colour. However, the reformulated patties dis-
played their texture parameters modified, while they presented higher
lipid oxidation. Another similar study was carried out on Bologna sau-
sages by Camara et al. [45], where chia seed mucilage was also used as
an emulsifying and stabilizing agent in the preparation of a gel emulsion
that contained 5 % mucilage, 40 % olive oil, and differently combined
collagen (2 %), sodium alginate (2 %) and whey protein (3 %). The use
of mucilage in the preparation of the gel allowed to reformulate the
Bologna sausage completely replacing the pork back fat with promising

results both at a healthy and a sensory level, since the reformulated
sausages showed better health indices and did not indicate differences in
global acceptance or in sensory perceived aroma and texture attributes.
However, the use of the chia-based gel did influence the structure of the
meat emulsion and the colouration of the samples, providing less
cohesive and more elastic sausages with darker tonality. Also, the use of
mucilage in the preparation of the sausage permitted a 50 % reduction in
the phosphate employed in the formulation of the meat emulsion, since
even though the water holding capacity was lower than the control
(without phosphate reduction) subsequently low liquid exudation was
obtained. Identically, this same research group previously determined
that chia mucilage used at 2 % (in powder or gel form) presented a
feasible strategy in reducing 50 % phosphate in reduced-fat Bolognia
sausages, while its use at 4 % presented greater defects in the meat
emulsion [50]. Additionally, these authors observed that the mucilage
added in a gel form provided more desirable characteristics than added
directly in powder form.

2.3. Fermented dairy products

Plant mucilage has acquired a special interest in the development of
different dairy products (Table 4) due to its potential as a thickening
agent and colloid stabilizer [90]. Thus, for example, this polysaccharide
has been extensively investigated in the manufacture of yogurt with the
aim of improving their texture and avoiding the release of whey proteins
from the yogurt body (syneresis) during storage, since the mucilage can
increase the viscosity of the continuous phase of yogurt due to in-
teractions formed between polysaccharide and proteins [91]. However,
mucilage in products such as fermented milk and cheeses provides other
benefits such as an adequate fat reduction [48,92,93] and the creation of
prebiotic foods [48,60,61,92], as well as favoring the production of
probiotic products [60,92] and providing certain colours without the
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Applications of plant mucilage in fermented dairy products.
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Product Mucilage source Mucilage

concentration

Application

Main findings Ref

Set yogurt Plantago ovata Forsk seed 0,0.5,1, and 2 %

Linseed (Linum usitatissimum Linn) 0, 0.10, 0.15, and

0.20 %

Set yogurt

Yogurt Chia (Salvia hispanica) seed 0, 2.5, 5, and 7.5 %

Doogh Plantago psyllium seed 0, 0.15, 0.30, and

0.75 %

Kefir Faba bean (Vicia faba Linn) and 0 and 3 %

chickpea (Ciser arietinum)

Mozzarella Okra (Abelmoschus esculentus) pod 0, 0.25, 0.5, and 1 %

Cream Not known

cheese

Linseed (Linum usitatissimum Linn)

Symbiotic low-fat
yogurt

Low-fat yogurt

Low-fat yogurt

Symbiotic Doogh

Prebiotic kefir

Low fat mozzarella

Probiotic fat-free
cream cheese

Promotes the survival of Lactobacillus acidophilus [92]
Affected the yogurt colour

Increases water retention capacity

Decreases syneresis

Did not affect sensory attributes

Increased viscosity, consistency, and water retention [49]
capacity

decreased syneresis

Increased a* and b* values

Adequate sensory attributes (0.15 %)

Reduced syneresis [93]
Improves technological properties

Increased fibre content

Did not modify the acidity, creaminess, or the viscosity

Did modify the colour and granularity and acceptability

decreased (7.5 %)

Decreased phase separation [60]
Increased viscosity

Increased the viability of Lactibacillus casei

Symbiotic product with adequate sensory characteristics

(0.30 % up to 15 days of storage)

Increased microbial growth [61]
Decreased syneresis

Provided a source of complex carbohydrates

Slightly decreased sensory acceptability

Improved melting, stretchability and spreadability (1 %) [95]
Improved texture profile

Favorable sensory analysis (0.25 %)

Increased protein and ash content [48]
Increased viscosity

Enhanced texture

Promoted the survival of probiotic bacteria

Improved sensory characteristics

use of artificial additives [94]. A recent example is found in the study
carried out by Choobari et al. [92], where they modified a set of yogurt
samples with different concentrations of Plantago ovata Forsk seed
mucilage (0.5-2 %). Thus, the probiotic bacteria of yogurt (Lactobacillus
acidophilus) in combination with the prebiotic mucilage gave rise to a
symbiotic yogurt since it was observed that the survival of Lactobacillus
acidophilus during storage was positively correlated with the concen-
tration of mucilage. Furthermore, the investigated polysaccharide
decreased syneresis without affecting sensory properties. The yogurt
containing 1 % Plantago ovata Forsk seed mucilage was rated as having
the best appearance and texture. Similarly, Arabshahi-Delouee et al.
[49] observed that an intermediate concentration (0.15 %) of linseed
mucilage in the preparation of a low-fat set yogurt provided the best
sensory characteristics within the mucilage concentration range inves-
tigated (0.10-0.20 %). Moreover, the addition of this mucilage led to
different physicochemical changes, some of which were positive
(increased water retention capacity, viscosity, consistency, and
decreased syneresis). Chia mucilage has also been shown to be a suitable
ingredient in the preparation of low-fat yogurts, since its addition
(2.5-7.5 %) reduced syneresis during storage, improved nutritional
values by increasing dietary fibre content and favored the technological
properties of the yogurt (greater consistency, firmness, viscosity, resis-
tance to stress, and better net-work structure) compared to full-fat and
skimmed yogurts [93]. In addition, sensory analysis (at a concentration
of 7.5 % mucilage) revealed that the inclusion of this polysaccharide did
not modify the acidity, creaminess, and viscosity of the low-fat yogurt,
although it did affect its granularity and colour, which decreased its
acceptability.

The suitability of using mucilage in the development of other types of
fermented milk different from yogurts, such as Doogh and kefir, has also
been studied (Table 4). For example, the use of Plantago psyllium seed
mucilage (0.15-0.75 %) has been presented to improve symbiotic dough

stability (decreasing phase separation during storage) while increasing
the viscosity and increasing the viability of Lactibacillus casei [60].
However, the highest concentration of mucilage (0.75 %) affected the
global acceptance of the dairy product, determining that the best
formulation was the one with 0.30 % of Plantago psyllium seed mucilage.
This fact implied that the shelf life was extended exclusively to 15 days,
to guarantee adequate counts of Lactibacillus casei and provide a sym-
biotic dairy product (containing prebiotics and probiotics at the same
time). For their part, Saadi et al. [61] found that the addition of faba
bean minor (Vicia faba Linn) and chickpea (Ciser arietinum) mucilage to
kefir could be a potential prebiotic source since they are a source of
complex carbohydrates. Thus, their presence favored the gut microbiota
growth. Moreover, kefir with legume mucilage did not see increased
syneresis during storage time, unlike a control without mucilage, but its
sensory acceptability was slightly modified.

Regarding cheeses, few studies used plant mucilage in their formu-
lation. Nevertheless, recent research has shown that the use of mucilage
from okra (Abelmoschus esculentus) pods in different concentrations
(0.25-1.0 %) can represent improvements in the development of low-fat
mozzarella [95]. Specifically, low-fat mozzarella produced with 1 %
okra mucilage stood out for having a positive impact on the functional
(melting, stretchability, and spreadability) and textural attributes.
Although, it should be noted that the formulation containing 0.25 % of
the mucilage was considered the most suitable due to its better organ-
oleptic properties. Similarly, linseed mucilage was used to produce fat-
free cream cheese with prebiotic properties [48], thus achieving a dairy
product with better survival of probiotic bacteria, at the same time with
better sensory characteristics. Additionally, the use of the plant muci-
lage increased the protein content, increased the viscosity, and
enhanced the texture of the cream cheese.
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Table 5

Applications of plant mucilage in ice cream development.
Product Mucilage source Mucilage concentration Application Main findings Ref
Kahramanmaras ice cream Chia (Salvia 0, 0.2, 0.4, 0.6, and 0.8 % Salep reduction (low-cost ice cream) Did not affect pH or acidity [98]

hispanica) seed

Yam (Dioscorea
rotundata)

Vanilla flavoured ice cream 0.02, 0.16, 0.2, 0.32, 0.4

0.64, and 0.8 %

Chia (Salvia
hispanica) seed

Ice cream 0, 0.1, 0.2, and 0.3 %

Chocolate flavoured ice Psyllium (Plantago
cream ovata)

2 % (gel or dry)

White chocolate flavoured
ice cream

Chia (Salvia
hispanica) seed

0.6, 1.2, and 1.8 %

Carboximetilcelulose reduction

Substitute for guar gum

Increased technological and
functional properties

Substitute for emulsifier in prebiotic
ice cream

Decreased first dripping time

Increased melting rate

Affected viscosity and overrun of the ice

cream mix

Reduced hardness and stickiness

Quality maintained down to 0.4 % in
combination with salep

Increased protein and ash content [51]
Increased air volume (at higher ratios)

Increased melting times (at higher ratios)
Delayed drops falling time (at higher

ratios)

Increased viscosity [99]
Decreased overrun and melt rate

Did not influence fat globules size

Incremented destabilised fat index
Characteristics very similar to ice cream

with guar gum (0.2 %)

Gel mucilage incremented overrun [100]
Dry mucilage increased melting time

High acceptances

Low purchase intentions

Did not affect the chemical composition [101]
Did not influence acceptability

Darker colourations (1.2 and 1.8 %)

Decreased melt resistance

Reduced firmness

0.2 % was the best concentration

2.4. Ice cream

Ice creams are aerated and frozen dairy systems with unique char-
acteristics that must be maintained during storage. For this reason,
during their preparation, different additives are added such as emulsi-
fiers and stabilizers, among which are mono- and diglycerides, gum,
gelatines, and cellulose-derived compounds [96]. However, several
recent studies tried to eliminate or reduce the use of commercial and/or
expensive additives using plant mucilage to obtain ice creams with good
technological and sensory properties meanwhile being healthier and/or
cheaper (Table 5) since the use of mucilage can compensate for the
absence of different stabilizing commercial additives acting as an
excellent cryoprotectant [97]. In this field, Lozano et al. [51] investi-
gated the use of yam (Dioscorea rotundata) mucilage to reduce the
commercial stabilizer carboxymethylcellulose in a vanilla-flavoured ice
cream. For this, they utilized different combinations of mucilage and
carboxymethylcellulose (ratios between 100-20:0-80; corresponding to
a mucilage concentration between 0.02 and 0.8 %). Thus, they observed
that the inclusion of the highest ratios of mucilage added nutritional
value to the formulated ice creams (increased the value of protein and
ashes), increased the volume of air, and conferred stability to the
product (longest melting times and delay drops falling time). For their
part, Arnak & Tarakei [98] utilized different concentrations of chia seed
mucilage (0.2-0.8 %) with the aim of reducing/eliminating the use of
salep (an expensive stabilizer obtained from dried tubers of an orchid
plant) in the preparation of Kahramanmaras ice cream. However, these
authors observed that the use of vegetable mucilage decreased the first
dripping time and increased the melting rate. Furthermore, the addition
of chia seed mucilage affected the viscosity and overrun (percentage of
air incorporated) of the ice cream mix while reducing the hardness and
stickiness. Despite these modifications, it was concluded that the
mucilage/salep combinations (2 %/0.6 % and 0.4 %/0.4 %) maintain
the quality of the ice cream obtained. For their part, Lozano et al. [51]
investigated the use of yam (Dioscorea rotundata) mucilage to reduce the
commercial stabilizer carboxymethylcellulose in a vanilla-flavoured ice
cream. For this, they used different combinations of mucilage and
carboxymethylcellulose (ratios between 100-20:0-80; corresponding to

a mucilage concentration between 0.02 and 0.8 %). Thus, they observed
that the inclusion of the highest ratios of mucilage added nutritional
value to the formulated ice creams (increased the value of protein and
ashes), increased the volume of air, and conferred stability to the
product (longest melting times and delay drops falling time).

Chia mucilage was investigated (in concentrations ranging from 0.1
to 0.3 %) with promising results in the elimination of guar gum, since
addition at a 0.2 % level in substitution of the said commercial additive
provided ice creams with characteristics very similar to commercial ice
creams [99]. Thus, the group with 0.2 % chia mucilage presented an
attractive hardness, smooth texture, and creamy mouthfeel without the
perception of ice crystals or off-flavours. Furthermore, chia mucilage
generally increased viscosity, while decreasing the melting rate and
overrun. However, it was observed that the addition of mucilage pro-
vided ice creams with a higher destabilised fat index, even though it did
not influence the size of fat globules. Similarly, psyllium (Plantago ovata)
mucilage has also been evaluated for use in ice cream. Specifically,
Souza et al. [100] investigated the use of psyllium mucilage (2 %) in a
gel or dry form (after evaluating the best extraction conditions). In this
way, they observed the characteristics of the ice cream were influenced
by the type of mucilage used, noting that the ice cream added with the
gel mucilage presented a greater overrun, but a shorter melting time due
to the greater amount of water present in its composition. Despite these
differences, the two ice creams emerged similar degrees of acceptance
with attributes that could satisfy consumer demands. However, the
intention to purchase both ice creams was low.

The use of mucilage in the development of prebiotic ice creams has
also been investigated for the replacement of emulsifying agents
(Table 5). In this field, Maestrello et al. [101] researched the use of chia
mucilage (0.6-1.8 %) in the preparation of a chocolate-flavoured ice
cream that contained inulin in its formulation. The results figured out
that the utilization of chia seed mucilage did not affect the chemical
composition or the acceptability of chocolate-flavoured ice cream.
However, it should be noted that a higher concentration of mucilage
provided darker colouration to the product, as well as reducing the
melting resistance and firmness.
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Table 6
Applications of plant mucilage in the production of pasta, mayonnaise, and beverages.
Product Mucilage source Mucilage concentration Application Main findings Ref
Pasta Chia (Salvia hispanica) seed 0, 5, and 10 % Gluten-free pasta Acted as a good thickening agent [56]
Improved the nutritional value of pasta
(higher protein content, and dietary fibre)
(10 %)
Increased the total phenol content (10 %)
Noodles Neolitsea cassia leaves 0 % (with other gum), and 2.5 % Gluten-free pasta Improved the cooking and textural qualities [55]
Enhanced quality compared to Arabic gum
Quality worsened compared to Xanthan
gum
Noodles Dillenia retusa fruit 0 % (with other gum), and 8 % Gluten-free pasta Improved the cooking and textural qualities [55]
Quality worsened compared to other gum
(Xanthan and Arabic)
Mayonnaise Opuntia robusta cladodes 0, 3.17, 6.33, and 12.33 % (replacing 0, Egg replacer Mayonnaise with 20 % substitution [103]
25, 50, and 100 % of egg, respectively) obtained the highest scores for all quality
attributes
Mayonnaise with 15 and 50 % substitution
was sensorially comparable to the control
Mayonnaise Opuntia robusta cladodes 0, 11.74, and 23.49 % (replacing 0, 15 Oil replacer Mayonnaise with 30 % substitution [103]
%, and 30 % of oil, respectively) obtained the highest scores for taste
Mayonnaise with 15 % substitution was
comparable in appearance to the control
Chocolate Drink Psyllium (Plantago ovata) 0,5, and 15 % Drink enriched in Comparable to Xanthan gum [59]
antioxidant substances Maintains overall appearance
Maintains purchase intention
Moisturizing Cocoa (Theobroma cacao 25, 35, and 45 % Moisturizing drink Increased the nutritional value of beverages  [105]
drink Linn) (two different varieties)
Alcohol-based Cocoa (Theobroma cacao 9.4 % (mucilage) 45.3 % (pulp), or 54.7  Alcohol-based beverage The addition of pulp imparted better [106]
beverage Linn) mucilage, pulp, or % (beans) sensory properties

beans

2.5. Other food products

As in baked products, mucilage has been used in the production of
other gluten-free foods such as pasta (Table 6) with the aim of improving
the rheological properties of the dough and subsequently the physico-
chemical and sensory characteristics of the finished food products. In
addition, the use of mucilage in gluten-free pasta helps to improve its
nutritional profile, since it increases the content of various nutrients
such as protein, fibre, and antioxidant compounds [102]. An example is
found in the research carried out by Menga et al. [56], where they
studied the use of mucilage and milled chia seeds (5 and 10 %) in the
preparation of fresh gluten-free pasta based on rice flour. With these new
formulations, the authors indicated that chia is a good substitute that
adequately mimics the three-dimensional network of gluten while it
allows obtaining pasta with cooking characteristics like commercial
gluten-free pasta but with higher nutritional values (higher protein,
dietary fibre, and phenolic acids content) in the case of 10 % mucilage or
milled chia seeds. Likewise, Kasunmala et al. [55] investigated the use of
mucilage from Neolitsea cassialeaves leaves and Dillenia retusa fruit (2.5
and 8 %, respectively) and different gum (Xanthan gum and Arabic gum)
in the preparation of gluten-free noodles (besides that studying other
variables of the noodle manufacturing process). This study revealed that
the mucilage employed as a binding agent significantly enhanced the
cooking qualities and texture of the rice noodles. More specifically, the
noodles with Neolitsea cassia leaves mucilage declared a much higher
cooking quality and texture than the noodles containing Arabic gum.
However, the noodles with the highest technological quality were those
containing Xanthan gum.

On the other hand, the characteristics presented by mayonnaise (that
is, high-fat content and the presence of eggs) have favored the devel-
opment of innovative products that try to reduce the oil content and
minimize the presence of eggs (rich in cholesterol). In this context,
various studies have tried to employ the use of different mucilage
(Table 6) with the aim of obtaining healthier sauces with adequate
technological and organoleptic characteristics since mucilage provides a
stable emulsion [103,104]. Thus, du Toit et al. [103] observed that the
use of Opuntia robusta mucilage successfully replaced up to 50 % of egg
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yolk and 30 % of oil, contributing positively to the nutritional quality
and texture of this product.

Finally, mucilage has also been utilized in the development of
different types of beverages (Table 6). For example, Souza, dos Santos,
et al. [59] utilized psyllium mucilage (5 and 15 %) in the preparation of
a chocolate drink, after determining the extraction conditions that
provided better antioxidant properties. Thus, they found that the use of
this ingredient acted as a potential thickener, comparable to Xanthan
gum, since in most of the sensory attributes determined no significant
differences were obtained between the drinks, maintaining the general
appearance and the purchase intention in the same range. For their part,
Paulina et al. [105] studied the use of mucilage from two varieties of
cocoa (Theobroma cacao Linn) in different concentrations (25, 35, and
45 %) in the preparation of a moisturizing drink, observing that the
cocoa variety affected the physicochemical characteristics of the muci-
lage obtained, and that the mucilage concentration was positively
related to the nutritional value of the moisturizing drink. Recently, the
use of cocoa mucilage in an alcohol-based beverage was studied [106].
The addition of mucilage, in this case, was made by direct addition of
cocoa pulp (45.3 %), or through mucilage with beans (54.7 %) or
mucilage exclusively (9.4 %). Thus, it was observed that the addition of
mucilage through the pulp imparted better sensory properties when
compared to alcohol-based beverages produced with mucilage beans or
mucilage exclusively [106].

3. Mucilage for biomedical applications

Tissue engineering is a multidisciplinary branch of science that aims
to transport cells, growth factors, or drug-active substances on a scaffold
to the damaged area and to heal damaged tissues or form new tissue with
the coordinated work of biological sciences, medicine, and engineering.
One of the key components of all tissue engineering applications is a
three-dimensional (3D) matrix structure known as a scaffold, which can
mimic the natural extracellular matrix (ECM) required to recruit and
direct host cells to regenerate damaged tissue. ECM are macromolecule-
based network structures organized in a cell/tissue-specific manner
which provides the structural support and physical environment for cells
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Table 7
Studies on plant mucilage-based biomaterials produced with tissue engineering approach, their production methods, and applications.
Mucilage source Additive Method Application Ref
Quince seed Nano-hydroxyapatite Freeze drying Biomimetic osteogenic bioscaffold [63]
Basil seed Sodium alginate magnetic nanoparticle ~ Encapsulation PH sensitive beads for drug delivery [74]
Mimosa pudica seed - Hydrogelation Drug delivery applications [71]
Ocimum basilicum seed Alginate hyaluronic acid Solvent casting Multilayer drug release system [73]
Quince seed Bacterial cellulose Solvent casting Wound dressing [68]
Aloe vera Artemisia vulgaris Potassium persulphate acrylic acid Free-radical Safe for oral ingestion, drug delivery applications [72]
methylene bisacrylamide copolymerization
Allemantia royleana seed Chitosan chitin Crosslinking at subzero Drug loaded wound dressing [124]
temperature
Balangu (Lallemantia Polyvinyl alcohol Electrospinning Cell culture scaffolds [117]
royleana) seed
Quince (Cydinia oblonga Silica Microwave-assisted sol-gel 3D bone substitute [119]
Miller) seed reaction
Quince seed Cellulose nanofibrils 3D printing Scaffold for soft tissue engineering [64]
Quince seed Glucuronoxylan Crosslinking with Scaffold for 3D cell culture and tissue engineering [62]
glutaraldehyde
Jackfruit (Artocarpus Poly (e-caprolactone) Melt blending Potential applications in tissue engineering [118]
heterophyllos)
Quince seed (Cydonia oblonga) ~ Poly-caprolactone polyethylene Crosslinking at subzero Wound dressings and skin tissue-engineered substrates [66]
Polyethylene glycolchitosan temperatures
Quince (Rosaceae family) seed ~ Polycaprolactone Electrospinning Cell culture scaffolds [65]
Fenugreek (Trigonella foenum-  Polyvinyl alcohol Microwave-assisted process  Tissue engineering scaffold and drug delivery device [70]
graecum) seed
Chan (Hyptis suaveolens) seeds  Polyvinyl alcohol Electrospinning Potential applications in tissue engineering [114]
Linseed (Linum
usitatissimum)
Mozote (Triumfetta
semitriloba) stem
Jack fruit (Artocarpus PVP K30 Solvent evaporation Colon targeting bio carrier (mucoadhesive tablet) [139]
heterophyllus Lam.) Curcumin technique
Okra (Abelmoschus
esculentus L.)
Basil seed (Ocimum basilicum) Thiolated alginate Polydopamine Crosslinked with CaCl, Bilayer mucoadhesive film for drug delivery [140]
Thorn apple (Datura Ethyl Cellulose Solvent evaporation Buccoadhesive drug delivery with exceeding hepatic first pass ~ [141]

stramonium) leaves

metabolism and increasing bioavailability

in the tissue of interest to attach, grow, migrate, and respond to signals
[107]. It gives the tissue its mechanical properties, such as stiffness and
elasticity, which are structural and therefore associated with tissue
functions. In addition, it provides many biological cues that direct cell
migration, adhesion, and differentiation, while being degraded to allow
neovascularization and remodelling in response to developmental,
physiological, and pathological challenges during tissue dynamic pro-
cesses such as morphogenesis, homeostasis, and wound healing,
respectively [108,109]. In order to imitate all these physical and bio-
logical properties ECM exhibits, scientists have designed scaffolds with a
wide range of morphologies and properties, using different techniques
such as electrospinning, solvent casting/ particulate leaching, phase
separation, freeze-thawing, gas foaming, cryogelation, emulsification
and 3D printing. A variety of macromolecules ranging from synthetic to
natural polymers are used in the production of scaffolds obtained by
using these techniques alone or in combination. Despite the advantages
of flexible material properties, favorable mechanical stability, and the
ability to be prepared at the desired molecular weight, most synthetic
polymers are of limited use in tissue engineering applications because
they lack the biological cues found in natural polymers [110]. Since
natural polymers, such as plant mucilage, are composed of pro-
teoglycans, glycosaminoglycans, glycoproteins and glycolipids inher-
ently found in the ECM structure, the scaffold to be produced offers
structures and functions related to the natural ECM. Besides its simi-
larity to ECM components, the importance of glycan moieties as bio-
molecular cues and the combinatorial possibilities of carbohydrates
reveal polysaccharides, from the family of natural polymers, as a key
player in the design of scaffolds for tissue engineering [109,111]. They
offer superior properties such as naturally occurring, biocompatibility,
hydrophilicity, water solubility, multifunctionality, high chemical
reactivity, biodegradability, and non-toxicity of degradation products
[111].
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One of the first studies to indicate that mucilage is a polysaccharide
that can be used for biomedical applications was reported by Archana
et al. [112]. They extracted and characterized mucilage from the waste
of okra (Abelmoscus esculentus) by hot extraction and further compared it
with seaweed polysaccharide for its potential role in the development of
biopolymer for tissue engineering [112]. Thus, they introduced a new
trend towards using agricultural wastes from food processing industries
to develop cheaper, biocompatible, and biodegradable biopolymers for
tissue engineering applications. In the following years, studies on the use
of plant mucilage polysaccharide continued increasingly. When the
literature is reviewed, it is seen that especially in the last ten years,
studies have produced scaffolds with different morphologies on the basis
of plant mucilage to be used as tissue regeneration, drug release or
wound dressing material. However, we can say that it is an untouched
field where studies continue on the identification of different plant
sources as a fairly new source of polysaccharides, elucidation of the
relationship between different cell types and mucilage, and the pro-
duction and functionalization of new types of materials. In this context,
plant mucilage sources used in the fabrication of scaffolds produced with
tissue engineering approach, fabrication methods and application areas
are compiled in Table 7. In the following sections, the studies on tissue
regeneration, drug delivery systems and wound dressing materials,
where mucilage is used more frequently, will be evaluated in detail
(Fig. 4).

3.1. Scaffolds for tissue regeneration

A large number of scaffolds produced from various natural sources
using different manufacturing techniques are used in attempts to
regenerate different tissues and organs. Among these natural resources,
plant mucilage, as a newly discovered source of polysaccharides, has
begun to be evaluated as scaffolds for tissue regeneration or new tissue
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formation. One of the first studies to report on using plant-derived
mucilage as scaffolds was made by Huang et al. [113], in which they
examined the mucilage obtained from the stalked glands of in vitro
cultured sundew (Drosera spp.) plants. This study investigated the
feasibility of applying sundew mucilage (adhesive) for tissue engineer-
ing. The results showed that the fibrous scaffolds from sundew adhesive
can exhibit weak cytotoxic activity in a long-term test period and
enhance adhesion of many cell types, including fibroblast cells (MC3T3
mouse pre-osteoblastic cells and NIH3T3 mouse embryo fibroblast cells)
and smooth muscle cells (MSMCs and RSMCs) [113]. In the following
years, the studies carried out the production of mucilage-based scaffolds
in the form of nanofibers by electrospinning [114] and 3D porous
structures as a result of freeze-drying [115] or chemical crosslinking
[66]. When designing new scaffolds for tissue regeneration, it is of great
importance to consider the workability of the material and its archi-
tecture as a scaffold, as well as the biological properties of the material
to be used in production. Although plant mucilage exhibits biological
properties suitable for cell attachment and proliferation with its high
biocompatibility, regenerative features and biodegradable structure, its
low mechanical properties limit its use. For this reason, it is discussed
that they are combined with other polymers such as chitosan [116],
polyvinyl alcohol [117] and polycaprolactone [65,118]. In addition, the
bio-functionality and mimic properties of the scaffolds can be enhanced
with the incorporation of inorganic minerals. In a recent study, nano-
hydroxyapatite (nHAp) particles were added to the structure of quince
seed mucilage-based scaffolds (QSM-nHAp) to improve the osteo-
conductive features and osteogenic development. The cellular prolifer-
ation, viability and morphology of human adipose-derived stem cells on
the developed biocomposites were evaluated in vitro. The obtained MTT
results were compared with the results obtained by the research group
from their previous study in which they produced quince seed mucilage
(QSM)-based bioscaffolds. In their previous study, the QSM gel was
found to be non-cytotoxic and they supported cell attachment and
proliferation [119]. With the addition of nHAp to the scaffold structure,
cellular infiltration and growth were observed more than QSM scaffolds
due to the mineral structure of nHAp and the increased surface rough-
ness of biocomposites [63].

3.2. Wound dressings

A wound can be defined as any lesions that disrupt or damage normal
anatomical structure and integrity. The effectiveness of the method to be
applied in the treatment of wounds depends on the determination of the
right method, the right material, and the wound type. In this context, the
skin substitutes produced for tissue engineering purposes was designed
to create a microenvironment to ensure cell proliferation and migration
and to mimic the 3D porous natural ECM, which encourages wound
healing [120]. Polysaccharides, including plant mucilage, with signifi-
cant characteristics such as biocompatibility, biologically degradability
and not being toxic are promising natural resources for the production of
different types of wound dressings. Moreover, it is known that plant
mucilage has beneficial effects on burns, wounds, inflammations and
irritations [121]. For example, quince seed mucilage was used for the
treatment of skin wounds/burns in Iranian traditional medicine [122].
The healing effects of quince seed mucilage on skin wounds in animal
models were also evaluated in many studies [122,123]. As another
source, mucilage extracted from the seeds of Lallemantia royleana
(commonly known as balangu) is also known to have antimicrobial,
antioxidant, and many pharmacological effects. This plant has been used
as a folk remedy for many ailments in Pakistan [124]. However, it is seen
that there are many undiscovered mucilage sources with different
pharmacological properties besides quince seeds and balangu seeds. So
far, mucilages from basil seeds [125,126], quince seeds [67], Hibiscus
leaves [69], and balangu seeds [124] have been used in the production
of wound dressing material. Balangu mucilage-based wound dressings
were produced with chitosan/chitin using glutaraldehyde as a
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crosslinker, incorporating ciprofloxacin as a model drug and silver
nanoparticles to prevent the microbial invasion of the wound site. The
healing potential of composite dressings was evaluated in vivo on a
wound (around 1 x 1 cmz) created on the dorsal side of Wistar rats. The
results figured out that the prepared composite dressings cured the
wound effectively over a period of 9 days [124].

3.3. Mucoadhesive drug delivery systems

Conventional drug delivery systems often cause side effects and
gastric upset due to limited targeting ability, low therapeutic index, poor
water solubility, and the tendency to induce drug resistance [74,127]. In
tissue engineering, the controlled release of drugs (drug active in-
gredients, small molecule chemicals, peptides, proteins, growth factors,
cytokines and other bioactive molecules) from a scaffold can accelerate
the local healing process while eliminating concerns about the potential
undesirable systemic effects of the drug in the body [128]. In the pro-
duction of scaffolds used as drug carriers, we see that mucilage has been
used in recent years, as well as other natural and synthetic polymers. The
use of mucilage as a drug delivery system in the production of scaffolds
is defined in the class of mucoadehesized drug delivery systems. The
term mucoadhesion, which is defined as the main feature in these sys-
tems, is generally expressed as the adhesion between two materials, at
least one of which is the mucosal surface of biological origin. Designed
with prolonged retention at the site of administration and to provide a
controlled rate of drug release for improved therapeutic outcome, these
systems are also useful for the delivery of orally unsuitable drug mole-
cules, such as those subject to acid degradation or extensive first pass
metabolism [129,130].

The first studies in which mucilage was used in drug release appli-
cations were based on its use as a matrix forming agent. A poly-
saccharide mucilage derived from the seeds of fenugreek was
investigated for use in matrix formulations containing propranolol hy-
drochloride. The extracted mucilage and drug were mixed and com-
pressed directly using a manual tableting machine. The results showed
that fenugreek mucilage was a good release retarder [131]. In the same
context, sustained-release diclofenac tablets were prepared by direct
compression on a rotary tablet press using Hibiscus rosasinensis Linn
mucilage powder. It has been demonstrated that the mucilage used in
the preparation of a sustained-release tablet dosage form for 12 h can be
used as a disintegrating agent, gelling agent, and modified-release
dosage form [132]. With the development of material science and a
significant increase in the use of inexpensive, natural, and biodegrad-
able compounds in the pharmaceutical industry, mucilage-based drug
delivery vehicles started to be prepared as hydrogels in film [73], bead
[74], microsphere [17], and disc [133] forms. Moreover, mucilage was
used to coat iron oxide nanoparticles designed for gene delivery [134].
Even, nano-hydrogel network drug delivery systems have also been
studied [135].

It is noteworthy that plant derived mucilage is also used in the
preparation of dosage forms in the pharmaceutical industry, similar to
drug delivery systems. In recent years, it is seen that the interest in
biocompatible, cheap, and easily available natural binders for use in
drug formulations has been increasing. Among these agents, plant
mucilage has been used as a binding factor and drug excipient in many
pharmaceutical formulations of tablets, capsules, pellets, granules, sus-
pensions and gels as disintegrating, binding, emulsifying, suspending,
gelling, and thickening agents [136,137]. To date, many types of
mucilage obtained from different parts of plants have been used for
these applications. An example of one of these applications is the eval-
uation of mucilage isolated from Vigna mungo (black gram) seed by
precipitation method as a gelling, binder, dispersant, and suspending
agent for pharmaceutical applications. It has been emphasized that
mucilage with increasing concentration shows better binding compared
to standard binder (PVP K30), drug release time and amount remain
almost the same compared to the presence of standard binders [138].



G. Goksen et al.

Finding new
sources
Integration to
foods for
industrial
viability

Fruits

Optimization studies

a®

Active food packaging
materials fabricated
using mucilage

! Roots

International Journal of Biological Macromolecules 230 (2023) 123146

\ nanocarrier

x vehicles 2%
9 ‘f‘

Blending with other Ly
additivies functionalized
/-\/ materials

) S sticky dressing for
irregular and deep wounds

Crosslinking for
mechanical stability
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4. Conclusions

This study is on the identification of plant-based mucilage as an
accessible, inexpensive, and sustainable source of polysaccharides and
elucidating its main application areas. Its application area is based on its
use in the food industry for purposes such as food additive, fat replacer,
emulsifier, and stabilizer, as well as its use as tissue regeneration, wound
healing and drug delivery system for biomedical applications. The use of
plant mucilage in the biomedical industry, especially with the tissue
engineering approach, continues to attract the attention of researchers
due to the adhesiveness, biocompatible, water retention, and biode-
gradability properties of the mucilage. Although the application of plant
mucilage in food systems is promising, it still has limitations since its
addition to different food matrices can negatively affect various food
characteristics such as colour parameters, texture, and even technolog-
ical properties. In addition, all these modifications can influence the
shelf life of the food and its sensory quality, affecting at the same time
the intention to buy from consumers. Therefore, the use of the mucilage
plant still needs to be explored in greater depth.

5. Future perspectives

The functional properties of plant mucilage together with its excel-
lent technological features have permitted its use to be widely investi-
gated both in the preparation of healthier foods in the food industry and
in the design of useful biomaterials in tissue engineering. Thus, this
review work displayed that the mucilage plant is presented as a unique
opportunity in important industrial sectors.

Despite the potential of mucilage in both food and non-food appli-
cations, its research is still quite limited and its properties are still far
from being optimal, and thus further research is needed. Firstly, it
should be noted that the sources of mucilage available in nature are very
vast, while mucilage that has been studied are only from a few plant
species. Regarding this, new sources that could provide plant mucilage
more easily and effectively along with more suitable characteristics
should be explored and studied. In addition, the optimization of the
extraction processes of mucilage, as well as the development of clean
technologies to achieve it, require further investigation in order to
minimize the environmental impact while obtaining adequate yields for
the demanding industry.
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On the other hand, in the food industry, how to add mucilage (that is,
mucilage accompanied with the matrix from which the mucilage is
extracted (integrated into seeds, fruits, pods, etc.), or purified mucilage
in form of dehydrated powder or lyophilized, or dispersed in water in gel
form) to obtain the best nutritional, technological, and sensory results
for the final products still requires deeper investigations to establish
adequate protocols to include mucilage into foods. Likewise, in-
vestigations must consider consumers’ perspectives of mucilage-added
products, which help to guarantee industrial viability. In addition to
adding mucilage to directly in food structure, we can say that it is a good
candidate for active food packaging applications, with the workability of
mucilage as a material. In this context, studies can be conducted on the
optimization of the processability parameters of mucilage for the pro-
duction of packaging materials that are robust, flexible and can prevent
bacterial contamination, and as a result, aiming to extend the shelf life of
foods (Fig. 5).

As for non-food applications such as biomedical (e.g., tissue engi-
neering) field, more tests are necessary in order to obtain materials
based on plant mucilage with appropriate mechanical characteristics,
since mucilage does not always offer ideal properties. The mucilage can
be crosslinked according to its functional groups to improve its loose
structure with appropriate agents. Since studies in the biomedical field
are still on bringing mucilage into a material form and then demon-
strating biocompatibility, it can be combined with other bioactive
agents or nanoparticle systems to add functionality to mucilage-based
biomaterials. In addition, studies can be carried out on the filling of
deep and chronic wounds that do not have a certain shape, especially on
the production of squeezable gel-like tissue scaffolds that will allow the
formation of new tissue in that area, by making use of its viscous con-
sistency and its traditional use for wound healing. For all these appli-
cation areas, the mechanism between mucilage and other polymer/
active agent/natural additives/nanoparticle systems needs to be eluci-
dated in more depth and detail (Fig. 5).
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