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Abstract

Agricultural waste is enriched with a variety of environmentally friendly materials that can potentially boost economic
growth, reduce the spread of contagious diseases, and serve as a carbon-free renewable energy bioresource. Biopolymers
produced from agricultural waste have a range of applications in medicine, agriculture, pharmaceutics, and industrial facto-
ries. The chemical extraction of biopolymers from biomass requires a series of alternating alkali, acid, and alkali treatments
at controlled temperatures. Chemical extraction of plant-based biopolymers requires elevated temperatures (70-100°C), while
for animal and sea organism-based biopolymers, moderate temperatures of 25—60°C are used. The obtained biopolymers
are functionalized into various materials for application in a wide range of industries. The reported functional materials
are loaded with inorganic nanomaterials, plant extracts, and organic compounds, which resulted in a synergistic effect and
enhanced activity of the materials. Several researchers have synthesized biopolymers with synthetic polymers to improve
their bioavailability, tensile strength, shelf life, and UV adsorption. This review article reports the extraction techniques of
biopolymers from agricultural waste and their application in wound healing, water treatment, food storage, passive cooling,
and cosmetics. The dearth of scientific articles on the applications of biopolymers generated from agricultural waste produced
from food crops grown in Africa is a motivation for the present compilation.
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1 Introduction Nigeria, Sudan, and Angola were reported to have the largest

agricultural land area, equivalent to 292.4 million hectares,

Agricultural production is a basic need in Africa, a continent
of countries affected by severe poverty and lack of electric-
ity and transportation. Most African countries heavily rely
on agriculture for sustainable economic development and
livelihoods, and the ever-growing population requires more
agricultural production. Agriculture forms a large part of
the economies of most African nations south of the Sahara;
it contributes between 30 and 40% of the continent’s total
economic output and provides a significant portion of the
continent’s working population with a living. South Africa,
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as of 2020 [1]. Maize is one of the staple foods in most
African regions, and a record of 89.3 million metric tons was
produced between 2020 and 2021, with the largest produc-
tion coming from South Africa and Nigeria [2, 3]. About
25.4 million metric tons of wheat was produced in Africa in
the years 2020-2021, with 60% of the production accounted
for in Northern African countries [4]. The world population
in 2018 was recorded at 7.3 billion and is expected to reach
8.545 billion by 2030, with the total energy consumption of
648 EJ [5]. Agricultural production in Africa is expected
to increase by 11-30% between 2017 and 2029 due to its
demand and population growth [6].

However, higher agricultural production leads to larger
agricultural waste and residues (biomass) produced, includ-
ing food wasted during the chain value. Although some of
this agricultural waste is used as fertilizer and animal feed,
90% of it is distributed into landfills [7]. Seasonally, farmers
dispose of or burn their waste after harvest, preparing the
land for the next plantation [8]. Agricultural waste is often
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burned or dumped in fields, and this pollutes the air and the
environment, thus attracting harmful microorganisms and
insects that cause several health complications [9, 10]. The
burning of biomass results in huge amounts of air pollut-
ants (NO,, SO,, CO, and NH;) and greenhouse gases (CH,,
CO,, and N,0) that contribute to global warming [11, 12].
In 2018, images captured by the Aqua satellite revealed fire
burnings accounting for over a quarter of a million hectares
across Africa [8]. Biomass is an essential raw material in
renewable energy generation [13], biofuels [14], biopoly-
mers, etc. This implies that the dumping and burning of bio-
mass are a huge loss in promoting the economy and green
environment. In Africa, there is limited research based on
the extraction of biopolymers from agricultural waste and
their potential use as functional materials.

Large macromolecules composed of a sequence of repeat-
ing units are known as biopolymers or natural polymers [15].
Owing to their sequential chain and functional groups, they
can be used to covalently bond with active materials and
deliver them to the targeted site. Biopolymers (cellulose,
alginate, starch, xylan, carrageenan, chitosan, gelatin, hya-
luronic acid, collagen, etc.) are polymers present in natural
sources like plants or animals [16]. They are either derived
from their source of origin through a series of chemical
treatments or are naturally synthesized by living organisms
[17]. Since they are derived from living organisms, they
offer advantages such as being antimicrobial, biocompat-
ible, biodegradable, environmentally friendly, non-toxic,
bioadhesive, etc. [18, 19]. Owing to these characteristics,
biopolymers can be transformed into functional materials
like hydrogels, sponges, films, foams, patches, emulsions,
lipids, and nanomaterials. The mentioned functional mate-
rials have a wide range of applications, such as food pack-
aging, medical storage of pharmaceuticals, baby diapers,
pollutant removal, house cooling, electric conductors, pas-
sive cooling, catalysis, agriculture, wound healing, and drug
delivery[11, 20-24]. This review will focus on the extrac-
tion of biopolymers from biomass and their application as
functional materials.

2 Biopolymers and sources

2.1 Agricultural wastes and their chemical
composition

Agricultural wastes are leftovers generated after harvest-
ing, processing of various agricultural products (plant- and
animal-based), and spoilage resulting during packaging and
the supply chain [5, 25]. They can be in the form of raw
materials (leaves, seaweed, animal skins, stalks, shells, corn
stover, efc.), by-products (bran, intestine, husk, bones, ani-
mal cutoffs, etc.), or a processed final product (bagasse) [26].
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The biopolymers are found in different compositions based
on their source of extraction (Table 1). Corn stover contains
11.7% lignin, 31.10% hemicellulose, and 40.67% cellulose
[27]. Wheat straw consists of high levels of minerals (phos-
phorus and calcium), proteins, ash, silica, and carbohydrates
(hemicellulose, cellulose, and lignin) [28]. Shrimp shells are
the protective shield of shrimps and are composed of mag-
nesium and calcium carbonate (20-50%), protein (20-40%),
chitin (15-40%), and some minor constituents like minerals,
lipids, and astaxanthin [29, 30]. The brown seaweed’s major
constituents as dry weight include 3-15% of protein, 1-3%
of lipids, 7-38% minerals, 50% carbohydrates (alginate, cel-
lulose, and fucoidan), and 80-90% of water [31]. Bagasse,
a waste product retrieved after the final processing of sug-
arcane, is rich in carbohydrates such as cellulose (32-48%),
hemicellulose (25-32%), lignin (19-24%), raw extractive
materials (5-9%), and ash (3%) [32-34].

2.2 Biopolymers and methods of extraction
2.2.1 Cellulose

Cellulose is an abundant biopolymer on earth, and it is pre-
sent in the cell walls of most plants and some bacterial path-
ogens [35, 36]. Moreover, it is a source of renewable carbon
from plants [37]. Owing to its abundance, non-toxicity, low
cost, biodegradability, renewability, biocompatibility, good
thermal stability, and mechanical strength, this biopoly-
mer has attracted much attention for application in various
fields [38, 39]. It is a linear polymer composed of a series of
D-glucose molecules linked by p-(1—4) bonds (Scheme 1)
[40]. Because of its strong hydrogen bonding, cellulose has
poor solubility in most organic solvents [12, 35]. However,
cellulose’s chain consists of hydroxyl functional groups,
which can be easily modified to develop various cellulose
derivatives that are soluble in aqueous solutions [33, 38].

Table 1 Chemical composition of agro-waste

Agro-waste  Cellulose Hemicellu- Lignin References
lose

Bagasse 32-48%  25-32% 19-24% [32,33]
Corn stover  41% 31% 11% [27]
Wheat straw ~ 35-40%  30-35% 10-15 [28]
Bran 23% 32% 21% [26]
Corn cob 28% 39% 9% [34]

Chitin Protein CaCOy/

MgCO;,
Crustacean 15-40% 20-40% 20-50% [29, 30]
shells

Alginate Protein Minerals

Seaweed 20-50% 3-15% 7-38% [31]
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The high content of hydroxyl groups present in cellulose
allows it to be used as a superabsorbent material.

Cellulose is the most abundant polymer in plants such as
cereal straws, wheat straws, corn stover, sugarcane bagasse,
rice straws, etc. [41, 42]. Mzimela et al. reported the extrac-
tion of cellulose from sugarcane bagasse using five differ-
ent methods involving the use of acidified and non-acidified
sodium hypochlorite [43]. Mzimela and his group discov-
ered that acidifying sodium hypochlorite using acetic acid
to pH 4 yielded better crystallinity and thermal stability
as compared to treatment with only sodium hypochlorite
[43]. A similar method was reported by Senapitakkul et
al.; however, they further treated the resultant powder with
xylanase to improve its dyeability and remove excess lignin
and hemicellulose [38]. Plermjai et al. obtained cellulose
from bagasse by bleaching the bagasse using a 5% sulphuric
acid solution (v/v), followed by treatment with 4% sodium
hydroxide [41]. They further purified the obtained cellulose
using acid hydrolysis assisted with milling and reported that
this step improves the absorbability and crystallinity of the
obtained cellulose [41].

Melesse et al. extracted cellulose from sugarcane
bagasse using different concentrations of sodium hydroxide

at controlled reaction times (15, 30, and 45 min) at 120°C
[33]. After this step, 1% of the sodium chlorite solution was
used to completely remove lignin at 95°C for 60 min. The
sample was further treated with varying concentrations of
sulphuric acid for 15 and 30 min under refluxing condi-
tions at 100°C. The resultant product was then filtered and
washed to a neutral pH using warm distilled water, followed
by oven-drying overnight at 105°C. Gond et al. extracted
65% nanocellulose from sugarcane bagasse through a series
of acid and alkali chemical treatments under controlled reac-
tion conditions [44]. The obtained nanocellulose displayed
antibacterial efficacy against E. coli and Bacillus bacterial
strains, exhibiting 14.6- and 12.2-mm zones of inhibition,
respectively. The characteristic features presented by films
and composites made of the nanocellulose were suitable for
application in plastic packaging, food packaging, and con-
tainer fabrication.

Sugarcane bagasse is a common biomass used for the
extraction of cellulose, and its cellulose content varies
depending on the chemical treatment and reaction condi-
tions. Notably, when bagasse is first treated with an 8—15%
sodium hydroxide solution followed by a dilute strong acid
solution (2-5% v/v), higher yields are obtained at around
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80-100°C. Additionally, complete lignin removal is done
through additional treatment with a 1-3% w/v sodium
hydroxide solution between 80 and 100°C.

2.2.2 Chitosan

Chitin, the second most abundant biopolymer after cellu-
lose, is derived from fungi, insects, and bacterial cell walls
and has a higher composition in the exoskeletons of crus-
taceans [45]. The chemical extraction of chitin involves
two steps, namely, demineralization (acidic treatment) and
deproteinization (alkaline treatment) [30, 46]. Varun et al.
obtained chitin from shrimp shells and deacetylated it to
form chitosan, a major constituent of chitin [47]. They first
ground and treated the grounded shells with hot water to
remove dirt, followed by the 3-step extraction process. For
demineralization, they treated the powder obtained from the
pre-treatment step with 2N hydrochloric acid at room tem-
perature for 2 h with constant stirring. The demineralized
sample was then treated with a 2N sodium hydroxide solu-
tion agitated at 50°C for 2 h to remove proteins. The result-
ant chitin (14.72 + 0.57% yield) was deacetylated using 50%
sodium hydroxide with constant stirring at 121°C, 15 psi for
an hour, followed by washing with distilled water to pH neu-
tral to obtain chitosan (12.03 + 0.46% yield). The obtained
chitosan revealed FTIR characteristic peaks similar to those
of commercial chitosan and displayed antibacterial efficacy
against E. faecalis, S. aureus, E. aerogenes, and E. coli. This
led to the confirmation of chitosan’s molecular weight to be
<5000 kDA [47]. A similar chemical method was reported
by Kandile et al. and Tokatl: et al. yielding similar chitin
properties, and yields below 14% [48, 49].

Zhao et al. extracted chitin from shrimp shells using a dif-
ferent solvent method and compared it with the usual acid-
alkali treatment method [50]. They used 10% citric acid in
finely grounded shrimp shells to demineralize them, and
then, they later treated the sample with different ratios of
deep eutectic solvents (choline chloride:urea/glycerol/eth-
ylene glycol, ratio 1:2) heated with microwave irradiation at
different time intervals. The obtained chitin was compared
to that obtained using the common acid/alkali treatment,
and their treatment method was proven to be slightly sig-
nificant, with a 25-22% yield compared to 17% yielded by
the acid-alkali treatment. Both methods presented similar
XRD, SEM, TGA, and FTIR results [50]. However, the use
of 10% citric acid and deep eutectic solvents is an effective
method to obtain higher yields of chitin and to limit the use
of exotic acid and alkali solvents.

Xie et al. recovered chitin from shrimp shells using a two-
step fermentation method involving bacterial pathogens [51].
Demineralization was achieved using L. acidophilus-con-
taining fermentation medium shaken for 120 h in an incuba-
tor at room temperature. After complete demineralization,
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the fermentation medium was replaced with E. profundum
fermentation medium, with conditions kept the same to
remove proteins. The recovered sample was washed with
deionized water and dried to obtain a 47.82% yield of chitin
[51]. Tan et al. reported that the chemical composition of
shrimp shells is about 30-60% minerals, 20-40% protein,
and 20-30% chitin [52]. However, the bacterial fermenta-
tion method is an ideal procedure to recover higher yields
of chitin, as reported by Xie ez al. [51]. Chitin is structurally
similar to cellulose and is composed of a series of linear
B-(1—4) linked N-acetylglucosamine (N-acetyl-2-amino-
2-deoxy-D-glucopyranose) units [41, 53]. Chitin, due to its
high intermolecular hydrogen bonding, is highly insoluble
in most organic and inorganic solvents and is often con-
verted into chitosan [53, 54]. Chitosan is obtained by the
deacetylation of chitin, and if the degree of deacetylation is
higher than 50%, then it is termed chitosan [41]. Chitosan
is a basic copolymer, and deacetylation of chitin results in
the formation of amine groups, which give chitosan its cati-
onic characteristic [18, 53, 55]. Chitosan is composed of
D-glucosamine and N-acetyl-p-D-glucosamine units linked
by p-(1—4) bonds [56, 57]. It is insoluble in water; however,
it is soluble in most acidic aqueous solutions [36, 54].

2.2.3 Alginate

Alginate or alginic acid is an insoluble natural biopolymer
recovered from the cell walls of seaweed but is in higher
composition in the cell walls of brown seaweed [58]. How-
ever, various methods have been employed to extract a
water-soluble form of alginate (sodium alginate). Alginate
is composed of a series of a-L-guluronate (G-blocks) and
B-D-mannuronate (M-blocks) linked by 1—4 glycosidic
bonds [59, 60]. The sequence and arrangement of G- and
M-blocks are determined by their source of extraction [61].
The G-blocks of alginate interact with calcium ions to form
an egg-box-like structure hydrogel [58, 61, 62]. Smith et
al. reported the gelling and swelling properties of alginate-
based materials to be influenced by a higher number of
M-blocks over G-blocks [18]. The chemical structure of
alginate contains hydroxyl and carboxyl groups, which are
the targeted sites of reaction and modification [63]. It has
a high gelling ability, allowing it to be functionalized into
various value-added materials like gels, beads, sponges,
microspheres, films, hydrogels, etc. [58, 59]. The common
chemical extraction of sodium alginate includes the removal
of fucoidan through acid treatment [64], the conversion of
alginic acid into sodium alginate through alkaline treatment,
solid/liquid separation, and precipitation [65].

Trica et al. extracted sodium alginate using the acid/
alkali treatment method, in which Cystoseira barbata (a
specie of brown seaweed) was used [66]. They treated the
dried seaweed powder with 70% ethanol for 24 h at room
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temperature to remove fat and pigment. The depigmented
powder was then treated with 0.1M hydrochloric acid for
2 h at 60°C to remove fucoidan, and this step was repeated
twice. The obtained powder, which is the insoluble alginic
acid, was treated with a 3% sodium carbonate solution for
2 h at 60°C to yield a water-soluble sodium alginate. This
solution was centrifuged to separate the contaminants from
the sodium alginate solution. This alginate-containing solu-
tion was precipitated with 96% ethanol at —18°C to recover
ayield of 1941.5% of dry sodium alginate. Jayasinghe et al.
used Sargassum wightii brown seaweed to obtain sodium
alginate [67]. The dried Sargassum wightii meshed samples
were dipped in a 1% calcium chloride solution, followed by
dipping in 1% formaldehyde to achieve depigmentation for
2 and 6 h, respectively. The sample was then washed with
deionized water and dipped in 5% hydrochloric acid for 30
min to obtain the alginic acid. This alginic acid was then
treated with a 2.5% sodium carbonate solution for 3 h and
filtered to remove the solid from the liquid phase. This solu-
tion was then precipitated with 95% ethanol under constant
stirring, and the recovered precipitate was dried in an oven
to obtain +31.5% yield.

Nat et al. obtained +17% sodium alginate from Sargas-
sum angustifolium brown seaweed [68]. The S. angustifo-
lium powder was defatted and depigmented using a solution
mixture of methanol, chloroform, and water at room tem-
perature overnight, followed by treatment with 80% ethanol.
This was then treated with a 0.1 M hydrochloric acid solu-
tion to remove fucoidan at 60°C for 3 h and this stage was
repeated twice. A solution of 2% sodium carbonate was used
to treat the residual obtained after acid treatment for 4 h at
60°C. The resultant solution was filtered to remove any solid
materials and precipitated with absolute ethanol to obtain
the desired sodium alginate. The obtained sodium alginate
was purified using deionized water and an absolute ethanol
solution and washed with acetone before drying.

Dalal et al. derived sodium alginate from algal biomass
[69]. The algal biomass was dried and crushed, and then,
20g of it was washed in boiling water (300 mL) for half an
hour. This was then boiled in a 0.5% calcium chloride solu-
tion to stabilize the alginate/alginic salt in the algal biomass.
The resultant was then boiled for 1 h in 0.5% sodium chlo-
ride. The obtained filtrate, after boiling, was boiled again
for 30 min in 5% sodium carbonate with continuous stirring.
After this step, the obtained product was finally filtered and
precipitated with 80% ethyl alcohol, followed by drying and
storage.

2.2.4 Gelatin
Gelatin is a naturally occurring biopolymer derived from

either alkali or acid hydrolysis of collagen from pigs, cows,
fish scales, etc. [45]. Acid treatment of collagen results in

type A gelatin, and alkali treatment yields type B gelatin
[70]. Type B gelatin has a slower degradation rate compared
to type A, which could be linked to its higher cross-linking
degree [71]. Gelatin has a large polypeptide structure [72],
consisting of 18 amino acids, of which proline, hydroxy-
proline, and glycine constitute +57% and other amino acids
+43% [36, 71]. Gelatin forms gels below 30-40°C and the
dominance of the mentioned amino acids in its structure
promotes its bio-adhesion properties [36, 70, 73]. Moreover,
the high amino acid structure aids in gelatin’s physical and
biological properties, such as being biocompatible, being
biodegradable, low toxicity, ease of functionalization, etc.
[36, 72]. Due to these advantages, gelatin has been widely
used to prepare functional materials in various fields, mostly
in food and tissue engineering.

Saenmuang et al. extracted gelatin from black-bone
chicken skin and feet and recovered 7.23 and 6.60%, respec-
tively [74]. The chicken by-products were first defatted,
cleaned, chopped into small pieces, and freeze-dried. They
then used different concentrations (0.025, 0.050, 0.075 N)
of 200 mL sodium hydroxide solution for pre-treatment of
collagen; the reaction proceeded for 80 min under continu-
ous slow stirring at 22°C. They treated the product obtained
with a 0.15% sulphuric acid solution followed by 0.7% citric
acid for 40 min with constant stirring, repeated three times.
After every step, the samples were centrifuged for 10 min
and rinsed with deionized water. In the final step, the sam-
ples were soaked in distilled water at 45°C for 15 h followed
by cooling and mixing with activated carbon for 20 min.
The mixture was filtered, and the filtrate was concentrated
and freeze-dried to obtain powdered gelatin. In their study,
they discovered that the yield of gelatin is influenced by the
concentration of sodium in the pre-treatment step.

Similar studies were reported by Chakka et al., who
derived gelatin from chicken feet [75]. In their report, the
chicken feet were minced into a paste with a meat mincer
before pre-treatment with 0.5 M sodium hydroxide for 20 h.
This was then filtered, and the residual was washed to pH
neutral with water, followed by treatment with different con-
centrations (1.5, 3, and 4.5%) of lactic acid, acetic acid, and
citric acid overnight. These solutions were then heated for 20
min at 55°C, then filtered, and the filtrate was freeze-dried
to obtain a gelatin powder. The concentration of the acids
significantly impacted the percentage yield, as the yield of
gelatin increased with an increase in acid concentration. In
summary, the lactic acid treatment exhibited the highest
yield of 14.47% compared to other forms of acid treatment.
An increase in the acid concentration of lactic and acetic
acid negatively influenced the content of hydroxyproline,
while citric acid revealed a directly proportional relationship
[75]. Higher hydroxyproline composition and gel strength
were recovered using 1.5% acetic acid. The overall chemical
composition of amino acids present in gelatin at 1.5% acetic
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acid displayed high glycine content, followed by proline,
alanine, hydroxyproline, and other amino acids.

Rather and co-workers [76] used and modified the method
reported above by Chakka et al. [75] to extract gelatin from
chicken feet. In their study, the pre-treatment step was
achieved in 2 h using similar conditions, and they defatted
the sample with 10% butyl alcohol. After the removal of fat,
the sample was then treated with a 0.1 N hydrochloric acid
solution with constant stirring for 24 h. After this step, the
sample was soaked in a 4.5% lactic acid solution overnight.
The solution was then heated at 55°C followed by filtration,
and the filtrate was hot air-dried at 45°C or freeze-dried at
—60°C. The obtained percentage yield was not significantly
different from that reported by Chakka et al. and was 14.5
and 15.7% for hot air-dried and freeze-dried gelatin, respec-
tively. The gelatin produced in this study showed reason-
able gelling, stabilizing, foaming, emulsion capacity, and
oil-binding capacity properties. Their findings were not
significantly different from the findings reported by Chakka
and co-workers, suggesting that the average composition of
gelatin from chicken is ~14.8% using the above-mentioned
method. Kamatchi et al. used fish skins of Sphyraena bar-
racuda and Carcharhinus amblyrhynchos, and recovered 6
and 8% yields of gelatin, respectively [77]. The skins were
immersed for 40 min in 0.2% sodium hydroxide, followed
by step-by-step treatment with 0.2% sulphuric acid and 1%
citric acid. This was then washed with cold water and soaked
in distilled water for 18 h at 45°C. The resultant solution was
filtered, and the filtrate was evaporated at 70°C followed by
hot air oven-drying at 50°C. The yield of gelatin from its
source is affected by the concentration of the organic sol-
vents used during pre-treatment steps and the temperature.

Amertaning and co-workers derived gelatin from cattle
skin using both acid and alkali treatments [78]. They scraped
the fur off the animal skins and chopped them into medium
pieces before freeze-thawing them for 6 h and further cutting
them into smaller pieces. The small samples were soaked in
separate acid 0.25 M and alkali 0.25 M solutions for 3 days,
followed by washing and soaking in distilled water for 6 h
at 55°C to extract gelatin. This solution was filtered, and the
filtrate was dried to obtain 11.04% gelatin recovered from
acid treatment and 5.42% from basic treatment. The acid
treatment produced more efficient results compared to the
alkali treatment. Nevertheless, alkali treatment revealed a
high yield of amino acids with a high composition of gly-
cine, followed by glutamic acid and arginine [78].

Asif et al. obtained gelatin from camel hides by first treat-
ing the hides with sodium hydroxide. A sodium sulphide
solution was used to remove hair at 10°C for 3 days, fol-
lowed by cutting it into pieces [79]. The hides were then
soaked in 0.5 M sulphuric acid for another 3 days, followed
by washing with distilled water and pH adjustment (pH
5.26). This was then soaked for 3-5 h in distilled water at
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71.87°C. The solution was then filtered, purified, and dried
to obtain a 29.1% yield of gelatin.

3 Applications of biopolymer-based
materials

The aforementioned properties of biopolymers enable them
to be functionalized into various functional materials for
application in different fields of research, such as tissue and
wound healing, water treatment, recovery of metals in mines,
food storage, drug delivery, cooling systems, sanitary prod-
ucts, and cosmetics, among others [16, 80-82].

3.1 Biopolymers in cosmetics

Mondejar-Lopez et al. developed chitosan-based nano-
particles encapsulated with varying concentrations (0.25,
0.5, 0.75, and 1) of carvacrol or eugenol as preservatives
in cosmetics [83]. The encapsulation efficiency of these
nanoparticles ranged between 33.4 and 3.7% with loading
efficiency between 25 and 2.4% and particle size between
126 and 50.2 nm. Carvacrol-encapsulated chitosan nanopar-
ticles (CH-Carv) displayed a zeta potential of +26mV which
was higher than that of eugenol-containing nanoparticles
(CH-Eug) —25mV, signifying that CH-Carv nanoparticles
are more stable than CH-Eug nanoparticles. The stability of
these formulations decreased with an increase in the concen-
tration of the encapsulated materials.

Drug release profiles showed a biphasic and fast release
mechanism for CH-Eug, while a relatively triphasic profile
was observed for CH-Carv with slow carvacrol release. The
drug release profiles played a significant role in the inhi-
bition of microorganisms (A. brasiliensis, C. albicans, E.
coli, P. aeruginosa, and S. aureus) associated with cosmetic
product invasion. CH-Eug displayed the highest antimicro-
bial activity against the tested pathogens, showing a mini-
mum inhibition concentration (MIC) of 52 pg/mL against P.
aeruginosa, while CH-Carv exhibited a MIC of 222 pg/mL
against S. aureus. Encapsulation of the preservative agents
significantly enhanced their antimicrobial activity, as lower
MIC values were observed for CH-Eug and CH-Carv com-
pared to their free forms. However, CH-Carv displayed no
significant difference from free carvacrol as they exhibited
similar MIC values against the fungal pathogens (A. brasil-
iensis and C. albicans). Moreover, the antioxidant results
displayed 67.7% antioxidant activity for CH-Eug compared
to 45.9% for CH-Carv.

These nanoparticles were then formulated into moisturiz-
ing cream to evaluate their preservative activity with a blank
cream used as a control. The control cream did not present
any preservative activity against all the treated pathogens,
as an increase in the colony-forming units (CFU) of the
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pathogens was observed. The addition of CH-Carv to the
cream decreased its antimicrobial activity, as it did not show
any activity across the treated pathogens. However, 7 days
post-treatment, CH-Carv cream exhibited activity against A.
brasiliensis. CH-Eug displayed a total reduction against A.
brasiliensis, E. coli, and C. albicans, while P. aeruginosa
and S. aureus displayed resistance, though a slight reduction
of 1 log in CFU was displayed. These results suggest that
the fast release displayed by CH-Eug aided in its antioxi-
dant, microbial, and preservative activity, signifying that it is
an ideal material for the preservation of cosmetic products.
However, additional studies should be employed to further
confirm the safety of the materials for application to the skin.
Cho et al. used the biomass of Hesperethusa crenulata
heartwood to extract cellulose [84]. The obtained cellulose
was used to develop a hydrogel film-facial mask loaded with
Thanaka extract. The facial mask was prepared by soaking
the cotton mask in the cellulose solution, and this was later
stored in a bag filled with Thanaka extract. The water reten-
tion content of the plain cotton was 73.1%, and that of the
hydrogel film was 165.5%. However, this was significantly
increased to 465.6% for the facial mask, showing high water
retention ability, which is a good feature for facial treat-
ment products. They likened their hydrogel film mask to
resembling human skin tissue due to its high flexibility,
mechanical properties, and water retention content. The anti-
microbial activity of the hydrogel film was tested against B.
pumilus, B. subtilis, S. aureus, P. aeruginosa, E. coli, and
C. albicans using the disc agar-well diffusion method. The
hydrogel film mask exhibited an average diameter of 18 mm
against B. subtilis, S. aureus, and E. coli, followed by 17 mm
for B. pumilus, 15 mm for P. aeruginosa, and 12 mm for C.
albicans. The obtained facial mask was then evaluated for
its facial treatment potential on a female human being. The
mask was put on the face and taken off after 20 min; then,
the face was rinsed with water, and smooth and bright skin
was observed after application for 2—-3 times a week.
Gaspar et al. developed chitosan bioactive films incor-
porated with lemongrass essential oil (LEO) for potential
skincare applications [85]. Various concentrations of LEO
were incorporated into the films, and it was noted that by
increasing the concentration of LEO, a more yellowish film
was observed. Moreover, the water vapour permeation rate
decreased as the concentration of Leo increased, which
could be linked to the hydrophobic nature of oils, which is an
interesting feature for cosmetic masks used for the treatment
of wrinkled skin. The prepared films displayed homogene-
ity and flexibility and they maintained their texture after 1 h
of soaking in distilled water without dissolving, a time that
mimics that of the mask’s application on the skin before
removal. The antioxidant activity of the films was similar
to that of N-acetyl-L-cysteine, a prodrug widely used as an
antioxidant. Additionally, a HaCaT cell viability of 70%

was observed in cells treated with film loaded with 0.5% of
LEO. Higher concentrations LEO significantly decreased the
viability of HaCaT cells. These scaffolds further inhibited
the bacterial growth of E. coli and S. aureus, showing that
they can be used as ideal masks for skincare and antiaging.

Ta and co-workers developed chitosan nanoparticles
cross-linked with acacia or sodium tripolyphosphate (TTP).
The cross-linkers were used to enhance the delivery and
penetration of cosmetic constituents through the skin [86].
The reported nanoparticles had an average size of 200-300
nm and they showed an average of 98% water retention.
The particle size of the nanoparticles was dependent on
the concentration of both chitosan and cross-linkers used.
These nanoparticles further displayed lower moisture reten-
tion while showing high moisture absorption, an important
parameter in maintaining the skin’s moisture and keeping
the stratum corneum hydrated. This implies that as the nano-
particles absorb moisture from their environment, the polar
active ingredients will be entrapped within the nanoparti-
cle’s network and released into lower-polarity skin condi-
tions. The nanoparticles were non-toxic to human dermal
fibroblast cells, exhibiting a minimum of 80% cell viability
at the highest concentration tested. Porcine pig ear skin was
used to determine the cellular uptake, and it was discovered
that the nanoparticles were able to penetrate and gather in
the dermis layer. The findings presented in this study suggest
that chitosan nanoparticles are good functional materials for
the delivery of cosmetic active ingredients through the skin
while maintaining the skin’s moisture.

The potential activity of the cosmetic materials reported
has been tested in vitro and on humans. The reported materi-
als showed efficacy and safety both in vitro and on human
skin.

3.2 Biopolymers in passive cooling and storage

Climate change has led to increased temperatures leading
to quick decomposition of food, increased usage of water,
drought, decreased survival rate of livestock, etc. The
development of passive cooling systems to limit the effect
of elevated temperatures is needed. Feng et al. developed
acrylamide-based bilayer hydrogels for the passive cooling
of buildings [87]. The bilayer porous film was composed of
a hydrophobic top layer and an inner hydroscopic hydrogel
layer. The top layer was designed to protect the hydrogel
layer from direct UV light, thus enhancing its cooling effects
during the day while allowing it to recover during the night.
The reported bilayer displayed an ambient cooling power
of ~150 W-m~2 and approximately 7°C of temperature
drop under direct sunlight. This is a promising approach to
the development of cost-effective cooling systems and the
reduction of electricity consumption.
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Ferber et al. developed hydrogel-based storage materi-
als composed of poly(N-isopropylacrylamide) (PNIPAM)
for cooling biologics [88]. The functional properties of the
PNIPAM hydrogels were compared to those of polyacryla-
mide (PAM) hydrogels. When PNIPAM and PAM hydrogels
were incubated at 36°C with 50% humidity for 7 days, PAM
hydrogels displayed an effective cooling performance over
the first 3 days compared to PNIPAM hydrogels. However,
proceeding to day 7, the water content of PAM hydrogels
significantly dropped, while PNIPAM hydrogel retained its
water content and maintained a lower stable temperature.
The PAM hydrogels dried out and broke by day 3, while
PNIPAM managed to retain their water. The PNIPAM
hydrogels exhibited full recovery when rehydrated.

The hydrogels were further incubated at 39 and 12°C
to mimic the day and night temperature conditions. PAM
hydrogels failed to withstand the alternative change of
temperature after two cycles due to a loss of water content.
However, PNIPAM hydrogels maintained a lower core tem-
perature for up to 5 days. Three serotypes of the oral polio
vaccine (OPV) were used to determine the evaporative cool-
ing potential of the hydrogels, with serotype 1 being the
most temperature-sensitive, serotype 2 being the most ther-
mostable, and serotype 3. Under stable conditions (36°C
and 50% humidity in 7 days), PNIPAM hydrogels displayed
higher preservation and recovery of OPV across the tested
serotypes compared to unpackaged and PAM hydrogel-
treated serotypes. However, at serotype 1, there was no sta-
tistical difference between the treatment groups. Moreover,
PNIPAM hydrogels exhibited significant recovery of OPV
serotypes under cycling day and night conditions in 7 days,
compared to other treatment groups. The reported hydrogels
are promising scaffolds for the storage of thermolabile phar-
maceuticals without a refrigerator.

Lu et al. developed a hydrogel-aerogel bilayer material for
application in passive cooling [89]. The aerogel layer was
composed of hydrophobic silica, and the hydrogel layer was
composed of 2-acrylamido-2-methylpropan sulfonic acid
and acrylamide. The reported bilayer prolonged the lifetime
of the cooling package by 400%, as matched with the single-
layer method design. These bilayer materials were suitable
for the preservation of food, the storage of pharmaceuticals,
and the cooling of buildings. Riaz et al. developed alginate-
containing double network (DN) hydrogels and evaluated
their cooling potential against brick and wooden houses [90].
When investigated under direct sunlight at 47°C, the experi-
mental brick house displayed a temperature of 31°C, while
the wooden house maintained a temperature of 39.5°C.
These results show that these functional materials can pro-
mote evaporation and cooling effects without the consump-
tion of electricity.

Lv and co-workers developed bio-inspired hydrogels and
evaluated their cooling efficacy on photovoltaic (PV) panels

@ Springer

under normal working conditions [91]. They reported that
using 0.5 g of the hydrogel, a cooling power of 70 Wm™2
was achieved for a standard 6-inch PV panel. This was
achieved without weakening the conversion efficacy. The
hydrogels further displayed a 5°C temperature drop for the
panels under normal working conditions. Xu et al. devel-
oped nanocomposite hydrogel-based daytime passive cool-
ing systems for application in food preservation and build-
ing cooling [92]. They reported that nanocomposites with
approximately 0.92 atmospheric emissivities and 0.95 solar
reflectances could realize daytime radiation. The reported
nanocomposite hydrogels exhibited excellent flexibility,
mechanical strength, rehydration, and swelling ability. The
adsorption properties of these hydrogels significantly pro-
mote radiative and evaporative cooling. Under direct sun-
light at 35°C, the hydrogels exhibited temperature drops in
the range of 2.9-6.2°C.

3.3 Biopolymers in metal absorption

Clean water is a basic need of life, and accessible water
in most river dams is often polluted with dyes, surfactants,
plastics, oils, heavy metals, efc. This often poses a danger to
human lives, as some still use contaminated water for drink-
ing, livestock, and gardening. Polluted water is a serious
issue affecting most African countries, and an estimation of
115 people die per hour as a result of diseases linked to con-
taminated water, poor sanitation, and improper hygiene [93].
Water treatment is a necessity to improve human health, and
the use of polymer-based materials in water treatment has
attracted a lot of researchers. Biopolymers in water treatment
offer the following advantages: they are cheap to synthesize,
have high absorption properties, can be functionalized into
different sizes with varied chemistry, and are safe. Sharmila
and co-workers reported sodium alginate beads for the treat-
ment of textile wastewater [94]. They discovered that the
absorption efficiencies of the reported beads were influenced
by the pH, flow rate, and diameter of the beads. The opti-
mum removal of nitrates was 75%, 56% for alkalinity, and
32% for sulphates at a flow rate of 50cc/hr, pH 9, and a bed
height of 10 cm. Bustos-Terrones et al. reported sodium algi-
nate-based beads exhibiting 99.5% degradation of basic blue
9 dye in textile wastewater after 2 h of treatment [95]. These
functional materials also showed 71% and 93% degradation
of organic matter and phosphorous in domestic wastewater
after 12 h.

Trica and co-workers, in their study, developed algi-
nate-based beads for heavy metal absorption in water [66].
The average mean diameter of the reported beads was
recorded at 4413 + 134 pm, and the absorption proper-
ties of these beads were compared to those of the alginate
source biomass. They discovered that the biomass man-
aged to absorb heavy metals (lead and copper) from the
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water, exhibiting metal absorption capacities of 69.3 +
2 mg/g and 279.2 + 7.5 mg/g for Cu>* and Pb**, respec-
tively. Functionalization of alginate into beads greatly
improved its metal absorption potential, showing a maxi-
mum of 107.3 + 1.7 mg/g for Cu®* and 454 + 4.7 mg/g
for Pb>* as estimated by the Langmuir absorption model.
The absorption mechanism of these beads was linked to
the ion exchange of Ca’* in the alginate network, which
was replaced by Cu®* or Pb>* as they have higher affinity.
Findings reported in this study suggest that the produced
beads have the potential to be applied in the treatment of
water contaminated with heavy metals.

Zhang et al. reported hydrogel beads loaded with poly-
aniline-polypyrrole modified graphene oxide for the removal
of Cu** and Cr(VI) from water [96] (GO-PAN-PPy). The
incorporation of GO-PAN-PPy led to a larger pore size and
improved absorption kinetics of the hydrogels. The absorp-
tion kinetics were also influenced by the pH, as maximum
removal of Cr(VI) was observed at pH 2 and pH 6 for Cu>*.
The absorption capacity of these hydrogels was affected by
various factors; as observed, the increase in concentration of
GO-PAN-PPy negatively influenced the absorption of Cu**
and promoted that of Cr(VI). The absorption potential for
Cr(VI) and Cu®* was estimated at ~133.7 mg/g and ~87.2
mg/g, respectively, at pH 3. The absorption mechanism of
Cu?* was achieved through ion exchange and complexation,
while Cr(VI) was sequestered via reduction, ion exchange,
hydrogen bonding, electrostatic interactions, and complexa-
tion of the adsorbate. The findings showed that the resultant
absorbent materials can be applied to the removal of ion-
charged metals from water.

Kim er al. extracted cellulose from paper mulberry
through a soda pulp process and functionalized it into a
flocculant to treat wastewater polluted by surfactants from
cosmetic products [97]. They targeted linear alkylbenzene
sulfonates (LASs), the commonly used cosmetic anionic sur-
factant in showers and bath products [97]. The LAS solution
was treated with different concentrations (1%, 2%, and 3%)
of the coagulant (FeCl;-6H,0) and the removal efficacy was
directly proportional to an increase in concentration from
16.04 to 94.01%. The removal efficiency displayed by 1%
coagulant was significantly improved to 92.73% when 0.3%
cellulose-based flocculant was added to the solution. It was
also noted under these exact conditions that pH adjustment
is also a critical parameter to be considered for optimum
removal of LAS, as a pH of 2 exhibited 95.62% removal
efficiency. The lowest recorded LAS removal was at pH 7
(88.68%); however, it was not statistically different from that
at pH 10. The mechanism of LAS removal in water is linked
to the high number of carboxyl groups in the flocculant. This
study displayed an eco-friendly and cost-effective approach
for wastewater treatment using lower concentrations of the
flocculant and coagulant.

Bilici et al. treated wastewater polluted with waste motor
oil with calcium alginate-based beads loaded with different
concentrations (25, 50, and 100 mg/L) of sodium dodecyl
sulphate (SDS) [98]. The binding efficiencies of SDS to
the beads decrease with an increase in their concentration,
revealing 84% at 25 mg/L and 48% at 100 mg/L. In a range
of pH 2-10, the effective pH for maximum oil absorption
was recorded at pH 6-8, exhibiting 77% absorption effi-
ciency. The absorption capacity of the beads increased sig-
nificantly from 77 to 95% when the concentration of beads
was increased from 2.5 to 30 g/L. Additionally, under the
same conditions, it was noted that smaller particle sizes (<1
mm) of the beads increased oil absorption, while larger sizes
of 4 mm displayed lower absorption efficiency. The absorp-
tion kinetics of the beads displayed pseudo-second-order
kinetics, as an increase in oil concentration from 25 to 1000
mg/L led to 8.34 to 22.12 mg/g oil molecule absorption.
The beads were best fitted to the Langmuir isotherm model.
These beads were reusable, and their absorption capability
only decreased by 5% after 7 reuses.

Several researchers have developed and reported efficient
water treatment approaches. However, there is limited infor-
mation on the commercialization of these materials and their
possible application on a larger scale.

3.4 Biopolymers in wound healing

Biopolymers in wound healing are mostly used as delivery
systems of active materials into the affected site. Never-
theless, some biopolymers possess natural wound healing
characteristics such as being antibacterial, adhesive, and
analgesic, promoting wound healing factors, less scaring,
etc. Wound healing is an important and life-saving pro-
cess after injury, as the body often leaks blood leading to
various complications. Wounds are prone to infection, and
without proper treatment, they may expand, compromis-
ing the immune system and sometimes leading to amputa-
tion. Biopolymers are easily recognized by the body, and
due to their properties mentioned above, they are suitable
functional materials to overcome limitations associated
with wound healing and thus promote rapid wound closure.
Buyana et al. developed topical gels using sodium alginate
and pluronic F127 and loaded them with bioactive materi-
als (aminocaproic acid, norfloxacin, thymol, and zinc oxide)
[99]. In their study, they discovered that loading both zinc
oxide (ZnO) and aminocaproic acid into the gels led to
improved blood clotting kinetics of the gels, showing a syn-
ergistic effect between the loaded active materials and the
polymer network. The reported gels also showed a broad
spectrum of antibacterial activity against both gram-negative
and gram-positive pathogens.

Mehrabi et al. developed borate bioactive glass (BBG)-
loaded chitosan-carboxymethylcellulose-based hydrogels for
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the management of wounds [100]. The reported hydrogels
displayed a fast degradation rate in the first 7 days, which
was then sustained from days 7 to 14 at 37°C, signifying
they can be applied to the body for a prolonged period time.
The antibacterial activity of the hydrogels was due to the
loaded BBG, as plain hydrogels displayed no sign of bacte-
rial inhibition. The MTT assay displayed that the hydrogels
promoted the cell viability of mesenchymal stem cells prior
to 7 days of treatment. Moreover, the reported gels signifi-
cantly promoted wound healing in vivo, showing 79.27%
wound reduction in male NMRI mice after 7 days post-
injury and 96.7% after 14 days.

Shah and co-workers reported diabetic wound healing
effects of carboxymethylcellulose/chitosan-based hydro-
gels impregnated with nano-curcumin [101]. The percent-
age entrapment efficiency and drug loading content were
above 95% for all the reported formulations in this study.
The hydrogels exhibited a cell viability of 80% for 3T3-
L1 cells. The wound healing potential of the hydrogels was
first evaluated using a wound scratch assay, and complete
cell migration of 3T3-L1 cells was observed after 72 h of
treatment with the reported hydrogels. Using male Wistar
rats, complete wound healing was observed after 20 days
when treated with the functional hydrogels. The healed area
appeared to have hair follicles, sebaceous glands, sweat
glands, and blood vessels.

The activity of the reported scaffolds was tested in vitro
and in vivo and they revealed promising wound healing
effects. However, preclinical studies are needed to confirm
safety of these materials.

3.5 Biopolymers in the food industry

Food storage and preservation are one of the limitations
associated with the food and market industries. Food after
harvesting is accompanied by various factors such as bacte-
rial invasion, fungal infection, temperature, handling and
storage, processing, etc. [26], leading to its spoilage. Various
methods have been practised to overcome factors associated
with food spoilage, including canned food, refrigerators,
plastic containers, and more. However, these methods are
often associated with environmental protection, food safety,
poor biodegradability, energy, etc. [20, 102]. The use of
biopolymers in food preservation and storage is a promising
approach, as they contain and deliver bioactive materials,
inhibit microbial infection, allow gaseous exchange, provide
cool temperatures, are non-toxic, promote food safety, efc.
[103].

Zhao et al. prepared functional composites composed of
silver nanoparticles (Ag-NPs) and grape seed extract (GSE)
and coated them with chitosan as functional materials for
food packaging [104]. These functional composites had an
average particle size of 10-30 nm with a spherical shape.
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The antioxidant and antimicrobial activity of the compos-
ites was influenced by their concentration in the treatment
medium. A high concentration of 100 pg/m displayed maxi-
mum antioxidant scavenging activity and microbial inhibi-
tion of +75% and +17.0 mm diameter zones of inhibition
of P. chrysogenum and A. niger fungal pathogens, respec-
tively. After 5 days of treatment with the reported compos-
ites at 20°C, the harvested grapes maintained their quality,
while other treatment groups displayed decay, dehydration,
and fungal infection. The good preservative properties
displayed by these composites were due to the synergistic
effect between Ag-NPs, GSE, and chitosan. These composite
materials further displayed reduced weight loss and rotting
percentage, inhibited total mould count, and maintained the
titratable acidity of the stored grapes. The functional materi-
als produced in this study have the potential to be used as
packaging materials for the elongated shelf life and storage
of fruits.

Zhai et al. developed nanocomposite films composed of
starch and poly(butylene adipate-co-terephthalate), incor-
porating a combination of ZnO-NPs and Ag-NPs [105].
Composite films containing both ZnO and Ag-NPs exhibited
higher points at elongation and tensile strength than films
loaded with only a single nanoparticle. Films containing
both nanoparticles also showed a synergistic effect against
microbial inhibition of S. aureus and E. coli with over 95%
efficacy within 3 h. The preliminary packaging studies were
compared to those of commercial low-density polyethylene
(LDPE) films. The freshly produced nectarines and peaches
displayed no signs of spoilage after 9—4 days of storage treat-
ment with films containing 0.8% Ag-NPs and 0.2% ZnO-
NPs at 23°C and 53% relative humidity compared to LDPE,
with visible spoilage, dehydration, and shrinkage. Moreover,
the reported films prevented the penetration of UV light.
These functional materials are suitable for the preservation
and packaging of food, as they increase shelf life and main-
tain the quality of foods.

Liu and co-workers developed chitosan and gelatin-based
(CGP) hydrogel films loaded with 3-phenyllactic acid as
food packaging materials to extend the shelf life of chilled
chicken [106]. The antibacterial activity of the reported CGP
hydrogels increased with an increase in the concentration of
3-phenyllactic acid (3-PLA) against S. aureus and E. coli.
These hydrogels exhibited >90% cell viability in Caco-2
and SW480 cells, and the chilled chicken breast was used
to evaluate the potential storage time of CGP films. The
reported films adhered and absorbed water on the surface
of the chicken breasts after wrapping, forming a protective
membrane. After 6, 8, and 10 days, the pH of the chicken
breasts was significantly increased for the control and films
without 3-PLA, whereas CGP-1-treated breasts displayed
minimal pH changes. Using total volatile basic nitrogen
(TVB-N) as a spoilage indicator, the control and plain film
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Fig.1 The agro-waste and its application as biopolymer-based functional materials in industries [107]

groups presented TVB-N values above 25 mg/100 g after
8 days, while CGP-1 displayed values below 20 mg/100
g, showing second-level freshness. The bacterial count of
chicken breasts treated with control and plain films reached
6 log CFU/g, while for CGP-1-treated chicken breasts, it was
4.23 log CFU/g after 4 days of treatment. The total bacterial
counts were directly proportional to the increase in time.

The reported materials have potential for application in
the storage and preservation of food. However, continual
studies are needed for the application of these materials on
a broader market scale. Fig. 1 displays a schematic summary
of the work reported in this review.

4 Conclusion and future perspectives

The extraction of biopolymers from biomass is one of the
vital approaches contributing to safe and green chemistry
due to their wide application in various industries. The
extraction of biopolymers often requires various chemi-
cal treatments with diluted acid and alkali solutions at
controlled temperatures. Contrary to other polymers, the
extraction of cellulose has elevated reaction conditions
(80-100°C) and a stronger alkali solution, resulting in com-
plete degradation and removal of lignin. Among the various
chemical treatments, the bacterial treatment method is ide-
ally the most effective in order to recover higher yields of the

biopolymers. These biopolymers can be functionalized into
various functional materials for application in broad day-to-
day life. The activity of biopolymer-based materials is influ-
enced by loading them with nanomaterials, plant extracts,
and organic and inorganic materials. Loading biopolymer-
based materials with bioactive compounds resulted in a syn-
ergistic effect and improved effectiveness. Their efficacy was
proven in vitro and in vivo, and it can be concluded that
their biocompatibility, swelling ability, antibacterial activity,
and absorbability play an all-round role across the reported
industrial applications. However, further studies are needed
for the potential application of these materials for day-to-day
purposes and their market availability.
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