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Abstract
Aloe vera, a medicinal herb, is used in health care and cosmetics due to its biological activity. Its gel contains acemannan, 
which has high water content, biocompatibility, biodegradability, and customizable properties. Acemannan hydrogels 
can absorb and retain up to 99% of their weight, enabling supercooling and longer periods. There are literature reports 
on cellulose-based, chitosan-based, alginate-based, and starch-based hydrogels, but very limited studies on acemannan-
based hydrogels, especially for supercooling applications. Hence, understanding AvP’s supercooling properties is crucial 
for developing reliable supercooling devices. The potential of hydrogels based on AvP for supercooling applications is 
examined in this review. The study reports on the idea of supercooling, how important it is in different fields, and how 
current techniques are limited. The review focuses on the characteristics, composition, and hydrogel formation process 
of AvP. It goes over AvP hydrogels’ capacity for supercooling, and the difficulties and potential paths for enhancing these 
hydrogels’ functionality and performance are also covered.

Keywords AvP · Hydrogel · Acemannan · Supercooling applications · Innovation

1 Introduction

The anti-inflammatory, antioxidant, and wound-healing capabilities of Aloe vera (AvP) have been proven to minimize 
nanoparticle cytotoxicity in supercooling applications. It causes ice crystals to form, which lowers the temperature and 
increases the volume of liquid that may be supercooled [1]. Because of its thick epidermis wrapped in cuticle, AvP is a 
perennial plant with turgid green leaves that is employed in cryopreservation, food processing, and energy storage. The 
parenchyma cells contain AvP gel, a translucent mucilaginous liquid. AvP gel processing has evolved into a worldwide 
business. It is utilized in the production of health beverages, milk, and ice cream sweets [2]. However, because of their 
laxative impact and absence of active mucilaginous polysaccharides or acemannan, gel juices are not widely consumed. 
To increase gel quality and maintain bioactive chemical entities, a simple yet effective processing approach is required. 
The active ingredient in AvP is a source of contention, with numerous reasons for its healing qualities claimed, including 
synergistic action and high-water content [3]. Researchers suggest tannic acid and polysaccharide components for wound 
healing, but polysaccharides can exhibit pharmacological and physiological activities without additional components. 
Hence, AvP gel has been linked to its medicinal properties, with many researchers citing its pain-relieving properties [4]. 
High-quality AvP products are difficult to distinguish from adulterated ones. Harvesting, processing, and distribution 
factors affect their quality. To ensure quality, a certification seal and assess healing capacity by mucopolysaccharide con-
tent is necessary. AvP gel is a mucilaginous jelly produced from the parenchyma cells of the AvP plant, so its biological 
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activities are lost when exposed to air [5]. Different processing techniques, such as cold processing or heat treatment, 
are used to sterilize and stabilize the gel. The optimal outcomes are achieved when leaves are processed immediately 
after harvesting. The process involves washing the leaves in bactericide, processing to separate the gel matrix, and treat-
ing the liquid with activated carbon to remove laxative effects [6]. The stabilized gel can be concentrated or used as a 
drink formulation. Cold processing involves enzymes to inhibit aerobic organism growth, while heat treatment involves 
pasteurization at high temperatures. Pasteurization techniques like flash cooling and high-temperature shot time can 
decrease activity levels, while stabilization can be achieved by adding preservatives and other additives [7].

Research on AvP gel juice found that heat treatment significantly affects polysaccharide stability and barbaloin con-
tent, with polysaccharide stability peaking at 70 °C and barbaloin content decreasing [8]. Main components of the AvP is 
listed in Table 1. Garau et al. [9] investigated the effect of air-drying temperature on the dehydration curves and functional 
properties of AvP cubes. A diffusion model was proposed and solved, with the maximum functional properties of the aloe 
gel observed at 40 °C [10]. Femenia et al. [11] conducted a study on the physico-chemical modifications of acemannan, 
a bioactive polysaccharide from AvP parenchyma, after heat treatment and dehydration at varying temperatures. The 
changes were significant when dehydration was performed above 60 °C, with significant losses of mannosyl residues. 
These alterations impact the physiological activities of the AvP plant. AvP leaves can also be processed through traditional 
hand-filled, whole-leaf, or total-process methods. Traditional hand filleting involves removing the lower 1 inch of the leaf 
base, tapering point, and short spines, and then introducing the mucilage layer below the green rind [12]. This method 
is labor-intensive and involves dilution of the fillet’s water, which is stored in the fillet cells. The inner gel is extracted 
from the leaf without disrupting the latex portion, preventing bitterness. Whole leaf processing involves a cold process, 
allowing the cellulose (skin) and aloin to be removed. The leaf is pulverized, treated with chemicals, and juiced through 
a press, rind particles removed, and filtering to remove harmful substances [13].

AvP is also processed using traditional and whole leaf methods, with the hand-filled method being labor-intensive 
and potentially containing anthraquinones and laxatives. A depulping extractor separates the liquid from pulp [14]. The 
juice is filtered to remove aloe, emodin, leaves, particles, and residue. It is then placed in a holding tank, then cold filtered 
for final purification and stabilization. According to the International Aloe Science Council [15], the total processing of 
aloe, which combines conventional hand-filleting and a new proprietary methodology, has superior quality and higher 
concentrations of total solids, calcium, magnesium, and malic acid. AvP can be used to nucleate supercooling in various 
liquids, but the optimal conditions depend on the specific liquid being used. The concentration of AvP is crucial, as it 
increases the supercooling temperature of the liquid. However, too much AvP can inhibit supercooling by increasing 
the viscosity of the liquid, making it harder for ice crystals to form. Supercooling is a metastable condition where phase 
change materials (PCMs) are chilled below their melting point temperature while maintaining their liquid phase. This 
mechanism is critical for sustaining pressure in the laboratory environment without becoming a solid state. Although 
supercooled liquids need the release of additional energy, stored latent heat refers to the energy absorbed or released 
during a phase shift. High-purity AvP is essential for supercooling applications, as impurities can act as nucleation sites for 
ice crystals, reducing the supercooling temperature [16]. The temperature at which the liquid is cooled is also important, 
as too fast cooling can also cause ice crystals to form. The presence of other substances in the liquid can also affect the 
supercooling temperature. For example, in water, the optimal conditions are 0.5–1% AvP concentration and cooling to 
-10 °C or below. In milk, the optimal conditions are a 1–2% AvP concentration and cooling to -5 °C or below [17].

Botanical extracts for business purposes are generally extracted using an organic solvent, such as ethanol or aque-
ous solution, and then freeze or spray dried. Acemannan, a key component of AvP leaf, is removed through aqueous 
extraction, but calcium oxalate is dissolved. To lower the pH and precipitate acemannan, which makes smaller pieces 
with better biological effects, hydrochloric or nitric acid is used. Handling and filleting should be completed within 36 h 
to prevent gel matrix decomposition [18]. At room temperature, crush and homogenize the aloe gel product using a 
commercial high-speed tissue crusher. The addition of pectolytic enzymes to AvP gel can improve its biological activity, 
particularly polysaccharide. Filtration can affect the juice’s stability, but it can also cause particle sedimentation. Deaera-
tion prevents ascorbic acid oxidation, improving shelf life of the gel. Flash cooling is also crucial to preserving biological 
activity [19]. Pasteurization, which involves heating the gel at 65 °C for less than 15 min, remains active and affects taste 
and biological activity, but can be avoided with HTST (High Temperature Short Time) treatment. Flash cooling, storage, 
leaf processing, and gel harvesting are essential for preserving the juice’s biological activity, quality, and shelf life. Leaf 
preparation must be carried out within 36 h of harvesting, and gel accumulation and handling must be done under 
vacuum to avoid activity loss [20].
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2  Polymeric biomaterials based on AVP

AvP is a polymeric biomaterial because it is composed of polysaccharides, which are long sugar chains and have unique 
properties like biocompatibility, biodegradability, anti-inflammatory, and wound-healing properties [21]. Polymers, 
derived from biological sources, are crucial in prosthetic devices, surgical systems, and biosensors, with ongoing research 
enhancing their stability and performance in vivo [22]. Research on tissue engineering materials focuses on durable 
implants and transplants, with increasing interest in polymeric systems for cell-polymer interaction [23, 24]. Macromo-
lecular engineering assesses low-cost, custom polymeric structures for vascular devices, soft-tissue replacement and drug 
delivery focusing on bulk morphology for physical properties like strength, density, and elasticity [25]. The porosity of 
implant materials allows for easy passage of proteins, nutrients, and oxygen while also removing metabolic wastes. The 
design of these materials, including fibers, films semipermeable membranes, nanoparticles, biocomposites and hydro-
gels as shown in Fig. 1, is crucial for artificial organs and cell-growth scaffolds. Polymer compositions for applications like 
sutures and skin substitutes considers shape memory, elasticity, adhesion, durability and tensile strength. Shapeability 
is crucial for structural applications and nerve regeneration. While selection depends on system type, action, and target 
site [26, 27].

Soft contact lenses require properties such as transparency, durability, sterilizability, hydrophilicity, and water insolu-
bility. Material selection of contact lens depends on physicochemical, interfacial, and biomimetic properties, impact 
strength, elasticity, and permeability. Bulk properties, including permeability and degradation rate, are crucial for long-
term applications [28]. Polymers with controlled degradation rates are ideal for temporary implants, drug-delivery devices 
and long-term skin substitutes. Acrylics are preferred for structural materials, while hydrophilic synthetic polymers like 
Poly(vinyl alcohol) PVA are used for nondegradable materials [29]. Long-term applications of polymeric materials shown 
in Fig. 2 necessitate water-repellent materials for immunoisolation, bioartificial organs, drug delivery, and ocular applica-
tions. High water permeability and hydrophilicity determine adhesion, environmental responsiveness, and degradation 
rate, while considering solubility and swelling ability [30]. Polymers, both natural and synthetic, are macromolecules with 
a variety of uses in the building, textile, packaging, and medical industries. These are macromolecules created through 
the joining of monomers, and their characteristics can be modified to suit particular needs. Natural polymers come from 
natural sources, whereas synthetic polymers are created by humans. While synthetic polymers are more expensive and 
offer specific functionalities and better performance, natural polymers are more readily available, have more defined 
structures, are biodegradable, and have higher availability. Natural and synthetic polymers are frequently related to 
one another; for better qualities, synthetic polymers are modified using natural polymers that serve as inspiration. With 
continuous research and development efforts to improve performance, sustainability, and functionalities for various 
applications, both types are always changing. Both natural and synthetic polymers have special qualities and similarities 
that influence application research. It is essential to comprehend how these properties relate to one another in order to 
create novel materials and overcome obstacles in the future.

Environmental changes in swelling characteristics of polymeric materials are useful for drug delivery and biomaterials. 
pH-responsive systems, composed of polyelectrolytes, are used for oral administration and artificial muscle-tissue sub-
stitutes [31]. Amphiphilic polymers and polyelectrolyte gels with Poly(N-isopropylacrylamide) LCST monomers combine 
pH and temperature sensitivity for biomaterials [32, 33]. Hybrid polymer systems, based on copolymers, are useful in 

Fig. 1  Polymeric materials based on AvP
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tissue engineering and biodegradable implants. Polymer blends, containing synthetic or natural polymers, are attrac-
tive biomaterials [34]. Networking in polymer selection involves developing 3D systems for implantable biodegradable 
scaffolds for tissue replacement or cell transplantation. These systems provide a structural framework, facilitate tissue 
formation, and protect isolated cells from damage [35]. Ophthalmology uses biomaterials since the mid-nineteenth 
century for eye diseases, including contact lenses, IOLs, artificial corneas, and implants, and is now used in various clini-
cal applications [36]. Modern ophthalmic implants, particularly contact lenses, IOLs, and artificial corneas, are primar-
ily made of polymers. These high-performance materials offer various properties, including light transmission, resist-
ance to tear-film deposition, tear-film wettability and oxygen permeability. They can be hard or soft, with Poly(methyl 
methacrylate) PMMA being the first generation [37]. PMMA offers superior optical properties, durability, and tear film 
resistance. However, its lack of oxygen permeability and eye shape alteration have limited its use. Rigid gas-permeable 
(RGP) contact lenses were developed in the late 1970s to improve oxygen permeability [38]. Wetting agents in RGP 
lens formulations include hydrophilic monomers such as methacrylic acid MAA, 2-hydroxyethyl methacrylate HEMA, 
and N-vinylpyrrolidone (NVP). Soft contact lenses, developed by Otto Wichterle in the 1960s, use hydrogels for water 
retention but are hydrophobic and uncomfortable [39]. Commercialized siloxane hydrogel contact lenses like Focus 
Night & Day and PureVision use surface treatments like Fluorocarbon radio-frequency glow-discharge (RFGD) and graft 
polymerization. These lenses improve oxygen permeability and comfort, unlike polymeric lenses lacking oxygen perme-
ability [40]. Orthopedic biomaterials like PMMA are used in bone tissue engineering, but radicals can cause wear and 
inflammatory reactions. Antioxidants, crosslinking of ultra-high molecular weight polyethylene (UHMWPE), and PMMA 
fixative improve wear resistance, but have drawbacks [41]. Reinforcing PMMA with bioactive glass and hydroxyapatite 
HA, poly(ethylmethacrylate)/n-butylmethacrylate PEMA and n-BMA bone cements with bioactive HA particles improve 
creep resistance, but still fail at lower cycles [42]. Polymers like polyethylene terephthalate (PET), expanded PTFE (ePTFE), 
and polyethylene glycol (PUs) are commonly used in cardiovascular applications [43–45]. Bioresorbable PUs are being 
used as elastomeric tissue engineering scaffolds, while PET, a semicrystalline polymer, is used in medical applications 
for prosthetic vascular grafts and wound dressings. Despite its stability and stiffness, PET grafts face thrombogenicity, 
necessitating strategies to make them thrombo-resistant [46]. Surgical wounds are closed using adhesives, sutures, tapes, 
laser tissue welding and staples. The materials used for these wounds are listed in Table 2. Sutures are sterile filaments, 
natural or synthetic, absorbable or nonabsorbable, with minimal adverse biological response [47].

Fig. 2  Polymer materials
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Nonabsorbable polymers like polypropylene, polyamides, polyesters, and polyether-esters are used in sutures. Poly-
propylene monofilament sutures are resistant to hydrolytic degradation, while polyamide sutures have a yearly decrease 
in tensile strength. Fluoropolymers like polytetrafluoroethylene PTFE, Polyvinylidene fluoride- co-hexafluoropropylene 
PVDF/HFP are used for delicate tissues [48]. PVDF/HFP sutures are used for wound closure in surgeries, while Polybutyl-
ene terephthalate PBT and PET are polyester-based nonabsorbable sutures. PET sutures are stable and have long-lasting 
strength retention, while PBT sutures are less brittle and stiff. Synthetic absorbable sutures are biodegradable, eliminat-
ing clinical visits for removal [49]. Sutures, based on degradable polymeric units like polylactic acid, poly-p-dioxanone 
or polyglycolic acid, are being researched for their potential in wound closure, antimicrobial control, and therapeutics 
[50]. Extracorporeal artificial organs support failing organ systems like kidney replacement, hemodialysis, and plasma 
separation, using membrane materials like cellulosic. However, regenerated cellulose has poor hemocompatibility, caus-
ing inflammation and immune response. Repairing nerves is complex [51]. Polymers like silicone and expanded polyte-
trafluoroethylene ePTFE are used for engineering, while electrical charge affects neurite extension and improves nerve 
regeneration in vivo [52]. The research on nerve regeneration involves the use of natural polymers like, methylcellulose, 
chitosan, hyaluronic acid, fibrin gels, alginate, collagen, self-assembling peptide scaffolds and keratin. These materials can 
enhance neurite extension, mimic wound-healing matrix, and align axons. Recent research focuses on bioactive material 
design with neurotransmitters [53]. Polymers, such as dopamine polymerized with diglycidyl ester and polysialic acid, 
significantly impact biomedical research and medical practice [54].

3  AVP extraction and processing for its gelation properties

AvP gel’s viscosity and elasticity are due to its high-molecular-weight polymer, acemannan [55]. Extracting and process-
ing as shown in Table 3, involves harvesting mature leaves, splitting them open, and using filtration, centrifugation, and 
spray drying methods to process the extracted gel [56]. A simple home method involves harvesting mature leaves, wash-
ing, and revealing gel, scooping, blending, and straining the gel, avoiding green rind bitterness, for use or storage [57]. 
McConaughy et al. [58] purified galacturonate polysaccharides from the AvP plant and revealed that AvP polysaccharide 
is a high molecular weight species with a unique composition, including high galacturonic acid content and low methyl 
ester substitution. As a result, it is appropriate for gel formation in formulations for in situ protein administration. At high 
salt concentrations, the critical concentration for the shift from dilute to concentrated solution is linked to increasing 
intermolecular interactions. The capacity of AvP to generate robust gels at low polymer and calcium ion concentrations 
shows its potential for in situ drug administration. In another study, McConaughy et al. [59] studied the properties of AvP 
galacturonate hydrogels, focusing on molecular weight, ionic strength, and molar ratio of  Ca2+ to COO − functionality. 
They extracted pectin from AvP low-methoxyl pectin (LM pectin) and conducted dynamic oscillatory rheology, pulsed 
field gradient and Nuclear magnetic resonance spectroscopy NMR studies to assess in situ gelation for controlled thera-
peutic delivery. The study found that elastic AvP polysaccharide hydrogel networks can provide elastic modulus values 
between 20 and 20000 Pa. Khan et al. [60] developed a gel containing carbopol 934 for surgically induced skin wound 
healing in Wistar rats. The gel was created using AvP leaves and a gelling agent. The gel showed promising results, with 
80.14% wound healing up to 14 days, compared to 52.68% in the control group. The gel also showed no inflammation 
or pus formation.

Gentilini et al. [61] aimed to optimize the extraction, purification, and gel preparation of AvP pectin, a natural source 
with a high molecular weight and low esterification. Different extraction processes were tested, including the separa-
tion of alcohol-insoluble residues (AIRs), microwave pretreatment, and microwave deactivation with sodium citrate as 
a chelating agent. The resulting pectin had a molecular weight of 118 kDa and a 2.93% esterification degree. The iono-
tropic gelation produced improved cell adhesion compared to commercial pectin. The results suggest that extracted A. 
vera pectins have interesting properties for regenerative medicine applications, including mechanically stable gels and 
high-rhamnose content matrices. Jales et al. [62] developed AvP mucilaginous-based hydrogels for topical use in pso-
riasis treatment. The hydrogels were prepared using 80% w/w of AvP mucilaginous gel and evaluated for organoleptic, 
rheological, pH, and glucomannan content. The hydrogel-based hydroxyethylcellulose had glucomannan contents of 
6.76 and 4.01 mg/g, respectively, making it ideal for psoriasis treatment. The hydrogel showed no significant difference 
in keratolytic activity compared to the classic treatment (clobetasol propionate), making it effective in controlling hyper-
keratinization. Salama et al. [63] used nanotechnology to create controlled drug delivery devices using AvP extract as a 
carrier. They created non-toxic, tissue-compatible nanocomposites using chitosan nanoparticles (CSNPs). The composites 
were applied to cotton and viscose fabrics, preventing bacterial growth. The cytotoxicity of the composite was assessed 
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using a cell viability assay. The results showed that the AvP leaf extract contained bioactive substances that were loaded 
onto the CSNPs polyload, increasing bioactivity without toxicity. Padmaja et al. [64] used AvP gel as an edible coating to 
prolong the storage life of tropical and subtropical fruits, particularly Indian jujube. The gel effectively inhibited undesir-
able changes during storage, extending the shelf life to 45 days under refrigerated conditions. The treatment reduced 
microbial counts and improved sensory scores for the fruits, resulting in less shrinkage, less fungal infestation, uniform 
color development, and a visually good appearance. The literature reviewed showed that most studied on AvP gel has 
been biomedical applications with limited studies based on refrigeration or supercooling applications.

4  Supercooling prospects of AVP: Acemannan

Acemannan, a linear, high-molecular-weight polysaccharide found in AvP gel, has been shown to have various properties, 
including wound-healing, anti-inflammatory and immunomodulatory effects. It may also have supercooling properties, 
which involve cooling a liquid below its freezing point without solidifying. This process can be achieved by adding impuri-
ties or quickly cooling the liquid [65]. Acemannan also has potential applications in cryopreservation, food processing, 
and energy storage, as it can supercool water and milk to temperatures as low as − 5 °C. Acemannan, has β-1,4 linkages 
and a variable degree of acylation. The variability of acemannan depends on the cultivation conditions and species, with 
a higher β-polysaccharide content in AvP than in arborescens [18]. Acemannan and acetylation content in AvP plants vary 
based on planting conditions, growth age, and harvest season. Acemannan levels are higher in three-year-old plants and 
with increasing light intensities. Heating, drying, pasteurization, and dehydration are all steps in the processing process 
[66]. Table 4 shows the comparison behaviour of AvP and other Materials for supercooling applications.

Pasteurization enhances acemannan yield in 65–85 °C conditions. Extracting acemannan with hot water and ethanol 
has disadvantages like long extraction times, high temperatures, and polysaccharide degradation. Acemannan, with 
molecular weights 1000–1600 kDa, extracted through ethanol precipitation often contains water, necessitating further 
drying and dehydration methods like freeze-drying, spray-drying, refractance window drying, and radiant zone drying 
[68]. Partial digestion with cellulose improves extraction conditions. [67]. Acemannan is separated and purified using 
techniques such as anion exchange chromatography, gel permeation chromatography, gradient ethanol precipitation, 
and gradient ammonium sulfate precipitation [69]. More efficient and environmentally friendly methods like graded pre-
cipitation and membrane ultrafiltration are popular while colorimetry, spectroscopy, and chromatography are commonly 
used [70]. Polysaccharides content of acemannan can be determined using various methods including colorimetric, 
spectral, and chromatographic techniques. Recent research suggests carbohydrate microarray profiling for extracting 
cell wall polysaccharides from acemannan [71].

4.1  Polysaccharides as hydrogel

Polysaccharide is a biocompatible and biodegradable natural material with unique properties like hydrophilicity, mechan-
ical stability, and tunable functionality. It can be used to create hydrogels, which can be a porous network structure or 
nanofibrillar structures [72]. Hydrogels are porous 3D networks constructed of biopolymers or polyelectrolytes that 
expand when exposed to water or biological fluid. They may be natural or manufactured, and they can be created by 
physical or chemical means. Natural hydrogels interact with aqueous solvents, causing crosslinkers to expand and attach 
them through retractive force. Chemical or physical crosslinkers connect these "solid-like fluid" polymers through molecu-
lar chains [73]. Glycans, or hydrogenopolysaccharides, are polysaccharide networks with high water retention capacity, 
renewability, biodegradability, and nontoxicity. They are employed in advanced engineering hydrogels for medication 
delivery, wound healing, implant/tissue engineering, and other applications [74]. Hydrogels can prevent drug degrada-
tion, reduce side effects, and speed up wound healing. Proper humidity, pH, microbial protection and oxygen pressure 
speed up the healing process. The interface between hydrogels and wound beds provides a biocompatible platform, 
adequate moisture, and bacteria isolation, making tissue engineering an effective treatment method [75]. These materials 
have nontoxic, biocompatible, and appropriate mechanical properties. Recent research on cellulose-, chitosan-, alginate-, 
and starch-based hydrogels, with applications in medical and healthcare, discusses their fabrication and engineering, 
including tissue engineering and wound healing [76]. When polysaccharides with various hydrophilic groups are inflated 
with water, they may create hydrogels. Water-soluble cellulose-based hydrogels may be made directly from solutions 
using hydrogen bonding and hydroxyl groups [77]. Fagiolari et al. [78] fabricated carboxymethyl cellulose for sustainable 
solar cell applications. Bacterial cellulose synthesized from fermentation displayed a porous nature and higher tensile 



Vol:.(1234567890)

Review Discover Materials            (2024) 4:10  | https://doi.org/10.1007/s43939-024-00080-y

Ta
bl

e 
4 

 C
om

pa
ris

on
 o

f A
vP

 a
nd

 E
st

ab
lis

he
d 

M
at

er
ia

ls
 fo

r S
up

er
co

ol
in

g 
A

pp
lic

at
io

ns

M
at

er
ia

l
A

pp
lic

at
io

n
Su

pe
rc

oo
lin

g 
Ra

ng
e 

(°
C)

Ad
va

nt
ag

es
D

is
ad

va
nt

ag
es

Re
fs

.

A
lo

e 
ve

ra
 h

yd
ro

ge
ls

 (u
nd

er
 

de
ve

lo
pm

en
t)

Po
te

nt
ia

l a
pp

lic
at

io
ns

: F
oo

d 
pr

es
er

-
va

tio
n,

 d
ru

g 
de

liv
er

y
− 

2 
°C

 to
 −

 1
0 

°C
 (l

im
ite

d 
da

ta
, 

po
te

nt
ia

l f
or

 im
pr

ov
em

en
t)

Bi
oc

om
pa

tib
le

, r
en

ew
ab

le
, p

ot
en

-
tia

lly
 c

os
t-

eff
ec

tiv
e

Li
m

ite
d 

su
pe

rc
oo

lin
g 

de
pt

h 
co

m
-

pa
re

d 
to

 e
st

ab
lis

he
d 

m
at

er
ia

ls
, 

ea
rly

 s
ta

ge
 o

f r
es

ea
rc

h

[1
71

]

Et
hy

le
ne

 g
ly

co
l (

an
tif

re
ez

e)
En

gi
ne

 c
oo

la
nt

, i
nd

us
tr

ia
l a

pp
lic

a-
tio

ns
− 

13
 °C

 to
 −

 6
0 

°C
 d

ep
en

di
ng

 o
n 

co
nc

en
tr

at
io

n
Re

ad
ily

 a
va

ila
bl

e,
 w

el
l-e

st
ab

lis
he

d 
te

ch
no

lo
gy

To
xi

c,
 e

nv
iro

nm
en

ta
l c

on
ce

rn
s, 

no
t 

su
ita

bl
e 

fo
r b

io
lo

gi
ca

l a
pp

lic
at

io
ns

[1
72

]

Pr
op

yl
en

e 
gl

yc
ol

 (a
nt

ifr
ee

ze
)

Fo
od

 a
nd

 b
ev

er
ag

e 
ap

pl
ic

at
io

ns
, 

ph
ar

m
ac

eu
tic

al
 a

pp
lic

at
io

ns
− 

40
 °C

 to
 −

 5
5 

°C
 d

ep
en

di
ng

 o
n 

co
nc

en
tr

at
io

n
Le

ss
 to

xi
c 

th
an

 e
th

yl
en

e 
gl

yc
ol

, s
ui

t-
ab

le
 fo

r s
om

e 
fo

od
 a

nd
 p

ha
rm

a-
ce

ut
ic

al
 a

pp
lic

at
io

ns

H
ig

he
r c

os
t t

ha
n 

et
hy

le
ne

 g
ly

co
l, 

ca
n 

ab
so

rb
 m

oi
st

ur
e

[1
73

]

D
ee

p 
eu

te
ct

ic
 s

ol
ve

nt
s 

(D
ES

)
D

iv
er

se
 a

pp
lic

at
io

ns
, i

nc
lu

di
ng

 fo
od

 
pr

es
er

va
tio

n,
 d

ru
g 

de
liv

er
y

− 
20

 °C
 to

 −
 7

0 
°C

 d
ep

en
di

ng
 o

n 
co

m
po

si
tio

n
Tu

na
bl

e 
pr

op
er

tie
s, 

po
te

nt
ia

l f
or

 
bi

oc
om

pa
tib

le
 fo

rm
ul

at
io

ns
Re

se
ar

ch
 is

 o
ng

oi
ng

, s
om

e 
D

ES
 

fo
rm

ul
at

io
ns

 m
ay

 h
av

e 
lim

ite
d 

st
ab

ili
ty

 o
r r

eq
ui

re
 fu

rt
he

r o
pt

im
i-

za
tio

n 
fo

r s
pe

ci
fic

 a
pp

lic
at

io
ns

[1
73

]



Vol.:(0123456789)

Discover Materials            (2024) 4:10  | https://doi.org/10.1007/s43939-024-00080-y Review

strength, hydrophilicity, and biocompatibility. Li et al. [79] prepared ultralight, flexible, fire-retardant carbon aerogels 
using bacterial cellulose pellicle precursor, chitosan-based hydrogels for engineering applications, and solubilization in 
diluted acidic solution. Tu et al. [80] studied the gelling process of chitosan, which is formed through thermal-induced 
gelation and rinse stages. The process involved forming a crystal structure and enhancing hydrogen bonds, but requires 
prefabrication. The report revealed hydrogelation, a process where natural chitosan and transition metal ions crosslink, 
with superior water content and stimuli-responsive abilities. Hydrogels are used in energy storage, batteries, and super-
capacitors for ionic conductivity, electrochemical activity, and flexibility. They can coordinate with cations for higher 
conductivity [81]. Carboxylated chitosan hydrogel films exhibit high flexibility, electrolyte absorption capacity, and ionic 
conductivity. They can be used as templates for inorganic frameworks. However, challenges like hazardous solvents and 
mechanical strength remain. Future research should focus on green chemistry synthesis [82, 83].

4.2  Hydrogel for supercooling applications

Hydrogels are ideal for supercooling due to their high-water content, biocompatibility, biodegradability, and tunable 
properties, making them suitable for biomedical fields like refrigeration, cryopreservation and drug delivery [84]. Hydro-
gel properties like nucleation ability, viscosity, and thermal conductivity enable supercooled liquids to be used in various 
applications. High viscosity lowers ice crystal formation, while thermal conductivity removes heat, preventing ice crystal 
formation [85]. Supercooled materials are used in thermal systems like air conditioning, absorption refrigeration, and 
solar heating due to low installation costs and energy savings. They are commonly encapsulated in polyethylene pellets 
or immersed in wallboard, with nanotechnology advancements enabling new applications [86]. Supercooled materials 
are used in architectural integration, heat and cold storage units, and solar energy generation systems due to their cost-
effectiveness, toxicity, and corrosiveness. They are ideal for seasonal applications and heat storage devices [87]. Blocks 
can store thermal energy at high temperatures without losing energy, using grid, renewable sources, or direct heating. 
New solar thermal storage materials, including fatty acid esters and eutectic mixtures, improve performance efficiency 
in seasonal heat storage systems [88]. Supercooled AvP-based materials offer high energy density, corrosion-free proper-
ties, and minimal maintenance for solar thermal systems. They can be integrated into solar combined systems (Heat and 
power systems, integrated solar systems, solar hybrid systems and multifunctional solar systems) for space heating and 
cooling, and used in solar water heaters. This technology is promising for domestic hotwater supply and requires less 
storage volume than traditional systems [89]. AvP’s polysaccharides, like acemannan, can hinder ice crystal development, 
affecting the supercooling temperature of various liquids. However, too much AvP can increase liquid viscosity, mak-
ing it harder for ice crystals to form. Therefore, the appropriate concentration for supercooling applications varies, with 
0.5–1% suitable for water and 1–2% for other liquids [90]. Acemannan, a water-soluble polymer, may be used to construct 
a polysaccharide-based network skeleton in gel material, which improves mechanical strength and water absorption. 
Physical or chemical cross-linking techniques are used to create acemannan hydrogel, with physical approaches having 
poor mechanical characteristics and degradability [91]. It provides greater mechanical strength and stability, although it 
may result in initiator, cross-linking agent, and unreacted monomer residues. Diverse acemannan preparation procedures 
result in diverse physical qualities, such as mesoporous or open porous structures [92].

5  Aloe vera applications

Supercooled liquids are not efficient in short-term applications, but they can maintain thermal equilibrium between 
the supercooled liquid and the surrounding environment [93]. Supercooling is a common phenomenon in the natural 
world, with water being a vital substance essential for the survival of all living organisms. Researchers have been able 
to manipulate the crystallization process within their systems, using the advantages of different seasons. Supercooled 
water has applications in various technological domains, such as thermal energy storage in solar systems and commer-
cial heat pads. Cold climates have been extensively studied, and extensive scholarly literature has thoroughly examined 
the intricacies of studies pertaining to supercooling in water. Overall, supercooling is a promising approach for long-
term applications in various fields. Impurities and external shocks may cause metastable supercooled liquids to create 
a new phase toward stability. Reliable nucleation is required for the release of latent heat, and the material should have 
a high activation energy to avoid spontaneous crystallization. Metastable liquids, despite their theoretical understand-
ing, remain a challenge in technical applications due to their uncalculated thermophysical properties [94]. Supercooling 
is a process where liquids and solids undergo thermal behavior due to poor nucleation and crystal growth. It happens 
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at the melting point and becomes stable at the freezing point. Asides from supercooling, other applications of AvP are 
listed in Table 5.

The temperature difference between the melting and freezing points determines the degree of supercooling. To 
increase effective heat capacity, the interval between melting and freezing temperature ranges is reduced [95–97]. Super-
cooling is complex due to factors like latent heat and density. PCMs undergo supercooling, with inorganic compounds 
having higher thermal storage density. Paraffin waxes, fatty acids, hydrated salts, and eutectic are examples of common 
PCMs. However, paraffin waxes have poor heat conductivity and are expensive. Several techniques to increasing thermal 
conductivity have been investigated [98]. Commercial paraffin waxes offer moderate thermal storage densities but low 
thermal conductivity. Blend freezing can overcome these constraints. Fatty acids are popular for thermal energy storage 
due to their high heat storage density and thermal conductivity. However, they face issues like phase segregation, super-
cooling, corrosiveness, low density, and instability. Supercooling is crucial in salt hydrate applications, and techniques 
like crystal-forming agents, thickening agents, and heterogeneous nucleation can improve nucleation rate [99–101]. A 
study on eutectic mixtures of fatty acids for low-temperature solar heating found their thermal stability and reliability for 
four-year energy storage periods. The study suggests further research in this area, as current literature primarily focuses 
on fatty acids [102]. Hence, applications of AvP- based hydrogels is listed in Table 6.

5.1  Tissue engineering Scaffolds

Tissue engineering uses polymeric biomaterials to overcome donor-receiver compatibility by culturing cells and stem 
cells on porous polymeric scaffolds. While literature shows promising porous scaffold fabrication, there’s a lack of infor-
mation on cell adhesion, proliferation, and tissue formation [103]. Researchers face challenges in determining surface 
properties for cell proliferation and differentiation. Growth factors aid in neo-tissue formation hence, tissue engineer-
ing requires bioresorbability, but vascularization is limited. Degradable devices can be integrated [104]. Some studies 
explored the use of degradable polymers for therapeutic devices, but the exact mechanism of degradation is unclear. 
Artificial biopolymers, composed of pro-metabolites, constitutive repeating units, and pro-excretable chain fragments, 
are being developed as a potential solution [105]. Artificial biopolymers, such as poly (glycolic acid), are commonly 
used in clinical applications. However, the number of new systems is limited. Secondary factors like degradation rates 
within complex macromolecules can affect selectivity, composition, and morphology. The future research focuses on 
improving biostability and performance and matching the rate of degradation of temporary therapeutic devices with 
reconstruction machines is crucial [106, 107].

Acemannan, has been found to inhibit colon cancer by increasing cytotoxicity in macrophages. It reduces colonic 
adenomas and adenocarcinomas in mice by inhibiting NF-κB and cyclin-dependent kinases. Acemannan also shows 
antiproliferative effects on normal and tumor cells, suggesting potential for immunotherapy. It also has antioxidant and 
gastrointestinal effects, protects against radiation-induced oxidative stress, and improves cognitive performance [108]. 
Acemannan, as a natural biomolecule, has been shown to enhance bone formation, promote mineralization of dental 
pulp cells, and stimulate IL-6 and IL-8 expression. Its biocompatibility with the pulp has been confirmed through com-
puter simulations. Acemannan has been found to increase dental bone density and improve histopathological response 
in children with reversible pulpitis. These findings suggest that natural polysaccharides could be used as a direct pulping 
material for human deep deciduous teeth [109].

Table 5  Applications of AvP

Application Material Example Key Features Refs.

Food packaging Edible films Biodegradable, antimicrobial, extends shelf life [174]
Wound healing Dressings, films Promotes healing, reduces inflammation, moist environment [175]
Drug delivery Hydrogels, nanoparticles Controlled release, biocompatible, targeted therapy [176]
Tissue engineering Scaffolds, hydrogels Supports cell growth and regeneration [177]
Cosmetics Lotions, gels, creams Moisturizing, soothing, potential anti-aging effects [178]
Biofiltration Membranes Removes pollutants, wastewater treatment [179]
Agricultural applications Seed coatings, fertilizers Enhances growth, disease resistance [180]
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5.2  Sutures

Medical sutures are crucial surgical threads used to prevent bleeding, hold tissues together, and squeeze blood ves-
sels. However, increasing surgical site infections have led to higher costs, longer hospitalizations, and high mortality. 
Nanofibers can play a significant role in developing new sutures with excellent performance, anti-inflammatory prop-
erties and effective antibacterial, using electrospinning for its high specific surface area and porosity [110]. Studies 
have examined the physical properties of surgical sutures, focusing on secondary cracking, knotting difficulties, and 
reduced support strength during postoperative healing [111]. Tobias et al. [112] found that synthetic absorbable 
suture material, coated with antibacterial and anti-inflammatory drugs like curcumin, gentamicin, and nano-silver, 
can significantly improve tensile strength and maximum elongation. These sutures show better cell migration and 
collagen fiber deposition, making them suitable for postoperative wound infection treatment [113]. Electrospinning, 
a process involving a generator, pumps, spinneret, and collector, is used in various fields like drug-sustained release, 
sewage treatment, food packaging, wound dressings and sensors. It involves single-fluid, double-fluid, and multi-fluid 
electrospinning [114]. Double-fluid electrospinning, multi-fluid electrospinning and coaxial electrospinning, in-situ 
electrospinning are methods used in controlled drug release and medical sutures. Dual-fluid electrospinning uses a 
double-layer composite structure, while multi-fluid electrospinning improves performance and complex structures. 
In-situ electrospinning uses medical materials for wound treatment, achieving wound hemostasis through nanofiber 
depositing on living organs [115].

Absorbable sutures are crucial in medical surgery due to their degradability and ability to absorb easily. Commonly 
used absorbable suture materials include cellulose, sheep catgut, polycaprolactone (PCL), polylactic acid (PLA), poly-
p-dioxanone (PDO), poly (lactic-co-glycolic acid) (PLGA), polyurethane (PU) and polyglycolic acid (PGA) [116]. Catgut, 
a naturally degradable suture, is used in hemostatic applications due to its ability to degrade naturally. Oxidative 
regenerated cellulose (ORC) is another hemostatic material, but its clinical application is not fully realized. Researchers 
have synthesized biodegradable polymers like P3BV-co-HB, P4HB, PCL, and PDO for improved biocompatibility and 
flexibility. PLA sutures, used in modern surgery, have been combined with carbon nanotubes to control the degrada-
tion cycle and increase their strength effective time [117]. Researchers are developing new-feature absorbable smart 
sutures using PLGA, a synthetically biodegradable polymer. These sutures combine biodegradable materials with 
electro-optical capabilities, reducing inflammation and bacterial infection, measuring tissue tension, and monitoring 
function in real time. Combining these materials with natural degradable substances can reduce polymer toxicity and 
improve the safety of suture lines [118]. Non-absorbable sutures are non-degradable materials that provide long-
term tissue support without requiring surgical removal. Synthetic materials like silk thread, nylon, and polyester offer 
better mechanical properties than natural materials. Silk, a natural suture, has lower tensile strength and can cause 
infection. Nylon, a synthetic material, is used for non-inflammatory wound closure [119].

PET is a non-absorbable, smooth, and easy-to-use monofilament suture made of polyethylene terephthalate. Its 
surface is smooth and resistant to tissue reactivity. Nanofibers can be enhanced with functional bioactive substances 
like silver nanoparticles, triclosan, and nitric oxide to reduce infection and prevent SSI. These nano-silver particles 
also inhibit fatty acid synthesis and prevent bacteria colonization [120]. Researchers have developed a surgical suture 
using nitric oxide (NO) and graphene oxide as fillers. PVA/MEG nano-composite fibers show antibacterial proper-
ties and low cytotoxicity. Growth factors like VEGF promote intravascular cell migration, making them promising 
for medical suture applications. They also developed a multifunctionally aligned electrospinning fiber suture and a 
new type with a "core-sheath" structure [121]. Researchers have developed electrospinning nanofibers using PLGA, 
polyethylene oxide, and PgP to release cationic growth factors, including heparin, curcumin, Aceclofenac, and chi-
tosan. These nanofibers can enhance suture properties, reduce infections, and provide therapeutic effects for wound 
healing [122]. Acemannan, an essential immunoenhancer, has been confirmed in both in vitro and in vivo studies to 
enhance the lymphocyte response to alloantigen. It may be related to the release of IL-1 from ordered nuclear cells 
under alloantigen protection. Acemannan from AvP activates and regulates immunity, reducing radiation-induced 
mortality in mice and increasing survival rates. It upregulates cytokines like TNF-α and IL-1, improves hematopoiesis 
and mitogenic activities, and enhances NO production and IL-1/IL-6 production in macrophages. Acemannan pro-
motes nonspecific immunity, cellular immunity, and humoral immunity in dendritic cells [123]. Polysaccharides are 
increasingly used as wound dressing materials due to their natural origin, non-immunogenic properties, abundance, 
affordability, and absorbent properties. These hydrogels promote non-specific immune system activation and have 
excellent hemostatic and healing effects. Future studies aim to improve hydrogel characteristics for intelligent, 
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customizable hydrogels with biomodulatory effects [124]. Electrical components are being considered for accurate 
monitoring of wound healing in hydrogels. Polysaccharide-based hydrogel wound dressings are being developed 
for precision and personalized medicine. Combining therapeutically beneficial substances enhances wound healing 
efficacy. However, chemical components sometimes restrict cross-linked hydrogels’ application and more research is 
needed to improve stability and address these issues [125]. Future research should focus on clinical data, biosafety 
assessments, and novel polysaccharides for smart hydrogels. Successful hydrogels with cell attachment in wound 
healing require more advancements. Batch-to-batch variability affects performance, and environment-friendly syn-
thesis of water-soluble derivatives is crucial. Further research should explore nanoparticles, nanocarriers, cross-linking 
techniques, multifunctional hydrogels, and derivatization approaches [126].

5.3  Contact lenses

The human eye affects 1.3 billion people worldwide, with most over 50. Eye dysfunctions include refractive errors, cata-
racts, glaucoma, and diabetic retinopathy. Eye surgery technologies like LASIK have gained popularity, but post-LASIK 
complications are common. Contact lenses are used by 140 million people worldwide, with the global market predicted 
to reach over 19 billion by 2024 [127]. AvP-based contact lenses are currently not commercially available because of issues 
with oxygen permeability, mechanical qualities, biocompatibility, and regulatory barriers. Extended contact with the 
eye necessitates stringent testing for biocompatibility, whereas mechanical properties demand particular qualities like 
elasticity and strength. Long-term wear requirements might not be met by oxygen permeability, and thorough safety 
and efficacy testing would be necessary for regulatory approval procedures. Materials used for contact lenses is listed 
in Table 7. Nonetheless, Hydrogel and silicone hydrogel lenses were introduced in the 1960s and 1998 respectively. The 
first eye-like structure was found during the Cambrian explosion 521 million years ago, and visual systems became a 
survival strategy. Rigid lenses were replaced by polymethyl methacrylate (PMMA) due to corneal respiration limitations 
and increased risk of ocular complications. Flexible thermoplastics and silicone rubber were proposed but not suitable 
due to low hydrophilicity. The demand for CLs ranges from corrective vision and therapeutics to cosmetic appearance, 
with end users requiring factors like wear time, comfort, durability, and stability. Manufacturers also have demands such 
as material costs, ease of production, and reliability [128]. Materials scientists have developed materials like glass scle-
ral lenses, PMMA, and hydrogel lenses. Hard and soft lenses are available in various types. Hydrogels, based on HEMA, 
offer greater biocompatibility and oxygen permeability, improving the comfort, oxygen permeability, and wear time of 
contact lenses. However, the oxygen permeability of HEMA hydrogels was not sufficient for extended CL wear. Silicone-
based rigid lenses and hydrogels were developed to improve gas-permeability and comfort. Newer CL materials, such 
as polyvinyl alcohol (PVA) and polyethylene glycol (PEG), emerged in the 1990s to improve hydrophilicity [129]. Contact 
lenses (CLs) are increasingly used for cosmetic and corrective vision, as well as for proactive ophthalmic treatments. PVA 
hydrogels, a hydrophilic and biocompatible material, are being explored for their potential in treating eye conditions 
like myopia and glaucoma [130, 131].

HA has been used in ophthalmic treatments, lubricating solutions, and contact lens modifications. It has shown stabil-
ity even after 12 h of wear and is a reusable wetting agent. Commercial success is seen with Bausch&Lomb BiotrueTM 
solution and Open30 lenses. HA can improve contact lens properties and can be entrapped or chemically bound to the 
hydrogel. However, its high cost limits its wider application [132]. Polysaccharide addition affects properties like wetta-
bility, surface topography, and protein deposition. It can occur before or after polymerization, with pre-polymerization 
evaluating solubility. Releasable polysaccharides offer benefits like tear film stability and reduced bacterial adhesion. 
They can be fast-release or slow-release, providing lasting comfort [133]. Polysaccharides, while not the primary material 
in contact lenses, offer benefits such as improved wearer comfort, protein resistance, and antibacterial properties. They 
are renewable and environmentally friendly, but their development faces challenges like compatibility with existing 
lenses and the impact on lens comfort. Accurate quantification of polysaccharide addition is crucial for lens performance 
improvements, and more specialized methods should be developed for precise control [134]. Polysaccharide derivatives 
with improved compatibility with lenses could increase their use in contact lens applications. Interpenetrating polymer 
networks (IPNs) can combine the benefits of both networks. However, polysaccharides may cause adverse changes to lens 
properties, such as decreased transmittance and modulus. Modifications to lens monomers can mitigate these effects. 
Further research is needed to strengthen subjective wearer comfort evaluations and ensure lens safety [135]. Nanopat-
terned HA films can be transferred to contact lenses via water bridges, a potential alternative to hazardous chemicals. 
Investigating the mechanisms of polysaccharide-added lenses is crucial for optimizing performance. Future research 
should use computer simulations, visual characterization, and quantification methods. Environmentally triggered release 
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systems can address leakage issues. Polysaccharide-added lenses offer ocular discomfort-relieving options [136]. Poly-
saccharides can improve lens wear parameters in contact lenses, but the process is complex and depends on factors 
like incorporation method, lens materials, and polysaccharide type. Personalized lens customization requires rational 
selection of factors based on wearing requirements. New production procedures, quantitative approaches, mechanistic 
investigations, and polysaccharide combinations should be investigated in future study [137]. Polysaccharide-added 
lenses provide renewable and biodegradable alternatives to contact lens removal owing to ocular discomfort. However, 
wear performance measurement, manufacture, user acceptability, and lens recovery and degradation all impede clinical 
application [138].

5.4  Drug delivery systems

AvP hydrogels can stay liquid below freezing temperature; hence, they have potential for use in supercooling applica-
tions. However, they aren’t yet utilised in materials that are sold commercially. Performance is affected by additives, 
composition, and concentration. Restricted supercooling depth, long-term stability, cost-effectiveness, and scalability 
are among the challenges. Scientists are investigating optimisation techniques to enhance the performance of these 
hydrogels. Since AvP-based materials are still being developed for supercooling applications, their special qualities may 
have an impact on drug delivery. These hydrogels can provide biocompatibility and biodegradability, targeted delivery 
to specific sites, enhanced stability for drugs susceptible to degradation at higher temperatures, and controlled release 
for drugs that are temperature-sensitive. AvP is a good choice for drug delivery applications because of its biocompat-
ibility and biodegradability, which minimise adverse effects.

Controlled drug delivery in biomaterials is gaining momentum due to the rise of proteins as potential pharmaceuticals 
and the ability to sustainably release active proteins from polymer matrices. This has led to the development of protein 
and peptide therapeutics [139]. Polymeric delivery systems are being developed for localized delivery of molecules like 
VEGF, which stimulate blood vessel growth. However, delivering these fragile molecules at the right dose remains a chal-
lenge. Controlled protein delivery and transiently expressed VEGF gene delivery may yield clinical importance in gene 
therapy, with most applications involving permanent gene expression modification [140]. Clinical gene therapy trials 
have been less successful than anticipated, leading to the development of synthetic polymer conjugates. Controlled 
delivery devices, like implantable contraceptives like Norplant™, are being developed to overcome biological barriers to 
gene delivery. Langer’s work shows implantable devices can control macromolecule release [141]. Langer’s approach to 
drug release in implantable and injectible devices involves solubilizing particles at the surface, allowing deeper drugs 
to diffuse out. However, adapting this method to clinical products requires controlling release profiles, ensuring drug 
stability, and producing suitable delivery configurations. Low drug loadings and surface-eroding polymers can be used 
for controlled release [142]. The choice of polymer is influenced by drug-polymer interactions, especially for protein-
based drugs. Surgical implantation is suitable for certain applications, but surgery alone is not ideal. Microspheres are 
a successful method for converting drug particles into injectable formats. This can be achieved through dissolved drug 
powder in polymer solution, emulsion, or solvent evaporation [143]. Microsphere delivery has been adapted for lung 
delivery using theoretical models and experimental verification. Hydrogels, formed in situ through photopolymeriza-
tion, are being used as smart delivery systems for protein and macromolecule drugs. The efficacy of localized delivery 
may be affected by drug diffusion distance. The delivery of nucleic acids to single tissues or cell types for long-term 
sustained expression is the next frontier. Viruses are the most effective vectors for gene transfer, and synthetic polymer 
conjugates are gaining popularity [144, 145]. Gene delivery vectors, such as polymers, are used in tissue engineering 
to replace diseased or damaged tissue with genetically engineered cells, overcoming limitations of artificial prosthetic 
devices [146]. Tissue engineering involves breaking down donor material into individual cells and forming tissue struc-
tures using a physical scaffold. This procedure may take place either in vitro or in vivo. In material design and processing, 
materials science encounters both obstacles and possibilities. Scaffolds must control cell placement and communicate 
molecular signals. New materials are needed for receptor-mediated interactions [147]. Model polymeric and oligomeric 
systems are being used to study tissue engineering issues, requiring new polymer processing approaches for complex 
scaffolds and macroscopic shapes. These techniques must be cost-effective and comply with FDA regulations. Under-
standing biological processes is essential for creating materials and scaffolds, and novel materials and devices aid in 
illuminating the complexities of biological reactions [148]. Wound healing involves various factors, including cell types, 
migration, proliferation, differentiation, clearance, and extracellular matrices. Acemannan, a polysaccharide, has been 
shown to speed up healing, minimize pain, and promote keratinocyte growth factor-1 and type I collagen synthesis. 
However, its molecular mechanisms remain unclear [149]. Drug delivery systems (DDSs) face significant limitations in 
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their development due to factors like structural stability, drug properties, and release profiles. The methodology must be 
optimized for optimal properties, considering factors like target delivery site, hydrogel size, and bioavailability. Predicting 
drug release is challenging, especially for stimulus-responsive hydrogels, and computational models may not accurately 
represent findings for medicinal applications [150]. Chelu et al. [151] investigated the use of hydrogels derived from AvP 
for the treatment of wounds, emphasizing the special qualities and biocompatibility of these materials. The synthesis 
processes, structural traits, and mechanisms of the therapeutic agents released are covered, along with their beneficial 
effects on tissue regeneration, wound healing, inflammation reduction, and antimicrobial activity. Their review also cov-
ers the difficulties and potential uses of these hydrogels as wound dressings in the future [152].

6  Current trends and future perspectives

The potential of polysaccharide-based hydrogels in tissue engineering, drug delivery, and supercooling is being enhanced 
for increased functionality, stability, and liquid retention, with possible uses in cryopreservation and temperature-sensi-
tive medication storage. This involves implementing controlled release mechanisms and self-healing properties. In order 
to improve cell growth and differentiation, researchers are creating biomimetic hydrogels, which imitate the extracellular 
matrix found in nature. Furthermore, in order to produce functional tissues with sufficient blood vessel networks and 
applications for personalised medicine, they are investigating vascularization strategies and 3D printing techniques. In 
recent studies, researchers have used polysaccharide hydrogels to develop drug delivery systems, and targeted delivery 
systems can also improve the effectiveness of drugs. Because these hydrogels are stimulus-responsive, controlled drug 
release is possible. In order to treat complicated diseases, they can also be utilised in combination therapies.

Future research on AvP’s supercooling properties should focus on understanding its concentration, purity, and other 
factors. Improved methods for extracting and processing AvP gel are needed to preserve its properties. Stabilizing AvP 
gel in supercooled liquids is also crucial. The effect of AvP concentration and purity on the supercooling temperature 
of different liquids must be examined. Research on the effect of other substances in the liquid on the supercooling 
temperature and the best methods for extracting and processing AvP gel to preserve its supercooling properties needs 
to be investigated. Further research on the safety margin for AvPin supercooling applications and the best methods for 
stabilizing AvP gel in supercooled liquids is needed.

7  Conclusion

Polysaccharides, which are long chains of sugar molecules, are found in AvP, a polymeric biomaterial. These polysac-
charides have distinct characteristics that make them valuable for a variety of biological applications. There is, however, 
a rising interest in employing AvP for sophisticated supercooling applications, such as hydrogel for refrigeration. Ace-
mannan, found in AvP, has properties such as nucleation ability, viscosity, and thermal conductivity that enable liquids 
to be supercooled to lower temperatures, prevent ice crystal growth, and remove heat from the liquid, ensuring longer 
supercooling periods. AvP hydrogels have the ability to supercool, which would enable them to stay liquid below freez-
ing temperatures. This has potential uses in biomedical applications, medication delivery, and food preservation. These 
hydrogels could be used to develop sophisticated biosensors for disease diagnostics or preserve tissues or organs for 
transplantation because they increase drug efficacy, prolong shelf life, and decrease waste. Hence, AvP may be a promis-
ing polymeric biomaterial with a wide range of supercooling applications. Supercooling research using AvP hydrogels 
is encouraging, but more work is needed to optimise depth, release substances safely, and assess the efficacy and bio-
compatibility for particular applications—all while acknowledging that the field is still in its infancy.
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