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A B S T R A C T   

Natural polymers, such as polysaccharides, cellulose, and starch, have been widely used in the chemical engi
neering, medicine, food, and cosmetics industries, which had a great many of biological activities. Natural 
polysaccharides origin from algae, fungi and plants were components of human diet since antique times. 
Ultrasonication achieved the breakage the polysaccharides reticulum in an ordered fashion. The factors of 
temperature, ratio of water/material, sonication frequency, time of exposure, pH of the sonication medium 
influenced the polysaccharide digestion. Sonication improved the enzyme catalysis over its substrate molecule. 
Positive health promoting slow digestive starch and resistant starch can be prepared quite easily by the soni
cation process. The aim of this review is to present the current status and scope of natural polymers as well as 
some emerging polymers with special characteristic. The physiochemical properties and molecular structure of 
natural carbohydrates under ultrasonic irradiation were also discussed. Moreover, Polysaccharide based films 
had industrial applications is formed by ultrasonication. Polysaccharide nanoparticles obtained by sonication 
had efficient water holding capacity. Sonication is an advanced method to improve the food quality. Hence, this 
review describes the effects of ultrasonication on physical, chemical, and molecular structure of natural 
polysaccharides.   

1. Introduction 

Natural polysaccharide derived from grains, fruits, vegetables, and 
mushrooms are edible components for our daily life. They are good 
energy providers and health promoters [1]. Starch, arabinogalactans, 
pectin are different dietary polysaccharides. Starch is a storage homo
polysaccharide containing α-D glucose monomers with α-glycosidic 
bonds. Starch is a natural polymer present in cereals or potatoes, con
sisting of glucose units. Pectin contained α-D-galacturonic acid mono
mers with α-glycosidic bonds. Arabinogalactans are galactose polymers 
with β-glycosidic bonds. Cellulose contained β-D-glucose monomers with 
β-glycosidic bonds. The digestion of these polysaccharides depends on 
its chemical complexity. 

Owing to safety, physical irradiation is attracting more and more 

attentions in food and medicine industry. For one review paper pub
lished in 2015, the author discussed the potential effect of ultrasound on 
carbohydrates, especially the glycosylation of oligosaccharides, thio
glycoside syntheses, and azidoglycoside syntheses [2]. The molecular 
mass of the polymer can be changed by means of various methods of 
depolymerisation, including ultrasonication, microwave, subcritical and 
enzyme degradation [3,4]. In addition, polysaccharides underwent 
physiochemical and functional changes during preparation, such as ul
trasound, microwave and hydrothermal process [5]. The mechanisms of 
polysaccharides degradation upon ultrasonication are shown in Fig. 1. 
The possible mechanism is acoustic cavitation via the formation and 
subsequent collapse of ultrasound-induced bubbles [2]. 

Cooking the starch reduces starch content by increase reducing sugar 
levels [6]. Cooking the starch foods cause to lose crystalline regions 
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irreversibly by a process called gelatinization [7]. Ultrasonication is an 
advanced method of physical processing. Ultrasonication process dis
rupts the granularity and chemical structure. Ultrasonic digestion in
creases formation of slow digestible starch (SDS), resistant starch (RS). 
This lowers glycemic response of foods [8,9]. Enzyme pre-treated ba
nana juice has good yield with ultrasonication (Jyoti et al 2017). 
Ultrasonication also improved water holding capacity in cereal starch 
[10]. Different studies have been reported the application of ultra
sonication on dietary polysaccharides. Ultrasonication effect is depen
dent on time of exposure and the applied frequency. Moreover, the 
stabilizers for food emulsion and polysaccharides microcapsules have 
attracted extensive attention as polysaccharide application [11]. 
Therefore, our present review will provide the information of the mo
lecular understandings of ultrasonication effects on natural polymers. 
Also, the physicochemical and functional characteristics of poly
saccharide, cellulose and starch were summarized. The application of 
natural polymers under ultrasonic modification was reviewed. This re
view will be helpful for better understanding the relationship between 
the physicochemical properties and bioactivities of natural polymers 
under ultrasound irradiation. 

2. Modified polysaccharides under ultrasound irradiation 

2.1. Frost grape polysaccharides 

Arabinogalactans are galactose polymer. Type I arabinogalactan had 
β-1,4 bonds and the type II had β-1,3 type of connecting bonds. The 
isolated Type II arabinogalactan of frost grape polysaccharide (T-II FGP) 
had terminal arabinose and mannose residues. It is a viscous fluid that 
forms stable emulsion with flavouring oils. Adding stabilizers, such as 
plant polysaccharides, is an effective method to improve the stability of 
the emulsion [12]. 

Heating process doesn’t have destructive power on T-II FGP’s pri
mary structure but completely destroyed its secondary and tertiary 
structures. Experimentally heating reduced the molecular weight (MW) 
of T-II FGP with no free sugars or oligosaccharides. Similar to heating 
process, ultrasonication also reduced the MW in T-II FGP. Ultra
sonication reduced viscosity which indirectly decreases T-II FGP emul
sification effect [13]. 

2.2. Pisum sativum pods polysaccharide 

Green pea or Pisum. sativum is a cholesterol free legume using 
worldwide. It has spherical shaped seeds nestled in the pods. Poly
saccharide from pea pods (P3) is an economic alternative. Sonication 
increased pea crude polysaccharides (CPF) at 135 W, 30 mL/g water to 
raw material ratio and 68 ◦C temperature for 50 min. Sonicated product 
of CPF is chemically, a mixture of carbohydrate, uronic acid and 
phenolic compounds or free sugars or bound materials in a ratio of 
respectively 66.5, 9.2 and 25 %. Sonication caused bond stretching in 
between O–H, C–H (of CH, CH2 and CH3), C––O (of –COO –) and 
C–O–C, C-OH (of glycosidic ring). Degree of esterification is near 
similar in CPF analysed by titrimetric method and FT-IR method [14]. 

2.3. Hazelnut skin polysaccharides 

Hazelnut (Corylus avellana L.) is commonly used in food industry. 
Hazelnut skin (HS) contained cell wall polysaccharides, matrix poly
saccharides and oils. It has 19.42 ± 0.19 % of oils, 19.04 ± 0.09 % of 
cellulose. Partial hydrolysis with successive ultrasonication of hazelnut 
skin promoted the extraction of bioactive polysaccharides. Alkali hy
drolysis also increased cellulose in the final extract. One hour sonication 
at 400 w contained the highest crude polysaccharide yield. The soni
cated polysaccharides have acetyl, xylan, and uronic acid which is an 
evident for heteropolysaccharide having complete thermal decomposi
tion in between 230 and 350 ◦C [15]. 

2.4. Blackcurrant fruits polysaccharides 

A previous study described the impact of ultrasound irradiation on 
the characterization and bioactivities of the polysaccharide from 
blackcurrant fruits. The reducing sugar content and thermal stability 
increased with the increase of ultrasound intensity. The degraded 
polysaccharides contained the same monosaccharide species as those of 
blackcurrant polysaccharide but at different molar ratios. The results of 
the bioactivity assays indicated that the ultrasound irradiation could 
evidently enhance the antioxidant (hydroxyl and superoxide radicals 
scavenging, lipid peroxidation inhibition, and DNA damage protection 
activities), α-amylase and α-glucosidase inhibition activities [16]. 

Fig. 1. The mechanisms of polysaccharides degradation upon ultrasonication.  
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2.5. Alkali hydrolysis and ultrasonication 

The plants such as Aesculus hippocastanum (horse chestnut), Eleo
charis dulcis (water chestnut) and Nelumbo nucifera (lotus stem) have the 
largest quantity of starch. Nanoparticles synthesized from these starch 
sources have huge commercial utility. 

2.6. Citrus pectin 

The physiochemical, functional and antioxidant activities of modi
fied citrus pectin treated with a combination of microfluidization and 
ultrasonication was investigated. [17]. The results showed that modified 
pectin treated with a combination of microfluidization and moderate 
ultrasonication (MUB) was found to have the lowest hydrodynamic 
diameter (418 nm), MW (237.69 kDa) and polydispersity (0.12), and 
relatively low apparent viscosity among all pectin samples. Moreover, 
the modified citrus pectin yielded significantly higher DPPH radical 
scavenging capacity than the original pectin although only slightly 
higher than that of ultrasonication treated one. 

Cell walls of fruits and vegetables contained pectin, a complex het
eropolysaccharide. Ultrasonicated pectin contained highly methylated 
moieties with arabinose, rhamnose, galactose and galacturonic acids of 
simple sugars. Pectin solution has relative high purity, uniformity and 
predominantly behaved as a rigid semi-flexible chain form. Sonication 
dropped down the viscosity at first half an hour exposure but was 
directly dependent on high level ultrasound irradiation. Size exclusion 
chromatography confirmed that the sonicated pectin has longer elution 
time and was exposure time, intensity-dependently increased which is a 
confirmatory of depolymerisation and decrease of MW. Sonication time 
dependently caused pectin into flexible coils and at higher intensities 
breaking the neutral sugars and reduced the methoxylation, acetylation. 
Atomic force microscopy confirmed that the sonicated pectin has 
disordered, partially fractured and even continuously dissociated on 
increasing the intensity. FTIR spectra confirmed that the sonication 
caused only breakage of glycosidic bonds but wasn’t caused significant 
changes in the primary chemical structure. Sonication degraded pectin 
side chains, decreased monosaccharide content and decreased degree of 
methoxylation. Circular dichroism (CD) spectroscopy also explored that, 
sonication altered chain structure and conformation. This study clearly 
confirmed that higher ultrasonic intensity led to a large variation in 
molecular and conformational parameters of pectin polymer [18]. 

2.7. Pectic-polysaccharide from okra 

Wu et al. [19] studied the influence of ultrasound assisted metal-free 
Fenton (H2O2-ascorbic acid system) reaction on structural and biological 
properties of a pectic-polysaccharide extracted from okra. The ultra
sound assisted Fenton treatment could obviously reduce the apparent 
viscosity, radius of gyration, and branching degree. Additionally, the 
ultrasound assisted Fenton treatment made no significant changes on the 
backbone and chain conformation. 

In another study, the author applied single- and dual-frequency ul
trasounds were used to extract polysaccharides from okra. In addition, 
the physicochemical characteristics, functional properties, and in vitro 
biological activities were investigated. The results indicated that ultra
sonic extractions at different frequencies led to remarkable variations in 
extraction yields, chemical components, monosaccharide compositions, 
MWs, surface morphologies, and rheological properties of the okra 
polysaccharide but hardly affected their preliminary structural features 
and thermal stabilities [20]. 

2.8. Yellow tea polysaccharide 

In related work, a study evaluated the effect of ultrasound irradiation 
on the structural characteristics and antioxidant properties of yellow tea 
polysaccharides with different MW. The MW sharply reduced. The high- 

performance liquid chromatography and Fourier transform-infrared 
spectroscopy analysis revealed a partial degradation of native yellow 
tea polysaccharide treated with ultrasound; however, the mono
saccharide composition was not changed. Moreover, the morphology 
and the breakdown of native yellow tea polysaccharide upon irradiation 
altered (Wang et al., 20221d). This study showed new insights into the 
yellow tea polysaccharides upon ultrasound irradiation. 

2.9. Panax notoginseng flower polysaccharide 

In one study, the yield, physicochemical characteristics, structural 
characteristics, functional properties, and biological activities of Panax 
notoginseng flower polysaccharide were evaluated using ultrasonic 
disruption. The results showed that the yields, uronic acid contents, total 
phenolic content, total flavonoid content, water-solubility, water hold
ing capacity, and oil holding capacity of the polysaccharides under 
ultrasonication enhanced. However, the MW and protein content 
reduced [21]. 

2.10. Guar gum 

Guar gum is a powdered endosperm of Cyamopsis tetragonolobus. It 
has hydroxyl rich galactomannan polysaccharide with repeated units of 
D-galactose and D-mannose. Sonication process decreased the poly
saccharide MW. Molecular aggregation of nanoparticles was diminished 
by the techniques of centrifugation and dialysis. 

Physicochemical properties: Intact guar gum or its sonicated forms 
have no difference in molecular structure but sonication decreasing the 
MW. Sonication (20 w for 10 min) significantly reduced polymer chain 
length, MW (75 %) and viscosity. Sonication did not interfere in polymer 
composition and the ratio for mannuronic acid to glucuronic acid was 
constant. Sonication reduced viscosity of borax mixed guar gum and 
caused pseudoplastic texture on long exposure. Hence food industries 
could tailor the needful form of guar gum [22]. Sonication (60 W, 30 
min) enhanced the extent of guar gum depolymerisation in less time 
period compared to enzymatic degradation alone. Thermodynamic pa
rameters such as activation energy, enthalpy, entropy, and free energy 
were reduced in the sonicated guar gum. Sonication mediated optimum 
cavitational activity was more beneficial at 50 ◦C in enhancing the 
extent of cellulase mediated guar gum depolymerisation. Molecular 
structures between the two were not altered [23]. 

2.11. Fungal polysaccharides 

The fungi Cordyceps sinensis is also called as ‘Chinese caterpillar 
fungi’. It is an exotic medicinal mushroom in the Chinese and Tibetan 
systems of medicine. Fungal fruit body, mycelium was source for poly
saccharides - protein complexes. Liquid fermentation process promoted 
the extraction of 15–20 % of high MW exopolysaccharides (EPS). 

Sonication disrupted mycelia microscopic structure, decreased vis
cosity. It facilitated solid–liquid filtration of normal culture medium and 
increased pseudoplastic behaviour in the culture medium. The yield for 
polysaccharide-protein (PSP) complex was inverse relation with broth 
concentration and direct relation with sonication power and time. Broth 
concentrations of 0.25 have the highest total water-soluble products but 
0.66 conc. contained the highest polysaccharide-protein (PSP) complex. 
The isolated PSP fraction formed after sonication had a mixture of both 
EPS and PSP. Gel permeation chromatography confirmed the presence 
of different peaks in the isolated PSP fraction [24]. 

The fungi Schizophyllum commune is also called as loose Chinese fan. 
It is a fleshy, filamentous cosmopolitan fungus. Mycelium contained 
β-glucan type exopolysaccharides. Sonication has no effect in destroying 
the primary structure of exopolysaccharides (EPS). Sonication reduced 
native EPS MW to 197 kDa to 1437 kDa fragments and caused to 
decrease its viscosity. This physical digestion process stretched the 
bonds for O–H, C–H, and increased absorbance for C–O–C, C–O–H 
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link bonds [25]. 
Inonotus obliquus is a fungal phytoparasite rich in melanin. Its poly

saccharides (IOP) offering medicinal property are the chief components. 
IOP yield is affecting by factors of sonication power, temperature, and 
time of exposure. Hot water extractions have more IOP yield than son
ication; longer the sonication time greater is IOP extraction yield. The 
sonication factors of 100 W, 35 ◦C were time dependently increased IOP 
recovery. The order of increase is 80 > 70 > 60 > 50 min. Varying the 
temperature with constant factors of 100 W, 80 min has different IOP 
yield. The order of increase is 75 ◦C > 95◦ C > 35◦ C > 65◦ C. The ob
tained IOP yield was comparably higher than hot water extract. Soni
cated IOP have decreased MW compared to polysaccharides of hot 
water. Sonicated polysaccharides have smaller particles or pieces and 
some larger aggregates in a shape of flaky and smooth. Non-sonicated 
hot water polysaccharides have aggregated, feather like morphology. 
The obtained polysaccharide granules have different granule strength. 
Gelatinization enthalpy was in an order for UPS-80 > UPS-160 > UPS- 
95. Compared to hot water extract, UPS-80 has the highest gelatiniza
tion enthalpy [26]. 

Volvariella volvacea is an edible mushroom. It has therapeutic poly
saccharides or polysaccharide-protein/peptide complexes. These poly
saccharides were used for developing nutraceutical products. 
Ultrasonication increased polysaccharide yield at 20 KHz sonication 
frequency, 150 W, 60 ◦C for 30 min with liquid to dried fruiting body 
ratio (10:1 to 30:1). Hot water extraction (100 ◦C, 2 h) is not appraisal in 
achieving the polysaccharide yield compared to ultrasonicated method. 
Ultrasonication has higher polysaccharide yield (8.28 ± 0.23 %) which 
is correlating with the predicted yield (8.32 %). 

The obtained polysaccharide is a glucan type containing mono
saccharide composition of D-glucose, D-mannose, and D-galactose. Ul
trasound breaking the sugar side chains (D-galactose, D-mannose) and 
increased the D-glucose ratio higher than hot water extract. High pres
sure size exclusion chromatography revealed that polysaccharide frac
tions were three for ultrasonicated and two for hot water extracts. 
Sonication and hot water extracts have similar levels of low protein, 
nucleic acid content [27]. 

Fermented broth of Cordyceps sinensis consisted high MW exopoly
saccharides. Sonication decreased the MW by breaking the exopoly
saccharide. The product of sonication has less in MW, intrinsic viscosity 
and versatile solubility compared to native form. The structure of the 
sonicated product was β-D-glucan with glucose side chains attached to 
O–6 position. It is a good moisturising agent for food and cosmetics with 
reference to chitosan and urea [28]. 

Interesting, the fungus Trametes robiniophila Murr is a traditional 
Chinese medicine member commonly called as Huaier. The exposure 
time of 36.8 min extracted 36.8 ± 0.12 % of polysaccharides at other 
specifications 51.3 W sonication, 68.9 ◦C temperature and liquid to solid 
ratio of 46 mL/g. Carbohydrate was predominant in the final yield with 
monomers in the concentration order of glucose > xylose > mannose >
arabinose > fucose [29]. Sonication power of 109.8 W produced 
experimental polysaccharide yield 7.49 ± 0.14 % at the extraction time, 
temperature, water to raw material ratio respectively 42.2 min, 40.2 ◦C 
and 30.6 mL/g. Further, these Trametes orientalis- polysaccharide yield 
has concentration dependent increase in antioxidant property [30]. 

Sonicated spores of Gonoderma lucidum lost their original chitosan 
morphology, smoothness and created pores over. It also increased de
gree of deacetylation, but extended reaction time and temperature was 
lowered. The conversion efficiency of chitin to chitosan was high under 
sonication and degree of crystallinity was tremendously reduced. 
Degradation velocity was decreased but the thermostability of chitosan 
was not altered during the deacetylation process [31]. 

One study evaluated the effect of power ultrasound on the molecular 
properties of a high-MW exopolysaccharide (EPS) from the Cs-HK1 
medicinal fungus. The prebiotic function of the ultrasound-treated EPS 
fractions in human faecal microflora in vitro was also investigated. The 
results showed that EPS had remarkable reduction of intrinsic viscosity, 

average MW and aggregate size in water but no significant changes in 
the molecular structure [32]. 

Flammulina velutipes polysaccharide: Xiao et al. [33] demonstrated 
the influences of ultrasound on the degradation kinetics, physicochem
ical properties, and prebiotic activity of F. velutipes polysaccharide. 
When the ultrasonic intensity increased from 531 to 3185 W/cm2, the 
degradation proceeded faster. Ultrasound changed the solution confor
mation of F. velutipes polysaccharide, and partially destroyed the sta
bility of the triple helix structure of F. velutipes polysaccharide. In 
addition, the viscosity and gel strength of F. velutipes polysaccharide 
decreased, but its thermal stability was improved. At last, ultrasonic 
degraded F. velutipes polysaccharides had better prebiotic activity by 
promoting the growth of Bifidobacterium and Brautella and inhibiting the 
growth of harmful bacteria. 

Bioactive polysaccharides of G. lucidum mushroom, promote health 
and longevity. Ultrasound splits the fruiting body polysaccharides into 4 
MW fractions an average MW of 465.65 kDa. Sonication phenomenally, 
decreased polysaccharide’s average MW and contaminant phenolics. 

Chemical properties: Sonication forces stretched the vibrations of 
polysaccharide’s glycosidic hydroxyl groups, C–C stretching vibration 
absorption associated water. It caused dissymmetry stretches in 
C–O–O bonds of pyranose ring and C–H vibrations in both α-type, 
β-type glycosidic bonds. Sonication final product contained 1 → 3 or 1 
→ 2,3 or 1 → 2,4 or 1 → 3,4 or 1 → 3,6 or 1 → 2,3,6 or 1 → 2,4,6 or 1 → 
3,4,6 glycosidic bonds. Sonication destroyed the primary structure of the 
product which lowered the DPPH radicle scavenging function compared 
to hot water extract [34]. 

2.12. Algae polysaccharides 

Brazil country’s northeast region is an artificial reservoir for red 
seaweed Gracilaria birdiae. Its sulfated polysaccharides (GSP) have ap
plications both in medicinal, pharmacological and food sector. The ex
tracts of GSP - aqueous extraction (AE), AE + sonication (AES), alkali 
digestion + sonication (ALKS), AES + proteolysis (AES-P) and ALKS +
proteolysis (ALKS-P) were differing in polysaccharide content. GPS yield 
was in the order of ALKS-P > AES-P > ALKS > AES > AE. The extracted 
polysaccharides have sugar/sulfate ratio in an order of AES > AES-P >
ALKS > AE > ALKS-P. The final yield of these different extractions had 
galactose, glucose, arabinose, and xylose sugars but their proportion was 
not uniform. Sonication caused asymmetric stretching vibrations in 
S––O, symmetric C–O vibration in C–O–SO3 groups and the bending 
vibrations at C–O–S groups. The MW of sonicated extracts was 45 kDa 
and was similar to aqueous extraction but alkali mediated extraction (in 
ALKS) decreased the MW to 20 kDa [35]. 

The application of ultrasonic destruction for decrease in the size of 
fucoidan molecules could expand the opportunities and spheres of their 
therapeutic application [4]. 

The red algae Pyropia yezoensis is widely cultivated among the other 
six porphyra species members of tenera, haitensis, pseudolinearis, den
tate and angusta. Edible purple laver P. yezoensis is source for vitamin 
B12 and therapeutic polysaccharides. Its purified aqueous extract con
tained 6.24 % of polysaccharide with 94.59 % of carbohydrate content. 
Ultrasonic degradation rate of algal polysaccharides was increased with 
increase of sonication power, reaction temperature and decreased initial 
pH value. Algal polysaccharide solution at 0.75 g/dl is critical for 
micelle formation at 800 W sonication, pH 6.39 and 30 ◦C temperature. 
Algal polysaccharide 1.0 g/dl solution was sensitive to sonication at 
lower pH ranges 6.39, 4.01 and 3.00. It is unclear to explain that acid is a 
direct cause for sonication digestion at 800 W, 30 ◦C. Internal viscosity 
of polysaccharide solution (1.0 g/dL) decreased with ultrasonic tem
perature and is constant after 2 h exposure time [36]. 

Additionally, the authors evaluated the anti-glycation effects of 
polysaccharides from Ecklonia cava were examined using different 
methods, including a combination of ultrasound and enzyme method. 
The physicochemical properties, monosaccharide compositions, and 
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structural characteristics analysis results showed that polysaccharides 
with combination of ultrasound and enzyme method yielded higher 
sulfate contents. On the other hand, polysaccharides with combination 
of ultrasound and enzyme method constructively inhibited advanced 
glycation end [37]. 

Fucoidan is a cell wall polysaccharide from Sargassum fulvellum. This 
sulfated polysaccharide contained fucose, uronic acid, and galactose, 
xylose as building blocks. Fucoidan degradation rate by ultrasonication/ 
H2O2 was increased to 21.3 % at R15 and 27.3 % at R180, compared to 
hydrogen peroxide mediated degradation⋅H2O2 synergistically sup
ported fucoidan degradation by forming macro-radicles. FTIR spectra of 
degraded fucoidans were similar to that of initial form [38]. 

2.13. Cydonia oblonga polysaccharides 

Peel of quince or C. oblonga, a Tunisian folk medicine contains large 
amount of polysaccharides. Sonication at 90 ◦C, 60 min, pH 3.26 had 
10.25 % of polysaccharide yield. Sonication freed arabinose, galactose, 
glucose, xylose, and mannose from its sugar polymers. Sonication 
increased absorptions for polysaccharide’s hydroxyl groups (O–H), 
stretching vibrations in acetyl group C––O bonds and carboxylate –COO 
functional groups. It has 134 kDa of MW in the form of expanded 
random coil. FTIR spectra depicted clearly that the extracted quince peel 
polysaccharide is pectin like structure with confirmed presence of gal
acturonic acid. Abundant arabinose, galactose units confirmed that the 
quince peel polysaccharides were probably galactoarabinan-I-rich 
pectin [39]. 

2.14. Lycium barbarum polysaccharides 

Enzyme assisted extractions break the lipid bodies and cell wall of 
plants. It facilitated the release of intracellular contents and becoming a 
hallmark of environmentally friendly extraction method. Sonication 
increased the L. barbarum polysaccharides critical yield at particulars of 
2 % cellulose presence, 20 min duration, and 80 W input power and 
60 ◦C temperature. Extraction variables of time, cellulose concentration 
was independent in increasing the polysaccharide yield. Time mutual 
interactions with power output or temperature were insignificant. Ul
trasound assisted enzymatic extraction has optimum polysaccharides 
yield at 20.29 min of sonication time, 78.6 W power output, 2.15 % of 
cellulose concentration and 55.79 ◦C of sonication temperature. 
Experimental polysaccharides yield was significantly not different from 
the predicted model [40]. 

2.15. Banana puree polysaccharides 

Over ripe bananas on its stage 8 of maturation are called puree. 
Purified solid residue of puree is a functional ingredient. The factors of 
temperature, solvent concentration increasing soluble sugars in both 
solid liquid and ultrasound assisted extraction. For both extraction 
methods, 1:5 proportion of puree and ethanol solvent mixture time 
dependently increased the soluble sugars at two different temperature 
(25 ◦C, 65 ◦C) intervals. In the solid liquid extraction, increasing the 
ethanol ratio decreased soluble sugars at both 25 ◦C, 65 ◦C. Ultra
sonication at 1:5 w/v ratios at 25 ◦C has increased soluble sugars on 60 
and 90 min of time compare to solid liquid method. Increasing the 
temperature factor to 65 ◦C rapidly increased soluble sugars in ultra
sonication compared to solid liquid extraction [41]. 

2.16. Trapa quadrispinosa polysaccharides 

Sijiaoling or T. quadrispinosa is a popular tasty Chinese vegetable. It 
has stem and fruit pericarp as common waste. Polysaccharides from the 
discarding waste were good antioxidants. Ultrasonic power ranging 
from 120 to 200 W has significant role in stem polysaccharide yield. 
Constant sonication factors, time (40 min), temperature (60 ◦C) and 

liquid to material ratio of 30 mL/g constant power dependently 
increased polysaccharide yield and was declined above the power range 
of 160 W. At 60 ◦C temperature, 30 mL/g of liquid to material ratio and 
160 W time dependently increased polysaccharides yield but was 
declined above 40 min exposure. Similar study confirmed the highest 
polysaccharide yield at 30 mL/g of liquid to material and 60 ◦C of 
temperature. Physicochemical properties: Sonication caused stretching 
vibrations in between O–H, C–H, C––O, C–O–C and C–O–H bonds 
of polysaccharide sugar residue. The optimum sonication factors 160 W, 
40 min, 60 ◦C and 30 mL/g liquid to material ratio increased ferric 
reducing antioxidant capacity. Compare to hot water extracted poly
saccharides; sonication product, dose dependently increased total anti
oxidants, reducing power and DPPH, ABTS radicles scavenging function 
[42]. 

2.17. Mulberry leaves polysaccharides 

The leaf of mulberry is feed for silkworms that contained therapeutic 
components. Ultrasound assisted extraction has dominated the con
ventional soxhlet method in extracting mulberry leaf polysaccharides. 
The yield of polysaccharides increased and optimum at 80 min, tem
perature of 57 ◦C and liquid / solid ratio of 53 mL/g. The obtained 
polysaccharide yield was matching with the predicted Box–Behnken 
design combined with response surface methodology. Sonicated crude 
polysaccharide yield is ideally substrate for easy purification by the 
methods of deprotenization, dialysis and removal of macroporous res
in–ADS 17 sensitive pigments, flavonoids, and phenols. 

Sonication created stretching vibrations in O–H bond, C–H and 
carboxyl group. Polysaccharide contained pyranose ring structure and 
possessed non symmetric glucopyranosyl ring. FTIR spectra conclude 
that the largest quantity of purified polysaccharide was a kind of acidic 
and was comparable with previous literature. This contained monomers 
of arabinose, mannose, rhamnose, galactose, and glucose [43]. 

2.18. Jujube polysaccharides 

Non-starch polysaccharides have important health implications in 
humans. Zizyphus jujuba cv. Muzao is a cultivar planted along the basins 
of Yellow river- major jujube habitat in China, contained non-starch 
polysaccharides. Sonication extract of jujube contained protein free 
crude polysaccharides which upon purification contained 42.6 % of 
polysaccharides. Sonication facilitated the easy separation of different 
MW polysaccharides in a range of 2.936 × 104, 6.13 × 104 and 6.762 ×
104 Daltons. 

Sonication caused stretch vibrations in –OH groups, C–H bonds, 
non-symmetrical C– O–C bonds and bending vibrations in CH, CH2 and 
CH3 groups of polysaccharides. This extraction process clearly indicated 
the presence of ester carbonyl group and carboxylate stretching bands. 
FTIR eventually proven that the sonicated polysaccharide yield had α 
and β glycosidic linkages in an alternative simultaneous pattern [44]. 

2.19. Angelica sinensis polysaccharides 

Danggui or Radix A. sinensis is an edible plant containing therapeutic 
polysaccharides. Ultrasound power, liquid to solid ratio were increased 
the polysaccharide yield for a maximum of > 180 W and > 7, respec
tively. Extraction time and temperature also increased the yield at an 
optimum and maximum of > 50 min and > 100 ◦C, respectively. The 
obtained polysaccharides decreased fatigue muscle malondialdehyde 
levels and increased reduced glutathione levels. Enzymatic antioxidants 
such as superoxide dismutase, catalase, and glutathione peroxidase and 
glutathione reductase levels dose dependently increased in muscle of 
fatigue models [45]. 
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2.20. Sclerotium polysaccharides 

Scleroglucan is secretory β-glucan type polysaccharides from sclero
tium species. Sonication increased its solubility by denaturing the 
physical structure with no damage to primary structure. The pseudo
plastic behaviour decreased gradually after 10 min exposure [46]. 
Sonication reduced the scleroglucan viscosity at 30 min exposure but 10 
min exposure break chain backbones to one half of the MW. This process 
facilitated the scleroglucan gel formation in the presence of borate ions 
and anisotropic elongation [47]. Sonication at 65 % of maximal output 
for 10 – 20 min was the simple and rapid preparation method of an 
insoluble xylan substrate – used to screen for xylanase expressing bac
teria in the microbial population [48]. 

2.21. Bacterial curdlan 

Sonication decreased curdlan viscosity from its 15 min exposure in 
variable concentrations. The quality of decreasing viscosity was time 
dependently increased in low concentrated curdlan solution. Sonication 
process time dependently, decreased the average MW. This was high in 
low concentrated curdlan and contrary for higher concentrations. Cur
dlan z average radius of gyration was time dependently increased in the 
early 30 min exposure and was decreased after, in all different 
concentrated solutions. The random coiled curdlan was intact even after 
sonication, which is a confirmatory of mechanical degradation. The 
FTIR structural analysis confirmed that, the sonicated and native cur
dlan molecules have no variations in stretching vibrations except O–H 
stretching vibrations increased on increasing sonication time. This study 
confirmed that the ultrasound treatment is simple and effective to 
degrade β-glucan for improving bioactivities and functions [49]. 

Ultrasonication caused the formation of hydrogen bonds, amide 
linkages between chitosan and xanthan gum for the formation of core 
shells in its micro-containers [50]. For the preparation of chitosan 
capped silver nano-bunches sonication was most helpful [51]. Fre
quency and time duration of sonication enhanced oxygen delivery for 
the formation of oxygen loaded chitosan bubbles [52]. 

2.22. Ornithogalum caudatum polysaccharides 

Sonication mediated polysaccharide extraction was directly pro
portional to time and temperature with maximum at 90 min and 60 ◦C, 
respectively. Mass transfer of cell material and solvent ease access was 
enhanced on sonication. The factors of 100 W–200 W power, tempera
ture 40 ◦C has obvious polysaccharide yield with a solvent to raw ma
terial ratio 1:3 per 100 g. Hence the peer study concluding that, 
mediating the sonication has been extracted 35 to 38.5 % of poly
saccharides from the bulbs of O. caudatum [53]. 

2.23. Chitosan 

Increased use of sonication amplitude decreased the chitosan MW, 
altered greater chain alignments but the degree of deacetylation was not 
altered. Ultrasonication time dependently decreased the mean diameter, 
polydispersity but no alterations in zeta potential and FTIR spectra of 
chitosan nanoparticles. Significant disarray of chain alignments was 
noticed in nanoparticle matrix. Sonication amplitude of 80 for 10 min 
fragmented the freshly prepared dense spherical structured nano
particles and was remained clear on storage. Since sonication has 
considerable damage on the chitosan nanoparticles and directly affected 
their function as a drug carrier [54]. 

The factors of ultrasonic intensity, time, concentration of chitosan, 
pH of solution and oil/water ratio influence the size, morphology and 
dispersibility of chitosan microcapsules. Enhancement of ultrasonic 
power, time reduced the microcapsule size and made distribution ho
mogenous. Sonication power > 300 W, time > 5 min independently has 
no role in reducing the microcapsule size. Sonication mediated 

microcapsules were spherical shaped with clear edged smooth surfaces. 
The formed microcapsules had no or little influence on the morphology 
and were similar to free forms of microcapsules. Walls of drug loaded 
microcapsules offered excellent protection and were have good stability 
in scooting the drug molecules. They have good property of directional 
movement under an external magnetic field. Formation of intermolec
ular imine bonds was responsible for the successful generation of mag
netic and pH responsive chitosan microcapsules. Evidently, they have 
controlled drug release under a stimulatory pH [55]. 

Additionally, Ren et al. [56] investigated the effects of frequency 
ultrasound on the properties of zein-chitosan complex coacervation for 
resveratrol encapsulation. Analysis of multi-model frequency ultrasound 
treatment effects on resveratrol encapsulation using zein-chitosan 
complex coacervation showed that 28/40 kHz dual-frequency ultra
sound led to the highest encapsulation efficiency (65.2 %; 31.9 % in
crease) and loading capacity (5.9 %; 31.1 % increase) of resveratrol. The 
results showed that dual-frequency ultrasound treatment significantly 
reduced the zein-chitosan complex coacervation particle size and 
reduced their distribution, however, did not change the zeta potential. 

2.24. Radix hedysari polysaccharide (Effect of enzyme combined 
ultrasonication) 

There are a great many of combination method besides untrasoni
cation, such as, enzyme combined ultrasonication, microfluidization 
combined ultrasonication, ultrasound assisted Fenton treatment and 
ultrasonication combined electric field. The different ultrasonication 
modified methods and combined methods are list in Table 1. 

Radix hedysari a Fabaceae family member has huge exports from 
China to all south Asian countries. As a health food, dietary supplement 
and seasoning agent, R. hedysari is explored for extraction and isolation 
of bioactive polysaccharides. The polysaccharides of R. hedysari were 
used as anti-aging, immune enhancing, anti-hypoglycemic, antioxidant 
and protective from osteoporosis. Conventional aqueous extraction has 
many disadvantages in regard of polysaccharides, hence complex 
enzyme combined with ultrasonication introduced as a novel extraction 
technology. Cellulase, papain enzyme complexes unbound cell poly
saccharides from cells and extracted the freed polysaccharides under 
ultrasonication. Enzyme assisted ultrasonication (EAU) improved car
bohydrate content particularly high arabinose-galactose content than 
the conventional method. EAU decreased immune organs atrophy. 
Arabinose and galactose content of EAU recognize specific receptors on 
immunocytes to secrete high levels of TNF-α, IL-6 and INF-γ cytokine 
markers. Low MW polysaccharides of R. hedysari are the chief cause for 
high immunomodulatory function [57]. 

2.25. Dextran 

In another study, the degradation rate, the change of MW, the mass 
fractions of fragments of certain MW, and the degradation kinetics of 
dextran were compared under ultrasonic and enzymolysis treatments. 
The results showed that the degradation rate improved greatly and the 
time required to stabilize the rate was shortened compared with ultra
sonic treatment. A lower MW limit was established and the mass fraction 
of 104-105 Da fragment increased [58]. 

2.26. Kappa- carrageenan 

These are a family sulphated polysaccharides extracted from red 
algae. Chondrus crispus and Gigartina stellate are the organism source for 
k-carrageenan. Food industry use k-carrageenan as thickening, emulsi
fying and gelling agent. Compared to control, ultrasound treat increased 
k- carrageenan solubility by decreasing the MW. Ultrasound changed the 
tight crystalline structure of k-carrageenan to random coils which 
expose its hydrophilic parts and most soluble in water. Both sonication 
frequency and time affects the texture of k-carrageenan. Hardness, 
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springiness properties of k-carrageenan gel is directly proportional to 
sonication time. High voltage power at short time interval (150 W for 
120 s) and low voltage power for long time interval (50 W or 100 W at 
180 s) has good potential to improve the gel texture and hardness. 
Sonication for long time is positively associated with gel gumminess and 
has negative effect on its cohesiveness [62]. 

2.27. Okara fibers 

Some plant fibers are composed of carbohydrate-based polymers. 
Fan et al. [63] found the effects of different ultrasound power densities 
on the microstructural changes and physicochemical properties of okara 
fibers. The ultrasound treatment of the okara fibers induced structural 
disorganization and changes, evidenced mainly in their morphological 
characteristics and their relative crystallinity degrees. Increasing the 
ultrasound power broke the okara fibers into flaky and stacked struc
tures. When the ultrasound power density reached 4 W/mL, the pa
renchyma became compact and the hourglass structure fractured. 

3. Modified starches under ultrasound irradiation 

3.1. Cereal starch 

Starch obtained from cereal - yam, cassava and corn contained dif
ference in granularity and amylose/amylopectin ratio. Nanoparticles 
prepared from cereal starch had wide applications in food and pharma 
industry. 20 % of ultrasonic amplitude for 30 min formed different sized 
starch nanoparticles (SNP). The SNP of yam had 8–32 nm particle size, 
but cassava and corn SNPs contained respectively 35–65 nm and 36–68 
nm. The SNPs obtained by cassava starch contained the lowest blue 
value followed by corn and yam SNPs. Relative crystalline index (RCI) is 
direct relation with amylose content of starch. Yam starch has higher 
amylose than corn starch and the least was observed in cassava starch. 
The obtained RCI was in an order of the highest for yam followed by corn 
and the zero was for cassava starch nanoparticles. Starch nanoparticles 
obtained from yam, corn and cassava starch has thermal decomposition 
or Tmax at 290.27 ◦C, 306.41 ◦C and 299.71 ◦C, respectively [64]. 
Compared to native starch, ultrasonication formed starch nanoparticle 
had decrease in size, blue value, relative crystalline index and thermal 

Table 1 
The different ultrasonication modified methods and combined methods of natural polymers.  

Modified methods Mechanism Advantages Shortcomings References 

Ultrasonication Cavitation induced by ultrasound produces high shear 
force, temperature and microbubble destruction, leading 
to the degradation of polysaccharides 

Simple equipment, convenient operation, easy 
automation, no pollution to the environment, 
biologically safe 

Reducing the 
stability of extract 

[3,33] 

Enzyme combined 
ultrasonication 

Combination effect of enzyme and mechanical wave More effective and environmentally friendly, little 
or no destruction of the basic structure 

High cost [57] 

Microfluidization 
combined 
ultrasonication 

A biological response is stimulated in the cell which 
produces bioactive molecules 

High extraction efficiency Complex [17] 

Ultrasound assisted Fenton 
treatment 

Combination effect of chemical reaction and ultrasonic 
wave 

Convenient The risk of 
chemical pollution 

[19] 

Sonoenzymolysis Combination effect of enzyme and ultrasonic wave High extraction efficiency High cost [58] 
Alkali hydrolysis 

combined 
ultrasonication 

Combination effect of hydrolysis and ultrasonic wave Simple The risk of 
chemical pollution  

Ultrasound ionic-liquid Ionic coordination difference and catalysis Simple Low efficiency [59] 
Ultrasonication combined 

electric field 
High voltage electric fields prior to the ultrasonic Starch with high light transmission, high water 

absorption capacity, solubility, swelling power 
and resistant starch content 

High cost [60] 

Microfiltration combined 
with ultrasonication 

– Novel combination of non-thermal technologies High cost [61]  

Fig. 2. The formation of starch nanoparticles.  
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decomposition temperature (Tmax). The formation of starch nano
particles is illustrated in Fig. 2. 

Modified starch is novel food product. Study was designed explore 
the effects of ultrasonication on starch obtained from wheat, barley, rice, 
and maize. Sonication disrupted starch granularity and improved the 
solubility, swelling power. Solubility order is differing from swelling 
property. Higher solubility was noticed starch of rice, followed by 
barley, wheat, and maize but the swelling property was the highest in 
barley starch, followed by maize, wheat, and rice. Ultrasonication 
caused surface and microstructural changes with minimum effect on the 
overall integrity of starch granules. The formed starch granules have 
average size of 15.4 µm for rice, 19.27 µm for wheat, 21.7 µm for maize, 
and 28 µm for barley. Sonication created greater depression on starch 
granules resulted pores on its surface. The physical forces of ultra
sonication stretched the bonds of hydroxyl (O–H), C–H bond and 
glucose (C–O–H) bonds of starch particles. Grossly, the ultrasonication 
improved the formation of resistant starch, rapidly digesting starch, with 
low levels of slow digestible starch [10]. 

3.2. Lentil starch 

Lentil or Lens culinaris is a commonly used dietary pulse. It is rich in 
carbohydrate (915.9 g/kg) which contained 32–36 % of amylose. Son
ication at 33 kHz for 45 min reduced the amylose to 28–34 % compared 
to native starch-amylose. Solubility index, swelling index was increased 
in sonicated starch. The increased swelling index was similar to native 
starch at different temperatures. From day-1 to day-3, the degree of 
retrogradation or syneresis was similar both for native and sonicated 
starch forms but on the day-4 and day-5 it was decreased in sonicated 
starch compared to native form. Sonication decreased light trans
mittance in a time dependent manner which was an attribute of syner
esis. Sonication decreased the protein content and became a cause for 
decreasing the starch emulsion capacity. Sonication increased signifi
cant water absorption capacity and an insignificant for oil absorption 
capacity. Due to the low power of sonication used, the intensity of ab
sorption bands, X-ray diffraction patterns were similar to the native 
starch forms [65]. 

3.3. Cross linked resistant starch (RS4) 

Sonication pH dependently (from 9 to 12) increased swelling ca
pacity in the starch samples. Increasing the cross linkers increased the 
starch phosphorous content and was similar for increased pH. Sonicated 
starch has degraded amorphous and crystalline regions which together a 
reason for cracks and pores appearance over its surface. X–ray diffrac
tion also confirmed reduced crystallinity in the sonicated starch. Resis
tant starch content was not altered at pH values < 10.5 which was not 
similar at changing cross linker concentration. Further, sonication and 
low pH values eased the cross-linked starch access for digestive en
zymes. Higher pH values (≥13.5) resistant starch content was increased 
directly to increased cross linker concentration. Sonication significantly 
decreased free, inter and intra molecular O–H linkages in the cross- 
linked samples and had higher extent of P–O bonds of cross-linked 
starches. Sonicated cross-linked samples have reduced gelatinization 
enthalpy which is the lowest degree of crystallinity and high extent of 
cross-linking reactions. However, the size, morphology of sonicated 
starch granules was similar [66]. 

3.4. Foxtail millet starch 

Sonication increased the degree of substitution, content of resistant 
starch by elevating amylose and caused to lose rapid digestible starch. 
Water absorption capacity was significantly increased so was for 
swelling capacity in a temperature dependent manner. The property of 
relative crystallinity index was decreased and structurally it has 
confirmed presence of α–1,4 glycosidic linkages, vibrational stretch in 

C–O–C bonds, formation of ester carbonyl groups and an increased 
hydrogen-bonded hydroxyl group. Sonication created pores on starch 
surface and intense cracks associated on succinic anhydride treatment 
[67]. 

3.5. Rice starch 

In one study, the author demonstrated the impact of ultrasonication 
on the multi-scale structural characteristics of rice starch following 
short-chain fatty acids acylation. The results revealed that a lower power 
density ultrasonication improved the reaction efficiencies of acetylation 
(19 %) [68]. In addition, the ultrasonic-assisted SCFAs-modified rice 
starch has a lower peak viscosity and setback value. 

3.6. Wheat starch 

Wheat is accommodating 75 % of starch. Starch contained amor
phous amylose and crystalline amylopectin, hence semicrystalline in 
nature. Intermittent sonication does not have a role in decreasing the 
starch swelling capacity. Continuation water bath sonication at 200 W, 
690 W decreased starch swelling capacity. Starch solubility was 
increased to 4.33 % at 15 min of 200 W sonication compared to 30 min 
of exposure. Sonication improved starch turbidity; the highest were at 
400 w for 30 min. Control and 200 W, 15 min of sonication have similar 
turbidity. Ultrasound treatment increased the starch oil absorption ca
pacity. The highest oil absorption capacity was noticed at 200 W for 15 
and 30 min. Intermittent sonication at 400 W caused fine fissure on 
starch surface. Continuous sonication at 200 W decomposed starch 
granular structure [69]. 

Hybridized rami cellulose nanofibers with precipitated calcium 
carbonate and tapioca starch matrix have the highest tensile strength, 
crystallinity index, moisture absorption and thermal stability properties. 
The hybridized mixture contained central matrix in which precipitated 
calcium carbonate was weekly bound to tapioca starch due to calcium 
clumps. Matrix also has associated rami cellulose nanofibers [70]. 

3.7. Tomato starch 

Wealth is hidden in waste. Tomato (Solanum lycopersicum) is used for 
preparing different products viz. tomato juice, paste, puree, ketchup, 
and sauce. Pectin a chief natural polysaccharide found in the tomato 
waste. Pectin is food additive contained α-D-galacturonic acid monomers 
which are isomers of D-glucaronic acid. Ultrasound assisted extraction 
(USE) had the highest pectin yield (15.21 %) at 600 W of power and 
8.61 min of time. Increasing the power capacity with time has depleting 
nature on final pectin yield. Microwaves accelerated the highest pectin 
yield (25.42 %) at 900 W power, time, and temperature respectively 
3.34 min, 88.7 ◦C. Higher temperature and power (volts) capacity 
caused a pectin yield of 10.65 % at 60 V and 85 ◦C. Low frequency of pre- 
sonication (540 W, 8 min) with subsequent microwave extraction ob
tained a final pectin yield of 18 %. Low frequency of pre-sonication (450 
W, 10 min) with subsequent Ohmic heating (60 V, 5 min) had obtained a 
yield of 14.60 %. Ultrasound sensitized pectin yield under microwave 
and Ohmic heating process. Pectin yield was higher in ultrasound 
assisted microwave extraction (US-ME). USE consumed very less time in 
obtaining the good pectin yield than US–ME and US–OHE. Methoxyl 
pectin is a form of pectin formed by esterification process. It is used as 
gelling agent. Ultrasound assisted microwave extraction has high degree 
of esterification and the least was observed in microwave assisted 
extraction. Gelling strength (degree of esterification) was very low for 
the ultrasound assisted pectin but was increased in an order of USE <
MAE < OHAE < US-ME < US-OHE. The obtained pectin of USME has 
traces of colour compared to other extraction methods. Ultrasound 
treatment caused rupture and cavitation of bubble in the obtained pectin 
(Sengar et al. 2019). In this study, ultrasonication mediated poly
saccharide extraction surpassed the destructive nature of microwave 

B. Du et al.                                                                                                                                                                                                                                       



Ultrasonics Sonochemistry 90 (2022) 106170

9

assisted extraction. 

4. Modified cellulose under ultrasound irradiation 

4.1. Effect of ultrasound ionic-liquid on cellulose 

China is annually producing>0.7 billion tons of wheat straw, rice 
straw. These are chemically lignocellulose (LC) complexes with no 
property to dissolve in water. Ionic liquids show high dissolution rate for 
cellulose polymers and accessible to enzyme attack and can separate the 
LC complexes into individual polymer units. LC biomass mix with 
[Bmim]Cl or [Bmim]OAc ionic liquid with a single frequency of ultra
sonication (on different frequencies) at 80 ◦C stable temperature for half 
an hour duration is consider as pre-treated biomass (PTB). Cellulase 
treated PTB has good yield in [Bmim]Cl ionic liquid, followed by 
[Bmim]OAc. Cations of ionic liquid solubilize cellulose but more effec
tive dissolution was observed from acetate anions (OAc-). Bagasse 
biomass has high reducing sugar content followed by wheat straw in 
[Bmim]OAc ionic solution treated ultrasonication. Bagasse is a genuine 
biomass in both ionic liquids and superior was noticed in [Bmim]OAc 
[59]. 

4.2. Sonication effect on cotton cellulose 

Sonicated cellulose products have utility in pharmaceuticals, films 
with inhibitor properties and food additives. 60 % of acid hydrolysis 
with sonication has been reported of maximum yield for cellulose 
nanocrystals. Acid or alkaline treatment increased the exposure of hy
drophilic moieties which further improved by Sonication. Size of the 
nanocrystals is not uniform and found an average of 133 ± 14 nm with 
10 nm of width. The formed nanocrystals consist of rod like particles. 
Acid hydrolysis mediated sonication altered O–H groups, C–O– bonds, 
stretch in C–H, C–C bonds in the formed nanocrystals [71]. 

4.3. Enzymatic hydrolysis of cellulose and CM cellulose 

Cellulose is a water insoluble biopolymer. Cellulase facilitated cel
lulose and water soluble carboxymethyl cellulose digestion for fermen
tation source. The sonication power levels of 3, 6 and 15 W enhanced the 
rate of CMC hydrolysis. Enzyme Vmax values augmented by sonication 
and was direct proportional to sonication intensity. Michaelis constant 
(Km) values for the three sonication power intensity were in an 
increasing order of 2.4 > 4.7 > 11.8 W cm –2. Sonication duty cycle for 
20 % had the low Km value for all the three sonication intensity. Soni
cation intensity of 11.8 W cm –2 significantly decreased the Km value on 
increasing the duty cycles from 10 to 40 %. An enzyme with high Km has 
low affinity for its substrate and requires a greater concentration of 
substrate to achieve its Vmax. The Vmax values were in an order of 10 >
20 > 40 % of duty cycles. 10 % duty cycle at 11.8 W cm –2 of sonication 
intensity is the optimum that possessed 85 % greater Vmax and 53 % 
reduced Km compared to control. Soluble cellulose is much sensitive for 
cellulase digestion compared to particulate form. Sonication facilitated 
solid liquid mass transfer enzyme over substrate and reducing the Km 
value. Sonication process, loosen the CMC substrate network and 
enhanced enzyme access to them. Sonication power intensity 11.8 W cm 
–2, at 10 % duty cycle increased Vmax, by decreasing Km value to the 
different particle size (30, 60 and 290 µm) contained cellulose substrate. 
High intensity of sonication affected the cellulase rate by decreasing the 
catalysis. First 5 min of sonication was severely decreased cellulase ac
tivity but the subsequent decline in cellulase activity was slowed [72]. 

4.4. Corn stover saccharification 

Ultrasonication has swollen the cellulose biomass by generating 
cavities. Higher temperature, pressure generated by sonication 
collapsed the generated cavities and caused dissociation of cellulose 

biomass. Sodium percarbonate (SP) generates highly reactive OH–, O2
– 

radicals which depolymerises lignin polymer and decolorized to yellow 
colour. IR spectra for ultrasonication were similar to the native cellulose 
biomass but for sodium percarbonate the peak intensities decreased 
from the native form which evidently removed some of the lignin 
biomass. Combined treatment of US–SP biomass peak intensities further 
declined. The sensitivity scale of lignin was in the order of US–SP > SP 
and nothing for US alone. XRD pattern of US pre-treated has decreased 
Crl value than the native form and was higher for SP pre-treated cellu
lose biomass. XRD confirmed that US disrupted the crystalline structure 
and SP removed the amorphous lignin and contributed synergistically 
for the effective removal lignin shield over cellulose of corn stover [73]. 

4.5. Celery cellulose 

Ultrasonication assisted alkaline precipitated celery cellulose was 
used for hydrogels preparation. Celery cellulose and its hydrogels have 
similar pattern of FTIR spectra which is a confirmatory for no structural 
damage between the two forms. The cellulose extracted by ultra
sonication supplement was smooth and contained parallel sheaths. 
Hydrogels formed by extracted cellulose has good property for swell in 
distilled water. Few types of hydrogels have low swelling property due 
to narrow porosity in the internal structure. Hydrogels carrying short 
chain fatty acids were deploying easy by ultrasound trigger which is a 
therapeutic application [74]. Ultrasound maintained the surface struc
ture intact and increased dye dispersion, mass transfer, dye diffusion 
into the cellulose fiber. Dying time was comparatively reduced and 
became eco-friendly by sonication compared to conventional method 
[75]. Old corrugated container fiber is a low cost feed stock using in the 
paper industry. It contained cellulose, hemicellulose, lignin, and other 
impurities. Sequential digestion this fiber with phosphoric acid followed 
by cellulase hydrolysis and sonication enhanced cellulose nanocrystals 
yield with increased crystallinity and thermal stability [76]. 

4.6. Combined pre-treatment of lignocellulose biomass 

Sonication facilitated the release of glucan, xylan content in the 
lignocellulose biomass. The appearance of mannan and galactans was 
completely disappeared. Study understood that mulberry wood cell 
walls, xylose resides in the main chain of hemicelluloses while galactose 
and mannose might present in side chains. Sonication combined pre- 
treatment is more efficient for optimum delignification compared to 
alkaline peroxide-based pre-treatment which facilitating the down
stream enzymatic hydrolysis. In the pre-treatment process sonication 
played major roles of breaking the cell wall, deforming the matrix and 
increased the surface area. Supplemented sonication facilitated the 
liberation of crystalline cellulose biomass by breaking the covalent and 
non-covalent bonds. Hence, sonication combined pre-treatment is an 
ideal approach for subsequent saccharification [77]. 

5. The application of natural polymers under ultrasonication 

5.1. Starch nanoparticles 

Starch nanoparticles of lotus stem (LSNP) have the highest size 
606.31 ± 15.32 nm, followed by water chestnut (WSNP) 535.21 ±
18.54 nm and lease was horse chestnut starch nanoparticle (HSNP) size 
of 420.33 ± 20.21 nm. The formed nanoparticles had increased water 
absorption capacity, but oil absorption was decreased. Transition tem
perature is directly dependent on gelatinization enthalpy. The formed 
starch nanoparticles have higher transition temperature compared to 
native starch. Ultrasonication decreased nanoparticle crystallinity, 
increased elastic behaviour and viscosity. Sonication also increased the 
Van der Waal forces further promoted amorphous texture. Chemical 
(alkaline), physical (sonication) digestion disappeared starch crystal
linity. The formed nanoparticles have semicrystalline and amorphous 
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domains. Nanoparticles have bond stretching in glucose ring O–H bond, 
–CH2, C–O bond, C–O–H and C–O–C groups. Three nanoparticles 
have identical band pattern in FT-IR spectrum. Nanoparticles have 
β-glycosidic links and are water bounded. Sonication disrupted nano
particles of starch granularity. Rough, uneven exterior with cavities 
found in HSNP, LSNP but WSNP turned to large fragments besides small 
particles [78]. 

5.2. Starch films 

China is widely cultivating country for sweet potato. It is rich in 
starch named sweet potato starch (SPS). SPS have intermolecular, 
intramolecular hydrogen bonds which are a direct cause for its poor 
solubility. Amylose is one of the structural components of SPS contain
ing hydrophobic regions in its internal structure. Low power ultra
sonication separated amylose from starch and increased the formation of 
amylose-lauric acid (ALA) complexes. The process of starch films is 
illustrated in Fig. 3. 

The amount of ALA complex formation is directly dependent on ul
trasonic amplitude and the optimum was observed at 40 % with a yield 
of 41.1 %. Ultrasonication decreased the gelatinization enthalpy in 
sweet potato starch and promoted the formation of less ordered ALA 
complexes at 60 ◦C and both less ordered and semicrystalline ALA 
complexes at 90 ◦C temperature. High ultrasonic amplitude accelerated 
deterioration of the formed ALA complexes. The formed ALA complexes 
had V type of crystal pattern at 40 % ultrasonication amplitude. 
Evidently, V type crystal contained helically arranged six D-glucosyl 
residues. The light transmission value for the formed ALA film is directly 
dependent on the ultrasound density. Higher the light transmission 
value grater will be ALA film homogeneity. ALA film formed at 40 % of 
ultrasonication had higher TS value, which explains the formed film 
polymer is more tight and compact. ALA film formed in ultrasonication 
has smooth contentious uniform structure with the lowest water vapour 
permeable property [79,80]. 

5.3. Chitosan emulsions 

Chitosan, a naturally occurring cationic polysaccharide is a second 
abundant biopolymer. High intensity ultrasonication treated chitosan 
has no effect on the amino groups and was similar to native chitosan. 
Sonication broken the insoluble chitosan aggregates and promoted their 
assembly into compact chitosan nanoparticles. Strong electrostatic re
pulsions caused negligible agglomeration due to protonated chitosan. 
Hence the impact of ultrasonication was significant at higher pH ranges. 
DLS particle size analyser was reported of chitosan agglomerate disap
pearance. Hence average diameter decreased more at higher pH range. 
Increasing sonication time decreased the chitosan solution MW and 
complex viscosity. High intensity ultrasonication treatment has higher 
surface activity and faster absorption at the oil / water interface. Hence 
chitosan is a pH-controlled emulsifier and use in food and non-food 
applications [81]. Ultrasonication increased the chitosan mat porosity 
by 17.3 % compared to non-sonicated neutralised chitosan nanofibers. It 
also decreased water absorption time from 110 to 9 s which is 

comparably better than surgicel and chitosan sponge [82,83]. 

5.4. Potato starch pitting 

Ultrasonication has no effect on starch granules and pit size over the 
starch granules. The characteristic peaks for native starch and waxy 
forms became similar quite after sonication. FTIR absorption peaks for 
native and waxy starch forms were identical and no new bonds formed 
or destroyed upon sonication. Both starch forms have similar mono- 
disperse size distribution. The number of pits formation on starch 
granules is dependent on sonication intensity and was directly propor
tional. Amylose content of starch or granular surface property modifi
cation by sodium dodecyl sulphate, ethanol was also not having any 
impact on the number of granular pits. Higher sonication frequency 
formed smaller cavitation bubble which gets collapse and form as small 
size pit over waxy starch granules. Magically the formed pit does not 
have significant size difference which was verified by scanning electron 
micrograph [84]. 

5.5. Pectin for enhanced 2-furfurylthiol encapsulation 

Recent research studied 2-furfurylthiol to compare the encapsulation 
feasibility of emulsion made with original pectin and ultrasound-treated 
pectin. The results showed that when used as the encapsulation wall 
material, the ultrasound-modified pectin had significantly enhanced 
performance compared with the original, in terms of flavour retention 
over time at 45 ◦C and 65 ◦C [85,86]. 

6. Conclusions and perspectives 

Carbohydrates naturally occurring in nature which are functional 
and structural biomolecules with distinctive structures, include poly
saccharide, cellulose, and starch. Ultrasonic modification emerged as 
the superior strategy to obtain good polymers with useful physi
ochemical properties and molecular structures. Moreover, the corre
sponding applications of these natural polymers modified upon 
ultrasonication are elaborated. It is critical to enhanced noncovalent and 
covalent interactions of polymers using ultrasonication combined with 
other advanced technologies, especially enzyme combined ultra
sonication, microfluidization combined ultrasonication and alkali hy
drolysis combined ultrasonication. In future, nanoparticles, films, 
emulsion, microcapsules powder are effective methods to improve the 
function of polysaccharide. In the end, a summary of this promising 
research field is offered and an outlook for the future is given. It is ex
pected that advances in ultrasonications of natural polymers would 
provide new avenues for different applications, such as food, tissue 
engineering, and biomedical diagnosis. 
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