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There is an urgent need to develop technologies that can physically manipulate the structure of biocompatible
and green polymer materials in order to tune their performance in an efficient, repeatable, easy-to-operate,
chemical-free, non-contact, and highly controllable manner. Ultrasound technology produces a cavitation ef-
fect that promotes the generation of free radicals, the fracture of chemical chain segments and a rapid change of
morphology. The cavitation effects are accompanied by thermal, chemical, and biological effects that interact
with the material being studied. With its high efficiency, cleanliness, and reusability applications, ultrasound has
a vast range of opportunity within the field of natural polymer-based materials. This work expounds the basic
principle of ultrasonic cavitation and analyzes the influence that ultrasonic strength, temperature, frequency and
induced liquid surface tension on the physical and chemical properties of biopolymer materials. The mechanism
and the influence that ultrasonic modification has on materials is discussed, with highlighted details on the
agglomeration, degradation, morphology, structure, and the mechanical properties of these novel materials from

naturally derived polymers.

1. Introduction

Biopolymers are naturally derived polymers that consist of many
units or parts and are usually found in living organisms. Chitin, hyal-
uronic acid, and starch are polysaccharides that are widely found in
nature [1,2] along with cellulose-based plant fibers, such as cotton and
sisal [3], and protein-based animal fibers, such as silk, wool and mohair
[4-6]. In addition, polylactic acid (PLA), polyglycolic acid (PGA) and
their related polymers or copolymers are also naturally derived mate-
rials that have been widely studied in recent years [7]. These naturally
abundant materials each possess characteristics of richness, renew-
ability, and unique biology that is favored by many studies [5] (Fig. 1).
For the regeneration and modification of these natural polymer mate-
rials, more complicated fabrication approaches such as the acid-salt
method [6], the water-based method [8] and the chemical grafting [9]
are often implemented.

In addition to the well-known medical applications, ultrasound has

been increasingly used for the fabrication and modification of new
materials in recent years due to its high efficiency, easy operation,
repeatability and controllability, including its involvement with natu-
rally derived polymer materials [10]. Ultrasound involves a series of
sparsely populated dense longitudinal waves that are generated through
the propagation of a medium to construct a divergent, flat, or focused
sound field to generate mechanical vibration energy. When acting on a
material, it will give rise to mechanical, acoustic, thermal, chemical, and
biological effects [11], which together modifies the physical properties
of the material. Studies have shown that ultrasonic energy can be
applied to the field of textile dyes to accelerate the interaction between
the dye and the fiber, reinforcing fabric dyed color [12]. This application
was shown to improve adhesion, wash fastness and lightfastness [12].
Furthermore, the use of ultrasound could function to alter the me-
chanical properties of nanofibers, microfibers, and gelling materials as a
drug delivery vehicle for target therapy [13].

This review serves as a summary of research progress in recent years
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Fig. 1. A scheme showing ultrasound applications using various biopolymer
materials. Pictured raw biopolymer materials include plant fibers (cotton, sisal,
ramie), animal fibers (silk, cobweb, wool), and polysaccharide substances
(chitin, starch, hyaluronic acid), with applications towards biological tissue
scaffolds, artificial stents, wood modification, drug package and delivery,
environmental protection products, beauty products, antibacterial fabrics,
artificial ligament and gel materials.

on ultrasonic fabrication and modification of biopolymer materials. The
general principle of ultrasonic theory is discussed along with its field
applications. This review will provide a comprehensive study for the use
of ultrasound to create new biomedical and sustainable materials using
various naturally derived biopolymers.

2. The theory behind ultrasound

The phenomenon known as cavitation was first discovered in 1895
when Thornycroft and Barnaby observed a collapsing of bubbles that
were caused by hydrodynamic cavitation, producing a strong pressure
and temperature gradient in the local vicinity [13]. In 1917, Lord Ray-
leigh provided a simple derivation formula to calculate the pressure
inside the fluid during the collapsing process, describe the cavitation
phenomenon in the incompressible fluid, and thus established the first
mathematical model [14], using the following Formulas (1) and (2):

u R?

adp 1
U M
1 2 2 2 p3

Ep u“-4nr-dr = 2npU-R’ (2)

R

where R is the bubble radius, U is the surface vibration velocity at time ¢,
u is the velocity at any distance r (>R) of the bubble from the center, and
p is the density of the medium. Formula (2) describes the kinetic energy
of the bubble. The sound wave is transferred to the bubble energy
through the liquid medium, causing it to expand during the negative
sound pressure period and contract during the positive sound pressure
period. The sound propagation process will cause the energy in the
bubble to accumulate, and the bubble oscillation radius continues to
grow. When the bubble resonance is reached, the sound pressure ex-
ceeds the threshold, the bubble collapse occurs and releases an intense
quantity of energy forming ultrasonic cavitation [15]. In 1927, Loomis
and Richards et al. [16] first reported the ultrasonic cavitation in ether
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on the basis of the above model theory. In 1937, Brohult et al. [17]
reported the use of ultrasonic cavitation to degrade biopolymers such as
hemocyanin molecules. In 1961, Naude and Ellis discovered that
microjets would cause pitting on the surface of materials. Through these
historical developments, the notion that ultrasound could be applied to
the field of materials science was increasingly accepted across the sci-
entific community. Additionally, it was found that when the symmet-
rical bubble propagates from the collapse point to the outer diameter of
surrounding fluid, the energy generated could be used to accelerate the
mass transfer rate between the interfaces. Simultaneously, the reaction
temperature and pressure will rise, the temperature vaporizing any
participating liquid reactants, and the high pressure increasing the ef-
ficiency of the multiphase reaction [18]. During the ultrasound process,
the rupturing cavitation bubbles are affected by the amount of water
vapor that enters the bubbles during bubble formation. The more water
vapor that enters the bubbles, the stronger the buffering effect of the
collapse. Therefore, as the system temperature rises, the ultrasonic
power will increase. The further solution of acoustic power P on the
basis of adiabatic conditions can be derived from Formula (3) [19]:

dr
—_— c,m
) "

where C, is the heat capacity of the solution, m is the total mass of the
solution, T is the temperature, and ¢ represents the time. If the power is
emitted from the probe tip and propagated into the system, in order to
further obtain the sound power per unit area [20], the power intensity
generated by the ultrasonic source is given by Formula (4):

3

1=P(2p-C)”" 4
where I represents the sound intensity, p and c are the medium density
and sound velocity, and P, is the amplitude of sound pressure, which is
related to the time t and the frequency f, as shown in Formula (5):

P, = Pa.max‘gin(zﬂﬁ) (5)
where P, nax is the maximum sound pressure value [21], which is
proportional to the propagation time and the frequency of ultrasonic
waves.

Sound pressure P, can be further used to determine the maximum
bubble size of cavitation bubbles [22], and the size of bubbles generated
by resonance can be related to the frequency [15], as shown in Formulas
(6) and (7):

3yP,,
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where R; represents the bubble size, Ry is the maximum size of the
bubble, y is the specific heat ratio of the gas inside the bubble, P, is the
ambient liquid pressure, Py, is the external (hydrostatic) pressure, p is the
liquid density, and o is the angular frequency of the ultrasound. Ac-
cording to the above formulas and experimental results, there will be an
optimal power density in the ultrasonic process to obtain the maximum
reaction rate.

It can be seen that the intensity of ultrasound [23,24], temperature
[25] and frequency [26,27], as well as the surface tension of different
liquids [28], will affect the effect of ultrasonic cavitation in biopolymer
materials, which are described in detail below.
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3. Factors that influence cavitation
3.1. Intensity

In general, when under the same area, the strength of ultrasonic
power is directly proportional to the amplitude of the soundwave, which
causes the intensity of the cavitation bubble collapse to increase.
Therefore, when the ultrasonic intensity of a liquid increases, the cavi-
tation intensity increases, thus leading to a greater sonochemical effect
in the presence of more bursting bubbles with a faster pulsation and
collapse. When the ultrasonic intensity reaches its limit, the cavitation
has the tendency to saturate, and an excessive increase in intensity will
produce bubbles that increase the scattering attenuation and reduce the
cavitation intensity [19]. If the intensity increases past a critical point,
OH radicals will form in the solution reaction, which will promote a
rapid degradation of the substances involved. The ultrasonic propaga-
tion is mainly nonlinear to a certain extent [29].

In general, the actual ultrasonic intensity (W/cmz) can be repre-
sented by the Formula (8) [33]:

1=P/(n?)

where P is the actual power dissipation, r is the radius of the ultrasonic
probe tip (cm), and I is the ultrasound intensity.

Several studies [13,23,24,30-34] have defined the relationship be-
tween an increase of ultrasonic power (W) or ultrasonic intensity (W/
sz) and its effect on the fabrication of materials. Diikkanci et al. [30]
studied the effects of ultrasonic power and HO» on the degradation of
oxalic acid. It was found that the burst of cavitation bubbles would
become violent at higher acoustic amplitudes. Under the same ultrasonic
area, the power was increased from 70 W to 95 W, forming bubbles that
gradually developed into a large acoustic chemical reaction. The authors
found that this action promoted the degradation of oxalic acid from 2%
to 14%. When the ultrasonic power increased from 95 W to 120 W,
under the same ultrasonic area, the degradation of oxalic acid was not
increased. Zhang et al. [31] revealed that when the ultrasonic power
increased from 60 W to 423 W, under the same ultrasonic area, the
molecular weight of citrus pectin decreased from 401 kDa to 261 kDa,
while when the ultrasonic intensity continually increased to 544 W, the
molecular weight was stable at around 267 kDa. Hao et al. [32]
discovered that when the ultrasound intensity was greater, there was a
more profound inhibitory effect on the overall growth of cyanobacteria,
although the difference was minimal. The conclusive results showed that
40 W power was the most economical and effective power for ultra-
sound. When the power was increased to a certain level, the cavitation
bubbles became too large to collapse under higher power, or collapsed
weakly, which resulted in a decrease in the cavitation effect. Qiu et al.
[33] discovered that a higher ultrasonic intensity, such as 104.7 W/cm?,
can lead to methoxylation of the side chains in citrus pectin molecules,
causing the intermolecular and intramolecular hydrogen bonds to break.
Without the presence of hydrogen bonding in the molecular structure of
the pectin solution, the coiled chain structure will transition from a
semi-flexible to flexible. Wang et al. [34] studied ultrasound for the use
of dye. It was found that when the ultrasonic power increases from 0 to
200 W, dye uptake increased from 5% to 25.5%. Additionally, higher
ultrasonic power can also improve the permeability of wood, promoting
the activation of dye molecules, making more dye molecules penetrate
wood, and increasing the dye uptake rate. Wood is a complex polymer
material that contains high molecular compounds. Rudak et al. [35]
furtherly pointed out that the alternating stresses from intensive ultra-
sound action on wood leads to vibrational deformations of these com-
pounds, causing a rupture of the bonds between fibers and irregularities
in the orientation of the macromolecular chains. When wood was
compacted in the ultrasonic field with an intensity of 3-10 W/cm?, its
maximum density was found to reach up to 1.45 g/em® [35], which is
equal to the mechanical high rupturing capacity of 60-63 N/mm?. There

(8)
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are several potential applications of such wood, such as for the
manufacturing of friction parts, thrust bearings as a primary example
[35]. These results suggest that the mechanical properties of polymer
materials change directly with an increase in ultrasound performance.
However, wood consists primarily of cellulose, hemicellulose, and
lignin. Therefore, ultrasound at a high intensity can cause an overall
reduction of the total cellulose content in wood, leading to a partial
degradation of wood macromolecules [36]. For example, Qian et al. [37]
found that in a material ultrasonically treated with a power of 240 W
and a frequency of 28 kHz, its holocellulose content decreased by 9.55%
when in compared with a control group. Both stable and transient
cavitation bubbles can result through ultrasonic intensity. Differences in
ultrasonic intensity can provide nano-bioengineered materials that
possess a high stability, small particle sizes, and narrow polydispersity.
Such conditions allow for improved solubility and antioxidant and me-
chanical properties in biomaterials [38]. All the above-mentioned
findings suggested that the choice of ultrasonic intensity is unique for
different material fabrication and modification processes and should be
carried out according to the specific material used in the ultrasound
study.

3.2. Frequency

In a liquid solution, cavitation is highly dependent on frequency.
Additionally, the strength of bubble bursting (i.e., released energy) and
the maximum bubble size before bursting (resonance size) are related to
each other according to Formulas (4)-(7). Generally, the ultrasonic
cavitation spectrum is divided into low frequency (16-100 kHz), inter-
mediate frequency (100-1000 kHz) and high frequency (above 1000
kHz). Studies have shown that low frequency ultrasound will produce
larger resonance bubbles [15]. When the bubbles collapse, strong
physical effects will occur such as local shear and high temperature, as
well as the generation of high energy on the order of 10-1000 W/cm?,
which can be used in the homogeneous synthesis of materials [39],
polymerization [40] and cell disruption [41]. Kadem et al. [42] found
that the lower the ultrasonic frequency, the more uniform the energy
distribution, and the lower frequency (40 kHz) is more conducive to the
composite regeneration of polyvinyl alcohol (PVA) and titanium dioxide
(TiO2) materials. The results of the study suggested that the mechanical
properties of polyvinyl alcohol (PVA) could be improved using an ul-
trasonic frequency of 53 kHz. The study also resulted in an increased
tensile strength and elongation of 15.3 kgf/cm? and 99.63% respectively
[43]. Intermediate frequency ultrasound will produce the most “sono-
chemically active” bubble groups, leading to efficient free radical pro-
duction, which is the most common area for chemical modification. For
example, the use of this ultrasonic frequency to promote the decompo-
sition of micelles and polymer aggregates in the dye bath into a uniform
dispersion can enhance the contact between the dye and the fibril, thus
accelerating the diffusion rate of the dye in the fiber effect [44]. The
bubbles produced by high-frequency ultrasound are very small, and the
proportion of bubbles cavitation decreases due to the increase of the
cavitation threshold, suggesting that the physical effects when they
collapse will be relatively mild [45]. This mode is suitable for selective
particle separation while maintaining the integrity of the separated
product [46]. Albermany et al. [47] studied the mechanical properties of
polyvinyl alcohol-palm fiber composites with frequencies ranging from
25 to 50 kHz. It was found that as the frequency increases from 25 kHz to
50 kHz, the bulk modulus of the composite material drops from 5 x 10°
dyne/cm? to 3 x 10° dyne/cm? after ultrasonic action. The authors
theorized that in the region of 20 kHz-100 MHz, ultrasonic waves are
mechanical vibrations that propagate through small displacements of
atoms and chain segments around their equilibrium positions [48].
Therefore, the ultrasonic forces acting on polymer chain segments and
between their molecular chains possess the ability to create displace-
ments to the neighboring zones [48]. The propagation of ultrasound
produces randomly coiled polymer chains closer to each other in
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polymer, making the molecules more compressible. In a confined
manner, the polymer molecules will have restricted movement, leading
to fiber composites. The elasticity of the material decreases as the bulk
modulus decreases. Additionally, it was found that when the ultrasonic
frequency is increased to 20 kHz, the size of the emulsion droplets
increased from 0.83 pm to 1.02 pm [49]. Wu et al. [50] confirmed that at
an ultrasonic frequency of 20 MHz the water molecules penetrated into
the amorphous region, causing the polymer to swell. This resulted in an
increase in the thickness of the material. When the polymer degraded,
the shorter molecular chain was ruptured, and the remaining space was
filled with water molecules, resulting in a decrease in the bulk modulus.
Therefore, low-frequency ultrasound was found to cause polymerization
and depolymerization, and the change from depolymerization to poly-
merization is determined by the nature of cavitation. At lower ultrasonic
frequencies (for example, 20 kHz), the mechanical action produced by
ultrasound can be used, and when the ultrasonic power is increased
(>500 kHz), the main action is caused by free radical reactions
[17,41,42,44].

3.3. Temperature

High liquid temperature is conducive to cavitation. This relationship
is explained by the inverse relationship between temperature and vis-
cosity. When the temperature of a solution is elevated, thereby
increasing vapor pressure, the viscosity coefficient and surface tension
of the solution decreases, thus leading to a formation of cavitation
bubbles. In the ultrasonic cavitation process, cavitation microbubbles
composed of dissolved gas and water vapor continuously form, grow,
and implode, producing physiochemical effects within a solution
[12,45]. The collapse of cavitation bubbles occurs rapidly with limited
heat loss. A gradual rise in temperature increases the liquid-vapor
pressure of the solution, resulting in the dissociation of water vapor
molecules, promoting the formation of free radicals, and improving the
overall effect of ultrasonic cavitation. Through ultrasonic wave, rapid
expansion, sudden closure, and oscillation will occur in the tiny bubble
nuclei in the liquid [12,45].. At elevated temperatures ranging from 60
to 70 °C, the vapor pressure in the bubble will increase acutely, which
will close the bubble again, enhancing the buffering effect and thereby
weakening the cavitation effect [12,51]. A study by Yen et al. [52]
exemplified this effect when the intrinsic viscosity of a polyacrylamide
solution decreased from 3 dl/g to 1 dl/g when the ultrasonic tempera-
ture was increased from 20 to 50 °C at 550 W power. Wang et al. [53]
studied the effect of the synergistic effect of glucoamylase and ultra-
sound on starch hydrolysis. The findings suggested that the high tem-
perature brought by ultrasound reduced the enzymatic hydrolysis
efficiency and the thermal stability of glucoamylase, accelerating the
heat inactivation of glucoamylase. Additionally, high temperature hin-
ders the ultrasonic cavitation effect due to the collapse of cavitation
bubbles with higher strength and lower temperature. Hernandez et al.
[54] analyzed the relation of the cavitation power output and temper-
ature. The cavitation effect between 20 °C and 70 °C is minimal, but
when the temperature exceeds 70 °C, the cavitation capacity will drop
sharply. Some studies [49] found that a slightly increased temperature
will overcome the cohesive force of the ultrasonic keratinocyte growth
medium (KGM) tear fluid, which generated cavitation bubbles. In
contrast, ultrasonic cavitation increased the temperature and promoted
the intensification of molecular activities in the solution. The higher
temperature caused by ultrasound increased the number of cavitation
bubbles and the surface contact area, reducing the viscosity and density
of the liquid, and accelerating the mass transfer rate. For example, H'
catalysis in the system accelerates the degradation of konjac gluco-
mannan. Ticha et al. [55] used natural colorants extracted from red
cabbage to improve the dyeability of cotton fabrics and found that when
the dyeing temperature is increased from 30 °C to 95 °C, the most
effective results were under the action of 500 W ultrasound. Yang et al.
[56] showed that ultrasound can be used to assist the extraction of
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polysaccharides from Hovenia dulcis, and the maximum extraction rate
was obtained when the temperature reached 65 °C.

Therefore, ultrasonic cavitation will cause the temperature of the
system to rise, which is more conducive to the generation of cavitation.
However, at the critical temperature of a specific material, cavitation
will be weakened.

3.4. Liquid surface tension

The characteristics of a material are significant for cavitation. For
example, the viscosity of the liquid affects its surface tension. The larger
the surface tension of the liquid, the more difficult it is to produce
cavitation [52-54]. Since the coefficient of the liquid is difficult to
produce cavitation bubbles and the propagation loss is large, cavitation
production is difficult. However, the amount of dissolved gas in the
liquid influences the bubble nucleation rate. The higher the solubility of
the gas, the lower its surface tension. Under ultrasonic action, reducing
the surface tension resulted in a significant increase in bubble stability
[54], and the nucleation rate was increased [57]. Researchers have
suggested that ultrasonic cavitation is primarily caused by highly eroded
bubble clusters [58]. The reduction of surface tension promotes the
instability of bubble growth and collapse, breaking the bubbles into
smaller bubbles with less erosive power. The same study reported that
the surface tension of the liquid has a strong effect on the size and
number of bubble clusters, with the average bubble diameter coinciding
with the relative erosion rate. This effect is of upmost importance in the
early stages of bubble formation and at later stages of bubble collapse.
Sheng et al. [59] used 20 kHz and 90-480 W ultrasonic power to study
the foaming ability of egg whites and found that the increase in power
reduced the surface tension of the egg white from 59 to 54 mN/m,
exhibiting the highest foaming capacity. Reducing the surface tension
was found to be conducive to the rapid diffusion of protein molecules to
the gas-liquid interface, and it was found to be more conducive to the
adsorption and in the stretching and rearrangement of protein molecules
on the interface. Camerotto et al. [60] studied the effect of a nonionic
surfactant on air bubbles under different oxygen saturations of
90-105%. It was found that by adding a surfactant, a body surface
tension of 45 mN/m was obtained along with a better cavitation effect,
and in the presence of non-ionic surfactants, the number of active
cavitation bubbles increased. The cavitation effect was found to be
greater in comparison with water solvents. Thus, the surface tension of
the liquid does have a considerable effect on the ultrasonic cavitation.

4. Ultrasound for the modification of biopolymer materials

Ultrasound has become an increasingly studied topic in recent years
due to its wide range of uses. Ultrasound does not cause chemical
pollution, making it extremely valuable in the field of new materials,
particularly for naturally derived polymer modification. Studies have
shown that ultrasound is compatible to pair with existing material
preparation methods, as it plays an important role in the material
agglomeration, morphology, crystallinity, degradation, and mechanical
properties [51] (Fig. 2). The use of ultrasonic technology can success-
fully separate nanofibers from wood, bamboo, wheat straw and flax fi-
bers [50-52]. Zhang et al. [61] found that ultrasound can also accelerate
the extraction of micro-nano keratin from wool fibers (Fig. 2a). Vallejo-
Dominguez et al. [62] observed that under the action of ultrasound, the
polymer particles appeared dense and multi-layered. As time increases,
the surface of the polymer corrodes. After 35 min of sonication, more
dense particles will be observed (Fig. 2b). Another study [63] also
pointed out that after alkali-treated sisal fiber is treated with 1000 W
high-intensity ultrasound for 90 min, the aspect ratio of the fiber will be
greatly improved, thereby improving the mechanical and thermal
properties of fiber-reinforced polymer composites (Fig. 2¢). Chen et al.
[64] combined 160 W power ultrasound with different conditions such
as copper ion and hydrogen peroxide and discovered that the synergistic
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Fig. 2. The effect of ultrasound on material agglom-

eration, degradation, structure and morphology, and
mechanical properties. (a) Ultrasonic action trans-
formed wool and microkeratin from macroscopic to
microscopic scale, and the images of (I) untreated and
(II) treated wool. (b) Chitin nanofibers were prepared
under the ultrasound. (c¢) Ultrasound treated (ULT),
Untreated (UT), Alkali treated (ALKT) and combined
alkali and ultrasound (ALKT-ULT) treated sisal fibers,
and the morphology of (III) untreated and (IV) treated

—o— Undecomposed wool
—&— Microkeratin
—&— Nanokeratin

fiber. (d) Comparison of the degradation efficiency of
hyaluronic acid under different ultrasonic conditions.

10min

(a), (b), (c), (d) are reprinted with permission from
Ref [53,61,63,64]; copyrights (2020) Elsevier, (2021)
Elsevier, (2017) Elsevier and (2019) MDPI
respectively.
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effect produced by the combination of ultrasound and other conditions
would promote the degradation of hyaluronic acid. After 30 min of ul-
trasound, low molecular weight hyaluronic acid with a molecular
weight of 74.9 kDa can be obtained (Fig. 2d). In recent studies, the
modified materials showed better thermal performance and higher
crystallinities. Additionally, studies showed that ultrasound can pro-
mote emulsification and polymerization, crosslinking protein chains to
form protein microspheres that can be used to control drug release in
biological systems [53,54].

Ultrasonic manipulation has been proved to be efficient in the
improvement of the compatibility of two-phase materials, making it an
important method for the preparation of chemical reactions. Therefore,
ultrasound technology has great advantages in promoting the applica-
tion of naturally derived polymer materials in the fields of biomedicine
and material engineering. Table 1 lists the main parameters, ultrasound
modified biopolymer materials, and their related application fields.

4.1. Modification of material morphology and structure

Ultrasonic cavitation can be used to prepare materials of different
forms, such as hydrogels and nanofibers. Hydrogels are polymer mate-
rials that possess a three-dimensional network structure. These materials
have become a rising topic across the scientific community due to the
strong adsorption performance, green chemistry, and specific functions
that hydrogels display. In recent years, it has been discovered that some
biconical dihydrazide-derived organogel molecules that cannot be
formed into gels by traditional heat treatment methods can form gels
under ultrasound stimulation, these are called ultrasound-induced gels
[65]. Additionally, it was found that ultrasound-assisted polymerization
along with the graft modification method can obtain gels with a better
adsorption capacity [66]. For example, ultrasound was utilized to
induce an aqueous protein solution into forming a gel rich in p-sheet
structure [65]. Ultrasound was also used to enhance the ability of pro-
tein chains to quickly and uniformly bind to wool keratin molecules
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2 £l 35
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[67]. Using chitosan and betulin as raw materials, an eco-friendly chiral
hydrogel was prepared using ultrasound, which was applied to the
separation of enantiomers [68]. The ultrasound process initiates an
imidization reaction based on the betulinic acid, forming a supramo-
lecular chiral skeleton. The betulinic acid skeleton and chitosan bond to
synthesize ordered clusters, thereby inducing the formation of hydro-
gels. The speed of formation in the hydrogels, or gelation speed, is highly
controllable. This is done by adjusting the ultrasonic parameters such as
time and amplitude. In a recent study, the ultrasonic time was increased
from 10 s to 30 s, and the gelation speed had a notable decrease from
121 min to 3.8 min. In the same study, when the ultrasonic amplitude
was increased from 6% to 14%, the gel time was reduced from 60 min to
20 s [59]. It is interesting to note that ultrasound can initiate polymer-
ization in aqueous monomer solutions without the presence of an
initiator. This was discovered by Rokita et al. [69], in a study that uti-
lized ultrasound to create a water-soluble three-dimensional network of
covalently linked biopolymer chains. After 30 s of ultrasound at 622
kHz, the gel formed. As shown in Fig. 3a, ultrasonic cavitation, OH
radicals began to populate. Fig. 3b displays the initiation of the poly-
meric reaction, and Fig. 3c presents the formation of the self-assembled,
natural hydrogel structures. Wang et al. [70] also successfully used
chitosan and polyvinylpyrrolidone in a study to prepare an inter-
penetrating polymer network hydrogel under 500 W ultrasonic condi-
tions in order to promote radical polymerization. These studies together
suggest that a rapid gelation is induced by ultrasound, proving this
method to be valuable in the field of medical materials [58].
Biopolymer based nanofibers can be extracted from natural fibers
that are strong and highly flexible. These nanofibers possess unique
characteristic that make them highly biocompatible and degradable
[62]. To separate these microfibers and nanofibers from cellulose, a
sonication treatment as intensive as ultrasound is crucial. Ultrasound
generates a forceful mechanical oscillating power at a high intensity,
producing a collapse of bubbles in a liquid, and breaking the intermo-
lecular hydrogen bonding within its structure. Microbubbles will
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Table 1
The main parameters, modified materials and the application fields of ultrasound.”
Field Goal Application Frequency/kHz  Power/W Reference
Biology PGA, PLLA, PDLLG Tissue engineering 2 x 10* - [50]
PLLA, PLGA Biodegradable polymer - 0.75 [127,128]
coating
Hovenia polysaccharide Natural antioxidants 40 - [56]
Olive oil Drug delivery vehicle 20 - [129]
CMC, CHI Regenerating cartilage tissue 20 37 [125]
Banana peel Composites intensifier 25 400/800,/1000 [130]
SF, CS Hydrogels -/70-1022 -/500/50 [69,70,84,131,132]
CS Improve free radical activity 24 100 [133,134]
SF, wool keratin Medical instruments 20 750 [67]
PLA Tissue engineering 40 150-750 [82,135]
a-Chitin Vitamins - 600 [136]
Spider silk Tissue engineering 24 400 [71]
SF Tissue engineering -/24/30/19.8 100-800 [81,84,85,95,117]
Encapsulated cellulose Functional materials - 450 [137]
Chitosan, betulin, sweet potato pectin curdlan, glucose Medical materials 20 35/200/130/ [68,114,138,139]
600
Nanoclay Platelet release —/40 - [51,140]
a-Chitin Tissue scaffold 60 300 [75]
Myofibrillar protein, egg white, CHI, ALG Food engineering 28 100-400 [59,86,96]
Hyaluronic acid Functional food 25 50 [109]
SF Dental field 50 50 [121]
PGA, PLGA Medical textiles 40 250 [124]
Energy L1, L2, Wood Renewable energy 20 600 [35,76]
Miscanthus Solid fuel 20 500 [74]
LDPE, HPAM Petroleum industry. 18-25 50-150 [105-106]
Fir Biomass fuel 25-59 240 [37]
Citrus pectin, lactose Food industry 20/22 600/— [31,33,141,142]
PG, GT Fossil fuel 20 800 [112]
Environmental Poplar Filter media 20-25 400/800/ [143]
1000/1200
PPM Waste water treatment — 360-1260 [83]
Apocynum Biomass fiber 28 800 [144]
Starch, polysaccharide solution Food industry 183/143/99/ 100/50 [89,111]
44/20
AAP Plant protection 20 500 [145]
Cotton, wool, poplar, red cabbage Natural dyes 20/28/- 0-500 [12,34,55]
Cyanobacteria Inhibit bacterial growth 20/200 20-80 [32]
BC-NC Control the degradation of 20 100 [108]
bacterial cellulose
Corn, wheat, potato starch, a-chitin Food engineering 20/- 170-900 [53,110,113,136,146,147]
Banana fiber, resin Mechanical engineering - - [118]
TPS, NFC, tapioca starch, oil palm fruit Bioplastics 40/20 250-420 [99,116,148]
Sisal fiber Transportation industry - - [123]
Biconical dihydrazine derivative oxalyl acid Shape memory material 40 100 [65]
a-Chitin Film and flexible foam 60 300 [75]
Natural rubber, oxalic acid, potato Wastewater treatment —/40 —-/70-140 [30,66,149]
Chitin, chitosan Antibacterial fabric 20/— 100/250 [115]
Wood, bamboo, wheat straw Transparent film 20-25 1000 [150]
Wheatgrass Available biomass - 650 [94]
Ramie Synthetic fiber 22 400 [151]
Package Thermoplastic starch, BBE Antibacterial packaging 22.4 300 [122,134]
materials
Nanocrystalline Cellulose Drug packaging - - [93]
p-limonene fiber Antibacterial film - - [119]
EVA, Potato starch Food packaging 20/- 400/- [100,152]
SF Cell encapsulation - 90 [153]
TES Antibacterial material 20/40 400/50 [120,154]
PVA Biodegradable plastic 53 - [43]
SA, APPS Fresh-keeping film 40 50 [101]
Tapioca starch, water hyacinth fiber, corn starch, potato, Degradable plastic wrap 40/-/40/25 50-1000 [38,102,126,155,156]

sweet lime pulp, lotus seed starch, curcumin

@ Abbreviation: PGA, polyglycolic acid; PLLA, L-lactic acid; PVA, Chlorellapolyvinyl alcohol; PDLLG, polyglycolide; LDPE, low-density polyethylene ; HPAM,
Hydrolyzed polyacrylamide; PLGA, copolymer of polylactic acid (PLA) and polyglycolic acid (PGA); CMC, carboxymethyl cellulose; CHI/CS, chitosan; ALG, Sodium
alginate; CG, carrageenan; PPM, polypropylene membrane; PROT, protamine; CIP, chitosan-isoleucine-polyethylene glycol methyl ether; SF, silk fibroin; Wool Keratin,
wool keratin; L1, wheat straw lignin; L2, Sarkanda grass and wood Quality; PG, Persian gum; GT, western yellow gum; AAP, black fungus polysaccharide; EVA,
ethylene-vinyl acetate;; TES, tea polyphenols; BBE, birch bark extract Material; BC-NC, bacterial cellulose nanocrystals; HA, hydroxyapatite; TPS, thermoplastic starch;
NFC, water hyacinth fiber; SA, sodium alginate; APPS, apple polyphenols. Symbol ‘-’ represents no relevant parameters involved.

propagate and collapse rapidly, eroding the surface of the material
involved, causing a fibrillation of nanofibers or the formation of cellu-
lose nanocrystals [63,64]. Ultrasound was also found to be effective
against spider silk fibers [71], chitin fibers [67], collagen fibers and
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nanofibers [67,68], cotton, bamboo, and ramie fibers in water [69]. Li
et al. [72] combined solvent swelling and ultrasound to peel off poly-
imide fibers. In the process of ultrasound, a rupture of water bubbles
formed between fibers causing an increase in the temperature and
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Fig. 3. A scheme of ultrasound-induced crosslinking in biopolymer materials.
The cross-linking mechanism of (a) the biopolymer chain in the aqueous solu-
tion covalently linking to form (b) a three-dimensional network, in which the
polymerization and crosslinking of the bifunctional monomers are mainly
caused by the OH radicals initiated by ultrasound; (c) the gel of polyethylene
glycol diacrylate (PEGDA 700) formation process at different ultrasonic times,
including corresponding applications in skin repair, drug package, and beauty
materials. (c¢) is reprinted with permission from Ref [69]; copyrights
(2009) ACS.

pressure. Consequently, the interaction between the fibrils weakens
leading to a decreased diameter of the fibers, thus producing the
nanofiber. This result ultimately depicts how ultrasound can produce
biological nanofibers that consist of a uniform diameter.

Other studies implemented strong bases such as NaOH and KOH to
bleach the hemp fibers. This was followed by ultrasound, where the
hemp fibers were separated from the ramie [71], and the yield of un-
decomposed wool, microkeratin and nanokeratin were observed at
different treatment time under 300 W ultrasonic power. When the
treatment time reached 6 h, the yield increased from 10% to 30%. Wang
et al. [73] pointed out that through esterification modification and
100-500 W power ultrasound, the diameter of the original chitin fiber
changed from 88 nm to 1662 nm. The esterified chitin fibrils without
ultrasonic treatment showed chitin nanofibers with a diameter of about
18-333 nm. In addition, the average diameter of the fibers decreased
with the increase of ultrasonic treatment time and power. Singh et al.
[74] explored the possibility of ultrasonic assisted alkaline hydrolysis of
urea (UAAU) for the pretreatment of miscanthus biomass for delignifi-
cation. The delignification effect was found to be directly proportional
the increasing ultrasound time and NaOH concentration. When the so-
lution consisted of 2.1% NaOH and 1.7% urea at an ultrasound time of
15.5 min, the cellulose and lignin content increased from 43.0% and
23.25% to 47.8% and 27.5%, respectively. In a study on ultrasonic
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chemical extraction, Lu et al. [75] treated microscale fibers at 300 W
high intensity ultrasound. The study resulted in a decomposition of the
microscale fibers into water nanofibers. Ultrasound was performed
under alternating intensities, producing cavitation that caused shock
waves, destroying hydrogen bonds and van der Waals forces. Chitin gel
rapidly broke into small pieces, forming nanoparticles that self-
assembled to form chitin nanofibers. Nanofibers prepared by ultra-
sonic treatment can be easily constructed with porous membranes that
have been found to possess excellent mechanical properties, consist of
smaller fibers, have higher contact surface area, and lower densities
[72]. Gilca et al. [76] also reported that the use of ultrasound can cause
the rupture of macromolecular chains, improve the extraction rate and
purity of lignin, and physically modify lignin under 600 W ultrasonic
power, successfully obtaining nanoparticles. Therefore, ultrasound
technology has become a convenient, versatile and environmentally
friendly manufacturing method for extracting bio-nano fibers and par-
ticles from natural products [77].

Several studies touch on the application ability of ultrasound to
improve the movement and synergy of molecules, thereby affecting the
physical and chemical properties of polymers. Ultrasonic action can
promote the graft polymerization of acrylic acid into polypropylene
fiber membranes, improving the overall structure. In a study performed
to promote the grafting of acrylic acid polymerization into a poly-
propylene fiber membrane, ultrasonic action was implemented to
enhance its structure [83]. The graft polymerization was measured to be
from 0.18 mg/cm? up to 0.86 mg/cm? at a power of 1080 W. The study
found that the product exhibited outstanding hydrophilicity as well as
great anti-scaling performance due to the formation of hydrophilic
groups generated between them [83]. Moreover, natural polymer ma-
terials, such as silk, have unique physical and chemical properties along
with excellent biocompatibility properties [78-80]. Ultrasound tech-
nology can modify the enzymatic degradation, as well as alter the
chemical and mechanical properties of silk [81]. One study applied ul-
trasound to silk fibroin in aqueous solution to evaluate the effect of ul-
trasound on its molecular weight, its solvent to gel transition behavior,
and its physical and chemical properties [81]. By increasing the ultra-
sonic power to 750 W, researchers found that the morphological struc-
ture of polylactic acid foam changed to form large 3D holes, displaying
several desirable mechanical properties.

Although ultrasonic treatment did reduce the molecular weight of
the silk fibroin solution, some studies have pointed out that the free
radical cross-linking reaction caused by ultrasound is common in the
degradation process [60]. This led to the creation of the ultrasound-
induced protein polymer gels. When the silk fibroin self-assembled
into a silk fibroin gel network under ultrasound, it can transform from
a solution state to a hydrogel state, forming a -sheet-rich conformation.
This result was confirmed in a study on recycled silk fibroin film by
Susanin et al. [84]. Another study found that when ultrasound time
reached 2 h, the a-helical content (Fig. 4a) reached its maximum
(Fig. 4b). As the ultrasound time increased, the water molecules and silk
fibroin molecules in the solution accelerated via ultrasonic treatment,
and the p-sheet structure steadily increased [82]. In Fig. 4c, the
maximum f-sheet content was reached at 4 h. The results of this study
were confirmed by Carissimi et al. [85] in a comparison study on the
effects of different silk degumming methods on the silk structure.
Although the results were confirmed, the f-turn in the structure still
accounts for 20% of the total silk secondary structures after ultrasound.
The researchers in this study suggested that this is due to a decline in the
repulsion between the silk fibroin molecules caused by ultrasound. The
interactions between the chains were reduced, and the -turn content in
the silk fibroin molecules remained unchanged or increased. Li et al.
[86] found that in the strong ultrasonic field, the aggregation distance
between adjacent myofibrillar proteins can be reduced and the protein
structure can be stabilized from ultrasound-induced re-aggregation. This
can help to increase the number of hydrogen bonds and promote the
transformation of -turn and random coil structures to -sheet structure.
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Fig. 4. A schematic diagram of the ultrasonic effects
on silk fibroin proteins. A newly prepared silk fibroin
solution displays (a) a typical random coil confor-
mation and becomes (b) dominant a-helix conforma-
tion after 2 h of ultrasound, then (c) the pg-sheet
conformation content in silk fibroin solution reaches
32.2% after 4 h of ultrasound, and (d) the secondary
structure contents changes with ultrasound time. (e)
Their potential applications in tissue scaffolds and
fluorescent hydrogels. (d) is reprinted with permis-
sion from Ref [95]; copyrights (2007) Wiley.
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Furthermore, polymeric materials consist of crystal structures and
unique orientations that are closely related to the physical and me-
chanical properties of the molecules involved [87]. For example, the
untreated SF containing amorphous materials undergo rapid degrada-
tion than that of crystalline cellulose materials treated by ultrasound
[87]. Ultrasonic crystallization is commonly used in crystal nucleation
with power ultrasound, which can be used to manipulate the crystalli-
zation process [86]. In solution, ultrasound produces cavitation bubbles
that generate high pressures and temperatures. These cavitation points
are considered to be preferential nucleation centers, and lower critical
energy generates crystal formation. Simultaneously, sound waves can
stimulate contact and mass transfer between molecules, promoting
crystal nucleation [87].

A study of cellulose under ultrasound was conducted in a system of
HCl-FeCls [88]. Through the study, it was found that ultrasonic treat-
ment can cause fiber cavitation, as well as affect the morphology and
microstructure of the cellulose fiber. Ultrasonic treatment was found to
enhance the reaction of chemical solvents to the loose amorphous region
of cellulose. The acid hydrolysis of the plain amorphous region increased
the crystallinity, but it did not change the chemical structure of cellu-
lose. Another study by Tischer et al. [88] proved that ultrasonic treat-
ment can effectively change the micro-fibrillated structure of cellulose
and increase the average grain size and crystallinity of the material. A
study by Andrade et al. [89] implemented high-intensity ultrasound for
the extraction of starch nanoparticles from breadfruit. It was shown that
after 75 min of ultrasonic treatment, ultrasonic cavitation caused
rupturing of the crystal area of the nanoparticles and the formation of
amorphous particles. Zheng et al. [90] used 25 and 80 kHz single and
dual frequency under 720 W ultrasonic power to study the structure and
performance of sweet potato starch, and also found that the crystal
structure was damaged and the amorphous structure increased.
Compared with single-frequency ultrasonic treatment, dual-frequency
ultrasonic treatment has more obvious damage to the crystal structure
of starch suspension. Minakawa et al. [91] found that using 20 kHz ul-
trasound for 30 min at room temperature (25 °C) will strongly affect the
crystal structure of starch, and the ultrasound affects the arrangement of
the double-helix chain that forms the crystalline component in the
starch, which will lead to starch crystallinity to be reduced or completely
amorphous. The new structures were orderly arranged into biopolymer

p-turn
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chains, forming a network that can effectively diffuse water, and
increasing the stiffness of the biopolymer matrix, suggesting that it could
be considered as a suitable plasticizer. In addition, low crystallinity is
very important for the application of materials as carriers for compounds
(such as drugs in drug delivery systems) [92].

Nanocrystalline cellulose samples were obtained by hydrolyzing
microcrystalline cellulose with ionic liquids in a study by Ishak et al.
[93]. This study led to the discovery that with a longer ultrasound time,
the weaker the crystallization. For example, when ultrasound was
applied for 5 min, the crystallinity index increased from 60% to 73%.
However, as the ultrasound time increased to 20 min, the crystallinity
index declined from 73% to 65%. Therefore, under an ultrasonic time of
5 min, ultrasonic treatment can effectively act on the amorphous area
and increase the crystalline content. When the ultrasonic time reaches
its limit, the ultrasound acts on both the amorphous region and crys-
talline region simultaneously, causing the crystallinity of the material to
decline. Additionally, the breakage of intermolecular hydrogen bonds
between the nanocrystalline cellulose molecules through the ultrasonic
cavitation result in a crystal structure collapse, ultimately leading to a
lower crystallinity. Another study was conducted using wheat straw by
Qu et al. [94]. This group found that the crystallinity of the material
increased by 12.48% after 35 min of ultrasound. During ultrasound, the
potential energy of the expanding bubble transformed into kinetic en-
ergy under ultrasonic cavitation. The liquid jet passed through the
bubble at a speed of several hundred meters per second and hit the
surface of the wheat straw, creating an active surface. The cell wall of
the wheatgrass structure was then weakened, causing a removal of the
amorphous phase and producing higher crystallinity. These studies
together provide a guideline for the preparation of higher crystallinity
materials using ultrasound with a more in-depth study of the internal
changes that can occur within biopolymer materials [89].

4.2. Causes of reunion

Nanoparticles of polymer materials can easily form agglomerates
during the composite process. Compared with traditional methods such
as mechanical stirring, ultrasound can extensively control the particle
sizes along with the uniformity of the agglomerates that form. The high
energy produced by cavitation increases the particle interaction in the
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suspension, leading to smaller agglomerate sizes within the processed
composites. The momentum of the solid powder suspended in the fluid
near the cavitation bubble may increase, which may cause ruptures
during collision, resulting in a decrease in their average particle size
[20].

Based on this information, ultrasound can be used to manipulate the
required average particle size and control the particle size distribution,
aggregation morphology, and intermolecular interactions [93]. One
study [96] found that after ultrasonic treatment of chitosan-sodium
alginate at a frequency of 28 kHz for 10 min, the particle size of the
polymer decreased to about 10 nm. At a higher frequency with a
lengthened treatment time, such as 40 kHz for 30 min, the particle size
was found to increase to 50 nm. The researchers found that the shearing
effect during ultrasonic cavitation induced a fracture in the chemical
bonds of the macromolecules, as well as molecular degradation,
expansion, and an overall structural rearrangement of the polymer.
Another study confirmed the idea that ultrasound can uniformly
distribute particles within the polymer matrix, proving ultrasound an
effective method to destroy agglomerations [95]. In addition, several
studies found that ultrasound can break larger lysozyme microspheres.
One study used 213 kHz ultrasound to reduce the size of lysozyme mi-
crospheres from 0.5-4 Im to 0.5-2 Im [96], there are also studies [97]
that explored the mechanism of ultrasound to promote enzymatic re-
actions. Treatment under different conditions of 35-75 °C (especially
above 65 °C), 90-360 W and 10-50 min, will cause enzyme inactivation.
Ultrasound could also cause pores and cracks on the surface of starch
granules: Zheng et al. [90] pointed out that more dents and holes
appeared on the surface of starch granules after 720 W ultrasonic
treatment; Sujka et al. [98] also found that after using 170 W ultrasonic
treatment in water, small cracks and depressions appeared on the sur-
face of starch granules, generating free radicals along the way that will
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cause the molecular chains of starch to break [97]. Several aspects of the
biopolymer can be arbitrarily altered, such as particle shape and size
along with the aggregation morphology and the surface properties of the
polymer [98]. In a study where ultrasound was applied to agglomerated
nano-A;Os particles in epoxy resin, cavitation destroyed the strong
agglomeration present within the nanoparticles, transforming the
nanoparticles into an even distribution within the composite material
[98].

A study by Asrofi et al. [99] involved the preparation of nano-
cellulose by using water hyacinth as a raw material. It was discovered
that the released kinetic energy caused an even distribution of the fiber's
matrix, destroying any fibrous clumps present. In a related study,
Anayansi et al. [100] proved that ultrasound generated an entirely
uniform dispersion of titanium dioxide nanoparticles within the
ethylene-vinyl acetate copolymer matrix, which could be useful in the
enhancement of antibacterial properties [95].

Ultrasound can also increase the degree of mixing in active crystals
[101]. Additionally, it can produce an increase in the number of parti-
cles and in the collision frequency for an even dispersion of the crystals
within a solution before the formation of agglomerates. A mechanism of
this is shown in Fig. 5a, b. Fig. 5c presents the scanning electron mi-
croscopy (SEM) observation of the freeze-dried the crystallized particles
of active pharmaceutical ingredients denatured with methyl ethyl keton
(MEK). It can be noted that the material displayed better dispersibility
after 300 min of ultrasound, as compared to the SEM image after just 3
min.

An important effect that can occur through ultrasound is the phe-
nomenon of reunion. This can be explained by ultrasound time adjust-
ments that may contribute to the formation of varying cluster sizes
within nanofluids. For instance, if the ultrasonic time increased from 10
min to 60 min, the size of the nanoclusters will gradually decrease.

Fig. 5. A schematic diagram of particle changes
during ultrasound treatment. (a) The biopolymer
particles were ultrasonically treated in a solution (an
enlarged view is presented in (b)); (c) the crystallized
particles of active pharmaceutical ingredients dena-
tured with methyl ethyl keton (MEK) changes were
tracked under different ultrasonic time (3 min and 30
min by SEM images), using the Focused Beam
Reflectance Measurement (FBRM) technology. (d)
Corresponding applications in the drug preparation
industry. (c) is reprinted with permission from Ref
[104]; copyrights (2017) MDPIL.
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However, if the ultrasonic time exceeds the optimal value for that ma-
terial, the cluster size will increase once again [102]. This idea was
exhibited in an experiment by Lan et al. [101], where the effect of
different ultrasound times was studied on sodium alginate (SA), apple
polyphenol (APP), and silver nanoparticle composite films. The results
of this study suggested that the reduced distance between the particles
caused the aggregation factor and dispersion factor to decline, leading to
agglomeration. This effect led to an inhomogeneity in the structure of
the material, significantly reducing the tensile strength of the composite
films in the study. As the ultrasound time reached 30 min, the particle
aggregates were decomposed into smaller particles, increasing the ten-
sile strength. However, when the ultrasonic treatment time exceeded 40
min, the dense and uniform network structure of the composite films
were disturbed, causing the nanoparticles to aggregate once more.

An additional aspect to note is that of the hardness value of nano-
clay/epoxy resin nanocomposites at different ultrasonic times. When the
ultrasonic time reached 10 min, the diameter size of the nanoclay
clusters decreased, and the surface area for the interaction with the
epoxy resin increased, causing an increase of the overall hardness of the
material. After the ultrasound time exceeded its threshold for that ma-
terial, the size of the nanoclay clusters increased again, and the distance
between those clusters increased, which resulted in an undesirable
decline in the overall mechanical properties of the material [104]. Lin
et al. [102] utilized different ultrasonic powers of 200 W, 600 W and
1000 W at different ultrasonic times of 5 min, 15 min, and 25 min to
manipulate lotus seed starch nanoparticles. A buffer solution was used to
assist in the enzymatic hydrolysis for the preparation of starch nano-
particles. With the increase of ultrasonic power and time, the starch
nanoparticle sizes gradually decreased from 334.7 nm to 123.33 nm.
This relation is due to an escalated ultrasonic intensity, which weakened
the interaction between the starch molecules. A more concentrated
distribution of the starch molecular chains then occurred. It was found
that when the power and time continued to increase, the particle size did
not. The researchers in this study theorized that this is due to the smaller
particles adhering to the large particles, agglomerating into larger
masses. Similarly, Jambrak et al. [103] used 100, 300, and 400 W ul-
trasonic powers to sonicate corn starch at 15 and 30 min and found that
the use of 100 and 300 W ultrasonic power had the greatest impact on
the particle size and its reduction. When energy was applied to 400 W,
starch granules tended to agglomerate. Vallejo-Dominguez et al. [62]
observed that under the action of ultrasound, the polymer particles
appeared dense and multi-layered. As time increased, the surface of the
polymer corroded. After 35 min of sonication, more dense particles were
observed. These studies prove that a precise selection of the ultrasound
time and power are both critical in ultrasound treatment of biopolymer
materials.

4.3. Degradation of macromolecules via ultrasound

Ultrasound technology involves hydrodynamic forces that influence
a decomposition reaction in macromolecules. This can be explained by
the breakage of polymer chains during ultrasound, where the samples
produce fragments of a selected molecular size. This is where ultrasound
technology can be easily distinguished from chemical or thermal
decomposition reactions since ultrasonic degradation is non-random
[106]. A temperature change occurs that leads to a rapid degradation
of larger molecules while the molecular weight of the polymers de-
creases [107,108]. Findings in several studies were consistent with the
idea that ultrasound is efficient to reduce the molecular weight of
macromolecules. For example, it was found that increasing ultrasonic
intensity caused the average molecular weight (M;,) of low-density
polyethylene (LDPE) to decrease from 19.45 x 10* g/mol at 0 W to
12.91 x 10* g/mol at 150 W [105]. LDPE was found to degrade by 50%
under ultrasonic action at 60 °C with a power of 240 W, while the
degradation rate dropped to 30% at 80 °C. The results of this study
suggested that the cavitation effect could be enhanced at lower
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temperatures, leading to higher degrees of degradation [106]. Addi-
tionally, in a hydrolysis experiment of polyacrylamide, the viscosity of
the solution sample decreased from 65 MPa-s under 18 kHz ultrasonic
frequency to 3.4 MPa-s under 20 kHz frequency, suggesting a higher
degree of degradation due to a higher ultrasonic frequency [107].

In the field of biochemistry, ultrasound is typically used to break
down cells and components in living tissues, in order to effectively
extract its soluble constitutes. In a study by Wardhono et al. [108], it was
found that ultrasonic cavitation is the cause of cellulose degradation.
This study was performed under 100 W ultrasound in a water/ethanol
solution. In an additional study, ultrasound was implemented to extract
hyaluronic acid. Hafsa et al. [109] found that free radicals cleaved the
glycosidic bond between gluconic acid and acetamido formamide,
obtaining a lower molecular weight of hyaluronic acid. Hafsa et al.
[109] also believe that 50 W ultrasound will also induce a significant
decrease in the average molecular weight of hyaluronic acid. The same
research team [97] pointed out that 40 min of ultrasound time and 360
W of ultrasound power will destroy the hydrogen bonds of starch,
destroy the starch chain, and significantly reduce its molecular weight.

Materials such as starch, sweet potato flour, and chitosan all have
high molecular weights along with low mechanical strengths
[109-111]. For example, Boufi et al. [110] performed an ultrasound
study on starch, where after 15 min of ultrasound at 10 °C with an ul-
trasonic power of 400 W, the particle size decreased from 1000 nm to
600 nm. After 75 min, the particles reached about 85 nm, and the par-
ticles size was found to stabilize at around 40 nm. The idea that ultra-
sonic cavitation reduces the molecular weight of starch was further
explored by Yasuo et al. [111], where it was also proved that ultrasound
cavitation significantly decreases the viscosity of starch.

In an additional study, chitosan was modified with 3,4-dihydroxy-
benzoyl (CS-DHBA) and 3,4,5-trihydroxybenzoyl (CS-THBA) in 1%
acetic acid solution. In this particular study, the molecular weight
decrease was consistent with those present in literature, although the
decrease was not as profound. The minimal change in molecular weight
could be due to the flexibility of the chitosan molecules. After modifi-
cation, the flexibility increased, and the shear force of the cavitation
field was not strong enough break down its bonding [116].

Ultrasound plays an important role in the degradation of pectin,
polysaccharide and resin. Raoufi et al. [112] performed ultrasonic
modification on two native Iranian gum exudates, Persian gum (PG) and
Western yellow gum (GT). The gels in this study are water insoluble, due
to the heterogenous polymer polysaccharides composed in the gel
structures. Due to these factors, the applications of these materials in the
food and pharmaceutical industries are limited. The study involved a 20
kHz sonication that produced a breakage of the molecular skeleton or
side branches, resulting in structural conformation changes that
decreased the viscosity of the materials. A larger substance will gradu-
ally decrease in molecular mass as its time under ultrasonic treatment
increases, leading to a narrower molecular weight distribution. This is
due to a longer relaxation time exhibited within larger molecules when
exposed to an ultrasonic field, as these molecules are not easily resistant
against ultrasonic stress [109].

Similar studies suggested the ultrasonic reduction of the molecular
weight of pectin occurred though an irregular shearing of the side chains
within the molecule. Simultaneously, an escalation of ultrasonic power
and time caused its decomposition, generating lower molecular weight
fragments of the molecule [119]. In another study, ultrasonic treatment
of the black fungus polysaccharide caused the molecular weight and
viscosity to reduce, as its rheology and antioxidant activity improved
[120]. Sujka et al. [113] used ultrasonic waves at a frequency of 20 kHz
and power of 170 W to treat rice, corn, wheat, and potato starch gran-
ules. The results presented in this study showed that shock waves formed
through the collapse of the bubbles, causing high-speed collisions within
the particles.

Cheung et al. [114] conducted an ultrasonic study using 0.1 M and
0.3 M sodium hydroxide solutions with g-glucan. The high-intensity
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ultrasound was found to promote the degradation of f-glucan, as the
polysaccharide degraded from its original triple-helical structure to one
that is double-stranded (Fig. 6a). The structure then transformed into a
random coil structure (Fig. 6b). As the ultrasonic time lengthened, the
intrinsic viscosity decreased. The curdlan chain had a helical confor-
mation in 0.1 M sodium hydroxide, but it shifted to a random coil
structure in 0.3 M sodium hydroxide. The degradation rate in 0.3 M was
much higher than the degradation rate that was present in the 0.1 M
sodium hydroxide solution. The researchers in this study suggested this
relationship is due to the random coil confirmation present in the gels
are more prone to degradation than the gels with a helical conformation.
Additionally, as the alkali concentration increased, the intramolecular
and intermolecular hydrogen bonding between the main chains become
fragile, leaving the random coil conformations susceptible degradation.
Another study was conducted on a-chitin using ultrasound [103]. The
results presented in this study found that the stronger intermolecular
forces present in the molecular structure prevented ultrasound alone
from directly dispersing a-chitin. This study was altered by performing
the ultrasound weak, acidic conditions. With increasing ultrasound
time, smaller chitin particles were generated and the emulsification of
a-chitin was greater. Zou et al. [115] tested the dispersion of chitin
under different ultrasound times from 0 to 270 min. The results show

Ultrasonic
transmitter

| High intensity!

| ultrasound |

INN—
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that 100 W ultrasonic power can successfully prepare a single chitin
nanofiber. After 150 min of treatment, it showed cross-linking, crimping
and clear small fibers with a width of about 300 nm. With the progress of
ultrasonic treatment, the agglomeration was broken down into irregu-
larly shaped individual nanofibers with a width of 9-120 nm. Other
studies [87] also discovered that 1000 W high-intensity ultrasound can
be well applied to the separation of natural fibers. Ultrasonic impact can
gradually disintegrate the complex multilayer structure and separate
cellulose fibrils from amorphous materials. The resulting materials were
stable after long-term storage. The results of this study suggested a
method preparing dispersed a-chitin with excellent emulsifying ability.
This method could be further extended to water-soluble polysaccharides
and cellulose, making it play important potential applications in plant
protection, antibacterial, anti-cancer, packaging, and prebiotics.

4.4. Improvement of mechanical properties via ultrasound

Select studies have implemented ultrasound technology for the
investigation on the mechanical properties of different biopolymers
[40]. One study by Suryanto et al. [116] incorporated nanoclay to the
matrix and found that the performance of the biocomposite material was
increased, although it was difficult to create the biocomposite matrix

Fig. 6. A schematic diagram of p-glucan under ul-
trasonic modification. The chain conformation of
p-glucan was degraded from (a) triple-helix structures
to (b) duplex loops and random coils; (c) after ultra-
sonic treatments with different intensities and times,
the viscosity of gelatin polysaccharide solution
decreased in 0.1 M and 0.3 M alkaline solutions,
respectively. (d) Nanofiber membranes, wound su-
tures and food packaging materials are potential ap-
plications of this ultrasound technology. (c) is
reprinted with permission from Ref [114]; copyrights
(2018) Elsevier.
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that consisted of homogenous nanoclay particles. The starch-based
composite material was subjected to ultrasonic treatment for the ho-
mogenization of the nanoclay particles and for the overall enhancement
of the mechanical properties of the material. The 5% nanoclay material
was ultrasonically treated for 15, 30, 45 and 50 min. It was found that
the longer the treatment time, the more uniform the nanoclay particles
were dispersed in the solvent or starch matrix, thus improving the
properties of nanoclay starch. An additional study was performed to test
the strength of the composite materials, and it was found that the me-
chanical strength of the composite materials increased from 11.79 MPa
to 28.01 MPa. A study by Cai et al. [117] treated a silk fibroin solution in
formic acid with an increasing ultrasonic power. The results of this study
demonstrated that ultrasound could promote the self-assembly of re-
generated silk molecules, enhance the interaction between calcium ions
and silk molecular chains, and increase the elastic modulus of silk
fibroin membrane. As the ultrasonic intensity increased, the elastic
modulus of the films increased from 0.08 £+ 1.21 MPa (at 100 W) t0 9.13
+ 0.31 MPa (at 800 W), suggesting that the ultrasound treated materials
possessed good mechanical strength and flexibility.

Ghosh et al. [118] found that the ultrasonically treated samples
showed good resin permeability. This indicates that ultrasound pro-
moted a strong bonding force between the fiber and the resin. It was
found that ultrasound treatment pairs well with the wood chemical
treatment technique, as this combination of treatments can improve the
mechanical properties of composite materials more effectively than by
just using the chemical treatment alone [141]. Additionally, ultrasonic
treatment has been found to significantly increase the tensile strength
value of corn starch/stearic acids/odium carboxymethyl cellulose
composite films. This is due to the shockwave and mechanical force that
occurs during ultrasound treatment that promotes the interaction of
larger molecules between the film-forming components [126].

Some studies discovered that an increase in ultrasonic treatment
time causes the tensile strength of the material to decrease. This was
recently found in a study on the tensile strength of the antimicrobial
active packaging fiber polyvinyl alcohol/p-limonene. When the ultra-
sonic treatment time increased to 15 min, the tensile strength increased
from 3 MPa to 4 MPa. After the ultrasonic treatment time exceeded the
15-min marker, the tensile strength decreased to 3.7 MPa [119]. The
same study found that ultrasound destroys the relationship between the
tea polyphenol and the polyvinyl alcohol molecules. The hydrogen bond
present within the molecules reduces the intermolecular force. Howev-
er, the mechanical properties of the composite membrane were
improved with an extended ultrasonic treatment time. At this time, the
hypermixing effect was found to lead the molecules to rearrange to form
a denser and more uniform network structure [120].

Serodio et al. [121] combined ultrasound with a well-known tech-
nique known as electrospinning. The two methods were implemented to
prepare silk fibroin (SF)/polyoxymethylene (PEO) membranes. It was
suggested that ultrasound can adjust the viscosity of the solution and
induce water stability in the electrospinning matrix. In samples con-
sisting of 10% SF: 20% PEO, the tensile strength increased from 1.19
MPa to 2.84 MPa as the ultrasonic time increased from 0 to 20 min. As
the content of birch bark extract in the material composition increased,
ultrasonic treatment can increase the fracture stress of the mixture of
starch and birch bark extract [122].

It was confirmed that ultrasound can eliminate the micro gap at the
fiber matrix interface, reducing the porosity of the material, and thus
allowing samples to better penetrate and adhere to the fiber. With an
improved dispersion of the fiber along the matrix, the tensile strength
will drastically improve [131]. In an example from literature, 1 wt% of
cellulose nanofiber was extracted from water hyacinth and yam, then
sonicated at 49 kHz, at an ultrasonic power of 250 W for 0, 15, 30 and
60 min to prepare a bioplastic. Later, the maximum tensile strength of
the nanocomposite increased from 4.0 to 11.4 MPa [99]. When these
results were compared with a traditional chemical method separately,
the addition of ultrasound increased the number of hydroxyl groups on
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the surface of cellulose in the polypropylene-based wood-plastic com-
posite wood, thereby improving the adhesion between the fiber and the
matrix.

Pipathattakul et al. [123] discovered an example of the tensile
strength of a material increasing after undergoing surface modification
via ultrasound. When sisal fiber was immersed in a sodium hydroxide
solution, it was subjected to the high-speed ultrasonic impact jet. This
removed any dirt particles along the surface of the fiber, and the
continuous ultrasonic jet caused the lignin and cellulose within the sisal
fiber to gradually separate. When the ultrasound ran for 90 min, the
modified composite material displayed a smaller fiber diameter, and the
adhesion to the matrix was strengthened. This led to a tensile strength
increase from 13 MPa to 17 MPa.

It was proven by Wang et al. [124] that ultrasonic modification is
also effective to improve the tensile properties of polylactic acid-
polyglycolic acid (PLGA) fibers. After ultrasonic modification, the frac-
ture strength of the PLGA fibers increased from 7 to 8.5 cN/dtex. The
elongation was found to reach up to 28%, much higher than that of the
unmodified PLGA fiber. In another study, Belluzo et al. [125] prepared a
compatibilized blend of polyelectrolyte complex (PEC) with carbox-
ymethyl cellulose (CMC) and chitosan (CHI) that underwent ultrasound
at 20 kHz and 37 W. The study compared the composites with and
without ultrasonic treatment. It was found that in the ultrasonic-treated
material, the pore structure distribution was more uniform, and the
surface and internal structure were stabilized. The mechanical proper-
ties increased with the decrease of the pore size. The more uniform the
pore size distribution was, the greater the mechanical properties that the
materials had. The compressive strength of the composite after ultra-
sound increased from 155.7 + 44.1 kPa to 493 + 117 kPa, and the
mechanical properties of PEC were found to significantly improve
within the ultrasonic treated material. Asrofi et al. [126] used tapioca
starch and 10% water hyacinth fiber to composite. These were treated
under 40 kHz, 250 W ultrasonic action for 0, 15, 30 and 60 min. The
results indicated that the tensile strength and tensile modulus increased
by 83% and 108%, respectively. The team suggested that the reason for
this was due to an even dispersion of tapioca starch in the water hya-
cinth fiber under the action of ultrasound, creating strong hydrogen
bonding that made the interface adhesion stronger. Therefore, the
above-mentioned studies show that ultrasound can effectively disperse a
substance in a uniform manner into another matrix material. A certain
interaction will occur between the components, thereby improving the
mechanical properties of each composite material studied.

5. Conclusion

This review recounts the basic theory behind ultrasound and reports
its related applications. Ultrasound is a method that can be used on its
own, or in conjunction with other standard methods for the preparation
of new biomedical and sustainable engineering materials. Ultrasound
technology has several advantages which include its high efficiency,
cleanliness, and reproducibility. In comparison with the traditional
physical and chemical methods of material fabrication, ultrasound
possesses capabilities to significantly alter the performance and struc-
ture of biopolymer materials. Although many researchers have already
proven the potential of ultrasound to modify naturally derived mate-
rials, this technique is still new to the field of biological and sustainable
materials. In this review, we demonstrated that in order to successfully
transition ultrasound technique into the bio-/green material field, the
community have made tremendous progress in the selected areas.

Although studies have revealed that the effect of cavitation is closely
related to the formation of stable cavities, many of the theories and
mechanisms behind cavitation are still unknown, as the interaction of
heat, machinery, and sound generated during cavitation requires further
investigation. Another area of concern would be the issue of expanding
ultrasound in scale while conserving its efficiency.

In summary, the current study on ultrasound for the field of
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biopolymer materials is still under development. Although ultrasound is
widely recognized across the medical and biological community, in
recent years, this technology has rapidly emerged for the use of creating
and modifying new biopolymer-based materials. This review entails the
current development of ultrasound methods used for these materials,
establishing that this topic holds a vast potential for the advancement of
novel materials.

As research in this field progresses, ultrasound is proving to be an
effective preparation method amongst several other universally recog-
nized polymer modification techniques such as plasma sputtering, UV
irradiation, grafting, and metallization [128,157-159]. In a more spe-
cific bio-tissue engineering application, UV irradiation could be imple-
mented for the surface property modification of biopolymers such as
Poly-L-Lactic acid (PLLA) or polymethylpentene [128]. While tradi-
tional methods have proven to be effective, the use of ultrasound tech-
nology could be a more impactful and cost effective advancement in the
field of biomaterials.
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