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The development of simple, green, reproducible, and scalable approaches for synthesizing nanoparticles from
biomolecules is important to advance nanomaterials towards therapeutic applications. Microreactors
generated by high frequency ultrasound provide a one pot-platform to alter the physiochemical properties

and stability of various types of biomolecules to ultimately generate multifunctional nanoparticles with
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amino acids, phenolics, peptides and proteins using both high and low frequency ultrasound are reviewed.

DOI: 10.1039/d1na00496d In particular, the sound driven self-assembly of biomolecules into nanoparticles by using high frequency
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1. Introduction

Nanoparticles originating from natural biomolecules (e.g.,
amino acids, proteins, peptides, polyphenols) have been
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ultrasound, as an emerging and innovative approach, is discussed in detail.

attracting substantial attention because of their degradability,
limited toxicity, and bio-functional properties. Nanoparticles
derived from biomolecules can themselves act as therapeutic
agents or be employed as carriers for delivery of drugs and
contrast agents." The physicochemical characteristics of the
nanoparticles including the size, shape, chemical composition,
stability, surface energy and degradability play a pivotal role in
determining the bioactivity and toxicity of the engineered
nanoparticles.> Particularly, numerous studies on the thera-
peutic use of nanoparticles have shown that the cellular inter-
actions, cellular uptake efficiency and mechanism, the
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intracellular trafficking, in vivo biodistribution and clearance
are strictly dictated by their chemical and structural features.”

Hence, innovative methods to design nanoparticles with
controlled and reproducible chemical and structural properties
are in great demand. The most common building blocks for the
fabrication of nanoparticles include-metals, inorganic mate-
rials, synthetic polymers and biopolymers.®® The strategies
which are usually utilised for the synthesis of organic and
inorganic nanoparticles include sol-gel reactions, mechanical
milling, microemulsion polymerization, self-assembly, inor-
ganic templates, chemical vapor deposition and biogenic
synthesis.'® Despite the advantages offered by these methods,
they typically require multiple starting chemical components,
initiators, crosslinkers, organic solvents, and laborious
manufacturing procedures. Therefore, the development of
green, and cost-effective methods for engineering nanoparticles
composed entirely of biological molecules, without resorting to
synthetic agents and organic solvents, could be a viable strategy
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to improve the manufacturing of the new generation of nano-
particles. Ultrasound (sound waves beyond the frequency that
can be detected by human ear), as an eco-friendly technology,
has a great potential for the nanofabrication of organic, inor-
ganic and organometallic materials."*"** For instance, in the last
decade ultrasound-based techniques have been used for the
preparation of microcapsules and microbubbles stabilized by
crosslinked proteins shells*>* to obtain biodegradable acoustic
contrast agents and encapsulation of micronutrients, as well as
metal and oxide nanoparticles''” which were employed for
catalytic and drug delivery applications.

The driving force behind all sonochemical processes is the
acoustic cavitation. When ultrasound energy is transmitted to
a liquid medium it leads to the formation, growth and collapse
of cavitation bubbles. This phenomenon, referred to as acoustic
cavitation, produces both physical and chemical effects.'®
Microbubbles grow to a resonance size range and collapse near
adiabatically generating extreme and transient (microsecond
timescale) temperature (~5000 K) and pressure (>100 atm)
conditions within the bubbles. The violent collapse of acoustic
cavitation bubbles leads to the homolysis of water molecules to
form primary hydrogen and hydroxyl radicals, when ultrasound
is applied in aqueous media."** Besides, the collapse of
acoustic cavitation bubbles is usually accompanied by shock
waves, micro-streams, and microjets, which have their usage in
improving mass transfer and reaction kinetics.*® The physico-
chemical effects generated by an ultrasound, i.e., shear stress,
oxidant and reducing environments, can be exploited for the
fabrication of nanostructured materials. The extent of these
physical and chemical effects can be controlled by fine tuning
the ultrasonic parameters including frequency, power and
sonication time.* Numerous studies have shown that the
number and size of cavitation bubbles generated depend on the
ultrasound frequency.”* Typically, the size of acoustic bubbles is
inversely proportional to frequency, and the radical yield rises
with the surge in frequency, reaching an optimal level between
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200 kHz and 800 kHz.**** The low frequency ultrasound
(20 kHz) primarily produces strong shear forces and low radical
yields and it has found applications in the preparation of nano-
microemulsions, synthesis of polymers,***” and micro-nano-
capsules.”™*® Overall ultrasound generates microreactors and
reactive liquid-gas interfaces that can be exploited to engineer
new nanomaterials with controlled size and morphology by
tuning the ultrasonic processing parameters.”**°

2. Ultrasound-driven nanostructures
from biomolecules

In this minireview, we will report the recent studies on the
ultrasound mediated self-assembly and oxidative coupling of
amino acids specifically-tyrosine derivatives, tryptophan,
phenylalanine; phenolics - naturally occurring polyphenolic
molecules; short synthetic peptides and various natural
proteins - soy peptides, quinoa protein, to highlight the
potential of sound-based methods as innovative and sustain-
able approaches for the synthesis of nanoparticles from bio-
logical molecules. The review also provides a discussion on the
detailed mechanistic aspects involved in the formation of such
nanomaterials and their applications in biomedical and food
fields.

2.1 Ultrasound-driven oxidation and self-assembly of amino
acids into nanoparticles

Acoustic cavitation in aqueous solutions containing small
aromatic amphiphilic molecules can cause a series of reactions,
without the addition of any external reagents, and lead to the
generation of reactive radical species to initiate hydroxylation,
oligomerization, and self-assembling processes. These
processes can take place in bulk water phase or at air-liquid
interface to form high molecular weight products, i.e., dimers,
oligomers. Cavalieri** and co-workers reported for the first time
the mechanism involved in the oxidative coupling and self-
assembly of tyrosine derivative molecule - N-benzoyl-L-tyro-
sine ethyl ester (BTEE). During the application of ultrasound
(high frequency ultrasound in the range of 0.35-1 MHz), gas-
liquid interface of the oscillating acoustic cavitation micro-
bubbles acts as a reactive and catalytic binding site for the
coupling of amphiphilic surface-active aromatic moieties into
oligomers.** In analogy with enzymes and inorganic catalysts,
the catalytic coupling of phenoxyl radicals at the bubble-solu-
tion interface implies a mechanism whereby the aromatic rings
of tyrosyl radicals approach each other at the liquid-gas inter-
face prior to their oxidation and coupling (Fig. 1a). Further-
more, the obtained oligomers can form well-defined
nanoparticles upon self-assembly triggered by ultrasound
(Fig. 1b).

In terms of overall mechanism, surface active monomer
molecules are initially adsorbed at the interface of the cavitation
bubbles. The aromatic amino acid is then attacked by OH
radicals provided by bubble collapse to form phenoxy radicals
and hydroxylated monomers and dimers. The continuation of
this process can lead to the formation of other high molecular

© 2021 The Author(s). Published by the Royal Society of Chemistry
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weight oligomers. Finally, these oligomeric species when
adsorbed on cavitation bubble surface can self-assemble
through intermolecular w-m interactions to form uniform
nanoparticles (Fig. 1b) upon bubble collapse. The phenomenon
can be also employed to crosslink tyrosine-bearing proteins
such as albumin to form protein-based nanoparticles. The
tyrosine-based nanoparticles possess remarkable optical prop-
erties emitting blue, green and red light (Fig. 1b and c) because
of the chemical coupling reactions and w-7m stacking interac-
tions between oligomers and enhanced antioxidant activity due
to the presence of high degree of hydroxylation. This seminal
work paved the way for the engineering of phenolics and amino
acid-based nanostructured materials using the one pot, reagent-
less and facile ultrasonic approach.

The sound driven oxidation and self-assembly of sono-
responsive aromatic amino acids like phenylalanine and tryp-
tophan was recently reported to fabricate well-defined nano-
particles.®*** The method involves the hydroxylation and
coupling of aromatic amino acids to form dimeric species
(Fig. 2a), which further self-assembled by -7 interaction and
H-bonding into spherical and uniform nanoparticles. The size
of phenylalanine-based nanoparticles synthesised at 490 kHz
can be tuned from 607 + 88 nm 190 + 50 nm as sonication
power levels were increased from 2 W cm™” to 6 W cm 2,
respectively (Fig. 2b). The average diameter and {-potential of
tryptophan nanoparticles was 230 nm + 50 nm and —26 £ 7 mV
respectively. Similarly, hybrid nanoparticles were obtained
when a mixture of phenylalanine and tryptophan was sonicated
(Fig. 2a). The formation of homodimers and heterodimers of
phenylalanine and tryptophan was confirmed using mass
spectrometry.

The potential applications of tryptophan nanoparticles as
drug delivery systems were investigated by studying the intra-
cellular trafficking and drug release. These nanoparticles were
promptly internalized in MDA-MB-231 cells, trafficked from
early to late endosomes, released into the cytosol by escaping
the endosomes and dissolved in the neutral cytosolic environ-
ment without causing any cytotoxicity (Fig. 2c). The nano-
particles were internalised through micropinocytosis and
escape of nanoparticles from late endosomes occurred between
5 h and 8 h. Fig. 2c shows that nanoparticles (green) were
colocalised (yellow) with early and late endosomes (red) after 2 h
incubation, whereas negligible colocalization with the organ-
elles was found after 8 h incubation. This was attributed to the
ability of nanoparticles to escape the late endosomal compart-
ments by the proton sponge effect due to their intrinsic buff-
ering capacity in the pH range from 7 to 5. The synthesised
amino acid-based nanoparticles showed superior radical scav-
enging activity within only 2 min of incubation with DPPH
radical when compared to the parent amino acids, and excellent
intrinsic fluorescent properties (Fig. 2d). Furthermore, the
sono-assembled tryptophan nanoparticles showed high loading
of doxorubicin (DOX-a chemotherapeutic drug), mediated by
electrostatic and hydrophobic interactions, and cytotoxicity
(Fig. 2e) comparable to the free drug in human breast cancer
cell line (MDA-MB-231 cells). The drug intracellular release and

Nanoscale Adv., 2021, 3, 4907-4917 | 4909
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(a) Scheme representing ultrasound mediated coupling of aromatic moieties into hydroxylated and high molecular weight species and

their self-assembly to form nanoparticles. The time scale for bubble collapse is based on single bubble dynamics calculations. (b) SEM and
fluorescent microscopy images of BTEE nanoparticles (c) Fluorescence emission spectra of BTEE nanoparticles at excitation wavelength 340 nm
and 480 nm (d) Fluorescence excitation and emission spectra of BTEE nanoparticles at emission wavelength 530 nm and excitation wavelength
480 nm.3* (Reproduced from ref. 31 with permission from The Royal Society of Chemistry.)

localization in the nucleus was tracked over time by confocal
microscopy.

Interestingly in this study,* tryptophan was used as a model
molecule to unveil for the first time, how acoustic cavitation is
involved in the dissipative self-assembly process to form
supramolecular nanoaggregates. It was shown that the nano-
particles were formed well below the critical aggregation
concentration of tryptophan dimers and that a transient energy
input given by ultrasound can push the aromatic dimers from
global minimum to a high-energy state and provide transient
liquid-air interface where the self-assembly of biomolecules
into nanoaggregates can take place, on bubble collapse (Fig. 3a
- Gibbs free energy landscape of dissipative self-assembly of
tryptophan dimers nanoparticles).

The general scheme for ultrasound driven dissipative self-
assembly of tryptophan dimers to nanoparticles is provided in
Fig. 3b which suggests that the cavitation bubble can act as
a fuel and template for adsorption of tryptophan dimers. It was
postulated that the local high concentration of tryptophan
dimers on the air-liquid interface (Fig. 3b-step 1) facilitates the
nanoaggregation upon bubble collapse (step 2 and 3). The

4910 | Nanoscale Adv., 2021, 3, 4907-4917

nanoparticles can dissipate energy upon increasing the pH by
disassembly into the building blocks (step 3), and the acoustic
energy can refuel the dissipative self-assembly of tryptophan
dimers, below the cac, to reform nanoparticles (step 4).

Moreover, molecular dynamics studies also supported the
hypothesis that collapse of bubbles can induce the formation of
nanoaggregates through different intermolecular interactions
such as- ionic interactions between the charged carboxyl and
amine groups (Fig. 3¢), the stabilization of -7 interactions due
to aromatic moieties (Fig. 3d) and hydrogen bonding in which
the aromatic ring act as acceptor (Fig. 3e). These findings were
supported experimentally by studying the fluorescence proper-
ties of the nanoparticles in a wide spectral range. These peculiar
spectral features of these nanoparticles were exploited to track
their intracellular trafficking and disassembling.

2.2 Ultrasound-driven transformation and self-assembly of
phenolic molecules

Bhangu et al.** confirmed the general concept of ultrasound
assisted self-assembly of phenol-like molecules by obtaining

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) The schematic and proposed mechanism for the ultrasonic driven hydroxylation and dimerization of the phenylalanine and tryptophan,

(b) SEM images phenylalanine nanoparticles obtained at 490 kHz at ultrasonic powers 2 W cm 12 4 W cm™2 and 6 W cm ™2 respectively, (c)
Confocal microscopy images of MDA-MB-231 cells incubated with tryptophan particles (green) for 2 h and 8 h and stained with early and late
endosome (red) (d) The percentage DPPH radical scavenging of phenylalanine in comparison with sonicated phenylalanine and its mixture with
tryptophan after 2 min incubation with DPPH solution and final concentration of 30 pg mL™%. The significantly different values (p < 0.05) between
the bars are denoted by alphabets. (e) Cell viability percentage of MDA-MB-231 cells after incubation with free doxorubicin and doxorubicin
loaded on dTrpNP for 24 and 48 h.323* ((c and e) — Adapted from ref. 33 with permission from The Royal Society of Chemistry.)

highly fluorescent nanoparticles from phenol. Most of the early
studies focused only on the degradation of phenolic molecules
using low frequency ultrasound.*® Conversely, this study
showed the formation of phenol dimers, trimers, and oligomers
upon sonication at 355 kHz. Contrarywise, when the reaction
was carried out at 20 kHz, no fluorescent dimers and oligomers
were formed due to low OH radicals yield at this frequency. The
oligomeric species further formed nanoaggregates by m-m
which were found to have enhanced radical scavenging

© 2021 The Author(s). Published by the Royal Society of Chemistry

properties compared to phenol. Similarly, the sono-
transformation of tannic acid into well-defined and controlled
crystalline ellagic acid particles* has been reported. Tannic acid
and ellagic acid are naturally occurring polyphenols with
various applications in biomedicine and food.***® The ellagic
acid is mostly synthesized by enzymatic hydrolysis of the ella-
gitannins*** or through multistep organic reactions*' with poor
control over size and its shape. In this study, high frequency
ultrasound was utilized to perform multiple reactions to convert

Nanoscale Adv, 2021, 3, 4907-4917 | 4911
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(a) The Gibbs free energy diagram showing tryptophan dimers residing in global minimum and their dissipative self-assembly to tryp-

tophan nanoparticles upon energy input provided by ultrasound and the tryptophan dimers recovering to their original state by energy dissi-
pation; (b) general scheme for the ultrasound driven dissipative self-assembly of tryptophan dimers into nanoparticles; models of (c) ionic
interactions, (d) w—m interactions and (e) H-bond involving aromatic rings as acceptors. The tryptophan dimer molecules are shown as semi-
transparent surfaces. The C, H, N and O atoms are colored in cyan, white, blue and red, respectively.** (Adapted from ref. 33 with permission from

The Royal Society of Chemistry.)

tannic acid to ellagic acid particles-including hydrolysis of ester
linkage, oxidative coupling of phenolic moieties and crystalli-
zation of product with controlled shape and size (Fig. 4a).
Interestingly, the ultrasonic parameters were tuned to control
the morphology of the ellagic micro-nanocrystals. The obtained
particles exhibited different morphologies depending on the
concentration of TA, frequency, power, and time of sonication.
At specific ultrasonic time frequency and power, the size of the
ellagic acid crystals surged from 3.7 to 7 um with change in
initial concentration of tannic acid solution from 0.5 mM
(Fig. 4b) to 1 mM (Fig. 4c). By increasing the frequency from 355
kHz to 1 MHz at 5.5 W cm ™, the size of the ellagic acid crystals
was increased from 7 (Fig. 4c) to 9.5 microns (Fig. 4d) and the
crystals morphology changed from ellipsoidal to discoidal. The
increment in the sonication power from 5 W em > to 20 W em 3
at 355 kHz reduced the size from 7 um to 270 nm (Fig. 4c, e-g).
The change in frequency and power along with affecting the
oxidation coupling process can also significantly affect the
nucleation and growth kinetics during crystallisation which
resulted in different size and morphology of the particles at
various reaction and ultrasonic parameters. These particles
showed promising and enhanced antioxidant and anticancer
properties after 24 h incubation with MDA-MB-231 cells.

2.3 Ultrasound-driven assembly of synthetic peptides and
proteins

It is widely reported that peptides can undergo several struc-
tural conformations to produce a broad range of nanostructures
by self-assembly including nanofibers, spherical nanoparticles,

4912 | Nanoscale Adv., 2021, 3, 4907-4917

nanotubes etc.**> However, the control over self-assembling
process is challenging and limited studies have reported
peptide-based nanostructures with the controlled and well-
defined morphologies.***® Alves and coworkers*>*® extensively
studied a [RF], octapeptide, which has arginine (R) and
phenylalanine (F) in an alternating sequence. Their investiga-
tion confirmed that the octapeptide tends to form inter-
connected nanofibrillar structures rich in B-sheet structures, as
well as other oligomeric species, by self-assembly via the solid-
vapor phase method. Baral et al.>* recently reported that high-
frequency ultrasound can be used to control the crosslinking
and self-assembly processes of the [RF], octapeptide (Fig. 5a) to
form well-defined fluorescent nanoparticles ([RF],-NPs),
~220 nm in diameter with £ potential of +39 + 6 mV (Fig. 5b).

The synthesized nanoparticles showed emission in blue,
green, and red region as confirmed from the fluorescence
microscopy images (Fig. 5¢). Analysis of the sonication product
at different sonication times by HPLC (Fig. 5d), confirmed that
oxidative coupling led to the formation of high molecular
weight species of [RF], octapeptide. This was further supported
by mass spectrometry results which suggested the coupling of
the parent [RF], octapeptides with [RF] and [RF], fragments to
form higher molecular weight species. [RF],-NPs were further
functionalized with polyethylene glycol (PEGylated) to improve
their colloidal stability, by preventing the aggregation tendency
of [RF],-NPs. Unlike the parent peptide, the PEGylated [RF],-
NPs showed limited cytotoxicity towards MDA-MB-231 cells
(Fig. 5e) even at the concentration of 50 mg mL™'. This was
attributed to the fact that the peptide can form a layer over the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of the mechanism of ultrasonic transformation of tannic to ellagic acid crystals, SEM images of the ellagic acid

crystals produced after sonication of (b) 0.5 mM tannic acid at 355 kHz, 5.5 W cm ™3, (c) 1 mM tannic acid solution at 355 kHz, 5.5 W cm™> (d) 1 mM
tannic acid solution at 1058 kHz, 5.5 W cm 3, (e), (f) and (g) 1 mM tannic acid solution at 355 kHz, 6.7 W cm~>, 12 W cm > and 20 W cm >
respectively.?® (Reproduced from ref. 29 with permission from The Royal Society of Chemistry.)

cells which would lead to the disruption of the transmembrane
activities®® whereas the nanoparticles were uptaken by endocy-
tosis. Moreover, the intracellular trafficking of PEGylated [RF],-
NPs study with MDA-MB-231 cells showed effective endo-lyso-
somal escape (Fig. 5f) due to buffering capacity of the peptide
nanoparticles in the endo-lysosomal vesicles pH range. This
work highlighted that the combined use of sonochemistry and
peptides can allow easy fabrication of nanoparticles, with
potential application in nuclei acids and drug delivery.

Zhang et al.>® first reported the synthesis of soy peptide
nanoparticles (SPN) from large soy protein aggregates formed
after proteolysis and thermal inactivation of soy protein
isolates. The high intensity sonication (20 kHz) of large soy
protein aggregates produced SPN of 100 nm with homogenous
size distribution (PDI 0.20). Ultrasound induced molecular self-
assembly by non-covalent interactions of insoluble peptide
aggregates which resulted in the SPN formation and size of the
nanoparticles was found to be dependent on the sonication
time. To elucidate the interactions involved in the formation of
nanoparticles, the effect of sodium dodecylsulfate (SDS), urea
and dithiothreitol (DTT) on the formation of nanoparticles was
analysed. The SDS, urea and DTT are known to disrupt hydro-
phobic interactions, hydrogen bonding and disulfide bonds,
respectively.®**® It was reported that major intramolecular
interactive forces responsible for maintaining the internal
structure of nanoparticles were the hydrophobic interactions,
whereas disulfide bonds played only minor role and hydrogen
bonding was involved in the formation of their external struc-
ture. These SPN showed excellent emulsifying properties and
antioxidant capacities when adsorbed on to oil droplets surface.
In another similar study, after the proteolysis and hydrolysis,
the soy peptide was sonicated to self-assemble through non-
covalent interactions to fabricate core shell nanoparticles with
homogenous particle size of ~104 nm (polydispersity index =
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0.18).*® The hydrophobic curcumin was then loaded to these
nanoparticles which improved its shelf-life and water dispersity
by 4 folds. Sono-assembled soy peptide nanoparticles were
amenable to enzymatic degradation, showed enhanced
bioavailability as well as controlled release of curcumin in the
gastric-intestinal tract, which was demonstrated by in vitro
studies. As these nanoparticles had remarkable radical oxygen
species scavenging ability, they have been proposed as ingre-
dients in functional food formulations. In another study, soy
protein was used to modify the surface properties of bacterial
cellulose (BC) electrospun nanofiber scaffold by ultrasound-
induced self-assembly technique.”” The modified nanofiber
scaffold has multi-size distribution composed of BC electro-
spun nanofiber with diameter ranging from 80 to 360 nm and
soy protein self-assembled nanoparticles on the surface,
mimicking the structure of natural extracellular matrix. The as-
prepared soy protein modified BC electrospun nanofiber scaf-
fold was found bioactive as bone tissue engineering scaffold.
Liang et al.>® demonstrated the effect of ultrasonic frequen-
cies and other parameters on the synthesis of resveratrol-loaded
zein particles. Particles exhibited a typical spherical shape with
a diameter around 500 nm. The study revealed that the simul-
taneous use 