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A simple, one-pot high frequency ultrasonication (490 kHz) methodology to convert hydrophobic and amphi-
pathic amino acids into nanostructures was investigated. The approach involved the oxidative coupling of
aromatic amino acids (phenylalanine and tryptophan) in aqueous solutions to form high molecular weight di-
mers and oligomers. The role of cavitation bubble surface and ultrasonic power to trigger the out-of-equilibrium
self-assembly of dimers and trimers to spherical and uniform nanostructures with controlled size has been
discussed. The synthesized particles exhibited fluorescence in blue, green and red spectral regions and a strong

1. Introduction

Ultrasonically generated physical and chemical effects have been
utilized to synthesize a variety of nanostructures including metal na-
noparticles and protein/polymer based micro-nanobubbles and cap-
sules [1-3]. These studies, in addition to the formation of nanoplat-
forms, also demonstrated that the size of the materials obtained can be
controlled using various ultrasonic parameters. Moreover, recent find-
ings of our group have demonstrated the role of cavitation bubble
surface on the transformation of phenolic molecules to obtain micro-
particles and nanostructures [4,5]. It was manifested that the oscillating
cavitation bubble surface can act as a catalytic binding site for the
oxidative coupling reactions among phenol-type molecules which can
later self-assemble to form micro-nanoparticles without employing any
metal catalysts or enzymes [4,6]. Similarly, in our very recent work
with tryptophan, experimental and computational approaches were
used to unveil the role of acoustic cavitation in the formation of su-
pramolecular nanoaggregates by dissipative self-assembly [7]. It was
demonstrated that ultrasound converts tryptophan to hydro-
xytryptophan as well as hydroxylated tryptophan dimers and in addi-
tion, triggers (collapse of cavitation bubble) the out of equilibrium
dissipative self-assembly of tryptophan dimers into nanostructures
below the critical aggregation concentration.

Owing to such unique reactive surface process, high frequency ul-
trasound can offer straightforward synthetic route for the generation of

different amino acid - based nanostructures which are of substantial
interest due to their biodegradability, biocompatibility and applications
in drug delivery, drug targeting, optical sensing and bioimaging and
food processing [7-9]. Fan et al. [9] have exploited different dipeptide
systems to obtain nanostructures. They obtained peptide-based nano-
particles formed from tryptophan-phenylalanine linkages through Zn
(ID) coordination. The products formed through such linkages can shift
the intrinsic fluorescence of the peptide from ultraviolet to visible re-
gion. It was also reported that diphenylalanine can self-assemble by
aromatic stacking interactions to form nanotubes which bear high ri-
gidity and chemical stability [10]. Besides these reports based on self-
assembly of dipeptides, very limited research has been carried out on
the synthesis of nanostructures from single amino acids or mixture of
amino acids.

The role of OH radicals on the oxidation and dimerization of amino
acids was demonstrated using Fenton reaction, pulse radiolysis and y-
radiolysis [11-13]. It was shown that with Fenton reaction and y-
radiolysis of phenylalanine; o, m, & p-hydroxyphenylalanine together
with some 2,4-dihydroxyphenylalanine, 2,3 dihydroxyphenylalanine
were obtained [12]. Correspondingly, tryptophan’s Fenton reaction and
y- radiolysis also led to the formation of different hydroxytryptophans,
N-formylkynurenine, tryptophan dimers [14]. However, formation of
nanoparticles was not reported during such reactions.

Hence, here we investigate the versatility of the hot cavitation
bubble surface and radicals generated by ultrasound for the oxidative
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Fig. 1. (a) HPLC chromatograms of sonicated phenylalanine at 490 kHz and 4 W/cm? as a function of sonication time, (b) The mass spectrum of the sonicated
phenylalanine at 490 kHz and 4 W/cm? after 5 h. and (c) A schematic of proposed mechanism for the ultrasonic driven hydroxylation and dimerization of the

phenylalanine.

coupling of the phenylalanine and tryptophan when present alone or in
mixture as well as for their out of equilibrium self-assembly to form
supramolecular nanostructures below the critical aggregation con-
centration. Furthermore, ultrasonic parameters were varied to tune the
size of the supramolecular nanoaggregates through controlled self-as-
sembly. This unique methodology purveys a simple and green metho-
dology to synthesize nanostructures from different biomolecules
without the use any toxic external agents. The synthesized nano-
particles can act as a single platform for multi-disperse biological ap-
plications such as drug delivery and cellular imaging. The nanoparticles

show excellent radical scavenging activity, therefore can find potential
applications in biomedical fields and food processing.

2. Materials and methods
2.1. Materials
L-Tryptophan, L-phenylalanine and 1-diphenyl-2-picrylhydrazyl

(DPPH) were purchased from Sigma Aldrich. HPLC grade methanol
(99.9%) and formic acid were purchased from Fisher chemicals. All
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Fig. 2. Surface tension of dissolved nanoparticles obtained from phenylalanine
sonication as a function of concentration.

solutions were prepared with high purity water extracted from a
Millipore system with resistivity of 18.2 MQ/cm.

2.2. Experimental details

1 mg/mL solution of phenylalanine or a 1:1 mixture containing
1 mg/mL phenylalanine and 1 mg/mL tryptophan were irradiated at an
ultrasonic frequency of 490 kHz and at different ultrasonic powers of
2 W/em?, 4 W/cm? and 6 W/cm?. The details of the methodology was
reported in our previous studies [4,6]. The sonication was performed
for up to 5 h. The dark brown suspension obtained was then centrifuged
at 6000 rpm for 5 min and washed 3 times prior to further analysis.

2.3. Characterisation

Different characterization techniques such as scanning electron
microscopy, HPLC, NMR, FTIR, mass spectrometry and absorption and
fluorescence spectroscopies were used to analyse the sonicated pheny-
lalanine and Phe:Trp mixture.

2.3.1. HPLC and mass spectrometry

HPLC analysis was performed using Shimadzu SCL-10AVP HPLC
implemented with UV detector set at 205 nm and Phenomenex “Jupiter
5u C18 300A” column. The flow rate was 1 mL/min and a mixture of
methanol:water:formic acid (70:30:0.5) was used as an eluent. The
injection volume used was 20 puL.

Agilent Accurate-Mass QToF LC/MS in positive ion mode was used
to carry out the Electrospray ionisation mass spectrometry to estimate
molecular weight of the sonicated product.

2.3.2. NMR and FTIR

'H NMR spectra of phenylalanine particles was conducted in de-
DMSO on Varian MR400 NMR spectrometer at 400 MHz at 25 °C. FTIR
analysis on phenylalanine and phenylalanine nanoparticles was per-
formed on Bruker TENSOR II ATR- FTIR spectrometer. The spectra were
acquired from 4000 to 400 cm ™! with 128 scans and 4 cm ™! resolu-
tion.

2.3.3. Scanning electron microscopy (SEM)

The morphology of the nanoparticles was studied by field emission
scanning electron microscope (Quanta 200 FEI) at 10 kV. For Imaging
analysis, a drop of nanoparticle suspension was deposited on to a me-
tallic support with carbon tape on it and sputter coated with gold after
drying.
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2.3.4. Fluorescence microscopy

Fluorescence microscopy images of phenylalanine-based particles
were acquired using an inverted Olympus IX71wide field microscope
with 60x oil immersion objective equipped with a CCD camera (Cool
SNAP FX, Photometrics, Tucson, AZ). The specimen was irradiated with
illumination source under different wavelengths.

2.3.5. Fluorescence spectroscopy

The optical properties of the sonicated products were determined
using Shimadzu RF-5301PC fluorescence spectrophotometer
(Shimadzu) equipped with a xenon lamp and 1.0 cm optical length
quartz cell. The emission and absorption spectra of the sonicated pro-
ducts at different sonication times were recorded in different wave-
length ranges. The sonicated products were diluted in PBS pH = 7.4
prior recording the spectra.

2.3.6. Dynamic light scattering (DLS), {-potential

ZEN0040, Malvern Instruments was utilized to determine the zeta
potential and hydrodynamic diameter of the nanoparticles. The mea-
surement angle was 173° and the diameter of the particles was de-
termined using cumulant fit method. The 80 pL nanoparticle suspension
(2 mg/mL) were diluted in Milli-Q and zeta potential and hydro-
dynamic diameter of particles were determined

2.3.7. Surface tension measurements

The phenylalanine particles were dissolved at different concentra-
tion and surface tension was measured using pendant drop method on
OCA 15 EC in water/air system.

2.3.8. Antioxidant activity

DPPH assay was conducted to measure the antioxidant activity of
the phenylalanine and other sonicated mixtures. 250 uM DPPH solution
was prepared in ethanol: water (50:50) mixture. Then, 100 pL solutions
of 1 mg/mL phenylalanine and its mixture with tryptophan with and
without sonication were added to 3 mL DPPH solution. The percentage
radical scavenging activity was measured using absorption at 520 nm
and the following equation:

% Radical scavenging activity = [(Apppy — Asample)/Appprr] X 100

where Apppy and Agampie are the absorption values at 520 nm for blank
DPPH solution and after the addition of sample, respectively.

2.3.9. Statistical analysis

For antioxidant activity, statistical results in triplicate were ana-
lysed with Minitab 18 (Minitab LCC, Pennsylvania, USA), using one-
way ANOVA with 95% confidence interval and Tukey’s pairwise com-
parison.

3. Results and discussions

An aqueous solution of phenylalanine (1 mg/mL) was sonicated for
5 h at 490 kHz ultrasonic frequency and at different ultrasonic power
levels of 2 W/cm?, 4 W/cm? and 6 W/cm?. During sonication, the color
of the mixture changed from colorless to dark brown along with the
formation of nanostructured products.

The composition of the nanoparticles and mechanism involved in
the phenylalainine derived nanoformulation were investigated. Fig. 1a
shows the HPLC chromatograms of sonicated phenylalanine solutions at
different sonication times at 4 W/cm?. A decrease in the peak area at
retention time 3.5 min (corresponding to phenylalanine) along with the
appearance of new peaks at early retention times are observed in
Fig. 1la, which can be attributed to the (hydrophilic) hydroxylated
phenylalanine species. It can also be noticed that the peak at retention
time 4.4 min increases with an increase in sonication time. This peak
can be attributed to the high molecular weight species formed by so-
nication which could be more hydrophobic since they were eluted after
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Fig. 3. SEM images and size distribution of nanoparticles obtained by sonication of phenylalanine at 490 kHz at ultrasonic powers (a): 2 W/cm?, (b) 4 W/cm? and (c)

6 W/cm?*

phenylalanine. The HPLC results are also supported by mass spectro-
metry analysis which confirmed the formation of dimers and trimers of
phenylalanine. Fig. 1b shows the mass spectrum of sonicated pheny-
lalanine suggesting the formation of hydroxylated phenylalanine at m/z
182 (Phe + OH), 198 (Phe + 20H), dimer of phenylalanine at m/z 329
(Phe-Phe), hydroxylated dimers at m/z 345(2Phe + OH), 361
(2Phe + 20H) and trimer of phenylalanine at m/z 492 (3Phe). The
NMR spectra of phenylalanine nanoparticles after dissolution in DMSO
is shown in Fig. S1. The peaks observed between 7.0 and 7.3 ppm were
assigned to different aromatic protons in phenylalanine dimer and
trimer formed through C-C linkage. The presence of different hydroxyl
groups was also confirmed by peaks at 8.1 and 10.2 ppm. Additionally,
FTIR analysis of phenylalanine nanoparticles also suggested the

presence of OH groups as identified from the peak at 3350 cm ™! cor-
responding to OH stretch which was absent in L-phenylalanine (Fig.
S2).

Fig. 1c shows the proposed mechanism along with possible struc-
tures of species obtained after the sonication of phenylalanine with
respect to their mass to charge ratio. In brief, both OH radicals and
adsorption of biomolecules on to the cavitation bubble surface are pi-
votal for the reaction to occur. The active cavitation bubbles within the
ultrasonic frequency range of 200-1000 kHz have a life time of about
0.3-1 ms [15]. This could provide sufficient time for the hydrophobic
amino acid molecules, depending upon their diffusion kinetics, to dif-
fuse, adsorb and react at the bubble-solution interface. In accordance
with previous studies [17,18], OH radicals generated by ultrasound can
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Fig. 4. (a) The absorption spectra and (b) The fluorescence emission spectra at A ¢, = 320 nm of the sonicated phenylalanine at different sonication times, (c) The
fluorescence emission spectra of sonicated phenylalanine after 180 min at different excitation wavelengths.

abstract a proton from the aromatic ring of phenylalanine adsorbed at
solution- bubble interface leading to the formation of phenyl radicals
(Fig. 1c). Furthermore, the reaction between OH- and phenyl radicals
could result in the formation of hydroxylated phenylalanine or two
phenyl radicals can combine to form dimer of phenylalanine. Con-
tinuation of these reactions results in the formation of higher molecular
weight species, which can self-assemble through different molecular
interactions (H-bonding, w-it stacking) to form nanoparticles (Fig. 3b).

It was also found that phenylalanine itself at the 1 mg/mL con-
centration had surface tension of 70 mN/m however, surface tension of
the phenylalanine dimers/trimers was 57 mM/m at concentration of
200 pg/mL (Fig. 2). This indicates that the dimers/trimers are more
surface active and can undergo self-assembly at much lower con-
centration.

The cac (critical aggregation concentration) of nanoparticles, which
are composed of hydroxylated dimer and trimer of phenylalanine, was
determined from surface tension measurements after dissolution was
~80 ug/mL (Fig. 2). However, the concentration at which aggregates
were formed during sonication was ~50 pg/mL. The nanoparticles ra-
pidly dissolved at this concentration when pH was increased to 11 and
were unable to re-assemble after the pH was brought back to acidic. On
the other hand, when ultrasound was applied to this solution of nano-
particles in acidic environment, it successfully led to the formation of
nanoaggregates. Therefore, in accordance to previous findings [7] the
self-assembly of phenylalanine-based nanoparticles was also found to
be out of equilibrium and was taking place below cac where ultrasound
besides the formation of dimer and trimer of phenylalanine can trigger
the formation of nanoaggregate through dissipative self-assembly.

It is also worth mentioning that enhanced conjugation of phenyla-
lanine (through formation of dimers and trimers) would increase its
hydrophobicity (as seen from HPLC and surface tension measurements)
that would lead to increase of m-it interactions required for the self-
assembly. Moreover, the presence of multiple OH groups is likely also
important to assist the self-assembly through H-bonding. Hence, both st-
7t interactions and H-bonding play crucial role in the self-assembly of
phenylalanine dimers and trimers to form nanoparticles.

The effect of ultrasonic power on the size of phenylalanine nano-
particles was investigated. Fig. 3a, b and ¢ show SEM images of the
particles obtained by sonication of phenylalanine at different acoustic
power levels- 2 W/cm?, 4 W/cm? and 6 W/cm?, respectively. It can be
observed that the particles have spherical morphology and their size
decrease with an increase in power. The hydrodynamic radius of the
particles and particle size distribution were determined by dynamic
light scattering. The Z-average size of the particles decreased from
607 + 88 nmto 190 *+ 50 nm when the power density was switched
from 2 to 6 W/em?® (Fig. 3a—c). The effect of ultrasonic power on the
size has been demonstrated several times [16]. With increasing power,
the acoustic cavitation activity is known to be enhanced. There occurs

two types of cavitation bubbles; stable (oscillate for hundreds of
acoustic cycles) and transient bubbles (live for few acoustic cycles)
[17,18]. A higher amplitude (higher power) would increase the number
of transient and active bubbles. More transient energy input due to the
collapse of acoustic bubble would increase the rate of nucleation. A
higher nucleation rate would lead to a reduction in the size of nano-
particles as the rate of nucleation and radius are inversely related to
each other [19,20]. Based on this hypothesis, a reduction in nano-
particle size could be expected at high power levels. The zeta potential
of the nanoparticles was around —30 = 6 mV providing colloidal
stability to the particles. The particles were negatively charged due to
the deprotonation of the carboxyl and aromatic hydroxyl groups in
water at pH 7.

The self -assembly of dimers and trimers to form nanostructures is
further discussed based on absorption, fluorescence and solubility stu-
dies of the nanoparticles. Fig. 4a shows the absorption spectra of so-
nicated phenylalanine at different sonication times. Absorption spectra
show new bands around 310 nm and 350 nm with increase in sonica-
tion time together with an overall increase in absorption. The trend
observed is similar to that observed during the polymerization of aro-
matic phenolic molecules, where enhanced conjugation led to new
absorption bands at higher wavelengths with an increase in absorption
suggesting an increase in conjugation with an increase in sonication
time [6,21].

Fig. 4b shows the fluorescence emission spectra of sonicated phe-
nylalanine at different sonication times at an excitation wavelength of
320 nm. A new emission band centered at 430 nm can be observed
which was increasing with the time of sonication. It is known that the
monomeric form of phenylalanine does not exhibit any fluorescence in
the wavelength range of 400-600 nm, thus this new emission could be
due to the conjugated system i.e.; dihydroxyphenylalanine and dimers
of phenylalanine [22,23]. Fig. 4c illustrates the fluorescence excitation
spectra of phenylalanine after 3 h ultrasonic irradiation at different
excitation wavelengths. The shift in fluorescence emission maximum
from 430 nm to 460 nm was observed when excitation wavelength was
changed from 320 nm to 380 nm. These results suggest the presence of
multiple species which is in accordance with the mass spectrometry
analysis. The red shift and broadening of absorption and fluorescence
spectra also indicate s-it interactions between aromatic moieties.

Moreover, the optical properties of the phenylalanine-derived par-
ticles obtained by high frequency sonication were investigated. Fig. 5a
shows the dependence of emission spectra on excitation wavelength
where a shift in emission maximum from 445 nm to 530 nm can be
observed with a change in excitation wavelength from 340 nm to
500 nm. This shift could be attributed to the presence of different hy-
droxylated, dimeric and trimeric species. On the other hand, new bands
with maxima at 610 nm and 670 nm were also observed at higher ex-
citation wavelengths of 560 and 600 nm, respectively. The respective
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Fig. 5. (a) The dependence of fluorescence emission spectra on the excitation wavelengths from 340 nm to 600 nm of the phenylalanine nanoparticles, (b) The
fluorescence emission and excitation spectra of the phenylamine nanoparticles at Aoy = 560 nm and A, = 610 nm, respectively. (c) The fluorescence emission and
excitation spectra of the phenylalanine nanoparticles at Aoy = 600 nm and A, = 670 nm, respectively, and (d) The fluorescence microscopic images of pheny-
lalanine nanoparticles showing the blue, green and red fluorescence. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

excitation spectra of emission spectra are provided in Fig. 5b and c. The
red shift and bands at higher wavelengths might suggest electron de-
localization which again indicates strong n-w interactions between the
high molecular weight species obtained by sonication. The fluorescence
of the nanoparticles in blue, green and red region was also confirmed by
fluorescence microscopy as shown in Fig. 5d.

In addition, the mixture of phenylalanine and tryptophan at the

same concentration (1 mg/mL) was sonicated using the same experi-
mental condition to obtain nanoparticles and Fig. 6a shows the nano-
particles obtained after the sonication of Phe:Trp (1:1) mixture. These
particles also exhibit spherical morphology with Z- average size of the
nanoparticles about 385 nm =+ 65 nm. Fig. 6b shows the fluorescence
emission spectra of Phe:Trp nanoparticles at different excitation wa-
velengths. The emission peaks in the wavelength range of 400-480 nm
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were observed. As mentioned before, phenylalanine and tryptophan do
not exhibit emission in the range of 400-480 nm. Therefore, these
emissions peaks can be attributed to the increased conjugation due to
the formation of high molecular weight products. Moreover, higher
shift in emission and excitation wavelengths to 690 nm and 580 nm

respectively yet again suggest intermolecular interaction (H bonding
and -t interactions) among different molecules to self-assemble into
nanoparticles. Fig. 6b shows the mass spectrum of the mixture of
tryptophan and phenylalanine. It shows the formation of hydroxylated
and high molecular weight species of phenylalanine (similar to
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observed in Fig. 1b during phenylalanine sonication) along with variety
of other products. For instance, hydroxylated tryptophan at m/z 221,
dimer of tryptophan at m/z 407 and phenylalanine and tryptophan
linkage suggested by peak at m/z 368, hydroxylated tryptophan dimer
at m/z 423. Fig. 6d illustrates the proposed mechanism and structures
of the products formed by sonication of Trp:Phe mixture. Tryptophan
bears different sites for OH radical attack. OH radicals can attack the
pyrrole moiety of the tryptophan to extract a proton and to form hy-
droxytryptophan at different positions [6]. The Trp and Phe radicals
can also react with each other to form Trp-Phe or they can combine
with their own radical to form dimers and trimers.

Overall these results show a new approach to synthesize phenyla-
lanine and tryptophan- phenylalanine based nanoparticles using merely
aqueous solutions of aromatic amino acids and high frequency sonica-
tion, without the use of any external agents. These amino acid-based
nanostructures owing to their fluorescent properties can be ideally used
for live cell bioimaging, or as a platform for the loading of any hy-
drophobic drugs.

To evaluate the functional properties of the synthesized nano-
particles, the antioxidant activity of the particles was studied. It is also
worth noting that phenylalanine nanoparticles can be used as such for
different application without any further purification or separation
step. Most antioxidant molecules bear high degree of hydroxylation. As
mentioned, sonication results in the addition of OH groups and the
oligomerization of biomolecules also tend to enhance the degree of
hydroxylation. The DPPH radical scavenging assay was carried out to
quantify the antioxidant activity. Fig. 7 shows the radical scavenging
activity of phenylalanine in comparison with its sonicated analogues at
the same concentration. It can be noted that the phenylalanine itself has
a very limited radical scavenging activity of 10%. Conversely, sonicated
phenylalanine and phenylalanine/tryptophan particles after dissolution
exhibited 80% radical scavenging activity within 2 min of incubation
with DPPH radical. Therefore, these results show that the ultrasonic
treatment of aromatic amino acids and assembly into nanoparticles can
significantly enhance the antioxidant activity of the native biomole-
cules. These nanoparticles apart from being fluorescent and to be used
in bioimaging can potentially protect the cells against any oxidative
damage due to free radicals. This activity was shown for instance for
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different polyphenolic nanoparticles [24]. Moreover, they can find
potential applications as preservatives in food (meat, dairy, oils etc) as
they can inhibit the oxidative rancidity.

The current ultrasonic approach has a versatile applicability as it
can be utilized to generate nanoformulation from different types of
aromatic biomolecules. Depending on the types of biomolecules and
ultrasonic parameters the properties of the nanostructures can be tuned.

4. Conclusions

The study, in order to expand the knowledge base in the area of
ultrasound-driven synthesis of nanoformulations, has explored the use
of high frequency ultrasound as a new approach for the synthesis of
nanostructures from single aromatic amino acids. The size of the na-
nostructures can be controlled using different ultrasonic parameters.
The new strategy applied in this study illustrated the role of cavitation
bubble surface and OH radicals to carry out hydroxylation, oligomer-
ization and out of equilibrium self-assembly of phenylalanine and
tryptophan to form spherical nanostructures. The nanostructures
formed, together with significant antioxidant properties, have fluores-
cence in blue, green and red spectral region. Hence, they can be utilized
as bioimaging probes for live cell imaging and can also find potential
applications as food preservatives. The current ultrasonic approach can
be extended to other aromatic biomolecules for the construction of
different nanostructures for multifarious biological and other applica-
tions.
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