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A facile sonochemical method to fabricate magnetic tryptophan-iron oxide hybrid nanoparticles was
established in this study. First, superparamagnetic iron oxide nanoparticles (SPIONs) of an average size
of 5 nm were synthesised using hydrothermal processes, followed by surface modification using
tryptophan to improve their colloidal stability. Then, the surface-modified iron oxide nanoparticles were
subjected to 490 kHz ultrasound treatment in tryptophan solution to fabricate magnetic tryptophan
nanoparticles (MTNs) with an average size of 167 + 29 nm. A comprehensive analysis of the synthesised
nanocomposite was performed to describe the possible mechanism of MTNs formation. We show that

Received 22nd March 2023, high-frequency ultrasound transforms tryptophan into hydroxylated, oligomeric, and hybrid SPIONs-Trp
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exhibited sensitivity in magnetic resonance imaging (MRI) analysis which could be further exploited for
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Introduction

Magnetic hybrid nanostructures have been recently applied in
many biomedical applications like targeted drug delivery,"
magnetic resonance imaging (MRI)*° and hyperthermia
therapy.'®™ In particular, superparamagnetic iron-oxide nano-
particles (SPIONSs) exhibit magnetic properties only under an
external magnetic field without retaining any residual magnetism
after removing the magnetic field,"* making them an appropriate
fit for these biomedical applications. Furthermore, their magnetic
properties can be remotely guided to a specific target inside the
body, making them an excellent tool for targeted drug delivery
applications. However, the successful use of SPIONs in biomedical
applications is significantly determined by their structural
characteristics, exceptionally uniform shape, nanometric size
and narrow size distribution, high magnetisation values and
precise surface chemistry.”* In addition, pristine SPIONs
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generally lose their intrinsic superparamagnetic properties
because of their susceptibility to form aggregates in solution.
Therefore, most of these applications require surface modifica-
tion of SPIONs, which involves two steps: surface coating
of SPIONs and functionalisation with specific biomolecules
for targeting specific cells or tissues.'®'® Furthermore, these
hybrid nanostructures should be non-toxic and biocompatible
while retaining their superparamagnetic nature and targeting
capability.’* The general strategy for the bio-functionalisation
of SPIONs is to attach layers of specific biomolecules on the
surface of pristine SPIONs, which should hinder their tendency
to aggregate and promote the bio-conjugation of active bio-
molecules onto these layers.

In particular, natural amino acids represent a versatile set of
biomolecules to stabilise MNPs. Nosrati et al.'” reported the
stabilisation of magnetic nanoparticles by simple amino acids,
including 1-tyrosine, r-phenylalanine, r-arginine, glycine and
L-lysine. To stabilise the SPIONS, the electrostatic interactions
between the negatively charged carboxyl group of amino acids
and the positively charged surface of nanoparticles at pH 6 are
exploited."”*® Ebrahiminezhad et al.® reported a simple two-
step method for preparing fluorescent iron oxide nanoparticles
using amino acids as linkers and spacers with potential bio-
imaging applications. Galhoum et al.?® demonstrated the for-
mation of chitosan-magnetite nanocomposite functionalised
with amino acids, viz., alanine and serine. Mathur et al.*' reported
a tryptophan-conjugated magnetic nanoparticle targeting tumours
using overexpressed LAT1 transporters and showed promising
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results for imaging applications. In addition, Tokmedash et al.>>
synthesised a targeted drug delivery system for treating breast
cancer cells by tagging tryptophan to MNPs using 3-aminopropyl
triethoxysilane as the crosslinker. In general, the preparation of
all these hybrid magnetic nanoparticles typically requires multi-
ple reaction and purification steps and the use of toxic coupling
agents, which could compromise the biocompatibility of the
final products.

Recently ultrasound technology has been identified as the
green technology to efficiently generate tunable multifunc-
tional nanoparticles from biomolecules.**>® Most importantly,
the ultrasound technique does not typically require any exter-
nal toxic reagent or solvent, and can induce crosslinking of
biomolecules in water, one pot and at ambient conditions.
Of note, we have reported that the ultrasonic synthesis of
nanoparticles is a versatile method that enables the control of
nanoparticles size by regulating the acoustic power. A reduction
in nanoparticle size is typically observed at higher power
levels.>* The reason is that by applying higher acoustic power
the number of transient and active bubbles increases. More
transient energy input due to the collapse of acoustic bubbles
would increase the rate of nucleation. A higher nucleation rate
would lead to a reduction in the size of nanoparticles as the rate
of nucleation and radius are inversely related to each other.””
For instance, Cavalieri et al*® introduced the mechanism
of ultrasound-induced oxidative coupling and self-assembly
of tyrosine derivative molecules to form well-defined nano-
particles. Bhangu et al>*** further exploited the mechanism
for sono-responsive aromatic amino acids like phenylalanine
and tryptophan to manufacture tunable multifunctional nano-
particles. Furthermore, Baral et al.?® showed that ultrasound
could also influence the self-assembling of oligopeptides to
fabricate well-defined biofunctional nanoparticles. In this
study, we sought to apply the developed methodology to
manufacture multifunctional hybrid magnetic nanoparticles.
Herein, we demonstrated the formation of hybrid magnetic
tryptophan nanoparticles using high-frequency ultrasound of
490 kHz. The selection of tryptophan is influenced by the fact
that they are sono-responsive and possess excellent inherent
fluorescence properties which could be utilised in bioimaging
applications.*® Firstly, SPIONs were synthesised using a hydro-
thermal technique and surface-modified using tryptophan.
Then, a tryptophan solution was sonicated in the presence of
surface-modified SPIONs, forming well-defined magnetic tryp-
tophan nanoparticles (MTNs). After a comprehensive analysis
of MTNs, a possible mechanism describing their formation
pathway has been proposed. The mechanism involves the
transformation of tryptophan into hydroxylated, oligomeric,
and SPIONs -Trp products, which self-assembled to form
magnetic tryptophan hybrid nanoparticles. MTNs were readily
internalized by breast cancer cells and only marginal cytotoxi-
city was observed. The optical properties of MTNs can be used
to track the dissolution of MTNs inside cells. In addition, we
show that MTNs retained their superparamagnetic properties
and can be exploited as MRI contrast agents owing to their
uniform morphology, and colloidal stability.
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Experimental

Materials

Iron(m) acetylacetonate (C;5H,;FeOg, 97%), L-Tryptophan (C;1H;,-
N,0,, reagent grade, >98%), 1-diphenyl-2-picrylhydrazyl (DPPH),
Dulbecco’s phosphate-buffered saline (D-PBS), bovine serum
albumin (BSA), hydrogen peroxide (30%), and EIPA (ethyl isopro-
pyl amiloride) were procured from Sigma Aldrich (St. Louis, MO,
USA). Methanol (99.9%) and HPLC grade formic acid were bought
from Fisher Chemicals (Hampton, NH, USA). Phalloidin Alexa
480, rabbit anti-EEA-1 monoclonal antibody and rabbit anti-Rab7
monoclonal antibodies were purchased from Cell Signalling
Technology (Beverly, MA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) reagent, Rabbit LAMP-1
and goat anti-rabbit IgG secondary antibody Alexa Fluor 647 were
provided by Invitrogen (Carlsbad, CA, USA). Fetal bovine serum
(FBS) was procured from Bovogen (Victoria, Australia). Dulbecco’s
Modified Eagle’s medium (DMEM) was obtained from Lonza
(Basel, Switzerland). All solutions were prepared in Milli-Q water
with a resistivity of 18.2 MQ cm unless otherwise stated.

Preparation and surface modification of SPIONs

SPIONs were synthesised using the hydrothermal process.
Iron(m) acetylacetonate (1.4 g, 4 mmol) was dispersed in 20 mL
of N-methyl pyrrolidone. The mixture was purged with N, gas
for 30 min to remove the dissolved O, inside the solution and
heated under constant vigorous stirring until it reached the
refluxing temperature of 220 °C and maintained under the
same conditions for 1 h. Afterwards, 20 mL of methanol was
added to the reaction mixture as soon as the temperature
cooled down to room temperature. Then the reaction mixture
was centrifuged (3000 rpm for 5 min) to collect the precipitated
particles. The precipitated particles were washed four times
with acetone and dried in a vacuum oven at 40 °C. The
as-prepared particles were analysed using Fourier-transform
infrared spectroscopy (FTIR), high-resolution transmission
electron microscopy (HRTEM), and vibrating sample magneto-
meter (VSM), then referred to as the superparamagnetic iron
oxide nanoparticles (SPIONs). SPIONs were dispersed in Milli-Q
water at a concentration of 0.5 mg mL~" with constant ultra-
sonication in an ultrasound bath for 1 h and subsequently
evaluated for their colloidal stability using a dynamic light
scattering (DLS) analyser.

The as-prepared SPIONs were surface-modified using tryp-
tophan to improve their colloidal stability. To achieve the surface
modification, 5 mL of tryptophan solution (1 mg mL™") was
mixed with 5 mL of pristine SPIONs solution (0.5 mg mL ).
Afterwards, the reaction mixture was ultrasonicated for 1 h in
the ultrasonic bath and kept overnight on an orbital shaker.
Next, the reaction mixture was centrifuged (3000 rpm, 5 min) to
remove the unreacted tryptophan, and the surface modified-
SPIONs were separated from the pristine SPIONS in the mixture
solution using a strong magnet and further centrifugation
(500 rpm, 1 min) for 2-3 times. Finally, the surface modified-
SPIONs were freeze-dried and resuspended in Milli-Q water at a
concentration of 0.5 mg mL™". The colloidal stability of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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surface modified-SPIONs was measured using the DLS analyser.
Furthermore, the morphology of surface modified-SPIONs was
analysed using HRTEM and scanning electron microscopy (SEM).

Preparation of magnetic tryptophan nanoparticles (MTNs)

Magnetically functionalised tryptophan nanoparticles were
obtained using a high-frequency ultrasound setup consisting
of a double-walled glass cell connected to a water bath mounted
on an ELAC Nautik USW 51-052 transducer of diameter 5.4 cm
powered by T&C Power Conversion, Inc. (Rochester, NY, USA).
Initially, 10 mg of tryptophan was dissolved in the 10 mL of
surface modified-SPIONs solution (0.5 mg mL ') in a 15 mL
glass vial and then subjected to a high-frequency ultrasound of
490 kHz and 60 W acoustic power for 5 h at a temperature of
37 £+ 2 °C. The sonicated sample was centrifuged (7000 rpm,
5 min) to separate the synthesised nanoparticles and washed
several times before characterisation. Then, a comprehensive
characterisation of the synthesised nanoparticles was performed
using FTIR, DLS, fluorescence spectroscopy, VSM, TEM, mass
spectroscopy (MS), high-performance liquid chromatography
(HPLC), and SEM coupled with Energy Dispersive Spectroscopy
(EDS), to establish the possible mechanism driving the formation
of MTNs.

Characterisation techniques

Fourier-transform infrared spectroscopy (FTIR) spectra were
acquired on SPIONs and MTNs samples from 4000 to 400 cm ™"
with 128 scans and 4 cm ' resolution using PerkinElmer
Spectrum two FTIR spectroscopy in the attenuated total reflec-
tion (ATR) mode using a diamond crystal (Medtech, Waltham,
MA, USA). ZEN0040, Malvern Instruments (Malvern, UK) was
used to evaluate the zeta potential and hydrodynamic diameter
of the SPIONs and MTNs with a measurement angle of 173°.
The hydrodynamic diameter of particles was estimated using
the cumulant fit method. DLS measurements were performed
using a volume of 80 pL suspensions of 0.5 mg mL " concen-
tration in Milli-Q at pH 6. Magnetic properties of SPIONs and
MTNs powder samples were measured using a superconducting
quantum interference device (SQUID) (MPMS; Quantum
Design) under a magnetic field of 20 kOe (2 Tesla) at 298 K.
Samples were weighed between 10 to 15 mg, wrapped with
Teflon tape, and placed in a spherically designed sample
holder. The M-H loop measurement was initiated from 0 T
and evaluated the magnetisation up to +2 T. Then, the magnetic
field was decreased from +2 T to —2 T to determine the
hysteresis loop. A PerkinElmer AXION® 2 ToF quadrupole mass
spectrometer (PerkinElmer, Waltham, MA, USA) was utilised in
positive ion mode to determine and compare the molecular
weight fragments of the sonicated solutions and compared with
unsonicated tryptophan. Gradient elution was carried out with
solvent A (0.1% formic acid) and solvent B (acetonitrile with
0.1% formic acid) at 30 °C. The optical properties of MTNs are
investigated using a Shimadzu RF-5301PC fluorescence spectro-
photometer (Shimadzu, Kyoto, Japan) equipped with a xenon
lamp and a 1.0 cm quartz cell. Fluorescence emission spectra
were recorded at different wavelengths. Shimadzu SCL-10AVP

© 2023 The Author(s). Published by the Royal Society of Chemistry
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HPLC (Agilent Technologies, Santa Clara, CA, USA) equip-
ped with the Phenomenex “Jupiter 5u C18 300A” column
(Phenomenex, Torrance, CA, USA) and a UV detector set at
205 nm was employed to carry out the high-performance liquid
chromatography (HPLC) analysis of tryptophan and sonicated
MTNs. The injection volume was 20 pL, and the flow rate was
1 mL min~" with methanol:water:formic acid (70:30:0.5)
used as an eluent. MTNs morphologies were analysed using
an FEI Teneo VolumeScope (Thermo Fisher Scientific,
Waltham, MA, USA) scanning electron microscope (SEM) at
an accelerating voltage of 10 kV and current of 50 pA coupled
with an Oxford energy dispersive X-ray spectroscopy. Transmis-
sion electron microscopy (TEM) was also employed to investi-
gate the morphology MTNs using an FEI Tecnai F20 TEM
instrument (Thermo Fisher Scientific, Waltham, MA, USA).
The stability of MTNs was investigated in Milli-Q, PBS and
100% FBS solutions for 24 h.

The cell studies of MTNs were investigated using MDA-MB-
231 cells, which were seeded at a density of 40 000 cells per well
in NuncTM Labtek 8-well chamber cover glass slides (Thermo-
Fisher Scientific, Scoresby, Australia) and incubated overnight
at 37 °C with 5% CO,. First, the medium was replaced, and the
diluted MTNs were added to cells at a final concentration of
0.075 mg mL '. Next, the MTNs were incubated for 6 h, the
medium was replaced, and cells were washed three times with
PBS-BSA (1% BSA in PBS) to remove unbound particles and
further incubated for 12 h and 24 h. Next, the cells were fixed
with 4% paraformaldehyde for 15 min at room temperature,
washed, and permeabilised with 0.1% TritonX-100 solution in
PBS for 5 min and washed three times with PBS. Finally, the
samples were blocked with 2.5% PBS-BSA for 1 h. Cells were
then imaged using Nikon A1R confocal microscope with a 60 x
1.4NA oil immersion objective. A similar study was performed
without washing out the MTNs and analysed under confocal
microscopy. In addition, a dissolution study was conducted
using 0.075 mg mL ™' MTNs in PBS solution (pH 7.4) at 37 °C.
The particles were centrifuged out, and the fluorescent peaks at
450 nm were measured for the supernatant, followed by mixing
the centrifuged MTNs into the supernatant solution. The
procedure was repeated at different intervals of time till 24 h.

For MRI relaxivity measurements, 500 pL of synthe-
sised SPIONs and MTNs were placed in a 48-well plate at
100 pg mL™ " concentration. The 48 well-plate was imaged
at room temperature (approximately 21 °C) in a Siemens
(Germany) 7T Magnetom MRI scanner using an eight-channel
transmit and 32-channel radio-frequency receiver coil array
(Nova Medical, NY). For quantifying T, relaxivity, a Carr-
Purcell Meiboom and Gill multi-echo spin echo sequence,*
was used to acquire 12 images at echo times (T) ranging from
7 to 84 ms with a repetition time (%) of 5 s. All images were
acquired with a 2 mm slice thickness, 128 mm FOV, 128 x 128
matrix size. Zero filling was used to reconstruct all images to a
matrix size of 256 x 256. The mean signal from regions of
interest (25 voxels) centred within each well was averaged
and plotted as a function of Ty to evaluate T,. The T, value
was then estimated (as the decay constants) by numerically
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fitting (using a nonlinear least-squares algorithm (Matlab, MA))
the data to a monoexponential equation as follows:

S = Sy exp(—Tg/T>)

where S, is the equilibrium signal when Ty < T5.

Results and discussions
Pristine SPIONs and surface modification

Superparamagnetic iron oxide nanoparticles (SPIONs) were
prepared and characterised by FTIR, VSM and HRTEM techni-
ques. The FTIR spectra (Fig. S1, ESIT) showed the characteristic
peak for iron oxide nanoparticles at 590 cm " that corresponds
to the Fe-O stretching vibration and the wide band around
3430 cm™ ' corresponding to the surface ~OH stretching fre-
quency of the pristine SPIONs.>*?' The average diameter of
SPIONs was 5 + 2 nm, as shown in Fig. 1a, and the super-
paramagnetic nature of the particles was confirmed by the VSM
analysis, as exhibited in Fig. 1b. The particles’ saturation
magnetisation (Ms) and retentivity (Mr) were 31.25 emu g *
and 0.354 emu g ', respectively. The nanoparticles did not
exhibit hysteresis loop and coercivity, due to the superpara-
magnetic nature of the synthesised magnetic nanoparticles.*>
However, the pristine SPIONs (0.5 mg mL™") in MilliQ solution
at pH 7.4 tend to form aggregates of around 500 nm, as
depicted in Fig. S2 (ESIt), and therefore, surface modification

Magnetization (emu/g

Count

Fig. 1
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of pristine SPIONs was performed using tryptophan to mini-
mise the aggregation. After surface modification, the average
particle size of surface-modified SPIONs was reduced to
18 + 4 nm (Fig. 1c and 1d), suggesting that tryptophan acts
as a stabilizer agent.*® The size of surface-modified SPIONs was
much larger when compared to the pristine SPIONs, which
could be due to the aggregation of 2-3 pristine SPIONSs in
proximity by tryptophan during surface modification. The
{-potential was measured to be —29 = 5 mV, possibly due to
carboxyl groups of tryptophan exposed on the surface
of SPIONs. In addition, a significant improvement in the
colloidal stability of tryptophan-modified SPIONs suspension
in MilliQ was observed with colloids of sizes around 70 nm
(Fig. S3, ESIY).

Magnetic tryptophan nanoparticles (MTNs)

Next, the tryptophan-modified SPIONs were used to obtain the
hybrid MTNs. MTNs were formed by subjecting the tryptophan-
modified SPIONs to 490 kHz ultrasound treatment in a trypto-
phan solution (0.5 mg of tryptophan-modified SPIONs/mg of
tryptophan per mL of MilliQ) for 5 h. MTNs showed an average
particle size of 167 + 29 nm, as depicted in the SEM image
of dried samples (Fig. 2a). In addition, the hydrodynamic
diameter and (-potential of the hydrated hybrid MTNs were
230 £ 32 nm and —27 + 6 mV, respectively. The particle showed
excellent colloidal stability, with only a tiny trace of particle
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room temperature using VSM, (c) TEM image of a single MTN where dark spots indicate the presence of iron-oxide nanoparticles inside tryptophan
matrix, and (d) FTIR spectra of SPIONs and MTNs. (e) Mass spectroscopic and (f) HPLC analysis of the MTNs after dissolving in MilliQ water at pH 2.5,

depicting the formation of different species during the sonication process.

settling down when kept undisturbed for 24 h in Milli-Q. The
negative surface charge of the MTN is due to the deprotonation
of the aromatic hydroxyl groups in water at pH 7. Therefore, the
electrostatic repulsion imparts colloidal stability to the nano-
particles. The hydrodynamic diameter of MTNs in PBS and
100% FBS were found to be 235 + 29 nm and 254 + 45 nm,
respectively. There was a negligible change in the hydro-
dynamic diameter of MTNs in Milli-Q and PBS solutions after
24 h of incubation. However, a slight increase in MTNs size was
observed from 254 + 45 nm to 287 + 56 nm, which could be
induced by the adsorption of protein corona on the surface of
nanoparticles over time, whereas no aggregation or disassem-
bly of MTNs were observed.>® The particles were stored for over
6 months and retained their colloidal stability with a hydro-
dynamic diameter of 242 £ 28 nm after dispersing in MilliQ
water at a concentration of 0.5 mg mL~". The morphological
structure remains unaltered, as shown in SEM images (Fig. S4,
ESIT). Notably, the hybrid MTNs maintained their superpara-
magnetic nature with a slight reduction in the magnetisation
value compared to the pristine SPIONs, as shown in Fig. 2b.
The successful incorporation of iron-oxide nanoparticles
within MTNs was confirmed using TEM, SEM-EDS and FTIR
analysis. The appearance of dark spots in the TEM image
(Fig. 2c) could be attributed to the presence of heavy metallic
iron-oxide nanoparticles within tryptophan nanoassemblies,
which was further confirmed by the common Fe-O stretch
(560 ecm ™! wavenumber) present in the FTIR spectra of both
SPIONs and MTNs as depicted in Fig. 2d. In addition, the peaks
at 1700 cm™* could be due to the C=O stretch, 1601 cm™*
resembles the C—=C aromatic stretch, 1342 cm™ " may be attri-
buted to the C—C indole stretch, and the broad peak around

© 2023 The Author(s). Published by the Royal Society of Chemistry

3250 cm™ " corresponds to the O-H stretching.*® The incorpora-
tion of SPIONs within the matrix of tryptophan assembly was
further validated by the iron (Fe) signal peak in SEM-EDS
spectra, as shown in Fig. S5 (ESIf). Subsequently, the atomic
and weight ratio of Carbon to Iron (C:Fe) content in MTNs
was measured using SEM-EDS from different portions of the
sample. The atomic and weight ratio was consistent all over the
sample and was found to be 6.9:1 (C:Fe) and 1.5:1 (C:Fe),
respectively. The weight percentage of the Fe content was also
measured in the sample and found to be 33.2%, which could
provide the approximate content of SPIONs in MTNSs. In addi-
tion, the fluorescence properties of MTNs were studied to gain
further insight into the multi-functionalities of MTNs. Fig. S6
(ESIY) describes the fluorescence emission spectra of the soni-
cated solution containing MTNs and other soluble products
compared to untreated tryptophan. A new emission peak was
observed at 450 nm (Fig. S6a, ESIt), which could be ascribed to
the formation of tryptophan dimers, as previously reported.”*>*
The phenomenon involves the sono-induced oxidative coupling
of tryptophan molecules to form hydroxylated monomers
dimers. In addition, a shift in emission peaks (Fig. S6b, ESIf)
was detected when excited between 400 to 460 nm indicating
the presence of various species formed upon sonication.
In contrast, the MTNs suspension obtained after centrifugation
and resuspension exhibited a weak signal at 450 nm compared
to the dissolved MTNs, as shown in Fig. S7a (ESIT). The weaker
signal could be likely due to the quenching of signals by
magnetic nanoparticles.>*® SPIONs were added to sonicated
tryptophan solution to confirm the quenching of the fluores-
cence signal, and we observed a significant decrease of dimer
signal at 450 nm, as shown in Fig. S7b (ESI}).
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Table 1 Different possible fragments of MTNs from MS data

Possible molecular weight fragments

m/z of sonicated products

205 Tryptophan (Trp)

221 & 237 Trp + OH & Trp + 20H
277 & 333 Trp + Fe-O & Trp + 2Fe-O
407 2Trp

423 2Trp + OH

Mass spectroscopy and HPLC characterisation were per-
formed to establish the possible mechanism involved in form-
ing MTNs. The mass spectroscopic analysis confirmed the
transformation of tryptophan in the presence of SPIONs into
different products upon sonication, as shown in Fig. 2e, with
some significant peaks ascribed to the possible sonicated
product formed depicted in Table 1. Furthermore, it was
evident that tryptophan (m/z = 205) transformed into some
hydroxylated species ascribed from the peaks at 221 and 237.
In addition, a strong signal was observed at an m/z value of 333,
unlike the mass spectroscopic result of sonicated tryptophan in
the absence of SPIONs,>*”* which could correspond to the
fragment of Fe-O attached to tryptophan (SPIONs-Trp) during
the high-frequency sonication. However, peaks at m/z values of
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407 and 423 were assigned to tryptophan dimers and hydro-
xylated tryptophan dimers obtained during the process, in
agreement with previous studies.

However, it was observed that a higher proportion of
dimerised tryptophan was produced when it was sonicated in
the presence of SPIONs compared to the sonication process
carried out without SPIONs. The HPLC result also exhibited
the transformation of tryptophan (retention time = 3.2 min)
into different products, as depicted by two peaks, as shown in
Fig. 2f. The first peak at the retention time of 3.5 min could be
attributed to the parent tryptophan and other hydroxylated
tryptophans. In contrast, the other peak at the retention time
of ~8 min corresponds to the higher molecular weight species
formed, including the different dimerised products of trypto-
phan and SPIONs -Trp products.

After the comprehensive analysis of MTNs, a mechanism for
forming MTNs was hypothesised, as shown in Fig. 3. Initially,
SPIONs were surface-modified with tryptophan (Step-1) for
better colloidal stability, followed by sonication in tryptophan
solution (Step-2). During sonication, the surface-modified
SPIONs and tryptophan encounter at the interface of the
cavitating bubbles (Step-3), triggering the transformation of
tryptophan into various products, i.e. dimers and hydroxylated
species, as discussed earlier. Some of these sonicated products

Surface . Sonication in Lt
modification . Tryptophan
. using Tryptophan ‘. solution
| (0) ® —
Step-1 0) o) Step-2 \
Surface-modified i ’ ”? ‘

Superparamagnetic Iron-
oxide Nanoparticles
(SPIONs)

Step-5

Further interactions at the
bubble interface with continued
sonication

~180 nm

Intermediate
hybrid SPIONs

Tryptophan

Initial reactions at
the bubble interface

Magnetic-Tryptophan Nanoparticles

(MTNs)

Fig. 3 Schematic representing the possible mechanism of formation of magnetic tryptophan nanoparticles starting from surface modification of

SPIONSs.
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remain attached to the SPIONs surface (Step-4), forming inter-
mediate hybrid SPIONs, and the remaining SPIONs remain
suspended in the reaction mixture. During continuous sonica-
tion, the intermediate hybrid SPIONs and the dimers further
interact at the bubble interface (Step-5) to form hybrid MTNs
by co-assembly upon bubble collapse. Although nanobubbles
are less reactive than microbubbles upon sonication,”” in
principle, both micro and nano-bubbles can grow under acous-
tic cavitation and collapse to contribute to nanoparticles
formation.

Intracellular behaviour of MTNs

Estimating the safety and non-toxicity of all nanoparticle-based
drug systems is critical for biomedical applications. Therefore,
cell viability was initially analysed using the MTT assay with an
MDA-MB-231 cell line after 24 h incubation at different concen-
trations. MTNs showed minimal cytotoxicity up to 100 ug mL ™
with cell viability of 90%, as shown in Fig. S8a (ESIt). Next, MTNs
suspension was analysed under laser confocal microscopy to
study the fluorescent signals emitted by MTNs and compared
with the tryptophan nanoparticles (TNs), as shown in Fig. S8b and
c (ESIt). Upon irradiation, the MTNs showed a weak fluorescence
signal (Fig. S8b-I, ESIT) compared to the TNs (Fig. S8c-I, ESIT),
which confirmed the quenching effects induced by iron-oxide
nanoparticles discussed earlier.>*~*°
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To give a deeper insight into the intracellular behavior of
MTNs, MDA-MB-231 cells were incubated with MTNs, for 6 h.
Then, the non-internalised particles were washed out, the
culture medium was replaced, and the incubation continued
for 12 h and 24 h. The cells were fixed and analysed under
laser confocal microscopy after 6 h, 12 h and 24 h treatment
(Fig. S8d-f-1I, ESIt). Initially, limited fluorescence emissions
were observed from MTNs at an incubation time of 6 h
(Fig. S8d, ESIt). However, the intensity of fluorescent emissions
gradually increased with incubation time, as shown in Fig. 4a
and Fig. S8e and f-II (ESIf). As the intact MTN appeared not
fluorescent (Fig. S8b-II, ESIT), the increase in intracellular
fluorescence signal may be ascribed to the progressive dissolu-
tion of MTNs during intracellular trafficking. To confirm this, a
dissolution study was carried out in a test tube by dissolving
the MTNs at pH 7.4 in PBS solution at a concentration of
75 ug mL~". It was found (Fig. 4b) that MTNs emitted fluor-
escent signals during their dissolution. A progressive increase
in fluorescence emission over time was observed, suggesting
that the static quenching of tryptophan fluorescence could be
attributed to the intermolecular forces of attraction between
SPIONs and tryptophan nanoassemblies.>®

In addition, MDA-MB-231 cells were incubated with MTNs
continuously without washing out the MTNs from the cell
medium and analysed after 6 h, 12 h and 24 h incubation.

(d) Multi-slice, multi-echo MRI (TR = 5s)

100

200

300

400

500

600

700

50 100 150 200 250

(a) Fluorescence intensity measured from confocal images for MTNs at different incubation times with MDA-MB-231 cell line using two protocols

as shown in the graph, and (b) dissolution kinetics of MTNs at 37 °C at pH 7.4 as a function of time suggests that the fluorescent emission increases with
the dissolution of MTNs. Confocal microscopy images (Green Channel) of MTNs incubated with MDA-MB-231 cell line (without washing out unbounded
MTNs) was acquired at (c) 6 h, (d) 12 h, and (e) 24 h of incubation time. (d) A multi-slice multi-echo (MSME) sequence MRI image with Tg from 14 ms to
28 ms with a repetition time (Tr) of 5 s, exhibiting the darker images created by MTNs compared to the SPIONs at the same concentration.
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Similar results were obtained, and an increased intracellular
fluorescence intensity with incubation time was observed
(Fig. 4c). However, the intensities measured were higher at
12 h and 24 h compared to the experiment set (Fig. 4a), where
MTNs were washed out from the cell culture. It could be
attributed to more MTNs taken up by cells during incubation
and the increasing fluorescence emission during dissolution.
Owing to these peculiar fluorescence properties, MTNs could be
utilised to monitor the dissolution of MTNs within cells and
subsequently could help probe the sustained release of drugs
encapsulated inside the MTNs.

MRI analysis of MTNs

SPIONs-based contrast agents are widely used for T,-weighted
MRI in medical diagnosis,”**' where T, is referred to as the
transverse relaxation of water in tissues caused by the loss of
phase coherence or order among the protons in the transverse
plane. Therefore, due to their superparamagnetic nature, MTNs
aqueous suspension at 100 pg mL ™' was used to investigate
transverse relaxation (7T,) and examine their suitability in MRI
applications. MTNs conferred a shorter T, relaxation of water
(12 ms) compared to SPIONs (26 ms) at the same concentration,
as shown in Fig. S9 (ESIt). Accordingly, the transverse relaxivity
(r,) of MTNs was found to be 83.3 s~ *. A multi-slice multi-echo
(MSME) sequence with Tg from 14 ms to 28 ms is also demon-
strated in Fig. 4d, exhibiting the darker images created by
MTNs compared to the SPIONs at the same concentration.
The shortening of proton T, for MTNs generated by entrapping
SPIONs with tryptophan nanoassemblies could be attributed to
several physical phenomena. Firstly, the MTNs presumably
tumble in solution slower than monodisperse SPIONs. Therefore,
rotational correlation effects could reduce the relaxation time when
SPIONs are dispersed in the tryptophan nanoassemblies.*?
Secondly, the observed trend may be partially due to the
aggregation and ordering of the SPIONs inside the tryptophan
matrix of the MTNs.**™** The encapsulation of SPIONs within
the tryptophan matrix considerably lowers the diffusion coeffi-
cient of water near the particles. Thus, the matrix allows water
protons to interact longer with the strong magnetic field at the
particle’s surface than the dispersed pristine SPIONs.**™*
However, the mechanism of the interaction is complicated
and has not been fully elucidated, but Monte Carlo simulations
have demonstrated that the proximity of SPIONs within a
cluster, their shape, size and polydispersity can influence the
magnetisation processes.’®™*® Another possible reason for the
shortening of T, in MTNs could be the inhomogeneous dis-
tribution of SPIONs within the tryptophan matrix and varia-
tions in the cluster sizes and shapes, as shown in Fig. S10
(ESIT). It would cause magnetisation differences in discrete
regions in the MTNs, which may lead to local field gradients
that quicken the loss of phase coherence of the spins contri-
buting to the MRI signal producing a decrement in the 7T,
Value.42’49’50

These results suggest that hybrid MTNs could be used as a
nanocarrier of therapeutic agents due to their non-toxicity,
stability, nanometric size and superparamagnetic nature.
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In addition, the fluorescent properties exhibited by MTNs could
be utilised to monitor their dissolution and, thereby, the
sustained release of encapsulated drug molecules. MRI analysis
demonstrated the suitability of MTNs as T,-based MRI contrast
agents for better T,-weighed magnetic resonance images.

Conclusions

We have demonstrated the formation of multifunctional hybrid
magnetic tryptophan nanoparticles (MTNs) using high-frequency
ultrasound. The mechanism of MTNs formation was elucidated.
MTNs showed promising optical and biological properties as
potential nanocarriers for hydrophobic and hydrophilic drugs
that could be further embedded into the MTNs or readily
adsorbed on the surface of the particles. In addition, MTNs
exhibited increased image contrast in 7,-weighed MRI images,
which could be further explored and fine-tuned for advanced
MRI and theragnostic applications. Furthermore, MTNs could
be investigated for suitability in hyperthermia and targeted
drug delivery applications due to their excellent properties and
superparamagnetic nature.
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