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Abstract

The design, synthesis and characterization of a novel nucleoamino acid derivative based on an L-tryptophanamide func-
tionalised with a thymine nucleobase (named TrpT) is here described. The novel construct’s tendency to self-assemble into
supramolecular networks in aqueous solution was demonstrated by dynamic light scattering (DLS), circular dichroism (CD),
fluorescence and UV spectroscopic measurements. TrpT nanoaggregates showed good stability (up to 5 h) at 140 uM and
proved to comprise species of mean hydrodynamic diameter 330 nm and a homogeneous size distribution; scanning electron
microscopy (SEM) analysis further revealed these to be spherical-shaped assemblies. The ability of TrpT nanoaggregates to
bind curcumin, selected as a model anticancer drug, was also evaluated and its release was monitored over time by confocal
microscopy. Molecular docking studies were performed on both TrpT self-assembly and curcumin-loaded nanoaggregates
suggesting that the phytomolecule can be accommodated in the interior of the supramolecular network via hydrophobic
(z—m and z-alkyl) interactions; the formation of TrpT-curcumin adducts may improve the polarity of the highly-hydrophobic
curcumin with a resulting logP closer to the optimal values expected for a good drug bioavailability, as estimated by the
ADMET]Iab software. Finally, the high stability of TrpT nanoassembly in human serum, and the absence of significant toxic
effects on human model cells in a cell viability assay, were also demonstrated. Despite its thymine-based scaffold, TrpT was
shown not to bind adenine-bearing nucleic acids, suggesting that this interaction is hindered by its intrinsic propensity to
self-assemble in preference to forming A-T base pairings. Instead, TrpT was able to interact with a serum protein such as
bovine serum albumin (BSA), known to improve the bloodstream transportation and bioavailability of its cargo. Collectively,
our findings support the potential use of TrpT for the development of new drug delivery systems.
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Introduction

Synthetic conjugates composed of nucleobases inserted into
a peptide backbone, mainly of diamino-acidic nature, may
show many advantageous properties including nucleic acid-
binding ability [1, 2]. Nonetheless, these molecules, also
classed as nucleopeptides, are able to form supramolecular
networks, cross cellular membranes and exhibit useful bio-
activities [3—7]. Since the overall nucleopeptide properties
arise from both the amino acid and nucleobase moieties,
it is worth underlining that short peptides are able to self-
assemble into different nanostructures [8—11], while nucle-
obases in synthetic molecules and especially in modified
nucleosides [12—16] may lead to several biological proper-
ties. For example, when single nucleobases were inserted
into polyamino acid chains, certain protein and peptide
structures were stabilised, improving their function [17, 18],
while nucleobase-conjugated diphenylalanines were found to
self-assemble into nanostructures useful in various biomedi-
cal applications [19-21].

The ability of nucleopeptides to form highly ordered
architectures [22] has been recently employed to develop
controlled supramolecular systems such as hydrogels, nano-
spheres, nanotubes, nanofibers, nanovesicles, or micelles (of
diverse shapes, including cylindrical, spherical, and worm-
like). These are amenable to various bio-nanotechnological
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applications, such as drug/gene delivery, and take advantage
of the well-documented biocompatibility of the nucleopep-
tides [23].

Nucleopeptide building blocks, i.e. nucleoamino acids,
are biologically-relevant compounds isolated from natural
sources (e.g. L-willardiine extracted from Fagus sylvatica) or
routinely synthesised monomers for nucleopeptide synthesis
[24-30]. The interest in these molecules stems not only from
the crucial roles that the related peptidyl nucleosides [31]
play in biology and therapy but also from their utility to
build up new supramolecular networks. In fact, individual
nucleoamino acids have been observed to self-assemble
in supramolecular networks, as in the case of L-spinacine
(Scheme 1A) and nucleobase-bearing phenylalanines [32,
33]. Also short nucleopeptides such as nucleobase-contain-
ing diserine, diphenylalanine, and dityrosine have also been
shown to efficiently self-assemble [34-36].

Herein we report on the synthesis, characterization and
potential self-assembling properties of a novel nucleoam-
ino acid derivative based on an L-tryptophanamide func-
tionalised with a thymine nucleobase (TrpT, Scheme 1A).
As for the thyminyl-L-spinacine conjugate [32] (SpinT,
Scheme 1A), our derivative, carrying an L-Trp in place of
L-spinacine, was similarly expected to form superstructures
held by intermolecular H-bonding, aromatic and hydropho-
bic interactions. Structurally, the substitution of L-spinacine
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Scheme 1. A Molecular structures of TrpT and SpinT [32] and their
natural precursors. B Self-stacked 3D structure of TrpT predicted
by ICM 2D to 3D (www.molsoft.com/2dto3d.html, accessed on 7th

by the L-Trp moiety (Scheme 1A) was intended to improve
(i) the flexibility of the self-assembling monomer (compared
to a more rigid L-spinacine scaffold), (ii) the H-bonding
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April 2022) software. C Energy-minimised 3D structure of TrpT real-
ised by MOLVIEW (http://molview.org, accessed on 7th April 2022)
software

propensity (secondary vs. tertiary amide), (iii) the aromatic
interactions.
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Famously, the tryptophan residue, intrinsically able to
aggregate forming nanotubes [37], when conjugated to
nucleobases leads to self-assembling derivatives forming
supramolecular polymers, as previously ascertained in the
solid state by X-ray studies [38]. Interestingly, L-tryptophan
derivatives N-functionalised with aromatic functionalities
can also form hydrogels, and efficient drug nanocarriers [39,
40].

On the other hand, the nucleobase moiety not only con-
tributes to reinforce the overall self-assembly capability but
expectedly provides interactions with bioactive compounds
for possible drug delivery applications.

For our TrpT structure, the conformations that lead to
the intramolecular stacking (Scheme 1B) of the two teth-
ered aromatic moieties are predicted in silico to be par-
tially disfavoured by the tendency of the rings to lie almost
perpendicular to one another (Figure S1, Scheme 1C),
despite the previously reported self-stacking ability for
adenine/thymine [41] and indole/thymine containing mol-
ecules [42]. Overall, we expected that both the self-stacked
(Scheme 1B) and the open conformations (Scheme 1C,
featuring the L-Trp and thymine moieties free from any
self-stacking and exposed to intermolecular interactions
with surrounding molecules) could favour the self-assem-
bly, as this study sought confirmation by exploiting dif-
ferent techniques suggesting the potential use of TrpT as
a self-assembling nanomaterial with potential nano-based
biomedical applications.

Materials and methods
General methods

All the used reagents and solvents were purchased with the
highest commercially available quality and were used as
such.

'H- and ">C-NMR experiments were acquired at 25 °C
on Varian Unity 400 MHz or 600 MHz spectrometers, as
specified. Chemical shifts (6) and coupling constants (J)
are expressed in parts per million (ppm) and in Hertz (Hz),
respectively. Proton and carbon chemical shifts were ref-
erenced to residual CHD,0D (6=3.30, quin) and CD;0D
(6=49.3, sept) solvent signals, respectively. To explain signal
multiplicity the following abbreviations were used: s =singlet;
d=doublet; t=triplet; g =quartet; m =multiplet; b=broad.

All the samples were chromatographically analysed and
characterised by LC-MS using a MSQ mass spectrom-
eter (ThermoElectron, Milan, Italy) equipped with an ESI
source—operating at 3 kV needle voltage and 320 °C—
and a complete Surveyor HPLC system, comprising an MS
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pump, an autosampler, and a PDA detector. For sample
injections, Phenomenex Jupiter (4u, 90A) Proteo (4 um,
4.6 X 150 mm) columns were used. A gradient elution at a
flow rate of 0.8 mL/min was applied starting with buffer A
(0.05% TFA in water) and applying buffer B (0.05% TFA
in acetonitrile) monitoring the signal at 260 nm.

MALDI-TOF MS measurements were performed on a
TOF/TOF™ 5800 system using 2,5-dihydroxybenzoic acid
(DHB) as a matrix and following previously optimized pro-
cedures [43, 44].

Analytical chromatograms were obtained on a Hewlett
Packard/Agilent 1200 series HPLC, equipped with a diode
array detector, by using a Phenomenex Jupiter C18 300 A
(5 um, 4.6 X250 mm) column. A gradient elution starting
with buffer A' (0.1% TFA in water) and then ramping up
buffer B' (0.1% TFA in acetonitrile) was performed. The elu-
tion was monitored at 25 °C and at a wavelength of 260 nm
with a flow rate of 1 mL/min. Samples were lyophilised
(FD4 Freeze Dryer, Heto Lab Equipment) for 16 h.

Synthesis of (2S)-3-(1H-Indol-3-yl)-2-[2-(5-me-
thyl-2,4-dioxo-3,4-dihydro-2H-pyrimi-
din-1-yl)-acetylamino]-propionamide (TrpT)

TrpT was synthesized on a Rink Amide MBHA resin
(0.65 mmol/g, 77 mg, 50 umol) previously treated with
40% piperidine in DMF (Scheme 2) to remove the Fmoc
protection. Subsequently, Fmoc-L-Trp-OH (250 umol, 5
equiv.), DIEA (500 pmol, 10 equiv.) and HATU (250 pmol,
5 equiv.) were dissolved in anhydrous DMF (0.8 mL),
added to the resin and left under stirring for 30 min. The
resin was then drained and washed with DMF (3 X 1 ml).
We repeated this procedure twice before the Fmoc depro-
tection, which was accomplished by treating the resin with
40% piperidine in DMF for 20 min. The L-Trp-function-
alised resin was then reacted with thymine-1-acetic acid
(250 pmol, 5 equiv.), in presence of DIEA (500 pmol, 10
equiv.) and HATU (250 pmol, 5 equiv.) in DMF (0.8 mL)
for a half an hour. Following the washes, this coupling
was repeated once again. Finally, TrpT—detached from
the solid support with TFA/TIS/H,0 (95/2.5/2.5, v/v/v)
over 2 h—was obtained pure as a white solid (91% overall
yield) after partial solvent evaporation, followed by pre-
cipitation from cold diethyl ether, centrifugation and final
lyophilization. Before its use in our experiments, the solid
TrpT sample was dissolved in ethanol/H,0=1/1 (v/v) at
a 14.3 mM concentration. This stock solution was then
diluted to the desired concentrations with suitable amounts
of sodium phosphate buffer (25 mM, pH 7.4).

'H-NMR (400 MHz, CD;0D, Figure S2): § 7.62-6.99
(6H, m, Ar-Trp, C6-H), 4.67 (1H, dd, J=5.6 and 8.4, CHa),
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4.38 (1H, d, J=16.8, NCHaH), 4.26 (1H, d, /J=16.8,
NCHHb), 3.33 (1H, dd, /=5.6 and 14.8, CHSH), 3.10 (1H,
dd, /J=8.4 and 14.8, CHHp"), 1.80 (3H, s, CHy);

BC-NMR (150 MHz, CD;0OD, Figure S3): § 176.8, 169.7,
167.3, 153.5,143.7, 138.4, 129.2 124.9, 122.8, 120.2, 119.7,
112.7,111.5,111.4,55.9, 51.3,29.2, 12.5.

LC-ESI-MS (Figure S4A): m/z 369.77 (found), 370.39
(expected for [C,gH,(NsO,+H]"); 391.86 (found), 392.37
(expected for [CgH;oNsO,+ Na]*).

MALDI-TOF (Figure S4B): m/z 392.33 (found), 392.37
(expected for [C,gH;oNsO,+ Na]*); 408.31 (found), 408.38
(expected for [CgH,oNsO,+K]*).

Molecular modelling and in silico pharmacokinetic
properties prediction

We realized the two models for the energy-minimised 3D
structures (obtained as random low energy conformers)—
reported in Scheme 1B, C, as well as Figure S1—using the
online software MOLVIEW (http://molview.org) and Data-
Warrior (see http://openmolecules.org/).

Self-stacked TrpT 3D structure was obtained with the
ICM 2D to 3D software (www.molsoft.com/2dto3d.html)
using MMFF atom type assignment and force-field optimi-
zation. We computed the molecular volume of TrpT (Figure
S6A) with WebLab ViewerPro 3.7 (Molecular Simulations,
San Diego, California).

The Simplified Molecular Input Line Entry System
(SMILES) code of TrpT was computed with MOLVIEW and
applied to estimate—by using the SwissADME web service
(http://www.swissadme.ch/index.php)—the physico-chemi-
cal properties of the molecule, including solubility in water,
tPSA (topological polar surface area), molecular weight
(MW), logP value (octanol-water partition coefficient) in
five variants and the consensus LogP (cLogP) which was an
average of the five mentioned predictions. All these data are
reported in Figure S6B.

Moreover, the HDOCK software [45, 46] was exploited
for the molecular docking studies described in this work.
HDOCK is a docking software employed in macromolecule-
macromolecule [45] and macromolecule-small molecule
[47] docking simulations, including those involving RNA
and DNA G-quadruplex structures [48, 49]. This server uses
ITScore-PP, an iterative knowledge-based scoring function,
ranking the Top 1-10 poses provided after the docking runs.
The software provides dimensionless HDOCK scores that
are correlated to binding affinities [50]. Examining HDOCK
scores one can compare the binding affinities of different
ligands for the same biomolecular target, with the most
negative scores being associated with the highest binding
affinities [50]. Blind molecular dockings for the (TrpT),
complexes (n=2,4,8...0.256) and the curcumin/(TrpT),s

system were carried out using default parameters for all
HDOCK dockings and the PDB files of curcumin and TrpT
obtained after structure editing in Discovery studio soft-
ware [51] that was used also to analyse the intermolecular
interactions between the TrpT units in the self-assembly and
between the self-assembly and the curcumin. The 3D struc-
ture, including H-atoms, for curcumin was retrieved by us
from the PubChem database (https://pubchem.ncbi.nlm.nih.
gov/). More details on HDOCK docking server and the pro-
cedures for the dockings are available at http://hdock.phys.
hust.edu.cn/. Herein, the top-ranked poses (Top 1) for the
(TrpT), (n=2,4,8...256) and curcumin/(TrpT), complexes
predicted by HDOCK according to the energy scores pro-
vided by the program were analysed and described.

In turn, the ADMETlIab software (https://admet.scbdd.
com/calcpre/calc_cf_single_mol/) was employed to predict
the LogP values of the adduct TrpT-curcumin and curcumin
alone, using for TrpT and TrpT-curcumin the following
SMILES identifiers:

COclcc(C=CC(=0)CC(=0)C=Cc2ccc(0)c(0C)c2)
ccclO (curcumin);

COc5cc(C=CC(=0)CC(=CC=clccc(=0)
c(OC)c1)N(C(=0)Cn2cc(C)c(=0)[nH]c2=0)
C(Cc4cc3cccec3[nH]4)C(N)=0)ccc50 (TrpT-curcumin).

Circular dichroism (CD) and UV studies

CD and UV spectra were recorded on a JASCO J-815 CD
spectropolarimeter (Jasco Inc., Easton, MD, USA). For
these experiments, TrpT solutions were prepared in 25 mM
sodium phosphate (pH 7.4) in the 5-140 uM concentration
range. Spectra were acquired by averaging three scans in
the 190-320 nm range with a 2 nm bandwidth and using
a 100 nm/min scan rate. All the spectra were corrected for
background by subtracting the proper blank.

CD and UV experiments were performed in triplicate:
representative results were reported in Fig. 1 (for each tech-
nique the observed behaviour among the three repetitions
was consistent within +2%).

Kinetic and temperature-dependent (heating—cooling)
UV-vis measurements were carried out on a JASCO V-770
spectrophotometer using a quartz cell with a 10 mm optical
path length (Hellma). TrpT was prepared in 25 mM sodium
phosphate buffer (pH 7.4) at 50 and 140 pM concentrations
and, immediately, the UV-vis spectra of each solution were
recorded over time (0-24 h) with a scan rate of 100 nm/
min, a 1 nm bandwidth and corrected for background by
subtracting the spectrum of the buffer. After 24 h, in parallel
experiments, each solution was subjected to heating/cooling
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cycles by monitoring the absorbance at 271 nm with a scan
rate of 1 °C/min.

Fluorescence

Fluorescence experiments were performed on a spectrofluor-
ometer (FluoroMax-4 Horiba Scientific) at 25, 50 and 80 °C.
For these measurements, TrpT samples were prepared in
25 mM sodium phosphate (pH 7.4) in the 5-140 uM concen-
tration range. All the fluorescence spectra were recorded in
the 310-500 nm (4,,,,) range upon excitation at 280 nm (4.,)
using 5 nm slit bandwidths for both excitation and emis-
sion and finally corrected for background fluorescence by
subtracting the proper buffer blank. All the fluorescence
experiments were performed in triplicate; representative
experiments were reported in Fig. 1 (for each technique the
observed behaviour among the three repetitions was consist-
ent within +2%).

Dynamic light scattering (DLS)

DLS measurements were carried out on a Zetasizer Nano ZS
(Malvern Instrument) by using 12 mm square polystyrene
cuvettes (DTS0012, Malvern Instrument) according to pre-
viously optimized protocols [52, 53]. A TrpT solution was
prepared at a 140 pM concentration in 25 mM sodium phos-
phate (pH 7.4) and then filtered using a 0.2 pm membrane
filter (Merck Millipore). All the analyses were performed
in triplicate at r.t. with a scattering angle of 173° and an
equilibration time of 60 s. Samples were also monitored up
to 5 h with the same instrument settings.

Scanning electron microscopy (SEM)

The morphological characterization of our nanosystems
was carried out by SEM analysis through the collection of
images using an FE-SEM Ultra Plus (Zeiss) microscope at
5 kV. For sample preparation, 20 pL (diluted in phosphate
buffer pH 7.4, 25 mM) of TrpT solution (1 mM) were depos-
ited on a thin glass slide, air-dried for 16 h at room tempera-
ture and then sputtered with a 10 nm thick gold layer. After
these steps, different images of dried nanoassemblies were
acquired.

Curcumin binding/release study
UV-visible spectroscopy was used to assess the entrapment
of curcumin in TrpT assemblies. For this purpose, a cur-

cumin solution (10 pM in 25 mM sodium phosphate buffer,
pH 7.4) was prepared and then sonicated for several minutes.
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Then the solution was analysed using UV-Vis spectroscopy
to observe a characteristic peak at 430 nm. Subsequently, a
concentrated TrpT solution was gradually added to the cur-
cumin solution and any changes in the intensity of the peak
located at 430 nm were recorded after 10 min of incubation.

For confocal microscope imaging acquisition, a 250 uM
curcumin solution (dissolved in Milli-Q water and sonicated
for several minutes) was diluted twenty-five-fold into a TrpT
solution (140 uM in 25 mM sodium phosphate buffer, pH
7.4), so to obtain a final 10 pM drug concentration, and
then kept overnight at 25 °C. After dialysis (using a mem-
brane pore cut-off = 12 kDa), to remove the non-entrapped
drug molecules, 10 pL of this solution was spotted onto a
glass slide and observed under a fluorescence microscope.
In detail, the curcumin-TrpT nanoassemblies were detected
with a confocal microscope (CLSM Leica SP5, Objective
63 x oil, scan speed of 400 Hz, excitation wavelength (4,,)
458 nm, emission wavelength (4.,,) 478—520 nm) to evaluate
the fluorescence emission of curcumin from the self-assem-
blies at zero time, which was fixed as 100%. The fluores-
cence intensity was then monitored over time to follow the
curcumin release. The fluorescence values were normalised
and subtracted from the background intensity. The results
from two different experiments were averaged and shown
in the figure (error bars associated with Fig. 7C histograms).

Human serum stability assay

1 uL of a 150 uM solution of TrpT was added to 99 pL of
fresh human serum (Sigma Aldrich) and incubated at 37 °C.
Samples withdrawn from the reaction mixture at intervals
0,1,2,3,4,5, 24 and 168 h) were treated with 7 M urea at
95 °C for 2 min and subjected to HPLC analysis (detection
at 260 nm) on a Hewlett Packard/Agilent 1100 series instru-
ment, equipped with a diode array detector, using a Phe-
nomenex Jupiter C18 300 A column (5 pm, 4.6 X 250 mm).

Cell culture and cell-based assay

Human prostate cancer PC-3 cells were maintained in RPMI
1640 medium (GIBCO, USA) supplemented with 10% fetal
bovine serum (GIBCO, USA), 2 mM L-glutamine (LONZA,
Belgium) at 37 °C in a 5% CO, humidified atmosphere.
Cell cytotoxicity was assessed by the crystal violet assay.
Briefly, 8 10*ml cancer cells, after adhesion, were incu-
bated with different concentrations of TrpT diluted with eth-
anol (Sigma-Aldrich) for 24 or 48 h. Subsequently, the cells
were washed with Phosphate-Buffered Saline (PBS), fixed
and stained with 0.1% (w/v) crystal violet in 25% methanol
(Sigma-Aldrich); after 30 min, the cells were washed twice
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with double distilled water and let dry. Then, crystal violet
was dissolved in a 10% acetic acid solution and absorbance
was measured at 595 nm using a microplate reader.

For determining the effect of TrpT solutions on cell via-
bility, the trypan-blue exclusion method was used. Cells,
seeded at a density of 5X 10%/ml, were treated with TrpT
(5-100 pM range) and after 24 and 48 h were counted in a
Burker haemocytometer using a microscope (Leica, Ger-
many). Cell viability was calculated as the ratio of live to
dead cells, expressed as a percentage.

All data were expressed as mean + SD of experiments
performed in quadruplicate and unpaired.

CD binding studies

The CD binding assays with dA,, poly rA and BSA were
registered with a JASCO J-715 spectropolarimeter equipped
with a PTC-4235/15 Peltier thermostated cell holder, using
a two-chamber quartz cell (Hellma, 238-QS, 2x0.4375 cm
optical path length).

Sum and mixing CD spectra with nucleic acids were
obtained with TrpT (16 nmol in T) and dA, or poly rA
(16 nmol in A each) in 25 mM sodium phosphate buffer
(pH 7.5) at 10 °C.

Sum and mixing CD spectra with BSA were recorded
using a BSA concentration of 1 uM (2 nmol) and a 1:10
BSA/TrpT molar ratio in the same conditions.

Scheme 2. Schematic repre-
sentation of the synthesis of
TrpT realized in the solid phase. H
Abbreviations: Boc (tert-butyl- 0 N 0

oxycarbonyl); DIEA (N,N-diiso- |
N F

propylethylamine); DMF (N,N-
dimethylformamide); Fmoc I
07 NH NH

(9-fluorenylmethoxycarbonyl);
HATU (O-(7-azabenzotriazole-

1-yD-1,1,3,3-tetramethyluro- o , /
nium hexafluorophosphate); V

TFA (trifluoroacetic acid);

TIS (triisopropylsilane); Trp NH;

(tryptophan) Tl'pT

(91 % overall yield)

)—NHz

Results and discussion
Synthesis and characterization of TrpT

In analogy to the synthesis of other nucleoaminoacids [33,
54], the thyminyl L-tryptophanamide TrpT was obtained by
a solid phase synthesis through the couplings on the resin
of, first, the Fmoc/Boc protected amino acid L-tryptophan,
and then — after removal of the Fmoc group with a piperi-
dine treatment — of the thymine-1-acetic acid, using in both
cases HATU/DIEA as condensing agents (Scheme 2). After
cleavage from the solid support by a strong acid (95% TFA),
precipitation, centrifugation, resuspension in H,O/CH;CN
and lyophilisation, the TrpT product, as amidate (-CONH,),
was obtained pure in 91% overall yield without need for
chromatographic purification. Both the molecule identity
and purity (>98%) were confirmed by HPLC, LC-ESI-MS,
NMR and MALDI-TOF (section 4.2 and supplementary Fig-
ures S2—-S4). In particular, the mass spectrometry measure-
ments showed molecular ions corresponding to the proto-
nated form of TrpT and its adducts with either sodium and
potassium ions (Figure S4).

Subsequently, a detailed spectroscopic analysis of the
novel nucleoamino acid derivative was undertaken to assess
its behaviour in pseudo-physiological solutions. All the per-
formed experiments pointed to the self-assembling tendency
of TrpT, in analogy to aromatic amino acids [55, 56] and
aromatic di(oligo)peptides [9, 19], as described in the fol-
lowing sections.

(o]
e g :Qf"'
1 l\'é'o i %2 g [ Vi

HATU, DIEA, 30 min

2.TFAH,O/TIS
(95/2.5/2.5), 2h

Piperidine,
DMF, 20 min

Fmoc-L-Trp(Boc)-OH,
HATU, DIEA, 30 min

> )_H
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Fig.1 Optical characterizations of TrpT at varying concentrations
(from 5 to 140 puM) in sodium phosphate buffer (pH 7.4, 25 mM) at
25 °C. A Overlayed CD spectra of TrpT (recorded with a 2 nm band-
width and using a 100 nm/min scan rate). Plots of the CD values
recorded at =214 nm (B) and A=271 nm (C) vs. TrpT concentra-
tion. D Selected UV spectra of TrpT. E Plot of UV absorbance (Abs)
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fitting of low concentration (<20 uM) data points. Experiments were
performed in triplicate. The observed behaviour among the three rep-
etitions was consistent within+2%
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CD, UV, and fluorescence analysis of TrpT solutions

CD measurements were performed exploring different TrpT
concentrations (from 5 to 140 uM in phosphate buffer). At
the lower concentration (5 uM), the spectrum showed a
positive band at 195 nm with a small shoulder at 210 nm
(red line, Fig. 1A). Some significant CD changes were
detected upon increasing TrpT concentration. Specifically,
the 195 nm band gradually decreased, finally disappearing
at 30 uM with the concomitant emergence of a minimum at
205 nm and a wide band centred at about 220 nm. The latter
band, going from 30 to 140 uM, increased in intensity with
a significant shift towards shorter wavelengths (214 nm) and
the appearance of a pronounced shoulder (228 nm). Simulta-
neously, a new, less-intense positive band (271 nm) emerged
(Fig. 1A—C). These changes in the CD spectra indicated
different structural organizations of TrpT, each favoured at
different molecule concentrations. The appearance of new
positive bands could be attributed to conformational changes
following self-assembly processes and therefore to probable
new morphologies.

The UV-visible and fluorescence spectra were also
recorded exploring different concentrations of the nucleo-
amino acid derivative (Fig. 1D-G). The UV-vis spectra
evidenced a wide band centred at 270 nm, which increased
proportionally with the TrpT concentration (Fig. 1D). How-
ever, by plotting the UV absorption at 270 nm (Abs,;,) as
a function of concentration, a linear behaviour in the range
5-40 uM and a negative deviation at higher concentrations
(prior to signal saturation; Fig. 1E), were observed, which is
a behaviour typical for aggregate formation [57, 58].

The fluorescence analysis of TrpT solutions showed con-
centration-dependent emission spectra following a 280 nm
excitation, the characteristic 4., for tryptophan (Fig. 1F).
Moreover, the fluorescence emission peak resulted at a
longer wavelength (4,,,~365 nm) than the corresponding
value usually observed for tryptophan in proteins or peptides
(300-345 nm). Initially, the dependence between concen-
tration and emission intensity was linear, but a non-linear
trend was seen beyond 40 uM (Fig. 1G). These results con-
firmed the ability of TrpT molecules to mutually associate
in a concentration-dependent manner, forming higher-order
nanostructures, similarly to self-assembling aromatic-con-
taining peptides [59]. Moreover, the tryptophan units in the
formed supramolecular structures are likely solvent-exposed
as hypothesised by virtue of: i) their red-shifted fluorescence
emission, similar to that reported for denatured proteins or
for the most red-shifted polypeptides such as glucagon and
melittin [60] (4.,,~352 and 346 nm, respectively), and ii)
the constant 4, of the fluorescence maximum upon increas-
ing TrpT concentration, i.e. upon the growth of the self-
assembling architecture. Indeed, superstructures in which
tryptophan units are buried in a hydrophobic cavity often

exhibit a marked blue-shifting of 4., with intensity values
higher than predicted [60, 61], which are effects opposite to
those observed for TrpT.

In short, this spectroscopic analysis demonstrated that
the novel amidate nucleoamino acid has the capability to
self-assemble in solution leaving the tryptophan moieties
exposed to the aqueous environment.

To further investigate the TrpT self-association, we per-
formed i) UV-kinetic experiments at 50 uM and 140 uM,
concentrations close to, respectively, the minimal expected
value for the onset of nanoaggregation, and the maximum
concentration tested; and ii) temperature-dependent UV—vis
and fluorescence experiments.

The UV-vis spectra of the freshly prepared 50 and
140 uM solutions of TrpT were monitored over 24 h. A
gradual increase of the absorbance of the 270 nm band, more
evidently for the lower concentration (AAbs,;; = +22%,
Fig. 2A) than for the more concentrated solution
(AADbs,;, = +5%, Fig. 2B), was observed. For the two solu-
tions a signal stabilization was observed after 6 h (50 uM)
and after 4 h (140 puM).

After 24 h, the two TrpT solutions were subjected to a
heating—cooling cycle (20 — 95 — 20 °C), whilst monitor-
ing in parallel UV absorbance at 4, (271 nm) (Fig. 3).
This treatment resulted in a decrease of Abs,; up to 50 °C
(for 50 uM, Fig. 3A) and 65 °C (140 uM, Fig. 3B), fol-
lowed by a subsequent absorbance increase up to 95 °C for
both solutions. The decreases in Abs,,; observed during
the first stage of heating likely indicate a reorganization of
the TrpT assembly with a concomitant increase in the 7—nz
stacking interactions of the TrpT aromatic rings (Fig. 3E).
Heating beyond the absorbance minimum of the Abs vs. T
plot causes intermolecular binding, including stacking, to
gradually disintegrate for both the systems (see Fig. 3E for
the 140 pM system).

After UV signal stabilization at 95 °C, both systems
were cooled down to 20 °C, resulting in a progressive fur-
ther increase in Abs,,, following a sigmoidal behaviour
with inflection points at about 60 °C in both cases (Fig. 3C,
D). This trend suggests a difference in the pathway between
aggregate disruption (during heating) of the kinetically
formed superstructures and refolding, which occurs under
thermodynamic control during cooling. The cooling process
in both cases is accompanied by a gradual and cooperative
reorganization of the system with disruption of self-stack-
ing and probable concomitant formation of other binding
modes, including H-bonding and NH-z interactions. Thus,
during the thermodynamic self-aggregation stage, self-
stacking interactions of the isolated molecules, dominant at
high temperatures, become reduced in favour of an overall
less self-stacked aggregated system (see Fig. 3E describ-
ing the hypothesised mechanism for the 140 pM concen-
tration; a similar mechanism can be assumed also for the
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Fig.2 UV-kinetic experiments. Overlayed UV spectra of TrpT meas-
ured at 50 uM (A) and 140 uM (B) in sodium phosphate buffer (NaPi,
25 mM, pH 7.4) at 60-min intervals. The scatter plots depict the time
dependence of the same data: UV absorbance at 4, (271 nm) for

50 pM concentration) [42]. In this regard, it is noteworthy
that the six-membered aromatic Phe rings have been shown
to interact almost perpendicularly with the indole moieties
of tryptophan in proteins [62], perhaps explaining the less
stacked nature of the nanoaggregated systems formed by
TrpT at 20 °C.

Following the return to ambient conditions, the second
heating cycle displayed almost the same behaviour as the
first (Figure S5) but with somewhat different starting points
of the absorbance values (especially for 50 uM). This simi-
larity points to a significant degree of reversibility of the
self-assembly. In other words, the supramolecular structures
obtained under kinetic control at room temperature exhibit
essentially the same form as those obtained via thermody-
namic control, apart from a slightly greater extent of inter-
molecular stacking seen in post-cooled samples.

Fluorescence experiments on the TrpT solution were also
performed at different temperatures. Most noticeably, heat-
ing was marked by a significant drop in fluorescence inten-
sity (Fig. 4A). Such fluorescence decreases usually indicate
a change in the chromophore environment towards lower
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TrpT at 50 uM (C) and 140 uM (D). Experiments were performed
in triplicate. The observed behaviour among the three repetitions was
consistent within+2%

hydrophobicity, in this case probably due to the disruption
of supramolecular interactions [63].

Such a scenario is again consistent with the tryptophan
units becoming progressively more exposed to the aqueous
environment during the disruption of the TrpT nanostruc-
tures. Interestingly, the fluorescence spectrum of TrpT after
heating the solution to 80 °C and subsequently cooling it
to 25 °C differed from that initially recorded at the same
temperature, consistent with our UV evidence for the non-
reversibility of the denaturation (Fig. 4B). Collectively, our
findings indicate that TrpT can form aggregates whose struc-
tures are affected by both temperature and concentration.

Morphological characterization of TrpT self-assem-
bly: DLS and SEM analyses

The tendency of TrpT to form nanostructures in solution was
further confirmed by DLS and SEM. In particular, DLS—
performed on TrpT (140 uM in the selected buffer solution)
at 25 °C—allowed the determination of the average particle
size, homogeneity and stability over 5 h.
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Fig.3 Absorbance at 271 nm vs. temperature during heating and
subsequent cooling, measured at 50 uM (A, C) and 140 uM (B, D)
in sodium phosphate buffer (NaPi, 25 mM, pH 7.4). E Hypothesised
prevalence of various aggregate structures (TrpT 140 pM) and their
likely kinetic and thermodynamically controlled formation/destruc-

Immediately after dissolution, TrpT displayed a DLS pro-
file relative to a nanoassembly with a single population of
narrow distribution and a mean hydrodynamic diameter of
ca. 330 nm (Fig. 5). Particle size homogeneity was further
evidenced by the relatively low polydispersity index (PdI)
values (Table 1).

The analysis of the sample in pseudo-physiological
conditions over time suggested a good stability of the

tion during the heating—cooling cycle; a similar mechanism can be
hypothesised also for the 50 pM concentration. Experiments were
performed in triplicate. The observed behaviour among the three rep-
etitions was consistent within+2%

TrpT aggregates for up to 5 h (with no significant changes
observed in the overall size and PdI values, Fig. 5 and
Table 1).

A volume of 238.4 A’ was estimated for a single TrpT
molecule by WebLab ViewerPro 3.7 (Fig. S6A Molecular
Simulations, Inc., San Diego-CA, 2000), equivalent to a
spherical radius (r=[3 V/4x]"?) of 3.85 A. Considering the
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Fig.5 A TrpT particle diameter (nm) as a function of time (data are
the average of three independent measurements, mean value+SD). B
Representative size distribution by the intensity of TrpT at 140 uM

Table 1 Size (diameter, nm) and corresponding PdI values of TrpT,
reported as a function of time. Data are reported as an average of
three independent measurements (mean value +SD)

Time (h) 0 1 3 5

Size 326.1+18.5 297.6+12.2 3294+11.0 318.9+34.7
(d., nm)+SD

PdI +SD 0.20+0.05 0.30+0.03 0.22+0.01 0.22+0.04

TrpT cluster radius of ~ 1500 A (dyy~300 nm) suggested by
our DLS data, this implies that many millions of molecules
contribute to each self-assembled vesicle.
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concentration in the selected phosphate buffer solution at different
monitoring times, as specified

The morphological features of the molecular self-assem-
blies of TrpT were examined by SEM following a standard
sample preparation involving drop-casting on glass slides
(see the Experimental section). Our images clearly show
that TrpT forms well-defined structures that are predomi-
nantly spherical in shape (light gray structures in Fig. 6A,
B). This evidence corroborates our CD measurements, in
which bands at 200 nm, (typically attributed to fibrillar/
nanotubular morphologies [64, 65]) remained absent, even
at high compound concentrations (Fig. 1A, B). The observed
morphology is more likely due to the Trp — Trp interaction.
The consequent exclusion of water around the Trp units is
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Fig.6 A, B SEM images of

1 mM TrpT (TrpT particles are
the structures in light-gray col-
our showing the solid consist-
ency; the dark-gray spots near
the particles are halos left by the
evaporation of the solvent)

expected to facilitate nanoaggregate bending, leading to
vesicle formation [66], in agreement with our variable tem-
perature fluorescence data. This behaviour can also find sup-
port in the predicted lipophilicity of TrpT (single-molecule
cLogP=0.57 by SwissADME software, Figure S6B), cor-
responding to a slight partition preference for hydrophobic
phases over polar media. This estimated cLogP value falls in
the range typical of compounds characterised by good cell
membrane permeability [67].

Furthermore, by measuring the diameter of 100 randomly
selected particles on SEM images, an analysis of the size
distribution was obtained (Figure S6C) and was found to be
consistent with a Gaussian distribution (R?>=0.9799), reveal-
ing the presence of a main population of TrpT-based nano-
structures with a mean diameter of ~750 nm (950 & 190 nm,
PDI=0.04), which is in line with vesicles from a single tryp-
tophan-bearing small molecule assembly (average diameter
of ~790 nm) [42, 66]. The found PDI value is indicative of
a homogeneous population of structures.

A -=-- Curcumin
0.025 — Curcumin + TrpT 20 uM
~ Curcumin + TrpT 40 pM
— Curcumin + TrpT 60 pM
Curcumin + TrpT 80 uM
—— Curcumin + TrpT 100 uM
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0.020
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Fig.7 A Visible absorption spectra of curcumin (10 uM) in the pres-
ence of varying TrpT concentrations. B Confocal microscopy image
of curcumin molecule entrapped in self-assembled TrpT nanostruc-
tures. C Normalised fluorescence intensity (4., =478-520 nm) of
curcumin (10 pM)—TrpT (140 pM) assemblies measured by con-
focal fluorescence microscope. The reported fluorescence intensi-

Entrapment and release of curcumin by TrpT
self-assembling nanostructure

One of the most appealing applications of nanostructures
is their potential to transport bioactive molecules/drugs
for therapeutic delivery, as required in the case of several
marketed drugs delivered by vesicles [68]. To this end, we
sought to monitor the binding and release capabilities of
TrpT nanostructures by loading them with curcumin, used to
model a hydrophobic drug. Despite some potential therapeu-
tic applications being somewhat compromised by its poor
bioavailability, and rapid metabolism [69, 70], curcumin has
been shown to exhibit a range of anti-inflammatory, anti-
bacterial, anticancer and anti-Alzheimer's properties [71].
Curcumin loading by TrpT aggregates was investigated
by UV-visible spectrophotometric titrations. A progressive
intensity decrease of the curcumin 426 nm (n — 7* transi-
tion) band with increasing the concentration of TrpT added
to a fixed concentration curcumin solution (Fig. 7A), was

c

g 3 8

Normalised F.I. (%)

2 4 7 30
Time (min)

ties were averaged from two independent experiments and reported
as mean values+SD (error bars). The p-value was calculated using
the unpaired two-tailed Student’s t-test to determine whether the dif-
ferences between the reference sample at time zero and the sample
recorded over time were significant (*p <0.1; **p <0.05; and NS, not
significant)
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Fig.8 A The docked structure of a TrpT self-assembly composed
of 256 units (computational model) with curcumin (ligand structure
shown). B Detailed pose view of the TrpT self-assembly-curcumin
complex (hydrophobic bonds, dashed pink line). In both cases, the
ligand is shown in yellow

observed. This behaviour suggested that interactions of
various nature were established between the drug and the
nanoaggregates as already reported for similar systems [72].

Confocal microscopy imaging studies of curcumin-
treated TrpT self-assemblies confirmed the presence of the
fluorescent drug bound to the nucleoamino acid-based vesi-
cles (Fig. 7B), indicating that curcumin is loaded through-
out the nanostructures probably by hydrophobic/aromatic
stacking interactions. The fluorescence emission intensity
of selected particles was found to gradually diminish with
a 90% reduction after 1 h, whilst the shape of the vesicle
remained unchanged (Fig. 7C). Therefore, no loss of the
self-assembly structure morphology of the selected particles
was detected during this monitoring period, consistent with
good stability of the TrpT assemblies. Our findings suggest
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that curcumin-loaded TrpT complexes could have potential
in anti-inflammatory and antitumor therapy in analogy to
other similar systems [71].

These experiments pointed out the good efficiency of cur-
cumin entrapment in the self-assembling TrpT nanosystem.
Indeed, in our experimental conditions, almost all the cur-
cumin, at a 10 uM concentration, was efficiently entrapped
by the 140 pM solution of TrpT, as evidenced by fluores-
cence measurements of the solution dialyzed for the confocal
microscopy experiment (fluorescence was negligible), and
also by the UV-titration experiments in which a continuum
decrease of the absorbance of the curcumin was observed
still at 140 uM concentration of the nucleopeptide.

Seeking an additional computational description of TrpT
self-assembly, molecular docking studies were performed
using HDOCK software. Iteratively docking TrpT units
(self-docking; (TrpT), n=2, 4, 8...256) afforded a model
of supramolecular aggregation (Fig. 8A) driven mainly by
thymine-thymine z—x stacking (Figure S9). Introducing
curcumin into an n =256 scenario, our model predicted the
incorporation of this ligand throughout the interior of the
supramolecular assembly, consistent with our previously
formulated hypothesis. Interestingly, the docking study
illustrated the drug-vesicle binding to be mainly hydropho-
bic in nature; specific interactions of note included a z—n
(T-shaped) contact and two z-alkyl interactions, involving
one curcumin phenol moiety and the indole ring of TrpT, as
well as one curcumin methyl and the TrpT indole moiety,
respectively (Fig. 8B).

Furthermore, the ADMET]Iab software allowed us to predict
the LogP of the adduct between curcumin and TrpT. Consider-
ing that a LogP < 0 corresponds generally to poor lipid bilayer
permeability, whereas a LogP >3 is associated with poor aque-
ous solubility, the optimal range is 0 < LogP < 3 (https://admet.
scbdd.com/home/interpretation/#part6). A LogP value of 3.1
for the TrpT-curcumin adduct with respect to the predicted
value of free curcumin (LogP =3.4) was found, suggesting that
the bioavailability of curcumin could be improved by TrpT.
Indeed, TrpT makes the polarity and, thus, the LogP value of
TrpT-curcumin closer to the optimal range expected for good
drug bioavailability.

TrpT is highly stable in human serum and does
not show toxicity to human cells

To establish the feasibility of its potential applications to
nanomaterials and drug delivery systems, the stability of
TrpT in human serum and its effects on human cells using
PC-3 as a model cell line were evaluated.

The enzymatic stability of TrpT was evaluated by incu-
bating a sample of the compound (150 pM) in 99% fresh
human serum at 7=37 °C and through HPLC analysis of the
samples withdrawn from the mixture at different intervals up
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Fig.9 A Overlayed representative RP-HPLC chromatograms; HPLC
peaks for samples withdrawn at O and 168 h from incubation of TrpT
in 99% human serum at 7=37 °C. Chromatography was performed
on an analytical C-18 column employing a linear gradient of 2%
(5 min) up to 80% of solution B’ in A’ over 20 min (flow rate of 1 mL/
min; solution A’=0.1% TFA in water; solution B'=0.1% TFA in ace-
tonitrile. Detection was at 260 nm). B Cytotoxicity assay featuring
TrpT against PC-3 cells. PC-3 were treated with different concentra-

to 168 h. As deducible from Fig. 9A, the covalent/molecu-
lar structure of TrpT is highly stable, remaining essentially
intact even after about 170 h incubation.

Finally, PC-3 prostate cancer cells were treated with TrpT
solutions (5—100 uM range). From our experiments, TrpT
was non-cytotoxic across the concentration range explored
(Figs. 9B, C and S10B).

In addition, the cell viability was assayed in all sam-
ples also with the trypan blue dye exclusion method and it
resulted higher than 90% (Figure S10A).

Investigation of the TrpT interaction with nucleic
acids

To further confirm the non-toxicity of TrpT in view of
potential drug delivery applications, its possible off-target
interaction with nucleic acids was explored. In particular,
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tions of TrpT, then the medium was removed, and crystal violet assay
was performed. Cells treated with ethanol (0.01%) were included as
a control. The relative number of viable cells was expressed as opti-
cal density (O.D.). Each value is the mean+SD of two experiments
performed in quadruplicate. C Images relative to the morphology of
PC-3 cells treated for 24 h with ethanol 0.01% (left) and 50 uM TrpT
(right). Optical microscope Axivert 200 M Zeiss; 400x; bright field

the capability of TrpT to bind homoadenylic oligonucleo-
tide sequences, specifically a dA;, DNA oligonucleotide
and poly(A) RNA, was evaluated. To this end, CD bind-
ing experiments were carried out between TrpT and nucleic
acids using a dual-chamber cell (inset of Figure S7). The
reservoirs of this cuvette were filled with two solutions,
the DNA or RNA on one side and the nucleoamino acid
derivative on the other, set up with TrpT/DNA(RNA) in a
T:A ratio of 1:1. No significant differences were observed
between the CD spectra corresponding to the two separated
components, for either TrpT/DNA or TrpT/RNA mixtures
(Figure S7). This finding reveals a lack of interaction with
either homoadenylic DNA or RNA sequences under our
experimental conditions and renders unlikely any side effects
(toxicity) due to such aspecific and undesirable nucleic acid
binding.

* @ Springer



350

Journal of Nanostructure in Chemistry (2024) 14:335-353

Investigation of TrpT interaction with bovine serum
albumin (BSA)

To further prove the potential of TrpT as a drug delivery sys-
tem, its possible interaction with BSA, a model of a serum
protein able to transport many classes of ligands, including
amino acids present in the bloodstream to their target organs
[73], was explored. Interestingly, this interaction has also
driven the pharmaceutical use of serum albumins as drug
carriers as they can improve the bioavailability of their car-
goes [74].

Thus, CD binding experiments were carried out between
TrpT and BSA in a dual-chamber quartz cell similarly to the
experiments with nucleic acids described in the previous sub-
section. The reservoirs of the cuvette were filled with the solu-
tion of BSA, on one side, and the nucleoamino acid derivative,
on the other. Subsequently, the ‘sum’ spectrum correspond-
ing to the two separated solutions as well as the spectrum
obtained after mixing them were recorded. The evident differ-
ences observed between the two spectra proved the interaction
between BSA and TrpT (Figure S8). This preliminary finding
is indicative of the potential role of serum albumins in the
transportation of TrpT in the bloodstream and in sustaining
the bioavailability of TrpT-drug nanosystems for biomedical
applications.

Conclusions

TrpT, a novel nucleobase-containing o-amino acid deriv-
ative, obtained in the nucleoamino amide form, was syn-
thesised in the solid phase, and characterised by NMR
and MS. The analyses of the behaviour in a pseudo-phys-
iological solution of this hybrid compound—performed
by CD, UV and fluorescence spectroscopies at different
sample concentrations and variable temperatures—dem-
onstrated its ability to self-assemble into nanoaggregates
which likely expose the tryptophan moieties of the
outer layers to the aqueous environment, while creating
hydrophobic pockets that include other tryptophan units
within the particle interior. The capability of TrpT to
form nanostructures in solution was also confirmed by
DLS and SEM analyses, which demonstrated the forma-
tion of species that are largely spherical in shape and
showed good stability up to 5 h (with a hydrodynamic
diameter of about 330 nm at 140 uM TrpT and narrow
distribution and homogenous size). Remarkably, the
confocal fluorescence microscopy analysis showed that
the supramolecular TrpT network can host the hydro-
phobic drug-like molecule curcumin and release it over
time, suggesting its potential as a drug delivery system.
Molecular docking indicates predominantly hydropho-
bic binding, specifically z—z (T-shaped) and z-alkyl
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bonding, involving one curcumin phenol moiety and the
TrpT indole ring, as well as one ligand methyl and the
nucleoamino amide indole moiety, respectively. Moreo-
ver, a predicted logP value of the TrpT-curcumin adduct
closer to the optimal range expected for good drug lipo-
philicity with respect to curcumin alone, suggested an
improved bioavailability of curcumin combined with the
TrpT nanosystem.

The potential drug delivery application of the herein-
described molecular systems was also supported by the high
stability of TrpT in human serum, its non-cytotoxicity towards
human cells, and its inability to perturb the secondary structure
of adenine-containing DNA and RNA that excludes possible
side effects due to the undesired, possible interactions with
nucleic acids. Finally, TrpT interacted with a serum albumin-
like BSA, which is known to improve the bloodstream trans-
portation and bioavailability of its cargo.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40097-023-00523-7.
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