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Polyoxometalates (POMs) are inorganic molecular clusters that exhibit significant biological activity
against various pathologies, including cancer. Despite their therapeutic potential, the clinical application
of POMs is limited by challenges such as low selectivity and toxicity. To overcome these limitations,
conjugation with targeting moieties such as biomolecules and peptides has emerged as a promising
strategy to enhance their selectivity. Within this context, the use of spacers can reduce intramolecular
interactions between the POM surface and targeting molecules, thereby maintaining their accessibility
for biological recognition. In this study, the Lindqgvist hexavanadate cluster is functionalized with the
antagonist peptide demobesin-1 (DB), with or without spacers, to evaluate the impact of this
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modification on peptide conformation and biological activity. Our findings provide valuable insights into
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1 Introduction

Polyoxometalates (POMs) are metal oxide clusters formed by
transition metals like molybdenum (Mo), tungsten (W), or
vanadium (V), coordinated by oxygen."?* Their structural
diversity® makes them appealing for catalytic applications®
and for the creation of new materials and nanostructures® with
interesting electronic® and magnetic properties.”

Additionally, POMs exhibit biological activity in various
therapeutic contexts:® as anticancer,”® antiviral," and antibac-
terial'®> agents. Their remarkable properties, including acidity,
charge and redox activity, facilitate the interactions with biological
macromolecules such as proteins, enzymes, and peptides. This
interplay often results in degradation, hydrolysis, or inactivation
of the targeted macromolecules.”™*> However, the low selectivity
and stability of POMs limit their broader application. Strategies
such as conjugation with organic moieties' or encapsulation may
improve bioavailability and stability, opening doors for more
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the optimization of POM-based therapeutic agents with improved selectivity and reduced toxicity.

effective therapeutic uses.”'® Hybrid POMs for targeting cancer
cells are particularly promising, although examples remain
limited."”

The Anderson-Evans polyoxomolybdate (POMo), with the
inorganic core {MnMosO,,}, was previously functionalized with
demobesin-1 (DB).'®* DB (with sequence H-p-Phe-Gln-Trp-Ala-
Val-Gly-His-Leu-NHEt) is a peptide derived from bombesin. DB,
as bombesin, is an antagonist for gastrin-releasing peptide recep-
tors (GRPR), which are frequently overexpressed in cancers such
as breast, prostate, lungs and pancreas.’® As a matter of fact,
bombesin-related peptides have shown significant potential in
cancer imaging and therapy. Specifically, inhibiting the inter-
action of gastrin-releasing peptide with GRPR may disrupt cancer
growth, offering a promising therapeutic strategy.*’

However, the POMo-DB conjugate did not exhibit enhanced
efficacy compared to peptide-free POM. This limitation is likely
due to peptide folding and the hybrid’s propensity to aggregate
into nanoparticles."® Spacers such as Ttds (4,7,10-trioxa-1,13-
tridecanediamine) and Glu-Glu-Glu-Glu-B-Ala (EEEEBA) showed
promise in addressing these challenges by reducing aggrega-
tion and minimizing interference between active domains.>"*?
Despite these enhancements, the anticancer activity observed
in vitro remains insufficient for practical applications.

In this work, we have explored a different approach, by
replacing Anderson-Evans polyoxomolybdate with the Lindqvist-
type {V¢O,4} polyoxovanadate (POV). Both POMo and POV share
the same number of addenda metals (Mo or V) and functionaliza-
tion strategies, such as the introduction of triols as the
tris(hydroxymethyl)aminomethane (TRIS),"**** but they are char-
acterized by different shape and charge.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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POVs have demonstrated significant potential in biology
and medicine.”** For instance, Na,[Co(H,0)eV1002s]-18H,0
({CoVyp}) exhibited a remarkable activity against the human
cancer cell lines SMMC-7721 (liver cancer) and SK-OV-3
(ovary cancer).”® K;,[V;304,(H,0)]-6H,0 ({Vy5}) was found to
inhibit the proliferation of breast cancer cell lines, in a dose-
dependent manner, even better than the positive control drug
5-fluorouracil (5-FU).*® Similarly, the decavanadate complex
Na,{(HOCH,CH,);NH,[V;¢0,5]}-6H,O  exhibited antitumor
activity against several tumor cells, including human laryngeal
carcinoma epithelial cell line (Hep-2), human breast cancer cell
line (MDA-MB-231) and hepatocellular liver carcinoma cell line
(HepG2), which was better than 5-FU.*” A self-assembled
nanocage (termed VMOP-31), and resulting from the assembly
of six {V50,Cl} units was described as a promising candidate for
chemotherapy of cancer with high efficacy and low toxicity.>®
VMOP-31 was highly effective in inhibiting the cell growth of
different solid tumors. Furthermore, compared with cis-platin,
VMOP-31 had negligible side effects. POVs were also covalently
bonded to amino acid esters as alanine® or glycine,*® demon-
strating higher inhibitory activity against the proliferation of
human laryngeal carcinoma epithelial (Hep-2), rhabdomyosar-
coma (RD), and breast adenocarcinoma (MCF-7) cell lines,
compared to standard treatments. In particular, the Lindqvist
POV functionalized with p-alanine ethyl ester, [Bu,N],-
[V6013{(OCH,);CCH,00CCH,CH,CONHCH,CH,COOCH,CHj3},]
exhibited the strongest inhibitory effects against Hep-2 and
MCF-7 cells, with ICs;, values of 11.40 and 53.01 uM
respectively.*’
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Herein, we describe the fabrication of POV-DB conjugates
that exploit our previously reported spacer strategy.>*> Speci-
fically, to evaluate how different POM scaffolds may influence
DB’s secondary structure and accessibility, the Lindqvist hex-
avanadate was bis-functionalized with DB units featuring dis-
tinct spacers (Scheme 1). The novel hybrids were characterized
using 2D NMR and CD spectroscopy to investigate the behavior
of the peptides when grafted on the title POV. Our findings aim
to provide further insights into the design of more selective
POM-peptide hybrid nanodrugs.**

2 Results and discussion
2.1 Differences between the hexametalated polyoxoanions

With respect to Anderson-Evans molybdates, Lindqvist vana-
dates display different topology and charge. These POVs are,
indeed, characterized by compact architecture with most
metals exposed on the surface, high symmetry, low charge
and high stability.>*** Owing to such properties, they may be
suitable compounds for a comparative analysis, in order to
evaluate the impact of POM structure and charge on the
peptide structure. Fig. 1 depicts the electrostatic potential,
mapped on an electronic isosurface of the POM precursors
(obtained from relativistic density functional theory calcula-
tions, see the experimental details Section), i.e. the two hexam-
etalates bis-functionalized with TRIS molecules, and highlights
the notable differences in terms of surface electron density. The
lower surface charge of the POV is witnessed by the overall

2- o 2- (l)H
OH N
OH o 0. o O/“\/Y Ovo
T °
= — e —>
DMF, 50 °C, DCC
24h

Vg-succ

Vg-OH
o 2.2 equiv Pep -
[e] 2=
)WO DIPEA, DMF,
~
o N RT, 24 h
o
{-- o
Vg-NHS

Pep-1: H-D-PheGInTrpAlaValGlyHisLeuNHEt (DB)
Pep-2: Ttds-D-PheGInTrpAlaValGlyHisLeuNHEt (Ttds-DB)

Pep-3: H-Gluy-B-Ala-D-PheGInTrpAlaValGlyHisLeuNHEt (EEEE-BA-DB)

DMF, RT, 24 h

Ay

[e]

P= DB or EEEE-BA-DB

POV-1: Vg-DB
POV-3: Vg-EEEE-BA-DB

[e] o
N o} N
O)k/Y W MP
o o

POV-2: Vg-Ttds-DB
POV-4: Vg-Ttds-EEEE-BA-DB)

Pep-4: Ttds-Gluy-B-Ala-D-PheGInTrpAlaValGlyHisLeuNHEt (Ttds-EEEE-BA-DB)

Scheme 1 Reaction scheme to obtain the hybrid derivatives starting from Vg-OH (TBA,[VgO13{(OCH,)sCH,OH},l). For clarity reasons, counter cations

(TBA) are omitted.
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Fig.1 DFT calculated electrostatic potential mapped on an electronic
isosurface of 0.01 density for the two POM precursors: (a)
[V6O135{(OCH2)sCNH2}.1>~ and (b) [MNMogOs6{(OCH2)sCNH},1* . Red
and blue regions indicate negative and positive potential, respectively.

lower negative charge (—2), which is compensated by only two
cations, while the POMo bears three counterions. Additional
differences arise from the lack of heteroatoms’ electrons (Mn>")
in the POV.

All these features may have an impact on the ability of the
surface to interact with the appended, flexible, peptide chains,
particularly in terms of electrostatic interactions and steric
hindrance of the counterions.

2.2 Synthesis of the POV bio-conjugates and characterization

The POV-peptide hybrids prepared in this work are presented
in Scheme 1. The EEEEBA sequence, consisting of four gluta-
mate residues was used to provide repulsive interactions with
the negatively charged POM surface.>"** The flexible hydro-
philic linker Ttds was introduced in the system to increase
water solubility and bioavailability.

Peptide synthesis was performed by manual solid-phase
peptide synthesis (SPPS, see ESLi Fig. S1-S12), combining
previously reported procedures.'®**'*> In this way, DB (Pep-1)
was converted to Pep-2 (with Ttds only), Pep-3 (with EEEEBA
only) and Pep-4 (with both spacing units). To prepare the
hybrid POMs, the initial step was the synthesis of the (OH)-
functionalized polyoxovanadate (Vs-OH, Scheme 1 and Fig. S13,
S14, ESIi), obtained starting from NaVOj, reacted with a
stoichiometric amount of HCI and pentaerythritol (HOCH,)s;-
CCH,OH, in the presence of "Bu,NBr (tetrabutyl ammonium,
TBA). With respect to TRIS, the use of pentaerythritol is con-
venient to avoid the formation of zwitterionic species resulting
from amine protonation. The following steps allowed the
functionalization of the free hydroxymethylene groups with
succinic anhydride, to generate the corresponding by-
succinate derivative (Vg-succ, Scheme 1 and Fig. S15, S16, ESIf),
while the reaction with N-hydroxysuccinimide (NHS), in the
presence of dicyclohexylcarbodiimide (DCC), yielded the acti-
vated species Vg-NHS (Scheme 1 and Fig. S17-S19, ESI$).>*?° A
t-phenylalanine functionalized POV (Ve-Phe) was initially
prepared to test and optimize the derivatization of V4NHS,
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and to get a further hybrid to compare with the POV-peptide
conjugates.

This last reaction was performed with L-PheOMe-HCI and
diisopropylethylamine (DIPEA), to give, after precipitation with
diethyl ether, the desired product with 85% yield (Fig. S20-523,
ESI¥).

Afterward, the peptides with or without spacers, were com-
bined with the NHS-activated POVs to yield POV-1, 2, 3, 4
(Scheme 1). Each synthetic step was monitored by FT-IR, ESI-
MS, '"H- and *'V-NMR (Fig. $24-S45, ESIf). *'V-NMR confirms
the integrity of the inorganic core, showing only one broad
signal at ~—495 ppm for all compounds, in agreement with the
occurrence of highly symmetrical, anti-Lindqvist hybrid iso-
mers. ESI-MS(—) analysis was used to assess the successful
grafting of two peptide chains on the POV. While the POV-1, 2,
3 mostly showed the di-charged anions, POV-4 displayed an
extensive deprotonation, leading to a complex with more
negative charges.

As depicted in Fig. 2, the FT-IR (KBr) spectra of POV-NHS
and POV-spacer(s)-peptide exhibit no structural alterations in
the region characteristic of the polyoxometalate framework
(between 1000 cm™ " and 500 cm ™). Moreover, in POV-1, 2, 3,
4, the presence of a moderately intense band at 1534 cm ™"
suggests the presence of -N-H bending, while signals related to
the C—=O0 group of the -NHS (at 1783 and 1814 cm ') are
replaced by signals indicative of peptide bond stretching,
around 1640 cm ™", confirming the successful addition of the
peptide to the POV.

2.3 Antitumor activity

To assess whether the conjugates retain their cytotoxic activity,
the compounds were tested on the A2780 ovarian cancer cell
line, a widely accepted and standardized cell line in cancer
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Fig. 2 FTIR (KBr) spectra of Vg-NHS (black), POV-1 (red), POV-2 (blue),
POV-3 (green), POV-4 (purple), the orange dash-dot lines indicate the
position of the characteristic peaks at 1814 cm™?, 1783 cm™?, 1640 cm™!
and 1534 cm™! (see text).
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Fig. 3 Viability tests on A2780 ovarian cancer cell line observed after 24 h.
**p < 0.01, ****p < 0.0001 treatment vs. control.

research. The precursor V,-OH and the hybrid Ve-Phe were used
as reference compounds.

Cell viability was measured using the Crystal Violet assay,
following 24 hours of treatment with increasing concentrations
of the compounds (ranging from 1 to 100 pM).

The results, presented in Fig. 3 and Table 1, which collects
the IC5, values, demonstrate that the newly synthesized com-
pounds exhibit activity in the same order of magnitude of
previously reported POVs (with ICs, mostly in the range
1-50 uM for 24 h incubation),”®***737 and very similar to that
of the reference POVs V,-OH and Vg-Phe.

However, despite a favorable general retention of activity, no
improvement was observed when the peptides were grafted on
the POM and, surprisingly, the POV-4 was the less effective.

Due to these results, no additional cytotoxicity test was
performed. The lack of peptide recognition by cancer cells
indicates, indeed, that further structural refinement is neces-
sary before conducting a comprehensive screening.*®

The missing expected improvement has previously
been attributed to undesired peptide folding. In the Ander-
son-Evans POM-peptide conjugates,'®*° indeed, the POM was
responsible for promoting an evolution of the secondary

Table 1 ICsp values calculated for Lindqvist POVs incubated for 24 hours
in A2780 ovarian cancer cell line

# Compound ICso (UM)
1 Vs-OH 42.3 +9.4
2 Ve-Phe 371+ 1.6
3 POV-1 36.2 + 16.9
4 POV-2 43.2 £ 4.5
5 POV-3 43.3 £5.5
6 POV-4 55.7 £ 7.8

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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structure towards a-helix, rendering it unavailable for receptor
recognition.

In the following paragraphs, we will explore the structural
changes of the peptide chains when conjugated to the Lindqvist
POV, aiming to unveil a general POM-dependent behavior
concerning peptide folding.

2.4 2D NMR characterization

The impact of the spacers on the POV-peptide interactions was
evaluated by examining the secondary structure of the peptide
constructs using 2D "H NMR and circular dichroism (CD).

NMR spectra (COSY, TOCSY and ROESY) were acquired in
de-DMSO. Through 2D homonuclear NMR experiments, the bis-
functionalization with C, symmetry and the sequential reso-
nance assignment of both peptides and POV conjugates were
assessed. For example, it is noticeable the presence of signals
ascribed to B-Ala, NH-Ttds (amide bond between Ttds and DB)
and NH-POV (amide bond between Vg-succ and the peptides),
together with the intense peak of the terminal NHEt, for POV-4
(see ESI%).

In order to detect meaningful changes of peptide environ-
ment, the overlap of COSY NMR spectra in the NH amide and
CHa resonance region for compounds Pep-1, POV-1, and POV-4
is reported in Fig. 4. Notably, the cross-peaks of POV-1 experi-
ence a more significant upfield shift, especially for GIn, Val and
Ala residues, while the shift of POV-4 signals is less pro-
nounced. As a comparison, COSY spectra of POV-2 and POV-3
are displayed in Fig. S46 (ESIf), demonstrating intermediate
behavior for the single-spacer hybrids.

The COSY analysis confirms the expected behavior of the
spacers in mitigating the effect of POV on altering the peptide
environment. With a focus on the peptides, secondary chemical
shift values were calculated as differences in the CHo. chemical
shift between DB and the three corresponding spacers-DB (Ad
in Fig. 5(A)).

NHEt NHEt NH-Ttds NH-POM

NHE! €@ pala

Gly Gly  Gly

Gln

Leu; | " = s
(m Leu Len Gl oy Vl
Gln @ % w

D-Phe

o
D-Phe
T

Tip

o o P 20 7 s rapem

Fig. 4 Overlaid COSY spectra (in dg-DMSO) for NH-CHa cross peaks
belonging to free and Ve-grafted DB (Pep-1 (blue), POV-1 (green) and
POV-4 (red)). The spectra were acquired on a Bruker DMX-600 instrument
operating at 599.90 MHz for *H at 298 K.
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Fig. 5 Influence of the POV-spacers on chemical shift of peptide. Ad values were determined by subtracting the resonances of DB-spacer or POV-

spacer-DB hybrids to the resonances of DB. (A) and (C) are Ad of DB-spacers, (B) and (D) are Ad of POV-spacers-DB.

The resonance of CHa in the p-Phe residue displays a
downfield shift due to the presence of the bond with the spacer,
yielding a new amide group near CHa in Pep-2, Pep-3, Pep-4.
Moreover, all spacers foster shielding effects on the other
residues, becoming more evident in the N-terminal region of
the peptides, i.e. closer to the spacers, with a gradual decrease
towards the free C-terminal region.

When considering the corresponding hybrid POVs, CHa
resonances of all amino acids (including terminal Leu and
His) undergo an upfield shift (Fig. 5(B)). This behavior may
suggest a rearrangement of the peptide, likely positioning the
terminal amino acid in closer contact to the POV core, owing to
a bending of the middle region of the peptide.

In Fig. 5(C), the NH resonance values of spacers-DB con-
structs (Pep-2, 3 and 4) were subtracted from those of DB (Pep-
1). The resonance of NH in those residues are also upfield
shifted, with a minimum effect on the Gly residue. The impact
of POV in increasing the chemical shift difference (Ad) with
respect to the free peptide is indeed visible for all residues,
except Gly (NH, Fig. 5(D)). POV-3 and POV-4 (both with the
negatively charged spacer) exhibit a moderately lower shift for

3038 | New J. Chem., 2025, 49, 3034-3043

the residues before Gly (N-terminal region). Noteworthy, diag-
nostic CHa,, N (i > i + 1) cross peaks between CHo (6 = 1.2 ppm)
for Ala and NH (0 = 8.2 ppm for Gly, 8.3 ppm for Phe,
separately) suggest the presence of an a-helix conformation
for POV-1 (see TOCSY in the Fig. S27, ESI}). Cross peaks
also were observed between CH; (0 = 0.86 ppm) for Leu and
NH (6 = 8.2 ppm) for Gly.

2.5 CD spectroscopy

CD spectroscopy was used to evaluate the secondary structure
of both peptides and POV hybrids (Fig. S47 and S48, ESI}).

The dichroic signals were monitored in the presence of a
variable amount of 2,2,2-trifluoroethanol (TFE) in water, from
10% to 80 or 100% (v/v). The relatively lower polarity of TFE
allows to mimic the behavior of the peptide in a less polar
environment, so to provide useful information on the possible
conformations of the peptide when interacting with the cell
membrane. Fig. 6, in particular, shows two representative TFE
concentrations (10 and 80% v/v).

Herein, POV-4 was compared with its parent peptide Pep-4.
While the bands of the peptide are preserved in POV-4, an

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 6 Far-UV CD spectra of Pep-4 (12.5 uM, dot-dashed lines) and POV-
4 (12.5 uM, solid lines) at different TFE percentage.

increased intensity is generally observed, as a result of the
double amount of peptide in the hybrid and of chirality induc-
tion by the peptide on the POV chromophore.*® Moreover, at
80%, the signal for POV-4 becomes much stronger, showing a
great tendency of the appended peptide to rearrange its sec-
ondary structure. For a more thorough comprehension of the
distinctions in circular dichroism (CD) spectra, additional
analysis was conducted using CD Apps software.*' The histo-
grams presented in Fig. 7 delineate the distribution of second-
ary structures of the investigated compounds across varying
percentages of TFE. As its concentration increases, the struc-
tural tendency leans towards an o-helix, whereas in an aqueous
environment, the peptide demonstrates a higher inclination for
a B-sheet structure. Notably, POV-4 exhibits the highest sensi-
tivity to TFE, already between 10% and 20% TFE, where a
strong tendency towards the formation of o-helix folding can
be observed, as a result of the combined effects of POM and
TFE, both acting as stabilizing agents for the o-helical
conformation.

2.6 Transmission electron microscopy (TEM)

The molecular conformation is also expected to affect inter-
molecular interactions, leading to self-assembly and aggrega-
tion of the hybrid POVs. Transmission electron microscopy
(TEM) has been used to monitor the morphology of the
aggregates. Specifically, Fig. 8(A) illustrates that the POV-1
forms amorphous clusters. Similarly, Fig. 8(B) depicts the
clustering of POV-3, with high polydispersity of aggregates
(both small particles and large aggregates). Fig. 8(C) displays
that POV-2 forms entangled fibers, likely controlled by the
assembly of longer and solvated Ttds chains. Eventually, as
shown in Fig. 8(D), POV-4 forms nano-sized particles, whose
size is around 2-3 nm and which are uniformly distributed,
without any further agglomeration into bigger structures or
fibers. Ve-OH is also scarcely aggregated, while V¢-Phe forms
flakes with length up to 200 nm (Fig. S49, ESIz).
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3 Experimental
3.1 Material and methods

Fmoc-amino acids, hexafluorophosphate azabenzotriazole tet-
ramethyl uronium (HATU), hydroxybenzotriazole (HOBt), hexa-
fluorophosphate benzotriazole tetramethyl uronium (HBTU),
trifluoroacetic acid, Fmoc-Ttds-OH, piperidine, Fmoc-ethyl-indole
AM resin, H-Asp(OtBu)-2-Cl-Trt resin and N,N-diisopropylethyl-
amine (DIPEA) were obtained from Iris Biotech. succinic anhy-
dride, N,N’-dicyclohexylcarbodiimide (DCC), tris(hydroxymethyl)
aminomethane (TRIS), N-hydroxysuccinimide (NHS), ethanol,
acetonitrile (ACN), diethyl ether (Et,O), trifluoroacetic acid
(TFA), piperidine, dimethylformamide (DMF), dichloromethane
(DCM), triisopropylsilane (TIPS) were purchased from Sigma-
Aldrich and used without any further treatment.

HPLC-grade water was obtained through filtration using an
Elga Veolia PURELAB system. The scales employed included a
Mettler AE 240 scale and a Mettler AT21 Comparator scale.

3.2 Instruments

Circular Dichroism measurements were performed at 25 °C
using a nitrogen flushed Jasco J-1500 spectropolarimeter (Jasco,
Easton, MD, USA) equipped with a thermostated cell holder.
The spectral window was 260-190 nm in a 0.5 cm quartz
cuvette, with 0.2 nm data pitch and 16 accumulations at
50 nm min~ " scanning speed. The solutions used were 25 uM
(peptide), 12.5 uM (POM-hybrids), separately, at 25 °C. Analysis
of CD spectra were carried out using Spectra Manager software
supplied by Jasco. The secondary structure estimation was
performed using the CD Apps software*’ with the CONTINLL
algorithm and SP43 database (190-240 nm), estimating o-helix
type 1 and o-helix type 2, B-strand type 1 and B-strand type 2,
turns, unordered structures.

NMR spectra were recorded on a Bruker Avance DMX
600 MHz (Bruker Corp., Billerica, MA, USA), operating at
599.90 MHz for 'H, at 298 K. Bruker 300 MHz UltraShield was
used for monodimensional 'H NMR and 'V NMR (with the
instrument operating at 78.9 MHz). Deuterated DMSO and acet-
onitrile were used as solvents for analysis. Analysis of NMR
spectra was performed on MestReNova and TopSpin softwares.

FT-IR measurements were performed on a Jasco FT/IR-4100
spectrometer, by preparing KBr pellets. The spectra were ana-
lyzed by the Jasco Spectra Manager 2.00.07 software.

UV-vis measurements were carried out using a Varian Cary®™
50 (Agilent) with a 1 cm path quartz cuvette. The data were
processed by the Cary WinUV Application Software.

Preparative HPLC system for peptide purification (Shimadzu,
Tokyo, Japan) was equipped with LC-8A pumps, SCL-8A controller
and SPD-6A spectrophotometric detector, using a linear gradient
(eluent A: 0.05% TFA in H,0; eluent B: 0.05% TFA in 9:1 v/v
CH,;CN-H,0; 20-45% B in 35 minutes, with 12 mL min ™" flow),
and a Vydac C18 column (300 A, 10 pm, 250 x 22 mm).

TEM measurements were obtained with a FEI Tecnai G2
transmission electron microscope (Thermo Fisher Scientific, Wal-
tham, MA, USA), operating at an excitation voltage of 100 kVv.
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Fig. 7 Percentage of a-helix (blue), B-strand (orange), turns (grey) and random coil (yellow) for peptides and POV-hybrids in 10%, 20%, 40%, 60%, 80%

and 100% TFE solution.

Mass spectrometry measurements were carried out using a LC/
MSD Trap SL instrument equipped with an electrospray (ESI)
source, supplied by Agilent Technologies. The hybrids, dissolved
in acetonitrile, were injected by a HPLC 1100 series pump, and
analyzed in negative or positive ion mode. LC-ESI-MS(+) analyses
of the peptides were performed using an Agilent Technologies
1260 Infinity II system equipped with a 6130 Quadrupole LC/MS
analyzer and an ESI ionization system. The column was a Kinetex
3.5 um XB-C18 100 A eluted with a linear binary gradient 5-95% B
in 30 min (solvent A was water with 10% CH;CN + 0.1% TFA, and
B was 90% CH;CN, 10% H,O + 0.1% TFA).

3.3 Cytotoxicity

Cytotoxicity tests were performed on A2780 human ovarian
carcinoma cell line (Sigma-Aldrich) grown in RPMI-1640 (Corn-
ing) supplemented with 2 mM r-glutamine and 10% fetal

3040 | New J. Chem., 2025, 49, 3034-3043

bovine serum (Gibco). Cells were seeded in appropriate number
in 96-well plates and, following overnight incubation, treated
with compounds at 1-5-10-25-50-100 uM for 24 hours. After
treatments, cells were fixed with 4% paraformaldehyde
solution, rinsed with PBS and then stained with Crystal Violet
solution 0.1%. After wash with water, cells were resuspended in
acetic acid 1% in water. The absorbance was measured at
590 nm using a Victor3X multilabel plate counter (Wallac
Instruments, Turku, Finland). The ICs, (half maximal inhibi-
tory concentration) was calculated by ED50plus V1.0.

3.4 The synthesis of peptides

Peptides 1, 2, 3, and 4 were synthesized using 200 mg of Fmoc-
ethyl-indole AM resin (0.71 mmol g%, 0.14 mmol) for each,
employing solid-phase peptide synthesis (SPPS) following a
traditional procedure.*” The initial amino acid, Leu, was
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Fig. 8 TEM micrographs, 10™* M solutions of (A) compound POV-1, (B)
POV-3 (C) POV-2 (D) POV-4 in DMSO/water.

introduced via double coupling using HATU (3 equiv.) as an
activator, with subsequent coupling reactions utilizing HOBt
(3 equiv.) and HBTU (3 equiv.). At each step, 6 equiv. of DIPEA
were employed to deprotonate the carboxylic group. Peptide
detachment from the resin occurred through treatment with
TFA, followed by C-18 RP-HPLC purification using a linear
binary gradient from 20% to 45% of eluent B over 35 minutes
(eluent A: 0.05% TFA in H,0O; eluent B: 0.05% TFA in 9:1 v/v
CH;CN-H,0).

3.5 The synthesis of hybrids

Hybrids POV-1, POV-2, POV-3 and POV-4 were synthesized,
starting from POV-NHS. 1 equiv. of POV-NHS (20 mg,
0.0089 mmol) and 2.1-2.3 equiv. of peptides (Pep-1, Pep-2,
Pep-3 or Pep-4) were dissolved in 1.2 mL of DMF in presence
of 15 equiv. of DIPEA (18 mg, 24 pL, 0.13 mmol). The solution
was stirred for 24 hours at room temperature. ESI-MS(—)
analysis confirmed the presence of hybrids. Crystallization
was achieved under Et,O atmosphere overnight, and the
obtained solid was dried under vacuum.

3.6 DFT calculations

Relativistic DFT calculations were run using the software
package ADF 2019.** The level of theory used for the single
point calculations was relativistic ZORA scalar unrestricted
PBEO/TZ2P (all-electron). Geometry was taken from the X-ray
structures of analogue compounds.***® The electrostatic
potential was mapped on to the isoelectronic density using
the software ADFview.’® For the MnMo cluster we considered
two possible multiplicities due to the presence of an Mn** ion
having electronic configuration [Ar]3d*, that is a high spin
system with 4 unpaired electrons and a low-spin system with
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2 unpaired electrons. The triplet system resulted 9.8 kcal mol ™"
higher in energy than the quintet. Therefore, we have used
the quintet electronic configuration for the calculation of the
electrostatic potential in Fig. 1. We noted, however, that the
electrostatic potential at the outer surface of the MnMo cluster
is essentially unaffected by the different spin-density distribu-
tions at the internal Mn atom.

4 Conclusions

The demobesin-1 peptide was used to decorate the hexavana-
date by applying a slightly modified literature procedure, pre-
viously used for Anderson-Evans polyoxometalates. Since DB
can be useful for cancer cell targeting, it is interesting to
monitor its availability when conjugated with the POMs. To
this aim, different spacers have been introduced to separate the
polyanion and the peptide, and their effects in terms of peptide
folding and aggregation have been evaluated. Our results show
that the combined use of Ttds and Glu-Glu-Glu-Glu-$-Ala
spacers spring in a synergistic ability to keep the peptide in a
state like that of the starting peptide, as observed from 2D
NMR, and in a less aggregated form, as seen from TEM.
Concerning the secondary structure, however, the evolution to
a-helix is still strongly favored, especially in a less polar
medium, for all POV derivatives, with a response even more
evident than that observed for the corresponding hybrids based
on Anderson-Evans molybdates. As a result, the peptide
becomes unavailable for recognition and the biological activity
is the same as the peptide-free POV.

Reducing the overall charge of the POM appears thus not
relevant for decreasing the impact of the POM on the peptide.
In going from {MnMogO,,} to {VO1o}, indeed, the available
POM surface increases, accompanied by a concurrent reduction
in the number of hindered counterions. This enhances the
likelihood of interactions with the POM surface, favoring the
conformational evolution, even in the presence of both spacers.

In conclusion, novel hybrid POVs have been prepared with
straightforward methodologies and characterized. All com-
pounds display significant cytotoxicity against selected cancer
cells, demonstrating that the hybridization of the Lindqvist
type polyoxovanadate does not decrease their overall activity.
Despite the lack of selectivity, these data may drive the synth-
esis of a broader family of bio-hybrid vanadates. Future experi-
ments should consider, for example, the use of rigid peptides,
unable to fold towards the POM surface.
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