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Polyoxometalates (POMs) and peptides can be conjugated to yield novel bio-hybrids with potential
application as nanodrugs. However, the observed POM-induced folding of the peptide prevents its
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Introduction

Polyoxometalates (POMs) are early transition metal oxoclusters
that, by virtue of their nanodimensions, charge, and rigidity, can
establish multiple interactions with biological macromolecules
such as proteins, enzymes and peptides.* In addition, ionomer
capacity and proton coupled electron transfer (PCET) behaviour
impart a unique biological activity, with potential applications as
anti-bacterials, -virals, and -tumorals.” Although the biological
applications of inorganic POMs are often hampered by some
drawbacks, such as scarce selectivity, low hydrolytic stability and
difficult cell penetration, the possibility to endow them with
organic pendants may allow better bioavailability and higher
stability to be obtained.> Moreover, new useful functionalities
(e.g. for tracking or delivery) can be introduced.* Nevertheless, the
potential of hybrid POMs for cell targeting is yet undisclosed, and
only a few bio-conjugates are known.>”

Among hybrid POMs, the Anderson-Evans [XMogO,4]>~
polyoxomolybdates are disc-shaped polyanions of approxi-
mately D34 symmetry, with average dimensions of 8.6 x 8.6 X
2.7 A® Being oxidatively and hydrolytically stable, they are
suitable for biomedical applications. As for other poly-
oxomolybdates, their anticancer activity is likely to follow an
interaction mechanism which affects ATP production and
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induces cell apoptosis. Moreover, their derivative decorated
with two tris(hydroxymethyl)aminomethane (TRIS) molecules
(Fig. 1, POM 3) can be easily synthetized in situ, resulting
available for further functionalization through its amino-
groups.” Rompel and co-workers reported the interaction of
aromatic Anderson-Evans derivatives with human or bovine
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peptide 1: H-D-PheGInTrpAlaValGlyHisLeuNHEt (DB)
peptide 2: Ttds-Glug-B-Ala-D-PheGInTrpAlaValGlyHisLeuNHEt (Ttds-EEEE-BA-DB)

Fig.1 Reaction scheme to obtain POMs 6 and 7, showing the different
impact of the spacer on the peptide secondary structure (evolving into
a-helix for 6 and to random coil for 7). For graphical reasons, only one
side of the bis-functionalized POM is shown. Countercations (TBA) are
also omitted. DCC = N,N'-dicyclohexylcarbodiimide; DIPEA = N,N-
diisopropylethylamine.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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serum albumin, showing that electrostatic, hydrophobic, or -
T interactions can be established with the protein.'® Wang and
co-workers reported the functionalization of this POM with
bioactive molecules, such as bile acids, resulting in an
improved cytotoxicity with increased selectivity against cancer
cells, thanks to the possibility to target the overexpressed far-
nesoid X receptor.® Different Anderson-Evans POM-peptide
conjugates were also described, obtained either by reaction with
pre-synthesized peptides or by incorporation of the POM as an
unnatural amino acid during step-wise peptide synthesis.” In
these hybrids, the strong interplay between the two domains
was highlighted by the marked effect of the POM on the peptide
secondary structure, which evolves from a random coil to a-
helix conformation.

In our previous research work, an Anderson-Evans POM was
functionalized with demobensin-1 (DB) (1) to obtain POM 6
(Fig. 1)."* DB is a bombesin antagonist peptide that shows
binding affinity for the gastrin-releasing peptide receptor
(GRPr) overexpressed in different tumors, including prostatic
carcinoma, breast cancer, and gastrointestinal stromal tumors,
and it was successfully employed to improve the targeting
ability of different nanomaterials.'” Preliminary in vitro results,
however, demonstrated that the peptide loses its targeting
ability once conjugated with the POM unit."* The large size and
the delocalized charge on POM surface can indeed foster
competitive interactions with polar and positively charged
residues of the peptide chain.! As a result, change of secondary
structure and self-assembly into vesicles were observed, with
a strong impact on DB accessibility."

Herein, we show the preparation of a polyoxomolybdate-
demobensin-1 (DB) conjugate, implemented with a tailored
hydrophilic/anionic spacer. Beside introducing a longer
distance, the spacer guarantees electrostatic repulsion between
POM and grafted peptide chains, thus allowing the peptide to
retain its initial conformation and, in turn, its accessibility
towards intermolecular interactions. As a matter of fact, the
hybrid POM bearing the unfolded peptide displays supramo-
lecular self-assembly into fibrillar nanostructures and
enhanced cancer cells recognition capability. To the best of our
knowledge, this is the first example of a POM-peptide conjugate
with enhanced biological activity.

Results and discussion
Synthesis of the POM bio-conjugate and characterization

The spacer, consisting of the small PEG-like chain, Ttds
(trioxatridecan-succinamic acid), linked to the anionic GluGlu-
GluGlup-Ala (EEEE-BA) sequence, was added to DB, to obtain
peptide 2 (Fig. 1).

Ttds improves water solubility, while inducing a better
stability and decreasing the immune response;* the short
anionic sequence, instead, provided by the four glutamic resi-
dues, fosters charge repulsion to the negatively charged POM
(an additional B-Ala residue is useful to avoid proximity effects
with the DB). After the synthesis of the peptide 2 by manual
solid phase peptide synthesis (SPPS, see ESI}), the strategy
chosen to obtain the final hybrid involved the functionalization
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of the POM-TRIS cluster (3) with succinic anhydride, to form
compound 4, and the subsequent activation with N,N'-dicyclo-
hexylcarbodiimide and N-hydroxysuccinimide (DCC/NHS) of
the succinic carboxyl group, to obtain compound 5 (Fig. 1).”**
The final product (7) was obtained by reaction of compound 5
with the N-terminal amino group of peptide 2.

Each synthetic step was followed and confirmed via FT-IR,
ESI-MS and 'H NMR (Fig. S.15-S.357). The grafting of the
peptide, through amidation of the POM-NHS 5, was assessed by
ESI-MS analysis, where the signal at m/z = 1689.9 corresponds
to the tri-charged POM (caled m/z for [MnMogO;g{(OCH,);-
CNHCO(CH,),CO(Ttds-EEEEBA-fQWAVGHL-NHEt)},]* =
1689.3) (Fig. S.311). The preservation of the inorganic scaffold,
throughout the multistep synthesis, was assured by the pres-
ence of the typical Mo-O-Mo and Mo=0O0 stretching bands in
the 1000-500 cm ' FT-IR region (Fig. S.15, S.18, S.21, and
S.301). The infrared spectroscopy also highlights the appear-
ance of the peptide bonds (C=O stretching band at 1649 cm ™"
and N-H stretching at 1531 cm™') and the loss of the C=0
signals of NHS group (1815 and 1739 cm™ ', Fig. S.301).

Spectroscopic investigations of the peptide-POM interaction

In order to evaluate the impact of the spacer on the POM-
peptide interactions, the secondary structure of the peptide
constructs was investigated by 2D "H NMR, circular dichroism
(CD) and fluorescence spectroscopies, upon comparison of 7
with the peptide 2 and with the parent compounds 1 and 6.**

Due to the limited solubility in water of the hybrid 7, the
NMR spectra were recorded in dg-DMSO. 2D homonuclear NMR
experiments (COSY and TOCSY, Fig. S.10 and S.327) allowed the
sequential resonance assignment of both peptide 2 and its POM
construct 7, for which the bis-functionalization with C,
symmetry was also confirmed. In Fig. 2, the overlap of COSY
NMR spectra, in the region of NH amide and CH,, resonances
for compounds 1, 6, and 7, is reported, being evident the bigger
displacement of signals belonging the peptide 1 anchored onto
POM 6 with respect to POM 7, in particular for Gln, Trp, Ala, Val
residues.

To further highlight the beneficial effect of the spacer, the
differences in chemical shift for 2 and 7, 1 and 2, 1 and 6
(Fig. S.37t) were calculated. As previously observed for the

T
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Fig. 2 Comparison of chemical shift (400 MHz COSY spectra in dg-
DMSO) for NH-CH,, cross peaks belonging to free and POM-grafted
DB (peptide 1 (red), POM 6 (green), POM 7 (blue)).
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POM-DB peptide hybrid (6), most NH and/or CH,, resonances
are subjected to a upfield shift with respect to 1 (up to ca.
0.4 ppm, Fig. S.37ct), due to the shielding effect of the Mn-
containing paramagnetic polyoxoanion, while a much lower
difference between the resonance values of DB in peptide (2)
and in its POM construct (7) was detected upon introduction of
the spacer (<0.15 ppm, Fig. S.37at). By comparing the NH and
CH,, resonances of the two DB chains, an upfield shift of both
these resonances was also detected for peptide 2 in comparison
to the parent peptide 1, suggesting that the negative spacer
itself may has also an impact on the peptide conformation
(Fig. S.37b%). Noteworthy, the diagnostic CH,, N(i, i + 4) cross
peak between the CH,, of the Gln (6 = 3.9 ppm) and the NH of
the Gly (6 = 8.2 ppm), suggesting the presence of an a-helix
conformation for POM-DB peptide hybrid (6),"* was not detec-
ted in the ROESY spectrum of the conjugate 7 (Fig. S.26 and
S.321).

The secondary structure of both spacer-peptide (2) and its
POM construct (7) was then monitored by CD spectroscopy at
increasing percentages (10-100% v/v) of trifluoroethanol
(TFE).* The lower polarity of TFE allows the evaluation of the
influence of a membrane-like environment on the peptide
conformation. Useful information on the bioactive conforma-
tion of a peptide that interacts with a receptor placed on the cell
surface can thus be provided (Fig. S.38 and S.407).

In 80% TFE solution (Fig. 3), the introduction of the POM
moiety did not influence significantly the general shape of the
CD spectrum, preserving the bands described for the spacer-DB
peptide 2 alone, although with a decreased intensity.

The CD spectra of both spacer-DB (2) peptide and its POM
construct (7) are, indeed, characterized by a strong positive
band at 192 nm and a negative band at 207 nm with a shoulder
at about 224 nm suggesting the presence of an ordered
secondary structure, likely arising from B-sheet signal over-
lapped with a contribution due to the induced chirality on the
POM, which absorb in the same wavelength range of the peptide
(Fig. S.14 and S.36t). On the other hand, at low percentages of

30
— 7,10% TFE
—— 7, 80% TFE
- - 2,10% TFE
201 - - -2,80%TFE

CD (mdeg)

-104

220 240

Wavelength (nm)

200 260

Fig. 3 Far-UV CD spectra of peptide 2 (53 uM, dot line) and POM—
(peptide), 7 (26.5 uM, solid line) at different TFE : water percentage
(10% black line, 80% red line).
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the fluorinated alcohol (10% v/v) the peptide (2) adopted pref-
erentially an unordered conformation (Fig. 3), similarly to that
reported for the DB peptide 1," characterized by a positive band
at about 185 nm and a negative band at 200 nm. In this case, the
introduction of the POM moiety fosters a red-shift of the bands.

The influence of the POM moiety on the secondary structure
of the receptor-binding sequence (Trp-Ala-Val-Gly-His-Leu)
was investigated by near-UV CD and fluorescence studies. The
highly environment-sensitive L, transition of the Trp residue,
observable in this spectral region, is indeed useful to evaluate
the impact of the POM on the Trp surroundings. As shown by
comparing Fig. S.347 (for POM 7) and Fig. S.127} (for peptide 2),
the presence of the POM modifies the near-UV CD spectra,
suggesting the presence of interactions between POM and
peptide in the region under evaluation. However, in agreement
with the CD observation, the impact is much lower in 80% v/v
TFE in water.

Fluorescence studies were then performed at low TFE
concentration (10% TFE), in order to exploit the higher sensi-
tivity of Trp to the aqueous environment. In such conditions,
Trp emission can be detected at 350 nm, typical of residues
exposed to a hydrophilic medium. Trp fluorescence emission in
the hybrid 7 (Fig. S.357%) is lower than that of the corresponding
peptide 2 (Fig. S.13%), as a result of ca. 50% quenching of
peptide luminescence by the POM, likely because of an energy
transfer mechanism." Nevertheless, fluorescence quenching of
the peptide is much higher for 6 (>95% from 1 to 6) providing
a further evidence of reduced interaction between cluster 7 and
peptide 2.

Successively, fluorescence quenching experiment were per-
formed adding I" as quencher. Upon stepwise addition of KI,
compound 1 shows a dynamic quenching in agreement with the
Stern-Volmer equation (Ksy = 6 M, Fig. S.417) while its hybrid
6 shows a completely different behaviour, with 1.4 folds
increase of fluorescence (Fig. S.431). This suggests the partial
disruption of the interactions between POM surface and
peptide by the negative ion, with partial recovery of the starting
peptide fluorescence. Quenching experiments performed on
spacer-peptide 2 and its POM hybrid 7 showed, instead, similar
dynamic quenching pattern with Kgy = 3 M~ " values (Fig. S.42
and S.44%), indicating again the weaker interactions between
POM and spacer-peptide around the Trp region.

Self-assembly of the hybrid POM and morphology

The higher availability of the peptide, in POM 7, is expected to
modify the self-assembly behaviour of the hybrid. Supramo-
lecular interactions were monitored by dynamic light scattering
(DLS), with conditions narrowing physiological-like parameters
(0.2 mM water solutions, pH 7.1, 3% DMSO). When the func-
tionalized POMs were analyzed, 6 formed particles with diam-
eter around 60 nm (Fig. S.481), while 7 formed aggregates with
dimensions of about 300 nm, as a result of a different interplay
of intermolecular forces (Fig. S.49%). The addition of 0.5
equivalents of the inorganic cluster 4 (particles of 80 nm,
Fig. S.457) to a solution of 2 (hydrodynamic diameter hovering
at 70-80 nm, Fig. S.467), showed that weak supramolecular

© 2021 The Author(s). Published by the Royal Society of Chemistry
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interactions can also occur between non-bonded moieties, since
the size of the resulting particles doubled reaching 160 nm
(Fig. S.477). In this case, however, a less defined scattering
signal was observed. Moreover, neither fluorescence (Fig. S.427)
nor CD (Fig. S.39%) in 10% v/v TFE/water gave evidence of any
particular impact of the POM on peptide properties when they
are not conjugated.

TEM analyses were recorded in similar conditions as those
used for DLS (0.2 mM water solutions, 3% DMSO). The role
played by the spacer, as highlighted by scattering data, is better
visible in terms of size and shape of the resulting assemblies. In
the absence of a spacer, vesicle-like particles hovering at around
50 nm are observed for 6 (Fig. 4a and S.50%), while compound 7
forms bigger elongated structures with fiber-like shape (1 pm x
14 nm, Fig. 4b). Since elongated structures can also be formed
by the POM-TRIS (Fig. S.51%), this behaviour suggests that,
when the peptide is not folded on the POM, the latter subunit
can still drive the resulting morphology. As previously observed
for related Strandberg-type polyoxomolybdates, indeed,
a network of hydrogen bonds can be established between
protonated amino groups and the anionic polyoxygenated
inorganic surface, with supramolecular self-assembly into
fibrils.*¢

Interestingly, compound 7 forms a gel in DMF, although
with shorter fibrils (500 x 14 nm, Fig. S.52%) than those
observed in water. On the other hand, the peptide-free POM
cannot form a gel, suggesting that the additional intermolecular
interaction established by the unfolded peptide are relevant to
enable the activity as organogelator. The lower polarity of the
organic solvent might, indeed, (i) favour the interactions
between chains also at the level of Ttds moiety, (ii) allow
a higher degree of protonation of the tetraglutamic spacer, (iii)
further stabilize switterionic-type hydrogen bonding,' leading
to well organized elongated structures with efficient solvent
entrapment ability.

According to the intermolecular forces which come into play
between POMs and peptides, a plethora of structures were re-
ported in the literature."” The 1D shape was previously reported
for non-covalent POM-peptides assemblies, by using cationic
peptides*® or peptides decorated with azobenzene side chains,"
where their B-sheet state drives the alignment into fibers. On
the other hand, Anderson-Evans conjugated with peptides of
different length were shown to form invariably hollow, spherical
supramolecular structures.>’

Fig. 4 TEM images collected from 0.2 mM solutions in H,O with 3%
DMSO of 7, scale bar of 100 nm (a) and 6, scale bar 500 nm (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Our results highlight the possibility to modify the
morphology of the assembly by using tailored peptide chains.

Cytotoxicity investigation

Concerning the biological activity, the peptide endowed by the
spacer (compound 2) exhibits a moderate anticancer activity
with 70% retention of viability of HeLa cells after 24 h (150 pM
solution). HeLa cells display a moderate bombesin receptor
overexpression. However, as mentioned above, previous studies
reported no recognition capability for 6, with no improvement
of cytotoxicity after POM functionalisation with the bombesin
analogue: both compound 3 and 6 gave indeed similar results.'*
Here, we report greater cell viability inhibition for the hybrid
decorated with the additional spacer. Compound 7 reaches
a remarkable cancer cells inhibition with a residual viability of
53% for a 150 uM concentration after 24 h (IC5o = 95 uM,
Fig. S.5371) against 68% for unfunctionalized POM-TRIS cluster
3, (ICso = 134 M, Fig. S.547). The viability further decreased at
33% after 48 h, confirming a better biological activity for POM 7
(13% more efficient than 3). In Table S1} are reported relevant
literature data for a comparison of the activity of poly-
oxomolybdate bio-hybrids.>*** Even if the activity is not the best,
the compound is still among most active ones, which display
ICs, values in the range 10-100 uM.

Experimental
Materials and methods

Samples were analyzed by a Z-Sizer Nano-S instrument (Mal-
vern) as 0.2 mM solutions in H,O with 3% DMSO. In all cases,
three measurements were collected at 25 °C.

All CD measurements were performed at 25 °C using
a nitrogen flushed Jasco J-1500 spectropolarimeter (Jasco,
Easton, MD, USA) equipped with a thermostated cell holder.
Each CD spectrum was the average of 9 scans, collected at a scan
rate of 50 nm min~ ' in a 1.0 mm path length quartz cuvette (200
uL).

NMR spectra were run on a Bruker DMX-600 instrument
(Bruker Corp., Billerica, MA, USA), operating a 599.90 MHz for
'H, at 298 K. For the two-dimensional (2D) experiments, pulse
programs of the standard Bruker library were used. With the
exception of COSY experiment, all 2D experiments were
acquired in the phase-sensitive mode, with quadrature detec-
tion in both dimensions, by use of the time proportional phase
increments.

Fluorescence data were collected at 25 °C for 15 uM solutions
in TFE/water, with an Agilent Cary Eclipse Fluorescence Spec-
trophotometer in the range between 300-550 nm with excitation
at 290 nm, medium scanning speed, 5 accumulations, 5 exci-
tation and emission slit with a 1 cm path cuvette.

FTIR measurements were carried out on a Nicolet 5700 FT-IR
instrument by preparing KBr pellets. Analysis of IR spectra was
performed on OMNIC software.

Preparative HPLC system (Shimadzu, Tokyo, Japan) was
equipped with LC-8A pumps, SCL-8A controller and SPD-6A
spectrophotometric detector, and were performed using

RSC Adv, 2021, N1, 4952-4957 | 4955
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a linear gradient (eluent A: 0.05% TFA in H,O; eluent B: 0.05%
TFA in 9 : 1 v/v CH;CN-H,0; 22% B for 3 min; from 22% to 35%
B in 40 min, flow 12 mL min~", A 216 nm), and a Vydac C18
column (300 A, 10 um, 250 x 22 mm).

TEM measurements were obtained with a FEI Tecnai G2
transmission electron microscope (Thermo Fisher Scientific,
Waltham, MA, USA), operating at an excitation voltage of 100
kv.

Cytotoxicity/viability tests were performed as 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide ~ (MTT)
assay. For the experiments we used HeLa cervical cancer cells.

Synthetic procedures

The peptide 2 was synthesized by manual solid phase using
Fmoc-based synthetic strategy. ESI MS (+) in MeOH: m/z = 937.9
(caled 938.0) for [CgeH130N20057]>"

For the synthesis of POM-NHS 7 (17.63 mg, 0.0056 mmol)
and peptide 2 (20.99 mg, 0.0112 mmol) were dissolved in DMF
(700 pL) and DIPEA (14.93 pL) was added. The reaction
mixture was stirred at room temperature for one day and the
resulting solution was stored for crystallization under diethyl
ether vapour for one day. The pale orange product was washed
with diethyl ether and dried for one day. Yield: 30.07 mg,
92.1%.

FT IR (KBr, cm '): 3287 (s, br), 3080 (w), 2961 (w), 2935 (W),
2874 (w), 1670 (s), 1547 (m), 1457 (w), 1384 (w), 1032 (s), 942 (w),
920 (m), 902 (w), 747 (W), 670 (s), 562 (w), 470 (w). ESI-MS (—)
(CH3CN): m/z 1688.9 ([M-3TBAJ*") (caled 1689.3 m/z). UV-VIS
(CH3CN): Amax = 221 nm. Shoulder at 281 nm. ¢, =
67200 cm™ ' ML

Conclusions

In conclusion, although the grafting of a targeting peptide
sequence to a polyanionic cluster can strongly affect the
conformation of the aminoacidic backbone, the introduction of
a tailored spacer can allow to minimize such competing inter-
ferences. As a result, the novel bio-hybrid displays (i) moderate
change of the secondary structure, especially in less hydrophilic
(membrane-like) environment, (ii) decreased on-POM folding of
the chains, leading to higher availability of receptor-binding
region and (iii) no tendency to self-assemble into spherical
vesicles, turning instead in the formation of a fibrous soft
material. Finally, an enhancement of cytotoxicity toward cancer
cells was obtained with respect to the POM precursor. These
data provide a basis to rationally develop efficient POM-based
nanodrugs.
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