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The synergistic self-assembly of biomolecules with polyoxometalates (POMs) has recently been considered as an effective

approach to construct nano-biomaterials with diverse structures and morphologies towards the applications in drug
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delivery, controlled release, tissue engineering scaford, and biomineralization, due to the unique features of the clusters in

addition to many well-known inorganic nanoparticles. This review presents an overview of recent works focusing on the

noncovalent co-assembly of peptides and POMs as well as their biological applications. In the co-assemblies triggered by

the interaction between components significant advantages that POMs or peptides alone do not possess come out

accompanied by chiral recognition of hybrid metal oxides, the quickly hydrolysis of peptide, and the enhanced inhibition of

AP aggregation and so forth. Finally, we outline a brief perspective on possible unresolved issues and future opportunities

in this field.

Introduction

Self-assembly, a common process at all scales, are emerging as
a powerful, bottom-up approach for the fabrication of novel
functional nano-or bio-materials.2 Being characterized by
spontaneous diffusion and specific association of molecules
self-assembly dictated by
bonds,
hydrophobic forces, non-specific van der Waals forces, and
chiral dipole-dipole interactions.3* It has that
numerous molecular entities, such as organic compounds,
proteins, peptides, DNA and others can be used to construct
the bio-functional materials.> Among them peptides are one of
the most promising ones as they have the intrinsic ability to
self-assemble into versatile biological architectures.® For
example, a dipeptide of L-Phe-L-Phe (FF) could assemble to
nanotubes with a long persistence length (¥100 mm) by a
combination of hydrogen bonding and m-nt stacking of aromatic
residues’ and then transiting to vesicle-like structures at higher
concentrations (= 100 mg/ml) by dissolving the lyophilized
peptide in 1,1,1,3,3,3 hexafluoro-2-propanol;? they can also
form nanofibrils and ribbons with the protection of 9-
fluorenylmethoxycarbonyl (Fmoc) in water and thus results in
a hydrogel being held together in a network by hydrogen
bonding and m-7t interaction.8 In addition, Han et al. reported
the NH,-Phe-Phe-COOH di-peptide could be capable self-

non-covalent interactions as

hydrogen electrostatic interaction, 7m-m stacking,

proven
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assemble into individually-dispersed and rigid nanowires.® The
self-assembly of peptides have presented lots of superiority
such as highly stability,10.11
diversity!2 and mechanical strength.13 And they are much more

chemical/thermal chemical
robust and can be readily synthesized on a large scale.l?
However, additional properties are critically required for
optical, electrical, or others purposes for such nano-
biomaterials, which would be more suitable for potential
applications in nanomaterials.

Polyoxometalates (POMs) are a diverse family of metal oxide
clusters, with defined architectures and variable, especially
controlled sizes in the nanometre range.!* Among different
areas of inorganic chemistry metal oxide-based POM clusters
represent a class of materials that exhibiting matched
structural versatility and unique intrinsicproperties.’5-1° This
determined the POMs can be applied to optical, catalyst,
medicine science and so on. For a long term, POM clusters
were tried to be used in antitumor and antibacterial as well as
other bioactivities due to the properties differing from general
small molecules. However, the possible toxicity and instability
of POMs as drugs restrict the in vivo applications. In contrast,
the outstanding structural and morphologic properties make
them excellent candidates for the promotion of self-assembly
of peptides and other biomolecules. As a sign, the
investigations on the combination of POMs with peptides and
proteins are of much interest in the past several years.

In optics, most of POMs are weakly or even not luminescent.
However, as the luminescence of rare-earth metal ions is
known to be sensitive to the environment, the incorporation
of them into POMs has put some unique optical property for
the materials. Several special rare-earth atoms have been
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added in POMs with different structural morphologies.202!
Among them, europium-containing POMs have shown strong
and sensitive luminescent effects which have been used in
diversity aspects.?223 For example, Hungerford at el. studied
the interaction of a series of europium containing POMs with
(SA) making use of the
enhancement and discovered the types of POMs were very
important in the interaction.?*25> Zhang et al. achieved a facile
fabrication of core-shell using a photo-
luminescent Eu-containing POM with double hydrophilic
neutral-cationic block copolymer, poly(ethyleneoxide-b-N,N-
dimethylaminoethyl methacrylate) (PEO114-b-PDMAEMA5), in
aqueous solution. Through electrostatic interaction the
emission of Eu-POM was enhanced as much as 20 times via
complexation with the cationic block, N,N-dimethylamino
ethylmethacrylate (PDMAEMA).26 Li et el found the
K13[Eu(SiW10M0039)2]-28H,0 could be used as a suitable
luminescence probe which demonstrated the selective
interaction with basic amino acids(AAs).2” Recently, we
reported a two-step binding process of Eu-Containing POMs,
K13[Eu(SiW9M0,036),]-28H,0 (EuSiWMo), to BSA basing on the
change of luminescence enhancements and revealed the
intrinsic mechanism of the complicated interaction.?® In
regarding the luminescence property of POMs which have
been demonstrated in many studies, the versatile bio-
applications, especially the typical ones should be mentioned.

In addition, in the aspects of self-assembly, there are a kind of
unique POMs with a rigid framework, mono-dispersed size,

serum albumin luminescence

nanostructures

water solubility, and biofunctionality.?°-32 They can assemble
with several of functional materials and then be extensively
enlarged of their applications. For example, in morphologies,
some of them can self-assemble into “blackberry” structure,33
while others to form two-dimensional films, one-dimensional
fibres, tubes or belts, zero-dimensional capsules,3* and vesicles,
through different fabrication ways such as self-assembled
monolayers (SAMs), layer-by-layer (LbL) and Langmuir-
Blodgett (LB) films. Some of them can assemble with organic
like PEGylation,3> while others can assemble with biomolecular
like folate,3® DNA,37 enzymes,38 peptides3?40 and formed the
spherical particles and so on.

In medical science, as important inorganic drug candidates,
POMs have shown promising antiviral and antitumor activities
for more than decades.?! The last twenty years has witnessed
a growing interest in the biological properties of POMs and
their applications in medicine.%?2 Deborah et al. addressed Nb-
containing POMs of the Wells-Dawson class, K;H[NbgOis],
inhibit HIV-1 protease (HIV-1P) by a new mode based on the
detailed kinetics, binding, and molecular modelling studies.*3
Qu’s group found that POMs could be the inhibitors to prevent
AP aggregation, and the size of POMs played a key role in AP
recognition and amyloid inhibition.**? However, the driving
force in the interactions between POMs and AB is essential
electrostatic effect, a non-specific interaction. It has been
reported that non-specific targeting also occurs in larger AR
assemblies and may cause oligomer-derived toxicity.** Further
studies also concerning the cellular uptake of antiviral POMs
and the lower biocompatible.*> Therefore, in order to find
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more suitable inhibits or functionalized POMs and to find the
biological mechanism and theories further, more and more
researchers started to investigate the self-assemble of POMs
and peptides, which will be summarized in section 3.

A lot of achievements at molecular level for protein-POMs
interactions have been gained, in which several factors such as
the size, shape and nature of the embedded metal ion in the
architecture of POM are demonstrated to be crucial in
governing the interactions.24253246 Zhang et al. reported the
interaction between human serum albumin (HSA) and a
Keggin-type POM, [H;W12040]% (H2W12) as well as a wheel-
shaped [NaPsW300110]** (PsW30), where the binding was
mainly attributed to the electrostatic interaction.*’-4° Zheng et
al. studied the interaction of europium decatungstate
[EuW10036]°- and histone H1, which supplied the binding
constants and the change of the protein secondary structure.>?
In addition, Goovaerts et al. calculated the association
constants of several Keggin-type POMs with BSA and HSA, and
pointed out the binding site at the surface of albumins.>! They
also studied the regioselective hydrolysis of HSA by Zr(IV)-
substituted polyoxotungstates using tryptophan fluorescence
spectroscopy.>?2 Though the progress has greatly enriched the
knowledge on the interactions between POMs and proteins,
the binding mechanism and the possible intrinsic factors,
particularly the binding sites, binding kinetics and especially
the driving force in association with the basic properties of
POMs and proteins, were still far from clarification. Therefore,
it is necessary to study the interactions between POMs and the
specific peptides from proteins.

The biological application of POMs and peptides assemblies
has attracted more and more attention because of the unique
superiorities, such as better biocompatible and control optical
properties than POMs; higher water solubility and easily
detection than peptides itself. And also, the self-assemble
combined the advantages both of peptides and POMs, which
promoted a way in biochemistry such as drugs delivery. So the
study of self-assemble of POMs and peptides was very
important and indispensable in biology, which has been
proved in the inhibition of AD disease.

Though this field is growing at an accelerating pace, there exist
no reports to comprehensively summarize the development
and the application of POMs-peptides (be defined as POMs@P)
building blocks for molecular self-assembly. Therefore, in this
review, we will summarize the self-assembly of POMs-peptides
and the bio-applications of them. We will also discuss the
potential applications of such assembled functional materials
in drug delivery, biosensors, guest encapsulation and so on.

2. Co-assembly of POMs and amino acids

Amino acids, as the basic units of proteins, have won much
attention in combination with POMs owing to their potential
antiviral activities. Xin et al. reported the syntheses and
structural characterization of Tin(ll) tungstophosphateas well
as the tungstosilicate derivatives [Sn(ll)3(a-PWg034)2]1% (1),
[Sn(IN3(a-SiWg034)2]**  (2), and [Sn(I1)s(B-SiWe034)21**  (3),
which were prepared by reaction of tin(ll) sulfate with NagH[«,

This journal is © The Royal Society of Chemistry 20xx
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B—PW9034]’24H20, Nam[B—SiW9034]'XH20, Nalo[a—
SiWg034]-26H,0, respectively.>® All three anions display one-
line 119Sn-NMR and two-line83W-NMR (intensity 1:2) spectra.
However, lysine-HCl was added to the solution
containing 1, the 3P and 119Sn-NMR spectra were unchanged;
but the 183WNMR spectrum showed three lines, while there
had no significant effect on the broad Sn- and W-NMR lines as
for 2 and 3. In addition, the W-NMR spectra were collected on
samples containing 1 and lysine-HCl with molar ratios ranging
from 1:1 to 1:20 in order to study the influence of lysine
concentration on the belt-tungsten W-NMR line splitting. The
data plotted were consistent with the formation of a labile
complex of 1 with lysine, which was similar with other amino
acids as isoleucine, and histidine. An attempt was made to
isolate crystals of the lysine complex of 1, but which could not
be solved owing to the considerable disorder and no firm
conclusion can be reached in the absence of a structure of an
amino acid complex.

After that, Liu et al. offered the first structure information
about the amino acid—polyoxometalate complex.>* The crystal
structure of (Lys);Hg[P2-M015062]-16H,0 was consisted by
[P2M018062]% unit and lysine with a ratio 1:2. The
crystalgraphical data and the bond distances analysis indicated
the independent atoms with atomic numbers in the crystal
structure were displaced in Fig. 1, where the water and lysine
interacted with the 18-molybdodiphosphoricanion via
hydrogen bonding. They also studied the (Lys)2Hg[P2-
Mo015062]-:16H,0 by IR spectra and 3P NMR spectrum and
found the IR bands arising from the polyoxoanion changed
obviously either in intensities or in positions comparing the
precursors 18-molybdodiphosphoric acid. The study provided
information on the model interaction between the POMs and
AAs, which paved a way further to explore the interaction of
POMs and protein.

In 2006, Wang et al. reported nanotubes constructed from
amino acid and POM as a type of versatile organic—inorganic
hybrid material by using tyrosine (Tyr) and the corresponding
Keggin-type heteropoly acids, H3PMo01,040-13H,0,
H3PW1,040:3H,0 and H4SiW;1,040:5H,0, respectively.55 Such
nanotubes was synthesized by one-step solid-state chemical

and

when

reaction at room temperature and finally formed
(HTyr)sPMo01,040:3H20, (HTyr)sPW1,040-3H,0, and
2 @@
@

Fig. 1 Molecular structure of Cj;HgsMo1sN4Og P> with hydrogen
bonds represented by dashed lines.>*

This journal is © The Royal Society of Chemistry 20xx
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(HTyr)aSiW12040-5H,0, respectively, in a convenient and rapid
synthesis way. The IR spectra of the as-synthesized samples
and the reactants indicated the Tyr was protonated and the
Tyr cation (HTyr*) was generated when reacted with the
heteropoly acids. The NMR analysis and XRD patterns
combined with IR spectra indicated the samples possessed
Keggin-type structures. They also provided the morphology of
the product by SEM and TEM and displayed the nanotubes
have diameters from 50 to 150 nm and lengths up to several
micrometres. They also discovered that the product was
obviously different if the Tyr was replaced by phenylalanine
(Phe), which formed nanoparticles.>® The differences observed
between them were suggested to be due to the structures of
Tyr  (HO-Ph—CH>—CH(NH;)COOH) and Phe (Ph—CH,—
CH(NH;)COOH), where Tyr has a hydroxyl group on the
benzene ring while the Phe has not. Then they confirmed the
hypothesis by using other amino acids, such as an aromatic-
series amino acid—Phenylalanine (Phe), a fatty-series amino
acid—threonine (Thr), and a heterocycle-series amino acid—
tryptophane (Trp), via a one-step solid-state chemical reaction
with heteropoly acids at room temperature. However, the
detailed mechanism behind the Tyr-POM tubular structure was
not under investigated in this study.

After that, Kong et al. studied the interaction of AAs and POMs
at other point.>” They first reported the assembly of AA-
H3[PM01,040]'nH,0 (PMo1;) in nanorods with an average
diameter of 50-80 nm forming through reverse micelles under
a solvent-thermal condition by using H3[PMo01,040]-xH,0 and
amino acids as glycin (Gly), lysine (Lys) and histidine (His). In
following, the inhibitory activity for the nanorod-AA-PMoi;
samples against E. coli was assessed. The antibacterial test
indicated the nanorod-Gly-PMoj,; exhibited significant
antibacterial activity compared to the bulky crystal
(Gly)3s[PMo012040] and submicrometer rods-Gly-PMoi, (SMR-
Gly-PMo31,), which demonstrated well the importance of
nanosize effect. This result provided a feasible example of
actual use of the nanorod-AA-POM materials and illustrated
the vital of the self-assemble of POMs and amino acids.
Recently, Li et al. studied the selective interaction between the
AAs and POMs and demonstrated the intrinsic binding
mechanism.?’” They selected europium-substituted POMs,
K13[EU(SiW1oM0039)2]'28HzO(EUSiWMO), K11[EU(PW11039)2]
(EuPW11) and Ko[EuW;0036](EuW10) with different negatively
charged AAs to investigate the interactions of POMs with most

i
: v 1A§< Arg/Lys A"\.-\ ‘:
Aﬁ; A: h—) A o - .—14
<a ¢ : '\_ b
A = Ho “-A// I}‘AA‘
>—. = ArgorlLys 41 4 A

Fig. 2 Model of the interaction between basic AAs and
EuSiWMo. Representative structures of basic AAs, anionic
POM EuSiWMo, and the aggregated nanostructures of their
complex in water.?’
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AAs in aqueous solutions (Fig. 2). Finally, the most promising
results were obtained by using the environmental sensitive
EuSiWMo. The largely enhanced emissions of the Eu(lll) were
observed in the presence of 1.0 mM basic AAs as L-Lys, L-Arg,
and L-His; while there was no clear change observed for others
AAs. The UV/Vis absorption and CD spectrum confirmed the
microenvironment of the Eu(lll) center did not change much
upon binding with the basic AAs. Then they explored the
intrinsic mechanism of the AA-induced
enhancement of Eu(lll) by the following several techniques.
The isoelectric points of the AAs were firstly analysed which
suggested the positively charged residues of the basic AAs
were the dominant binding sites for the recognition. Then, the
1H NMR experiments were performed in D,O to explore the
detailed binding sites. The chemical shift of H(a—¢) in L-Lys all
showed up-field shifts upon the addition of EuSiWMo,
indicating the electron-donating nature of EuSiWMo to the
amino group after binding. The larger chemical shift of the H (g)
and H (y) protons in L-Lys suggested that the binding site was
located at the amino group of L-Lys residual. The slight
chemical shift of H(a) linked to the chiral carbon atom
excluded the possibility of binding to another amino group
near to it, which were further proved by the similar binding
results of L-Arg/L-His to EuSiWMo. In combining with the
results from non-basic AAs, they concluded the binding sites
between EuSiWMo and basic AAs were located at the residual
guanidine for L-Arg and the imidazole group for L-His, which
were identical to interactions between EuSiWMo and L-Lys at
the amino group in residual. The larger chemical shifts of
protons in the basic reside of AAs illustrated they were the
vital binding sites for the selective recognition of EuSiWMo.

When using another two POMs, Kj;[Eu(PW;,039)2] and
Ko[EuW10036], they found the basic AAs could not induce much
increase in the Eu(lll) emission, which demonstrated the
amount of negative charges at the POM surface was vital for

luminescence

its selective binding to basic AAs. In following, the fluorescence
lifetime differences for EuSiWMo in the absence and presence
of AA confirmed it was indeed closely bound to the basic AAs;
while the non-interaction between the ester derivatives of Lys,
Arg, EuSiWMo emphasized the strong
electrostatic interactions occurring between POMs and AAs.
Comparing to another report which studied the interaction of
POMs and a dipeptide Gly—Gly,>8 they found similar chemical
structures between POMs and AAs. That was, the amino group
in basic AA was functionalized as a proton donor for the
hydrogen bond formation, being a big assistance to the
dominant electrostatic contribution when the AA interacted
with the POM. Therefore, this study not only provided an
example of the assembly of POMs and AAs, but it also
illustrated additionally the mechanism of the interaction was
attributed to the electrostatic interactions and hydrogen
bonds. Such report was meaningful to further understand the
interactions, especially the binding sites between POMs and
peptides, or proteins.

and Leu and

3. Co-assembly of peptides and POMs

4| J. Name., 2012, 00, 1-3

An understanding of the conditions and methods are critical
for the study of these co-assemble process. For example, the
type of POMs and the feature of peptides, the mode of the
action and the characteristic of nanoparticles are all vital in the
co-assembly. In this section, we will describe the various
methods, especially the good examples, developed over the
past decade by a time sequence, and also introduce the
potential superiorities of the assemblies at the same time.

3.1 Co-assembly of vanadium-containing POMs and dipeptide

The existence of vanadium-requiring enzymes and the potent
biological activities of vanadium in biological systems have
gained increasing interest in the coordination chemistry in
Several research groups have studied the
application of vanadium in different oxidation states, and they
found both +4 and +5 oxidation states of vanadium, that was
V(IV) and V(V), were biologically active.>®-¢1 However, until that
moment there were few reports on structurally characterized
vanadium-(V) complexes containing amino acid or peptide-like
ligands.®® In 1993, Crans’s group broke the limit as they
reported a structural model of vanadium(V)-peptide both in
solid-state and solution to reveal the vanadium(V)-protein
interactions,®> where two simple models of complexes,
oxovanadium(V) triethanolaminate and oxovanadium(V) tri-2-
propanolaminate, were resolved. The reported distorted
trigonal pyramidal vanadium with the nitrogen and the oxo
atoms in axial positions demonstrated the ability of vanadium
to change the coordination number in environment such as
inside the proteins.

Although the current studies with simple oxovanadates
complexes have shown significant differences with respect to
the affinity of simple oxovanadates for a series of enzymes,®2
there is still no information presented regarding the
interaction between peptides with any of POMs cluster at the
molecular level. Therefore, in following they studied the
interaction of vanadate decamercluster and the simple
dipeptide glycylglycine (Gly-Gly), which formed a well-defined
structure of the compound (NH4)s(Gly-Gly);-V10028:4H,0
(abbreviated as 1).58 After the recrystallized Gly-Gly-HCl was
added into a rapidly stirred solution of NH4VO3 containing
hydrochloric acid, a ~2 days' incubation resulted in the
crystalline material 1, which was further analyzed by the X-ray
crystallography. The detailed cell parameters as atomic
coordinates, bond lengths, bond angles, especially the
involving hydrogen bonds were supplied in detail in this study.
The bond angles and distances observed for theV|002s% unit
indicated that the geometry was quite similar to that found in

recent years.

previously reported structures of decavanadatesalts.t364 In
addition to the NH** cations and the associated Gly-Gly units,
the unit cell also contained four water molecules, and no
disorder involving the water molecules and the ammonium
ions occurred in this structure (Fig. 3). The structure of the
associated Gly-Gly dipeptide was similar to those assemblies of
other zwitterionic amino acids and oligopeptides, which
typically exhibited C-O distances of ~1.25 A in carboxylate.6566
The angle of C22-N22-C23 (119.7(2)° ) was slightly (~2.5° )
larger than the normal in 1, while the angle of N22-C23-C24

This journal is © The Royal Society of Chemistry 20xx
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(113.1(2)° ) was slightly smaller (~2° ) than the normal, which
was the result of the interaction between the Gly-Gly unit and
the decavanadate anion. In addition, they found all hydrogen-
bonding related protons were located and refined, being good
to fully reveal hydrogen bonding patterns and the water

molecules and ammonium ions interacted with the
decavanadate anion. That was, the structure revealed
hydrogen bonding was the controlling factor for the

interactions. Each of the ammonium ions forms a hydrogen
bond with a doubly bridging oxygen atom of the decavanadate
anion; simultaneously the protonated amino terminus of the
Gly-Gly dipeptide forms a hydrogen bond to a triply bridging
oxygen atom. Due to the hydrogen bonding involving the
oxygen atoms of the carboxylate terminus and ammonium
ions, the Gly-Gly dipeptide actually linked adjacent
decavanadate units. The hydrogen bonding interaction
between N21 and 011 indicated the presence of higher
electron density on the triply bridging oxygen atom. All the
hydrogen bonds in the presented structure were in accord
with both experimental and theoretical predictions regarding
the basicity of oxygen sites on the vanadate decamer. The
hydrogen bonds observed in this structure reflected the
flexibility in the Gly-Gly dipeptide in generating hydrogen
bonds, and it was most favourable comparing to other reports
about the interactions between cations and the oxygen atoms
of the decavanadate anion.”

In addition, when using the Gly-His to replace Gly-Gly, it
formed the compound (NH4),(Gly-His)4V10025:16H,0 (2). The
spectroscopic and elemental analysis found that 2 had a
different stoichiometry from 1 due to the overall charge of the
dipeptide and its hydrogen-bonding possibility was dependent
on the protonation of the imidazole functionality.

Therefore, the Crans’s study demonstrated that vanadate
decamers can form complexes with peptides through the most
basic functionalities and these types of interactions vary
significantly with the amino acid sequence and the charge on
the protein. They provided the first structural characterizations
between oxometalates and peptidic compounds, and paved
the way to investigate the self-assembly of peptide and POMs.

Fig. 3 Drawing of a portion of the structure of 1. Hydrogen
bonds between the polyoxovanadate anion, the cations, and
the Gly-Gly zwitterion are indicated by dashed lines.58

This journal is © The Royal Society of Chemistry 20xx
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3.2 Self-assembly of a Keggin-type phosphotungstic acid and a
cation diphenylalanine dipeptide.

As the shortest structural recognition motif for the Alzheimer’s
B-amyloid polypeptide, the cation diphenylalanine peptide (L-
Phe-L-Phe, FF) plays a decisive role in the fibril formation,
being as an excellent bottom-up building block.%8 Since G’rbitz
et al. first found the simple dipeptides can self-assemble into
nanotubes, resulting have chiral hydrophilic
channels with a Van der Waals diameter of up to 10 A8 the
assembly of the FF have attracted many attention. Reches et al.
demonstrated that FF can self-assemble into well-ordered
tubular structures with a long persistence length (100 mm) by
a combination of hydrogen bonding and m-m stacking of the
aromatic residues.” The FF can also self-assemble into
nanofibrils in water by protected 9-fluorenyl-methoxycarbonyl
(Fmoc) and thus results in a hydrogel being held together in a
network by hydrogen bonding and m-m interaction.’%71 In
following, the FF dipeptide was found to be capable of self-
assembling into individually dispersed and rigid nanowires
either in carbon disulfide (CS;).° In addition, Wang et al
discovered the diphenylalanine (Phe-Phe) can form ordered
molecular chains on Cu surfaces.”?

Almost at the same time, Li et al. selected a cationic dipeptide
(H-Phe-PheNH2-HClI) to fabricate nanotubes and the negatively
charged nucleic acids could be bound to the tubes and then
delivered into cells readily.”3 In a further study they found that
this cationic dipeptide could assemble into nanotubes at
higher and then these tubular
structures can spontaneously be converted into vesicle-like

structures

concentrations at first,

structures at lower concentrations.”* Recently, Li’s group
summarized the self-assemble of the H-Phe-PheNH2-HCI, and
additionally they demonstrated the first assembly of FF with
the inorganic compound POMs.

As an important example of self-assemble for POMs and
peptides, Li's group studied the self-assemble of cation
diphenylalanine peptide FF with a Keggin-type POM,
phosphotungstic acid (PTA)H3PW;,040.7> They added PTA to
the solution containing FF in a charge ratio of 1:5 at room
temperature, and found an immediate, opalescent, cloudy
suspension. The analysis on the phenomenon by TEM, SEM
and DLS revealed a well-defined, spherical nanostructure with
diameters ranging from ~100 to 250 nm (Fig.4). The Fourier
transform infrared (FT-IR) spectra of the hybrid colloids
indicated PTA and H-Phe-Phe-NH,-HCl was co-assembled with
the strong binding affinity. Meanwhile, they found the
assembly of the well-defined spherical structures was
determined by the initial concentrations of the peptide and
the PTA, as well as their molar ratio. In addition, they
investigated for the first time the change in turbidity by
varying pH and temperature, and they found the hybrid
colloidal spheres were sensitive towards external stimuli such
as pH or temperature. By mixing with a variety of guest
materials such as hypocrellin B, hydrophilic gold nanoparticles
(AuNPs) or fluorescein isothiocyanate with PTA and H-Phe-
Phe-NH,-HCI, the hybrid colloidal spheres displayed an
adaptive encapsulation property in the self-assembly process,
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co-assembly to hybrid supramolecular structures. The peptide-

encapsulated POM clusters were first formed through

electrostatic interactions and then such clusters further
aggregate into the hybrid spheres.”

which opened a new avenue to integrate functional units into
self-assembled nanostructures. The adaptive encapsulation of
water-soluble molecules can be attributed to the multiple non-
covalent interactions between the guest molecules and the
peptide-encapsulated clusters (PECs), or to the trapping due to
the fast self-assembly of PTA/FF colloidal spheres.’®77 Such a
flexible organic-inorganic hybrid systems will be useful and
typical in the research of co-assemble. And their features will
allow them for extensive application of self-assembled
nanostructures in controlled release of drugs.

Quit recently, Zhuo et al. also introduced the self-assemble of
FF@PW12 via a re-precipitation strategy.”® At first, the
supramolecular assemblies of FF and PW1,040 (PW12) in a 3:1
molar ratio were obtained and the aggregates were sub
microspheres with average diameters of 520 nm. This self-
assemble of PW12 in FF was confirmed using several
spectroscopy techniques like UV-vis, FTIR, Raman
spectroscopy and NMR, which concluded PW12 and FF were
co-assembled into spherical aggregates in water with the
electrostatic interaction between them. The chemical
structure for the hybrid of (NHs3-PhePhe-COOCH3)3PW;1,040
(FF3PW12) with a ratio of 1:3 for PW12:FF was verified by TGA
measurements and XRD. In conclusion, they found the building
block of (FF)sPW12 was formed due to electrostatic
interactions and then the supramolecular assembly of
(FF)sPW12 occurred via non-covalent interactions which
undergo two steps self-assembly processes. In addition, they
evaluated also the peroxidase-like activities of FF@PW12 and
the unique properties which will be introduced in detail as
follows.

3.3 Self-assembly of Wells-Dawson-type phosphotungstate and an
AP peptide.

Alzheimer’s disease (AD) is the most common form of
dementia. It is characterized by cerebral extracellular amyloid
plaques and intracellular neurofibrillary tangles.’® Although the
molecular mechanisms of AD pathogenesis were not clearly
understood yet owing to its complexity, recent advances have
demonstrated that the polymerization of amyloid B-peptides

(AB) into amyloid fibrils was crucial.8° Qu’s group found for the
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first time that POMs can inhibit Af} aggregation, where they
used four different kinds of POMs for comparison and found
that the size of POMs played a key role in AP} recognition and
amyloid inhibition.#? In following, they combined a Wells-
Dawson-type phosphotungstate, Kg[P,CoW17061], with a well-
known ApB-targeted peptide inhibitor, AB15-20 (Ac-QKLVFF-
NH;), to construct the expected hybrids by using straight
forward self-assembly approach.?® After adding an aqueous
solution of Kg[P,CoW1;061] to a 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) solution of AB15-20 at room temperature and
6h incubation, they discovered by SEM the spherical
nanoparticles with diameters ranging from about 70 to 100 nm.
In addition, the FT-IR spectra of POM@P, POM and AB15-20
demonstrated strong interactions between POM and peptide.
By analysis the X-ray diffraction (XRD) patterns of POM and the
hybrid colloidal spheres, they discovered that being similar as
POM-dipeptide assembly,”> the AB15-20 molecules can act as
analogous to a cationic surfactant, to initially form peptide-
encapsulated clusters (PECs) with POMs upon strong
electrostatic interactions and following stacked, and finally
form supramolecular networks. The further study showed that
the initial concentrations of the peptide and the POM as well
as their molar ratio will influence the assembly of the well-
defined spherical structures; and when the ratio of POM to
AB15-20 was more than 1:2 the colloidal spheres will be cross-
linked or aggregated. The unique POM-peptide hybrid particles
became more potent against AB1-40 aggregation which will be
introduced in the following part 4.

3.4 Self-assembly of a Lindqvist-type Eu-containing POM with
cationic HPV peptides.

Human papillomavirus (HPVs) can easily infect human
epithelial cells in the skin and mucosa and have attracted a
wide range of attention because of their high hazard to human
health.8182 In order to make clear the infection mechanism and
the

researchers have made a lot of effort and found the infection

precautionary measures or therapeutic method,

with certain high-risk types is directly associated with
anogenital malignancies.?385|n a recent research, we studied
the interaction of cationic peptides from HPVs capsid proteins
with different type of Eu-containing POMs, and discovered the
interactions were very interesting.8687 We chose L1 peptides
containing 14 amino acids from HPV-18 and-16 L1, HPV16Ctb
and HPV18Ctb, which were arginine/lysine-rich ones from
high-risk subtypes of HPV major capsid protein. At first, a
Nag[EuW10036]-32H,0
(EuW10) interacting with these two peptides were studied.8>
When the HPVL1 and EuW10 was mixed at the concentration
ratio of 1:1 in the pure water, the well-defined nanoparticles

Lindqvist-type Eu-containing POM,

with an average size of ~300 nm were spontaneously formed.
The FT-IR spectra illustrated the incorporation of peptide in
the assembled nanospheres and the powerful interactions of
HPV18Ctb with EuW10. Such interactions of Euw10 and
HPV18Ctb, HPV16Ctb were investigated by using fluorescence
titration spectra, a much higher luminescence enhancement
for HPV18Ctb (35.8-fold) was observed than that for HPV16Ctb
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(20.2-fold). The difference in luminescence enhancement
suggests a stronger binding ability between EuW10 and
HPV18Ctb than HPV16Ctb, which due to the more dispersive
charges of HPV18Ctb. The

Calorimetric (ITC) experiment in following gave the binding

surface Isotherm Titration
constants and other thermodynamic parameters between
EuW10 and HPV18Ctb/HPV16Ctb in detail, which proved the
assembly was completely enthalpy driven. In addition, the
influence of temperature on the thermodynamics
detected either by ITC which illustrated both hydrogen
bonding and the electrostatic interactions were involved in the

was

EuW10-peptide binding. The following performed Zeta--
potential and 'H NMR measurements confirmed well these
results. Further studies in time-resolved fluorescence spectra
the
microenvironment to EUW10 when binding with peptides and
proved again the strong binding affinity of EUW10 with these

gave more clearly illustration of influence of

peptides.

The method of assembly could be extended to explore the
binding of other POMs and peptides, and then we chose a
highly  charged europium-substituted POM cluster,
K13[Eu(SiW10M00O39),]-28H,0(EuSiWMo) in assembling with
HPV16Ctb/HPV18Ctb as well as their analogues.8” Interestingly,
the phenomenon was very different from those of them in
binding with EuW10. When the HPV16Ctb was added to the
EuSiWMo solution, a two-step assembly and a higher
luminescence enhancement (57-fold) was appeared (Fig.5).
The time-resolved fluorescence indicated the tighter influence
of peptides for the chemical environment of POM cluster
perfectly consistent with the luminescence change. In order to
clarify the two-step progress, we used ITC measurement to
detected the self-assembly, which provided the thermos
dynamic constants for each step. When the TEM was
conducted, we found the EuSiWMo was in a small aggregate
even at diluted solution (1.0 puM). With the adding and
increasing of HPV16Ctb, we discovered the strip-like
aggregates and then bigger spherical assemblies (in step I).
Further increasing the HPV16Ctb until the concentration ratio
of 3:1, the assemblies to associate and link together while
maintaining the spherical morphology (in step Il). To further
understand the intrinsic mechanism, we analysed the role of
the sequence of AAs by using several peptide analogues. The
results indicated that both the basic sequence and the length
of peptide influences the two-step progress, and the process
of step | deal with hydrophobic interactions deriving from the
C-termini while the step Il involved electrostatic and hydrogen-
bonding interactions. It should be noted, the highly charged
POMs might bring new interaction forces when binding with
peptides or proteins, which have not been taken into
consideration in investigations before. Finally, the conclusion
was further confirmed through the studied of POMs and SA
containing 13 negative charges, which presented a typical two-
step process either.28

According to the self-assembly of POMs and HPV L1 peptides,
we supplied an easy, cost-effective and efficient fluorescence-
enhanced method to detect the positively charged HPV

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 A schematic binding model and process between
EuSiWMo and HPV16Ctb at different molar ratios.8”

peptides by using an POMs in vitro and to discriminate the
different subtypes of HPV capsid proteins, which will be
introduced in the following part 4.6.888° Therefore, the study
demonstrates both a meaningful preparation for bioinorganic
materials and a strategy using POMs to modulate the assembly
of peptides and even proteins, which could be extended to
other proteins and/or viruses by using the peptides and POMs
with similar properties. This strategy could be useful in the
future treatment of virus.

3.5 Self-assembly of heteropoly POMs and amphiphilic peptide.

As we all known, multivalent peptide nanofibers have
attracted intense attention as promising platforms because
these 1D scaffolds offer a high aspect ratio and surface area
for the formation of a high-density array of positively charged
groups, thus leading to tight binding with negatively charged
entities.?0-%¢ Recently, Li et al. reported a self-assembly of
silica-containing heteropoly H4SiW1,040 (HSIW) with short
peptides L1, which consists of an alternating sequence of
hydrophilic (lysine) and hydrophobic (azobenzene) residues
(Fig.6).>” It demonstrated that the multiple electrostatic
interactions between them could be utilized to generate
multivalent nanofibers. The CD spectra of it demonstrated the
commencement of a conformation transition from a random-
coil to a P-sheet state.’® TEM image presented the uniform
nanofibers with a diameter of 12-14 nm and the lengths
reaching several micrometers with a molar ratio of 3:1 for
L1/HSiW. The hydrophobic and/or r—t interactions lead to the
azobenzene units of the ionically self-assembled samples form
a densely packed state, which was verified by UV-Vis
absorption spectra. In addition, the ITC results implied that the
strong electrostatic attraction was the main driving force. High
resolution TEM presented a double-layer arrangement which
formed by HSiW nanoclusters within the nanofibers with a
layer distance of (4~6) nm. Cryogenic TEM and thioflavin T
(ThT) titration provided further evidence that long nanofibers
with extended B-sheet structures existed in aqueous solution,
and that their formation was not caused by the drying effect
during the solvent-evaporation process. Zeta-potential
measurement revealed that the surface of the nanofibers was
covered by highly concentrated positive segments. Then by
comparing the molecular length of the B-sheet of L1, the
diameter of HSiW, the width of the nanofibers, the distance of
the double-layer HSiW and the positive zeta potential, they
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found the nanofibers possess a core-shell structure actually.
Furthermore, through the comparison to others analogous
peptides L2-L7, they found the peptides with less hydrophobic
residues were unfavourable for both the one-dimensional (1D)
stacking and the stability of the resultant
nanostructures. In addition, they also found the strong
hydrophobic and/or t-it interactions between the peptides not
only facilitate the formation of 1D nanostructures but also
improve their stability in water.

These stable nanofibers, as with positively charged surfaces,
were multivalent candidates for binding with bacterial cells. By
given a series cell experiments using E. coli and yeast cells,
they found the inhibitory ability of L1 or HSiW alone was poor,
while the L1/HSiW nanofibers exhibited significantly enhanced
antibacterial efficacy. Then they studied the mechanism by
which nanofibers exert their activity through assay for cell
viability, and they found that the nanofibers disrupted cell
membrane upon contact with E. coli. Furthermore, the
nanofibers can also resistant the enzyme degradation in
human sera. This research not only studied the self-assembly
of peptides with POMs but also focused on the enhanced
antibacterial activity and related mechanism. It is also
expected that the extraordinary properties of POMs by
peptide could be used to create hierarchical assemblies for the
fields of biological chemistry and materials science.

molecular

4. The applications of POM-peptide assembly

The characteristics of the self-assembled particles were
uniquely different from the alone peptides or POMs.
Meanwhile, the particles possessed advantages in many
biochemistry applications, which would be exhibited in detail
in following.

4.1 Chiral recognition of hybrid metal oxide by the interaction of
peptide and POMs

Chirality in POM chemistry®® can be derived from stereogenic
arrangement of the achiral subunits in the solid state or in
supramolecular assemblies.100-102 However, it has always been

(a)
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Fig. 6 lonic self-assembly of peptide L1 and HSiW.%7
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very difficult to recognize the chiral POMs. Early in 2001, Pope
et al. studied the interactions of [al-Ce(lll)P,W17061]7" and
several amino acids, which presented the diastereomeric
arrangements as assayed by 3P NMR spectrum.103 |n following,
Hasenknopf et al. observed a strong binding to the organic
ligand coupled to additional hydrogen bonds which allowed
better chiral sensing of [al1-YbP,W1706:1]7-, and it was regarded
the multiple hydrogen-bonding interactions with organic
molecules provided key contribution to direct chiral
recognition and resolution.104105 Then, they established an
anoxoacyl platform, (TBA)s[a1-P2W17061{SNCH,CH,C(=0)}]
(1)196 (TBA = tetran-butyl ammonium), which was a good target
for kinetic resolution since its reactive, activated carboxyl
moiety could directly attached to the stereogenic POM
framework. In addition, the oligopeptides were regarded as
good candidates to establish hydrogen bonds with the
polyanionic nanocluster as their easily available in both
enantiomeric forms. Therefore, in a recent study, in order to
accommodate the size of the POM and consequently to
increase the odds to achieve chiral recognition of the metal-
oxo framework, they chose tripeptides as the organic
partners.19’ The desired adduct (2a) was obtained and it was
isolated together with residual 1. One of the diastereomers of
such the POM conjugated 2a was formed in slight excess
(59/41) as determined by 'H NMR spectroscopy. Further
studies in the different temperature indicated that the lower
temperatures led to better selectivity and -40 Callowed the
best compromise between selectivity and conversion, which
was intrinsically attributed to the lower reactions at cold
condition. In addition, they modified amino acids in 1 and
found that the extended chains should better wrap around the
POM, which was taken place predominantly via hydrogen
bonding of the peptide to the negatively charged cluster.
Finally, they obtained the optimal condition and made sure
that the H3;N-Trp-Ala-Leu-CO,Me was the most promising
tripeptide. Actually, the reaction was carried out between
racemic 1 and 1 equiv. tripeptide at -40°C for 48h and it
delivered about 78% converted POM 2a in approximately
65/35 diastereomeric ratio, along with 20 % recovered 1 (Fig.
7). NMR spectroscopic analysis (including H, 31P and!3C)
showed that the single diastereomer was obtained from the
reaction of the recovered 1. Circular dichroism (CD) analysis
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Fig. 7 Kinetic resolution of the enantiomers of a;-Dawson POM
1.107

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 16



Page 9 of 16

further confirmed that they had achieved complete resolution
of the enantiomers of 1.

The molecular recognition of the chiral metal oxide surface of
a al-substituted Dawson POM enabled its kinetic resolution,
which has made possible by the unique properties of organic
hybrids of POMs. In addition, the applications of designed
chiral hybrids in catalysis (chiral anions), medicinal chemistry,
and materials science will be extended more widely in
following.

4.2 The promoted hydrolysis of peptide as catalyzed by POMs

The hydrolysis of the peptide at specific bond was one of the
most important and necessary procedures in biotechnology.
There were numerous studied focused on the cleavage of
protein or peptide.1%® However, both they suffered from
serious shortcomings, such as too many possible sites by using
proteolytic enzymes and the harsh conditions for chemical
reagents. Several metal ions,0%-113including Pd(Il), Pt(l1), Ni(ll),
Zr(1V), Co(lll), and Ce(lV) have been reported to promote the
hydrolytic cleavage of inactivated amide bonds in peptides and
proteins, while the use of metal complex in this field was still
scare reported for many years. However, the research group of
Tatjana broke the limit; they reported several good
investigations on the hydrolysis of peptide catalysed by metal
complex. For example, the first promoted cleavage of
hydrolytic peptide was achieved by a negatively charged
[MoO4]%-oxyanion,1* which was attributed to its ability to
efficiently coordinate to the X-Ser peptides. Such an
coordination polarized their group toward the
internal nucleophilic attack by the hydroxyl group in Ser
residue. Then, they reported the incorporation of Zr(lV) into
the Wells-Dawson POM and gave the first example of
phosphoester bond hydrolysis in 4-nitrophenyl phosphate
(NPP) and bis-4-nitrophenyl phosphate (BNPP), two commonly
used DNA model substrates. Promoted result was obtained by
metal-substituted POMs, which resulted in a catalyst for the
homogeneous hydrolysis of phosphoester bond hydrolysis.115
The study inspired them to extend the use of POMs as artificial
phosphoesterases by incorporating metal ions into hetero
POMs.

In a recent study, they make use of the polyoxometalate
complex, Zr(a-P2W17061)2, to explore the cleavage on peptide,
and gave the first example of peptide hydrolysis as catalysed
by the Zr(IV)-substituted Wells—Dawson type
polyoxometalate.1’® They synthesized a series of metal-
substituted Wells—-Dawson POMs and examined their
hydrolytic activity toward the peptide bond in glycyl-glycine
(GG). They found that the Zr(IV)- and Hf(IV)-substituted ones
were the most active, and they selected Zr(IV)-substituted
Wells—-Dawson POM, KisH-[Zr(a-P2W17061)2]-25H,0 (1), to
study the catalysis of hydrolysis in detail. First, they studied
the behaviour of 1 in aqueous solution and found the Zr(IV)
showing higher coordination numbers in comparison to other
transition metal ions which were usually tetra- or hexa-
coordinated. Then they found the GG was fully hydrolysed to
glycine (G) in the presence of equimolar amounts of 1 at pD5.0
and 60 °C, provided the corresponding rate constant (Kops) for

carbonyl
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the hydrolysis. The rate constant of hydrolysis represents a
significant acceleration compared to the blank reaction in
which no hydrolysis was observed after several months under
the same reaction conditions. In following, they investigated
the hydrolysis of Gly-Gly derivatives, which were modified at
the N- and C-terminal end. The 'H NMR spectra of these
derivatives demonstrated the free amino terminus were
important for the interaction of the peptide with the POM.
Further studies on the binding of 1 to GG were performed by
13C NMR, and the largest shift being observed for the amide
carbonyl. These large chemical shift values of GG manifested it
was the coordination of the amide carbonyl to Zr(lV) that
facilitated amide bond hydrolysis via activating the amide
carbon toward nucleophilic attack by water molecules, which
was consistent with the derivatives test. In addition, the
hydrolysis of GG in the presence of several non-reactive
substrate analogues was also examined, such as oxalic acid,
malonic acid, succinic acid, glutamic acid and so on. The
different inhibition for the hydrolysis of GG indicated that
carbonyl groups bind efficiently to the Zr(IV) centre in 1,
suggesting the coordination of GG to 1 and its activation
toward nucleophilic attack was mainly governed by carbonyl
group interaction. Finally, they concluded the hydrolysis
mechanism and found coordination of the amide carbonyl
leads to Lewis acid activation of the amide bond and made it
more susceptible toward nucleophilic attacked by water (Fig.8
and 9). Both the attack of coordinated water, solvent water
and the according mechanisms  were kinetically
indistinguishable.1%® Especially, the N-terminal amine group
was considered as the second coordinating entity, which
explained well why the peptide as the N-blocked analogue,
acetamidoglycylglycinate (AcGG), was not hydrolyzed in the
presence of 1. Then other dipeptides were fully hydrolyzed by
1 finally.

Later on, they studied a series of dipeptide as catalyzed by a
zirconium(lV)-substituted Lindqvist-type POM,
(Me4N)2[Ws018Zr(H20)3] (Zrw5)117 and also promoted the

detailed kinetic of Zr(IV)-substituted Keggin type
polyoxometalate with dipeptide.1® They found this 2Zr'V-
substituted POM was shown to be more active in the

hydrolysis of inert amide bonds of series dipeptides under
homogeneous reaction conditions. Among the dipeptides

examined, those with the X—Ser amino acid sequence were
H,O

H COOH
N—/

Fig. 8 Mechanism for the hydrolysis of GG in the presence of 1:
nucleophilic attack of solvent water (Left) and coordinated
water (Right).116
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Fig. 9 Hydrolysis of GG in the Presence of 1.116
hydrolyzed most effectively because of a N->0 acyl
rearrangement. And the hydrolysis was faster than that of
dipeptides containing aliphatic side chains, and the fastest
hydrolysis was observed for His—Ser peptide. Then, they also
investigated the selective hydrolysis of HSA1® and Lysozyme?4®
by POM complexes, and promoted the hydrolysis mechanism
that the coordination of the peptide to Zr(IV) leads to
polarization of the peptide carbonyl group facilitating its
hydrolysis, which was basing on the hydrolysing of short
peptides.

In following, with a series of Zr(IV)-substituted POMs studies,
they found that Zr(IV)-substituted Lindqvist-, Keggin-, and
Wells—Dawson-type POMs selectively hydrolyze the protein
myoglobin at Asp-X site under mildly acidic and neutral
conditions, which was the first example of highly sequence
selective protein hydrolysis by POMs.120 |n addition, they also
found that a polypeptide with 30 amino acids, oxidized insulin
chain B, being selectively cleaved by the Zr(IV)-substituted
Wells—Dawson POM, KisH[Zr(a2-P,W17061)2]:25H,0, under
physiological pH and temperature in aqueous solution. Such
study was the first report on the selective hydrolysis of a
polypeptide system by a metal-substituted POM.121 Recently,
the interaction between KisH[Zr(o2 -P2W17061)2] and a range of
surfactants were studied in detail by 1H, 13C, and 3P NMR, 1H
diffusion-ordered NMR ( *H DOSY), and nuclear Overhauser
effect spectroscopy (NOESY).122 They found that the cationic
surfactant cetyl(trimethyl)ammonium bromide (CTAB) caused
precipitation of KjsH[Zr(az -P2W317061)2] due to strong
electrostatic interactions, while the anionic sodium dodecyl
sulfate (SDS) and neutral Triton X-100 (TX-100) surfactants did
not exhibit any interaction at neutral pD solutions. Most
importantly, in the presence of anionic, neutral, and
zwitterionic surfactants, [Zr(oz-P2W17061)2]16 preserved its
catalytic activity towards the hydrolysis of peptide bonds. This
study was a first and important step in developing Zr'V-
substituted POMs as artificial metallopeptidases that are
active in surfactant solutions. All the results together indicated
that the interaction between peptides and POMs by weak
force was very important in the catalytic process. It has been
extensively applied to the study of biological properties for
POMs and will light on the molecular origin of their biological
activity.

4.3 Enhanced Inhibition of Ap aggregation

10 | J. Name., 2012, 00, 1-3

As a progressive neurodegenerative disorder, AD s
characterized by the deficits in the cholinergic system and
deposition of beta amyloid in the form of neurofibrillary
tangles and amyloid plaques. It is the most common form of
dementia, which afflicts more than 24 million people
worldwide.123 A significant body of data has indicated that the
polymerization of amyloid-p (AB) peptide into amyloid fibrils is
a critical step in the pathogenesis of AD.124128 Therefore,
inhibition of AP aggregation has been considered as an
attractive therapeutic and preventive strategy for AD
treatment. As peptides containing the
recognition residues, KLVFF, have been shown to bind the
homologous sequence in AB40 or AB42 and disrupt their
aggregation. So Qu’s group utilized the unique properties of
POMs and AB16-20 to self-assemble the hybrid particles of
POM-peptide (POM@P, here P is AB16-20), which was further
used as bio-functional AB inhibitors (Fig.10).40 Firstly, by using
straightforward self-assembly approach, they combined a
Wells-Dawson-type phosphotungstate, Ksg[P,CoW1;061], with
the AB-targeted peptide inhibitor AB15-20 (Ac-QKLVFF-NH,),12°
to self-assemble the expected hybrids. Then they investigated
the inhibition activity of these novel nanoparticles in AB
aggregate formation by using a widely used thioflavin T (ThT)
fluorescence assay.130 They discovered that a 2:1 ratio of AB1-
40 to POM@P (here P is AB 15-20, and the ratio of POM/AB15-
20 is 1:2) inhibited the relative change of ThT fluorescence by
more than 65%; whereas the same amount of POM or AB 15-
20 inhibited ThT only by 35% or 45%, respectively. So, in
comparison to POM or AB15-20 alone, the two-in-one
bifunctional POM@P nanoparticles showed enhanced
targeting inhibition effect. In addition, the PC12 cells was
employed to detect whether the nanoparticles could be used
to block AP1-40-mediated cellular toxicity by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide(MTT)
assay. They found that the AP fibrils (10 uM) led to a decrease
of 46% in cellular reduction of MTT. Treatment of the cells
with AB in the presence of POM@P (6 uM) increased the
survixal of the cells to about 82% and POM@P
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Fig.10 Schematic representation of the peptide-POM
conjugates used for AD treatment. (A) The schematic
illustration of self-assembly of AB15-20 and POM to hybrid
spheres. (B) The assembled peptide and POM nanoparticles
can effectively inhibit AB1-40 aggregation.4©
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nanoparticles themselves were nontoxic under the same
conditions. In particular, by incorporating a clinical-used AR
fibril specific staining dye Congo red (CR) into POM@P
nanoparticles they found it was possible to monitor the AR
morphology changes in real time according to CR fluorescence
change, and consequently the nanoparticles could act as
effective fluorescent probes to monitor the inhibition process
of POM@P. Therefore, the self-assembled POM-AB in
targeting peptide-CR hybrids possessed obviously enhanced
inhibition efficiency and real-time monitoring in one system,131
which promoted the design of multifunctional targeting agents
for AD treatment. In addition, the enhanced inhibition
efficiency specific ability targeted-AB have been
considered important and useful in clinical treatment, as with
reduced side effects of POM. Furthermore, these methods are
easily compared with others which are too complicated,
expensive, time consuming and difficult to get large-scale
production for extensively use.

4.4 Drug delivery

and

It has found that the POMs exhibit excellent
luminescent  properties.?®132  When the POMs
encapsulated by poly-acrylic acids (PAA) in aqueous solutions,
the stability of POM would be enhanced. Especially, it can
promote biocompatibility of POM-based nanomaterials and
provide enriched carboxyl groups for subsequent bio-
conjugation with a mitochondria-targeting peptide.?® Recently,
Zhang et al.'33 reported an important new understanding of
the interactions between nanoparticles and cells by using
NagEuW10036:32H,0 (EUWlO), acrylic acids (AA) and a
positively-charged peptide (Dmt-D-Arg-Phe-Lys-NH2)134
(Fig.11). First, they prepared the EUW10@PAA (polymerized
acrylic acids) nanoparticles by adding EuW10 into acrylic acid
with ammonium persulfate (APS) as the initiator to synthesize
PAA in aqueous solutions. The mixture was managed again to
obtain purified EUW10@PAA nanoparticles, which enhanced
the fluorescence of EuUW10 by reducing the quenching effect of
water molecules and promoted simultaneously the
biocompatibility of POM-based nanomaterials.?® The diameters
of the nanoparticles were proven to be approximately 60 nm
by TEM. In subsequent, the peptide in targeting mitochondria
was covalently conjugated onto the carboxyl-functionalized
EuUW10@PAA nanoparticles and finally formed peptide-
conjugated nanoparticle (NP-peptide). Both the bare NP and
NP-peptide were assayed and compared in the MALDI-TOF
mass spectrometry, which suggested successful coupling of the
peptides on NP surface. They also tested the cytotoxicity of the
nanoparticles by using MTT assays and the dual-colour staining
experiments with dye molecules of calcein-AM and propidium
iodide (P1), which suggested that the NP-peptide exhibited low
cytotoxicity during the incubation with the MCF-7 cells, due to
good encapsulation with PAA molecules. Then, by comparing
the intracellular distribution of EuUW10 nanoparticles with or
without surface modification of peptides by confocal laser
scanning microscopy (CLSM), they found the NP-peptide can
be uptake by MCF-7 cells and delivered to mitochondrial
significantly higher than bare EuW10 nanoparticles. Thus, it

photo
was
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demonstrated the prominent effect of surface modification of
nanoparticles on their intracellular distribution.

In addition, they also investigated the intracellular trafficking
behaviours of NP-peptide in a dynamic mode, revealing
interesting dynamics in the translocation of NP-peptide from
mitochondria to lysosomes in a time-dependent manner (Fig.
12). It displayed a significant increase of the signals
overlapping (triplex) between NP-peptide, mitochondria and
lysosomes at the later stage. In addition, they further
investigated the phenomenon and the related molecular
mechanism by using Parkin, a protein recruited due to the
changes of mitochondria membrane potential. The
experiments supported that Parkin was likely mediating this
autophagic degradation associated with the change of
mitochondrial membrane potential. The results also confirmed
that the damages of mitochondrial membrane potential
induced by NP-peptide and supported the molecular
mediation by Parkin in the mitophagy. Further, these biological
effects induced by NP-peptide can reciprocally affect the
distribution patterns and the fates of nanoparticles in the cell
metabolism by providing an alternative route of intracellular
trafficking. These new understanding of the mutual activities
between nanoparticles and cells lay the foundation for
biosafety evaluation of nanoparticles and would be critical
important for study of the drug delievery.133

~ acrylic acid peptide
Vv‘r » >
|28 EDC/NHS

Fig.11 Schematic illustration of the synthesis of EUW10@PAA
nanoparticles and subsequent bioconjugation with peptides.133

Cell membrane

illustration of

Fig. 12 Schematic intracellular trafficking
dynamics of mitochondria targeting nanoparticles. Mitophagy
is induced by NP-peptide, involving the formation of auto
phagosomes and their subsequent fusion with lysosomes
(autolysosomes); these steps hosted by the cell reciprocally
change the fate of NP-peptide in cell metabolism through an
alternative intracellular trafficking route.133
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4.5 Enhancement of peroxidase-like performance

There were several reports introduced the self-assembly of
diphenylalanine peptide and POMs,3%75 which indicated that
the introduction of POMs indeed enhanced the
biocompatibility of the hybrids constructed from FF and
cationic ions.135-137 Recently, Zhuo et al studied the assembly
behaviour and characterization of FF and H3PW1,040 (PW12)
nanospheres in the process of H,0; hydrolysis.138

As we all known the detection of H,0, has attracted much
attention as its production affects many biochemistry
reactions in the body that are critical for human health.13%-141
The common method to catalyse H,0; hydrolysis involves the
use of horseradish peroxidase (HRP) by optical detection
strategy, which was effective company inherent drawbacks
including the sensitivity of catalytic activity to environmental
changes and low operational stability with time consuming and
expensive preparation.1#Z144 POMs have been shown to
demonstrate enzyme mimetic activity and Wang et al. have
found that PW12 exhibited intrinsic peroxidase-like activity
and its catalysis was strongly dependent on pH, temperature
and H,0; concentration,'*> However, pristine POMs catalyse
the reaction in a homogeneous way, causing recovery and
contamination issues and was very stringent in bio-detection
demand. Before this publication, Qu’s group have found that
the carboxyl(-COOH) modified graphene oxide (GO) could
catalyze3,3’ ,5,5’ -tetramethylbenzidine (TMB) to produce a
blue-coloured product in the presence of H,0,.146 Then, a
super lattice monolayer containing POMs on GO showed
enhanced photo electrochemical properties being ascribable
to the synergistic effects between the super lattice and GO.147

At first, they formed the spherical structures of FF@PW12
being introduced before. Then they evaluated the peroxidase-
like activities of FF@PW12. The catalysis of peroxidase on
substrate TMB was examined in the presence of H,0, with
FF@PW12 hybrid and other controls for comparison. They
found the reaction system of TMB/H,0,/FF@PW12 was stable
for a long aging time, in which no agglomeration was observed
throughout the process. Meanwhile, the relative activity was
~13 times higher than that of pristine PW12 without any
capping agents under similar reaction conditions. After that,
they further constructed the FF@PW12@GO composite and
the spherical structures of FF@PW12 were maintained on the
surface of GO oxide (Fig.13). The average size of the

[ : 1||\\ MPWi0,
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Q |
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l urther
mumhl\
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L NH _,n'l

o

H,0, TMB

Co-assembly
with GO

0, + H,0 oxTMB

Fig. 13 Schematic illustration of the assembly process of the
FF@PW12@GO complex.138
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Sub-microspheres about 480 nm, indicating the
confinement effect of GO on the spherical growth. Raman
results indicated the successful integration of the spheres and
GO. They firstly investigated the peroxidase-like activity as a
function of GO contents in the composite and found the
peroxidase-like activity of the FF@PW12@GO (5 wt %)
composite indeed exhibits higher absorbance in 10 min than
that of FF@PW12. The relative performance of
FF@PW12@GO is ~1.7 times higher than that of FF@PW12
and the catalytic activity of FF@PW12@GO is much higher in
acidic media than in neutral conditions. Then they analysed
the mechanism of the catalysis property of FF@PW12@GO,
and found two steps were involved in the oxidation reaction of
TMB. H,0, molecules were first adsorbed to FF@PW12@GO
and then get activated by the synergistic effects of the three
components. Furthermore, less *OH radical was generated in
the former case, being consistent with the difference of
peroxidase-like activities of these two systems. Therefore,
Zhao et al. conducted a ternary hybrid FF@PW12@GO based
on the self-assemble of FF@PW12 on GO and found an
excellent peroxidase-like mimic, which exhibited enhanced
peroxidase-like activity. This co-assembly method based on
peptides and POMs opens up a promising route in constructing
heterogeneous peroxidase-like mimics through the use of
POMs via the introduction of GO for building the H,0; sensors.
4.6 Detection and discrimination of HPV capsid proteins

was

We have reported the self-assembly of HPV capsid peptides
with Eu-containing POMs, which induced large luminescence
enhancement of Eu(lll). The related mechanism investigation
revealed the enhanced magnitude was determined both by
the number and sequence of basic amino acids (AAs) in the
peptide, which supplied the possibility to detect and
discriminate the related capsid proteins enriched basic AAs.

At first, we added a peptide from the C-terminal of the major
capsid protein of HPV16, HPV16L1Ctb, to the buffer solution
containing EUW10 and the luminescence changes presented a
linear increasing in a wider range, which was attributed to the
strong binding between EuW10 and HPV16L1Ctb.88 Then the
luminescence
concentration of peptides increased up to 120 uM, and then it
became stable. Such results illustrated that the enhanced
luminescence response of EUW10 to basic peptide would be
useful to detect the capsid proteins of HPV L1 and/or L2, as
several typical cationic peptides are involved there.

Then we detected and compared the L1 peptidic segments
from HPV capsid protein, HPV16L1Cta and HPV16L1Ctb, each
contained six basic residues. It was found the luminescence
intensity of POM induced by HPV16L1Cta were relatively
stronger at low concentration, while it was much less efficient
at higher concentrations than those of HPV16L1Ctb. The
different
induced by them may be attributed to the polybasic residues
(KRKKRK) in HPV16L1Ctb, which had been suggested to have
higher compatibility and binding affinity to another POM,
EuSiWMo.87 By using the identical method, we analysed others
two Arg/Lys-rich cationic peptides from minor capsid protein

intensity reached its maximum when the

level of luminescence enhancement of EuW10
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L2, HPV16L2Ct and HPV16L2Nt, The different
luminescence changes between them illustrated in addition to

either.

the dominant electrostatic interaction between them other
factors as the distinction of K and R proportions in the
peptides should also be considered. In addition, through series
experiments of ITC, we discovered the different binding
constants of the POMs with four peptides, companying with
the large difference of EuUW10 luminescence enhancement
induced by them should be extended to peptides from other
subtypes of HPV capsid protein.

Further, we found the luminescence intensity was enhanced
and indicated the EuUW10 could also be used to detect the L1
pentamers. At first, HPV16 L1 protein was detected in MES-
NaOH buffer solution and the additions of it into the POM
solution induced luminescence enhancement with the limit-of-
detection (LOD) was 0.5 mM. When it was used to detect
another high-risk subtype of HPV, HPV58 L1, we found it could
induce the luminescence change either and showed similar but
stronger enhancement than HPV16 L1. This illustrated the
universality for the binding of EuUW10 with the recombinant
HPV L1 protein from E. coli. Such an approach could be
extended to detect other HPV subtypes and/or even other
kinds of proteins with identical properties. In summary, the
self-assembly of Arg/Lys-rich cationic peptides from HPV
capsid protein and EuW10 provided a good support to detect
the representative peptides and HPV capsid protein in vitro,
which opened a way to develop an easy-to-perform, cost-
effective and efficient method to detect HPV capsid proteins,
and would be improved by using more appropriate and/or
sensitive protein as well as to discriminate different subtype of
HPV by using POMs as probes.

After that, the POMs was also used to discriminate HPVs in
different subtypes.82 We chose four peptides, HPV44Ctb,
HPV16Ctb, HPV18Ctb and HPV5Ctb, from the sequences of
different HPV subtypes. At first, the fluorescence spectra of
EuSiWMo and [Eu(PW11039)?]'" (EuPW11), possessing 13 and
11 negative charges respectively, were detected when binding
with these peptides; however, neither could be discriminated
well because of too strong binding affinity between POM and
peptide. Then, the EuW10, which contained less negative
charges of 9, was proposed to further discriminate the virus
capsid proteins between different HPV subtypes. The
differences of luminescence responses confirmed EuW10 was
a suitable POM to differentiate them. The discrimination
mechanisms between them were then revealed by time-
resolved fluorescence spectra and ITC in detail, which
indicated it was efficiently important for EuW10 with a
moderated binding affinity (Kb = 10%-10° M)
recognizing the peptides. The strong-dependences of
luminescence enhancement of POM both on the number and
sequences of basic AAs in peptide was revealed well in the

when

present study, which were further verified by other two
peptides of HPV16Ctb1l and HPV16Ctb2. Therefore, this study
reported a simple,
enhanced method to discriminate peptides from different
subtypes of HPV capsid proteins.

low-cost and efficient fluorescence

This journal is © The Royal Society of Chemistry 20xx
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In summary, these part results supplied an excellent
application of the type of inorganic materials, polyoxometalate,
in virus science, and might be helpful to explore the

mechanism of virus infection.

Conclusion and Perspectives

With the explosion of the number of new studies on POM-
peptide interactions,
application of POMs is coming. Further development of novel

a very exciting era in bio-related
POM-peptide interactions is also closely dependent on the
better understanding of the mechanism of POMs-protein
recognitions, which will further extend accesses to a wide
variety of inorganic groups on the POMs to meet specific
requirements in biological applications.

In the past years, the self-assembly of POMs and biomolecules
like protein and peptide have attracted broad attention as
their unique properties. For example, the self-assemble of
POM and AB peptide can be efficiently used to refrain the
aggregation of AB as an inhibitor. We believe that the self-
assembly of peptides and POMs will open a new field for the
study of inorganic medicines, which will be a great
improvement to prevent and treat many diseases like HIV and
AD. We also believe that a better understanding of the self-
assemble mechanism will no doubt help in judicious design
and improve the function of highly efficient POM-based
materials. Therefore, it is very critical to make use of different
techniques and methodologies to drive POM@peptide
chemistry forward, and in this respect, we hope can learn
much from this interdisciplinary science.
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This review presents an overview of recent work focusing on the co-assembly of
peptides and POMs, especially, their biological applications.
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