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Polyoxometalates (POMs) as a kind of molecular metal-oxide cluster with precise chemical composition
and architecture have been demonstrated to show potential in multidisciplinary materials. Accompanied
by their bioactivities, POM clusters have also been shown to be capable of sensing diseases and allowing
synergistic therapy based on their redox and near infrared absorption. In parallel with metal nano-
particles and organic materials, these inorganic clusters have also displayed unique photothermal
imaging and therapeutic properties over recent years. In this review, we outlined the main achievements
of POMs in the fields of bio-detecting probes and the photothermal effect. Fluorescence detection,
magnetic resonance, computed tomography, and photothermal property-supported photoacoustic

Received 30th May 2020, imaging acting as a multifunction platform that integrates photothermal therapy (PTT) were discussed at

Accepted 21st July 2020 the same time. The comparison of nanocomposites to POMs alone in imaging-guided PTT, multi-modal
imaging, and the combination of PTT with controlled chemotherapy and gas therapy were described in

detail. The advantages and possible drawbacks of POMs as well as perspectives in related areas were
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1. Introduction

Rapid developments in accurate medicine and life science
require precise diagnosis at the levels of cells, tissues, organs,
and human bodies. High-resolution visualization methods
toward meeting the challenge have proved to be promising appro-
aches and various radiation techniques have been exploited in the
past decades. Typically, a variety of imaging methods have been
developed to examine physiological and pathological changes
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analyzed, which ascertained such clusters to be a type of promising agent in biomedical applications.

through the modulation of the organism response to external
stimuli, such as light” and electric signals,’ radiation,* magnetic
fields,” etc. In addition to the early used methods, recently applied
imaging modalities include photoluminescence (PL) imaging,
magnetic resonance imaging (MRI), positron emission tomo-
graphy (PET), photoacoustic imaging (PAI), computed tomo-
graphy (CT), ultrasound (US) imaging, thermal imaging (TI) and
so on. The imaging modalities can be roughly divided into
two categories according to their characteristics. MRI, US, PAI
and CT are classified as morphological/anatomical imaging
techniques with high spatial resolution, while PL, PET and
TI are categorised as molecular imaging routes by detecting
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molecular and cellular changes.>” However, both imaging method-
ologies display pivotal advantages and inevitable defects and thus
the combination of various imaging modalities to achieve comple-
mentary advantages for more accurate results becomes highly
desired. On the other hand, the integration of imaging with therapy
points out the most promising tendency to push the diagnosis to
the final targeted treatment in the form of more effective and less
harmful treatment for the organism. The great progress of bio-
materials, especially functional nanomaterials, provides unlimited
opportunities.

The photothermal effect as an important physical pheno-
menon that transforms photoenergy to heat through a non-
radiative transition has been known for a long period, but it
was not really developed for medical diagnosis, until lately
it was observed in some semiconductor nanomaterials with
high transduction efficiency.® As a non-invasive and topical
approach, this effect becomes very important both in bio-
imaging and therapy via a vein or local injection and has
attracted wide attention. In targeted photothermal therapy (PTT),
the hyperthermia yielded from the energy transfer of a remote
light source to the local photosensitizer kills the anchored
tumour cells.” Given the nano- and/or molecular structure,
a variety of organic and inorganic hybrid materials were tried
to be used for photosensitizers to achieve a high temperature
within a few minutes under laser irradiation. In comparison to
other imaging techniques, the photothermal imaging (PTI)
method is less dependent on expensive and complicated instru-
ments but primarily concerned with the materials used.
In addition, the rational design of materials allows the chemical
objects serving as probes to possess multiple functions for
targeting, imaging and therapeutic effects.'® Therefore, location
recognizing therapy accompanied by imaging guidance to kill
cancer cells efficiently while avoiding damage to normal tissues
will be one of the critical strategies. But still, finding suitable
nanomaterials with the features of nontoxicity, biocompatibility,
precise chemical structure and stability, and high photothermal
conversion efficiency is essential prerequisite.
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Some typical inorganic metal nanoparticles, graphene and
carbon materials, and conjugated organic and polymer materials
showing photothermal phenomena have been reviewed in recent
years."*™ In comparison to these photothermal materials, poly-
oxometalates (POMs) as a class of polyanionic clusters comprised
of early-transition-metal oxides exhibit abundant chemical com-
positions and rich nanosized architectures. Their diverse physico-
chemical properties endow POMs with significant potential in
photo-, electro-, and magnetic materials, catalysis, and biological
systems."*” The antibacterial and antitumor properties of
POMs have been extensively studied,'®'® while the role played
in molecular imaging and various therapeutics remains to be
exploited. More importantly, in recent years, the application of
POMs in PTT has attracted attention, whereas the systematic
summaries on these bio-applications are very rarely reported.”
Considering the outstanding performance of POMs in PTT and
the rapid development, it is worth collecting the recent advances
in photothermal transduction and integration with other imaging
techniques for bimodal or multiple therapeutic applications.
Therefore, we herein would like to give a systematic outline
disclosing the working progress in the budding field. In this
review, multifunctional imaging features and the photothermal
properties related to PTT and PAI of POMs for accurate diagnosis
and targeting were discussed. Additionally, the integration of the
PTT property of POMs with chemotherapy and gas therapy was
described for achieving better therapy outcomes. We believe that
these recent instructive for further research toward practical
applications.

2. POMs for biological imaging
2.1 Basis of multiple imaging methods

The imaging methodologies used in bio-detection are based on
the physical and chemical principles occurring in organisms
with or without additive agents. Though detailed descriptions
have been systematically summarized in many specialized reviews,*'
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a brief introduction is still necessary for understanding the funda-
mental background of the imaging methods dealt with here,
especially the photothermal effect.

CT imaging based on X-ray photography based on the X-ray
penetration in three dimensions is characterized by high
spatial resolution, which provides complementary anatomical
information to distinguish different tissues.”> Biological
human tissues and organs are composed of a variety of sub-
stances with different atomic numbers and electronic densities,
resulting in differentiated attenuation coefficients for X-ray
radiation. When the applied X-ray passes through a certain
thickness of the inspection site, the obtained signal of the
detected X-ray through the layer is then processed to obtain the
CT image.*® In most cases, no additional agents are required
for enhanced contrast, but iodine-based molecules were used
sometimes to stain different types of soft tissues during
imaging.”* Limited by the short circulation time of iodinated
contrast agents, other nanoparticles containing elements with
high atomic number, such as gadolinium,*® bismuth,?® gold,*”
tungsten,*® and so forth, were used in CT imaging, providing
opportunities for multiple detections together with MRI, FL
and PTI at the same time.

As another high-resolution and non-invasive imaging
modality with great clinical importance, MRI has been adopted
widely due to it being almost harmless to human bodies. MRI is
based on the precession of water hydrogen nuclei within an
applied external magnetic field.”® After application of radio-
frequency pulses, the relaxation process through which the
nuclei return to the original aligned state can be exploited to
produce an image. The relaxation process involves the long-
itudinal relaxation time (7;) and the transverse relaxation time
(T,), both of which can be used to generate MR images.*® Like
the CT method, MRI also has the ability to obtain a tomo-
graphic image in any direction, benefiting from its good spatial
resolution in three-dimensions (3D). In general, MRI suffers
from low sensitivity, especially for some moving organs, and
the scanning takes quite a long time. In the case of precise and
enhanced imaging, paramagnetic, superparamagnetic and
ferromagnetic MRI contrast agents regarding the detection
requirement have to be used. Gadolinium chelates, iron oxides
and some manganese compounds with high relaxation rates
are the commonly used contrast agents.*'*

The light imaging signals based on additive molecular
probes mainly use the absorption and emission principles of
molecules or semiconductors in the presence of ultraviolet,
visible, infrared, and near infrared light radiation. The contrast
derives from the density variation of the molecular probes
between different tissues. According to the general photo-
physical process, when a molecule absorbs light, one of its
electrons located in the highest occupied molecular orbital in
the ground state will be excited to jump into the empty orbitals
in the excited state. The excited electron goes back to the lowest
excited energy level S; very quickly with the release of thermal
energy. At this time, there are two possible routes for the
electron going back to the ground state: one is to emit long
wavelength light and the other route is to lose the energy via a

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic illustration of possible relaxation paths of light-excited
energy back to the ground state via luminescence, heat and phosphores-
cence as a Jablonski plot.

non-radiative transition by releasing heat.** There are several
non-luminescence approaches including non-radiative transitions,
vibrational relaxations, and internal and external conversion which
lead to the production of heat. Of course, there are other photo-
physical behaviours which are not discussed here due to their lower
possibility to be used in imaging except phosphor luminescence.
The basic principle can be expressed by the Jablonski plot in
Fig. 1.>> When the luminescence quantum yield in the visible
wavelength range becomes very high, molecules can be poten-
tially used as fluorescence imaging probes through injection into
organisms. Meanwhile, when the heat yielded from various non-
radiative transitions accumulates to result in a quick tempera-
ture increase, the molecular materials become suitable for
thermal imaging and high-photothermal conversion provides
features for therapy. A requisite condition for all these perfor-
mances is that the materials have to possess a high absorption
coefficient, which contributes to the high transition probability
of electrons under radiation at the selected wavelength.
Apparently, the photoluminescence and photothermal
effects are competitive processes with each other during excited
energy relaxation, and it is almost impossible for single com-
ponent materials to show both strong characteristics at the
same time.’® However, the two mutually inhibiting imaging
techniques are compatible with CT and MRI images. Therefore,
a suitable combination of the photothermal effect with other
imaging principles can lead to multiple imaging functions and
a combination of therapeutic effects. FI is adopted as a powerful
and non-invasive analytical tool for visualizing biological
species by virtue of its fast response, excellent temporal
resolution, superb sensitivity, in situ workability, simple operation,
and good reproducibility.’” However, FI suffers from poor tissue
penetration and this modality is highly susceptible to background
noise due to tissue scattering of photons in the visible light region
(395-600 nm).>**° To overcome the intrinsic limitations, more and
more attention was paid to moving FI to the near infrared region
(NIR, 700-1700 nm), and the fluorescence of contrast agents in
this wavelength range helps to achieve more sensitive imaging.

J. Mater. Chem. B, 2020, 8, 8189-8206 | 8191
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The near infrared biological window is usually divided into two
regions, the first is named NIR-I (700-1000 nm) and the second
is called NIR-II (1000-1700 nm). Compared to the FI bio-window
at NIR-I, NIR-II FI is more ideal for in vivo imaging with deeper
tissue penetration, higher temporal resolution, better spatial
resolution, and lower background noise, which has been
reviewed before.*™*?

2.2 POMs for multiple imaging

Because of the structural and bond properties, almost all POMs
comprising early transition metals in the highest oxidation
state are non-luminescent. But a large fraction of POMs can
be modified through replacing one or more W/Mo atoms with
transition or rare earth metal ions to show strong emission via
the charge transfer transition. The lanthanide-containing POMs,
such as Ky 3[Eu(B,-SiW;,030),]-25H,0 and Nag[Eu(Ws0,g),]-32H,0,
exhibit typical photoluminescence of the rare earth metal
complexes in the visible region, large Stokes shift, and long
lifetime of the excited states.*® In all present luminescent POMs
containing rare earth metals, the terminal oxygen atoms at the
lacunary position provide the coordination sites and the POMs
play the role of ligands. Therefore, there is an energy transfer of
oxygen to metals and then to rare earth metals, which greatly
raises the quantum yield. However, the naked clusters were
rarely used directly in in vivo imaging owing to their strong
quenching in aqueous solution,**** though the quenching
effect of certain POMs was used for quantitative detection.®
To overcome the unfavourable factor, Eu-containing POMs
were enwrapped with biocompatible molecules to restrict the
competitive coordination from water molecules, achieving phy-
siological stability and maintaining the lifetime in water.*”"*?
Biocompatible nanoparticles with luminescent properties
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were synthesized by encapsulating a nano-scale assembly of
Nag[Eu(W5045),]-32H,0 with in situ-polymerized acrylic acid
(PAA) (abbreviated as EuW;,@PAA), and then conjugated with
a mitochondria-targeting peptide to form EuW,;,@PAA nano-
particle-peptide conjugates (NP-peptide), as shown in Fig. 2. FI
characterization confirmed that NP-peptide can be successfully
delivered into mitochondria with high efficiency compared
with bare clusters, which was verified by Bio-TEM results
in Fig. 2d and e. The dynamic intracellular behaviours of
NP-peptide conjugates regarding how they were transported
and changed their time-course distribution inside cells were
concluded from the distribution of the POM’s fluorescence
intensity."”

On the other hand, similar substitutions of rare earth metals
in POMs can lead to contrast agents based on another imaging
principle as given in Table 1. Gadolinium ion (Gd**) complexes
are generally chosen as T; contrast agents because of their large
paramagnetic moment and long electronic relaxation time,
which can effectively shorten the 7; of water protons, thus
achieving enhanced relaxivity (r;) and realizing a brighter
contrast effect.’® Compared with commercial contrast agents,
rare earth Gd*'-based chelate compounds, like POMs incorpo-
rated with Gd>", have been reported to exhibit enhanced MRI
contrast owing to the greatly increased molecular weight and
rigid framework architecture.>>® Though the imaging derives
from POMs, they were still coated with a cationic surfactant or
polymers to improve the stability and biocompatibility in the
physiological environment. POMs in the form of ionic com-
plexes can generate a longer rotational correlation time and an
enhanced r;, while the proton exchange between bulk water
and the coordinated water of POMs is not blocked via a suitable
structure design. As an example, the relaxivity is greatly improved

Fig. 2 (a) Schematic illustration of the synthetic procedures of NP—peptide. CLSM images and corresponding Bio-TEM images of MCF-7 cells incubated
for 12 h with (b and c) bare nanoparticles and (d and e) NP—peptide at a concentration of 50 ng mL™%, where the arrows point to accumulation of the
corresponding nanoparticles and the nucleoplasm is (N), cytoplasm is (C), and mitochondria are (M). CLSM images of MCF-7 cells sourced from
incubation of 50 ng mL™* NP—peptide for (f) 2 h, (g) 12 h, (h) 24 h and (i) 48 h. Reprinted with permission from ref. 49. Copyright 2015, American Chemical

Society.
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Table 1 The summary of POMs and their composites acting as contrast agents for MRI in recent work
POMSs/POM composites Added property Size Concentration Condition Time Ref.
K13[Gd(B2-SiW1,030),] covered N/A ~160 nm N/A In vitro 2012 51
with cationic poly(ethylene oxide)
K13[Gd(B,-SiW;1030),] covered N/A 144/165 nm  0.92 mmol per kg body weight In vivo 2017 52
with dendritic cations (D-1)/(D-2)
KoGdW; (O35 N/A N/A 0.087 + 0.005 In vivo 2002 53
K;1[GA(PW4;030),] 0.092 4 0.002 mmol kg™

Gd per kg body weight
KCs4[Gd(0-SiW,,034)]-25H,0 N/A N/A N/A In vitro 2013 54
K13[Gd(B,-SiW;4030),]-27H,0
Gd,P, W06, N/A N/A 0.091 =+ 0.013, 0.081 In vivo 2002 55
K;5[(GdO)3(PW40s,),] + 0.013 mol kg™*

Gd per kg body weight
Nag[GdW, (03] covered with cationic N/A 70 nm N/A In vitro 2013 56
(poly(hexylspermine)acrylamide)
Nag[GdW,(036] covered with PDMAEMA,, (P,) N/A 11-13.5 nm N/A In vitro 2018 57
[Mn;,0,,(0,CCH3)5(0,CCy5H35)11(H,0)] N/A 75+30nm N/A In vitro 2011 61
GdW,,@BSA@Ti;C, PTT ~309 nm 20 mg kg~ ! body weight In vivo 2018 64
K13[Gd(B2-SiW1,030),] covered Fluorescence 5.6 £ 1.5 nm 1.5 mmol kg~ ' body weight In vivo 2017 65
with dendritic cations (D-3)
BSA-coated Nag[GdW,(036] PTT@radiotherapy ~3.5 nm 75 umol kg body weight In vivo 2016 83

when external molecules with small molecular weight cover
POMs in terms of the in vitro T;-weighted MR images, as shown
in Fig. 3a.>> With this method, the relaxivity of Nag[Gd(W50g),]
(Gdw,) was enhanced about 3 times when incorporating it into
a cationic polymer [poly(hexylspermine)acrylamide] through
electrostatic interactions.”® The r, value of nano-assemblies
formed from GdWO and cationic mPEG brush block copolymer
PDMAEMA,,, (P,,) was found to be dependent on the charge ratio
rather than the chain length of the cationic polymer block,

(D-1)15GdSiW,,

(D-2)15GdSIW,,

I Low

0 0.0077 0.030 0.061
GdSiW,, Concentration (mM)

0.092

Fig. 3

02p, @GAWO
03P, @GAWO

indicating the critical role of the ionic interaction, as presented
in Fig. 3b.%” Unlike 7; MR imaging, which promotes the spin-
lattice relaxation of protons, directing a positive (or bright) MR
image, T, MR imaging causes surrounding protons to undergo
spin-spin relaxation and gives rise to negative (or dark) MR
images.”®*° Particularly, single-molecule magnet Mn;,0,,(OOCR);6
(Mnj,) can be used in T, imaging, as the induced magnetic moment
in the applied field can accelerate the relaxation of water protons in
its vicinity.*!

Gd-DTPA

GdwO

0.170.090.040.02 0.010.00
Concentration of Gd®** (mM)

0.17 0.090.040.02 0.010.00

(a) Schematic chemical structures of two different dendritic cation-encapsulated Gd ion-substituted POM complexes and the pseudo-colour

diagrams of in vitro T;-weighted MR images for the GdSiWy; cluster, and (D-1);3GdSiW;; and (D-2);3GdSiWy; complexes. Reprinted with permission from
ref. 52. Copyright 2017, Royal Society of Chemistry. (b) Schematic illustration of nano-assemblies formed from GdWO and cationic brush block
copolymer mPEG, PDMAEMAq (P,o), and T;-weighted MRI phantom images of Gd-DTPA, GdWO and the selected nano-assemblies %2P,,@GdWO and
93p,,@GAWO at pH 7.4 and pH 6.0. Reprinted with permission from ref. 57. Copyright 2018, Royal Society of Chemistry.
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Table 2 The summary of POMs and their composites acting as contrast agents for Fl and CT imaging in recent work

POMSs/POM composites Added property Size Concentration Condition Pub. year Ref.

FI [C16-2-C16im]Br,/Eu-POM hybrid ~ N/A 50-100 nm  NJ/A In vitro 2016 43
[(DOHDA)gH;EUW,,036)/SiO, N/A N/A N/A In vitro 2010 48
NagEuW,Oz¢@polymerized Mitochondria- ~60 nm 50 pg mL~* In vitro 2015 49
acrylic acid (PAA) targeting peptide

CT (EtaNH,)10[Zr(PW11030)5] N/A N/A 35 mg mL~" PBS In vivo 2019 62
K1 6[Hf(0l2-P,W17061)2] N/A N/A 35 mg mL ™' PBS In vivo 2018 63
GdW,,@BSA@Ti;C, N/A ~309 nm 20 mg kg~ body weight In vivo 2018 64
BSA-coated Nao[GdW,(03¢] N/A ~3.5 nm 75 umol kg body weight In vivo 2016 83

POMs are intrinsic contrast agents in CT imaging as many of
them contain high atomic number elements (such as Hf, Zr and
W) to attenuate the X-ray intensity as illustrated in Table 2.°>7%*
As a result, some paramagnetic POMs can be used in both CT
and MRI based on their unique composition to achieve multi-
functional imaging information on diseases. GdW;,-based
POM complexes were reported to serve as such a bifunctional
imaging contrast agent, in which Gd dealt with T;-weighted MR
imaging and W with high atomic number (Z = 74) contributed
to CT imaging. Meanwhile, the stabilization of the POM by
binding to bovine serum albumin (BSA) allowed the formed
complex to have high biocompatibility for further clinical
application. In detail, a 2D Ti;C, MXene material that was
modified with PEG groups on its surface was adopted to collect
the BSA covered GdW;, cluster. After the intravenous injection
of the BSA-GdW,,/PEG-Ti;C, composite nanosheets, MR images
that were recorded at different time points clearly demonstrated
the continuous enhancement of T;-weighted MRI signals. The
imaging revealed the gradual accumulation of GdW;, in the
tumor region of 4T1 tumor-bearing mice via the enhanced
permeability and retention (EPR) effect. Correspondingly, the CT
signal at the tumor site was observed after the intra-tumoral (i.t.)

administration of composite nanosheets, as shown in Fig. 4.
These results not only confirmed the practicability of POMs for
bimodal imaging, but also pointed out a doubly functional
theranostic nanoplatform.®® Additional examples of collected
MRI and CT performance figured out that GdAW,, was a promising
candidate for more dual-mode real-time imaging. When the
imaging characteristics of POMs are combined with other
imaging modalities, more multifunctional imaging techniques
can be achieved.”> The feature of imaging allows diagnostic-
imaging guidance and, in conjunction with treatment, tumor
therapy under imaging monitoring can also be realized.

3. The photothermal properties of
POMs

The general method of PTT is to drive photosensitizers con-
centrated in the tumor position to generate heat for the ablation
of tumor cells. The heat derived from the transduction of irradia-
tion light in the picosecond time domain due to electron-phonon
and phonon-phonon processes sharply increases the local
temperature in a short period of time.®® The light source and

n

4v Y
GAW,,@BSA Amide bond :.‘.:;

f/’/ ;

)

GdW,,@Ti,C, | -
‘ —
—
\_ Ti,C,-PEG CT imaging )
Fig. 4 (a) Schematic illustration of the synthesis of GdW;0@TizC, composite nanosheets, and in vivo T;-weighted MRI results at tumor and liver positions

of 4T1 tumor-bearing mice after i.v. administration of GdW;0@TizC; at (b) 0 h, (c) 0.5 h, (d) 1.0 h and (e) 2.0 h. The in vivo 3D reconstruction from CT
images of 4T1 tumor-bearing mice is shown in (f) before and (g) after the i.t. injection of GdW;0@TizC, composite nanosheets. Reprinted with permission

from ref. 64. Copyright 2018, Springer Nature.
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photosensitizers together determine the effect of PTT. In the PTT
process, high light intensity leads to necrosis due to the higher
local temperature, while suitable irradiation intensity only
promotes apoptosis, as the heat causes irreversible damage to
cancer cell membranes and initiates protein denaturation.®”®®
Especially, cancer cells have a lower ability to endure elevated heat
than normal cells, owing to microstructure defects caused by
rapid proliferation.®®”® To ensure light efficiency for phototrans-
duction and reduce the damage to normal tissue, the laser used is
mainly NIR light as the skin absorption coefficient values in this
region are the lowest. No matter what kind of material is
employed, the photosensitizers used in biological systems need
to possess three significant features: (1) good biocompatibility,
(2) a strong ability to absorb NIR light, and (3) high photothermal
conversion efficiency. The photothermal conversion efficiency is
usually evaluated by recording transient temperature changes
during heating and cooling in an experiment in line with the
laser power and the concentration of photosensitizers in the
media.”* Following Roper’s and Hu’s reports,”>”* in the calcula-
tion of the photothermal conversion efficiency, the total energy of
the system is conserved, which can be expressed by eqn (1), where
Qnp and Qp;s refer to light energy absorbed by nanoparticles
and the container, and Qs represents environmental energy
dissipation. The photothermal conversion efficiency # can be
calculated using the following eqn (2), where Tyax and Tgy,, refer
to the equilibrium temperature and the surrounding temperature,
I'refers to the incident light power, A, represents the absorption at
this wavelength, 2 means the coefficient of heat conduction,
S represents the surface area of the container, and 4S can be
calculated by the cooling curve using eqn (3)—(5).

dr
Z m,—CPiE = QNP + QDis - QSurr (1)
_ hS(TMux - TSurr) - QDis

1= =104 @

> miCyi
hS=-—— 3
h - (3)

t

Ts 7@ (4)

T - TSurr
L 5
TMax - TSurr ( )

Except for the commonly used photosensitizers, POMs as a
kind of polyanion inorganic clusters have attracted much
attention by reason of their ability to be easily oxidized and
reduced with no structural change. POMs are composed of
transition metals bridged by oxygen atoms, and the metals in
most POMs are in their highest oxidation state. Some metals
are reduced to lower states when POMs are reduced, and these
reduced POMs with mixed valent metal ions can retain the
original structures of their oxidized parents and display a dark
blue color, which are called heteropoly blue. With the reduction
of POMs, the intensity of the charge transfer band in the UV

This journal is © The Royal Society of Chemistry 2020
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region decreases, and a new intervalence charge transfer (IVCT)
band appears in the long wavelength region. The intensity and
position of the IVCT band of heteropoly blue can be affected by
the degree of reduction.”* For some heteropoly blues, the
existence of IVCT brings out the NIR absorption bands, and
the band intensity increases as the reduction degree deepens.
The existence of ground-state delocalization is the cause of the
IVCT band. There are two main ways to delocalize electrons in
heteropoly blue: (1) the jump of thermally activated electrons
from one metal atom to the next; and (2) by bridging oxygen
atoms to form a © bond, the electrons are delocalized from the
ground state of the reduced metal atom to that of the adjacent
one. Moreover, the degree of n interaction is related to the angle
M*>*-0-M®*, and ground-state delocalization is favored as the
angle approaches 180°.”° Thus, heat-activated electron hopping
is more likely to happen. When the excited electron returns to
the ground state, the energy dissipation takes various forms.
Similar to the production of fluorescence, which has been
described above, the nonradiative relaxation processes produce
a photothermal conversion effect.”® That is why near-infrared
light with single photons of low energy can still stimulate some
POMs for photothermal conversion.

POMs in the heteropoly blue state possessing strong NIR
absorption exhibit photothermal properties because of the
existence of reduced atoms (mainly Mo", W', and V").””7°
The acquisition of POMs in the heteropoly blue state mainly
depends on the reduction method, direct synthesis and hydro-
thermal synthesis. Except for some macronuclear molybdenum
clusters crystallizing in the heteropoly blue state,*”®' Xu et al.
developed a “directed precursor self-assembly” strategy for the
facile synthesis of heteropoly blues.®” Hydrothermal synthesis
is also an important way to prepare solid compounds with
special structure and functional properties. The reduction
method has the ability to convert POMs into heteropoly blue,
which mainly includes electrochemical reduction, photo-
chemical reduction and reductant reduction. Due to the unique
structure and abundant composition, many heteroatoms,
including Gd, Mn, Eu and so on, can be incorporated into
the POM framework to enrich the properties. Zhao et al
synthesized BSA-coated GdW;, nanoclusters; after electro-
chemical reduction, the resulting dark blue GdW,,@BSA nano-
clusters showed strong absorbance at around 800 nm, which
was attributed to the IVCT between W'! and reduced WY, to
enable the nanoclusters to function as photothermal absorbing
agents to convert NIR optical energy to thermal energy.®’
But the apparent negative factors are the introduction of
external sensitizers, which may result in unwanted side-effects.
Only by realizing targeted delivery and reducing the concentration
of photosensitizers in normal tissue can the by-effect of molecular
invasion be reduced to the lowest extent. As some POMs easily
gain and lose electrons, the overexpressed reductive glutathione
(GSH) in the tumor microenvironment (TME) can transform
Mo-based POMs without photothermal properties to heteropoly
blues. As a result, the POMs perform as a photosensitizer specific
to the tumor and the passive targeting property endows them with
enhanced effectiveness.
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4. Various PTTs of POMs

4.1 PTT at NIR-I

4.1.1 Bare clusters for PTT at NIR-1. Though tumor cells are
less resistant to high temperature in comparison to normal
cells and tissues, it is very hard to control the photothermal
effect to reach the level that only cancer cells are killed at the
present stage, especially in the case where the disease positions
are very small or unconfirmed. As a result, photosensitizers
are always designed to be targeting so that the hurt to the
surrounding healthy tissues can be extremely minimized. The
NIR-I photothermal therapy of POMs in the reduced state has
been studied over recent years. Except the excellent photo-
thermal conversion efficiency, naked POMs were used as pas-
sive targeting agents even if their sensitivity to the TME was
considered. The main reason is that there is no special binding
group on the cluster surface for all the interactions with
biomolecules are non-special and electrostatic interaction is
the main force. Thus, the passive targeting of photothermal
POMs is mainly sourced from the enhanced EPR effect due to
the responsiveness of the TME. The concentration of nano-
materials in the tumor region largely depends on the size,
shape and surface charge of the nanoparticles.®> Usually,
nanoparticles with small diameters less than 5.5 nm resulted
in rapid and efficient urinary excretion and elimination.®®
To achieve longer circulation, nanoparticles with a diameter
between 30 nm and 200 nm are often indispensable.?” Especially,
the increased size (100-200 nm) makes these nanoparticles
accumulate in the tumor position more efficiently through the
EPR effect, despite the smaller nanoparticles exhibiting better
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Fig. 5
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penetration depth.®® Therefore, an effective strategy for small
nanoparticles is to design a “small-big” photothermal agent,
which can stay as small molecules during circulation in the
bloodstream and then self-assemble into big aggregates in tumors
under activation by the TME to strengthen the EPR effect.

As an example, the aggregation of Mo-based POM clusters
was modulated to obtain large but well dispersed assemblies
in the acidic tumor environment due to the decreased local
pH.*® A Keggin-type POM was synthesized by a facile one-pot
approach using (NH4)sMo0,0,4-4H,0 and NaH,PO, 12H,0.
As shown in Fig. 5, the suitable acidic environment in tumor
cells was favourable for the POM clusters to combine with
protons. The reduced surface charge in the acidic state is
believed to promote self-assembly due to the re-balanced
interaction decreasing the electrostatic repulsion between
these clusters. As a result, the assembled POMs at about
a hundred nanometers possessed an enhanced EPR effect,
which allowed the POMs to generate passive targeting. Thus,
the aggregation in the acidic tumor environment not only
increased the concentration of POMs in the tumor position,
but also enhanced the near-infrared absorption and the migra-
tion of the absorption peak in response to the reducing ability
in the TME caused by the IVCT between Mo(v) and Mo(vi)
through bridged oxygen atoms. With different pH and succes-
sive reductions, the photothermal effect presents a dependency
in terms of the corresponding acidity- and reducing ability-
dependent absorbance at 808 nm. Due to the hypoxia and
reductive environment of the tumor region compared to normal
tissue,*”*° the photothermal conversion efficiency of POMs was
greatly improved. The transformation of the electronic structure

Saline (i. v.) POM (i. v.)

(a) Schematic diagram proposed for low-pH-induced self-assembly of reduced POM clusters into an aggregated structure, (b) acidity- and

reducing ability-dependent temperature increase under NIR irradiation at 808 nm, and (c) PTI of the representative thermal response in 4T1 tumor-
bearing mice 1 h after intravenous injection with saline or POM. Reprinted with permission from ref. 88. Copyright 2016, American Chemical Society.
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in response to the stimulation of the TME brings in different
photothermal conversion efficiency of POM clusters between the
agents inside and outside the tumor, which causes minimal
damage to the surrounding normal tissues owing to the killing
effect of hyperthermia.®® The sensitivity and unique response of
POMs are apparently conducive for realizing tumor-specific
photo-hyperthermia. However, such examples are pretty fortunate
because for common clusters, the assembly of them versus the
acidity range in tumor cells are difficult to meet the required pH
windows for possessing narrow range of pH stability. On the other
hand, it is inevitable that the naked clusters bind with proteins
and other biomolecules as reported in some publications, which
may induce cell toxicity."”*" In addition, the dissociation of naked
POMs in human tissues seemed also unavoidable during meta-
bolism. Hence, suitable protection on the POM surface becomes
necessary while the covering layer makes the POM cluster assembly
easier so that the targeting behaviour becomes no longer depen-
dent on the local acidic environment.

4.1.2 POM complexes for PTT at NIR-I. In order to reduce
the biotoxicity while enhancing the structural stability and
ensure the photothermal conversion efficiency, the strategy
adopted was to enwrap POMs with positively charged biocom-
patible molecules, such as peptides,’® proteins,”® mesoporous
silica (MSN),** cationic surfactants,’® and polymers,®® through
electrostatic interactions. The formed ionic complexes demon-
strated series features performing the role of photosensitizers
in the following aspects: (1) enhanced biocompatibility and
structure stability of POMs during the circulation process;
(2) a possible modification site of target groups; (3) a position
for loading drugs and other sensing groups; and (4) synergistic
functions. Besides BSA, a food-borne antioxidant peptide,
soybean pentapeptide,”” was reported to combine with photo-
thermal POMs (r-H3zPMo,,0,) to increase the clusters’ stability
and biocompatibility for PTT. In another important study, as
shown in Fig. 6,%® by coating a giant ring-like molybdenum blue
cluster Na;5[Mo}36M035046:H14(H,0)5,] (abbrev. as Mo;s,) with
photothermal properties with a biocompatible cationic dendron
bearing triethylene glycol (TEG) monomethyl ether terminal groups
through electrostatic interactions, the formed core-shell supra-
molecular composite exhibited mono-dispersion and low cytotoxi-
city on account of its uniform size, precise chemical composition
and definite molecular weight. The stability of the POMs
was greatly improved by the presence of a dense hydrophobic
layer on the surface of POM clusters, while the photothermal
conversion effect was well retained after cationic surfactant coating.

Self-
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Importantly, the surface covering surfactant component con-
structed space to load drugs and other functional guest mole-
cules.®®® The delivered drug DOX was released together with
the PTT process, and double therapeutic effects can be obtained.
Of course, the enrichment of the drug-loaded POM composite at
the tumor position was carried out by PTI identification in the
course of PTT.

4.1.3 Synergistic systems for PTT at NIR-1. Definitely,
besides the surface stability and biocompatibility, suitable surface
modification of surface covered POM complexes improved the
whole performance during PTT. Although the chemical composi-
tion and structure are still not clear, an in situ prepared reduced
phosphate/tungstate nanocomposite protected by gallic acid while
serving as a reductant displayed a non-inflammatory photo-
thermal cancer therapy property, which was normally inevitable
during PTT.'® In a more complicated system, the photothermal
effect of POMs was used for the treatment of Alzheimer’s disease.
Reduced POMs with Keggin, Wells-Dawson, and Anderson-Evans
structure were smartly embedded in the pores of MSNs. To ensure
no leakage occurrence before it was allowed, the cluster loaded
MSNs were further incorporated into a thermally sensitive
polymer, poly(N-isopropylacrylamide-co-acrylamide), by forming
a three-component nanocomposite within about 200 nm in
diameter. It should be mentioned that in all cases, the simple
enwrapping of the POMs does not restrict the photothermal effect
by remote light radiation. On one hand, upon exposure to 808 nm
light, photothermal transduction facilitates the disaggregation of
the preformed A fibrils at a controlled temperature. On the other
hand, external polymer responses to the temperature increase
allowed the POMs to be released from the composite and the
exposed cluster restricted the aggregation of Afp monomers
through binding the protein. In addition, the path to form AB
fibrils can be blocked by exhausting the reactive oxygen species
(ROS), and the oxidized POM still possess the capability of
inhibiting the fibrilization of AB monomers. Interestingly,
among the used POMs, Wells-Dawson type POMs demon-
strated much better behaviour.'®*

4.2 PTT at NIR-II

In contrast to NIR-I, PTT at NIR-II bearing a longer wavelength
is even more practical because of its deep tissue penetration
and higher maximum permissible exposure (MPE, 1 W cm™> for
1064 nm, while it is 0.33 W ecm ™2 for 808 nm and 0.72 W cm ™2 for
980 nm, American National Standard for safe use of Lasers, ANSI
7136.1-2007).3819%1% The application of 980 nm is limited as the

NIR 808 nm
Guest- .
molecules
—_—
O S

Fig. 6 Structural illustration of the preparation of Di;sMo;s4 complex micelles, and the drug molecule loading and photothermal controlled release
locally upon laser irradiation. Reprinted with permission from ref. 98. Copyright 2018, Royal Society of Chemistry.
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absorbance of water becomes strong at this wavelength, which
causes damage to normal tissues.'® Thus, a still longer wave-
length is demonstrated to be more useful in potential applica-
tions. In comparison to the widely used materials exhibiting PTT
properties at NIR-I, the materials displaying an NIR-II photo-
thermal effect are pretty few. But a few overview articles summar-
ized the comprehensive performance at NIR-II in very recent
years.'®>'°® Fortunately, in the POM family, some POMs, such
as Mo, 54, show strong absorption at around 1080 nm,"®” which we
call the NIR-II bio-window now, but their photothermal properties
in this region were rarely studied. Most recently, Dong and his
co-workers synthesized a Mo,C-derived POM by one-pot oxidation
of B-Mo,C in aqueous dispersion using H,O, as the oxidant,
as shown in Fig. 7.'°® Strictly, the prepared product should not
correspond to the real meaning of POM due to the unknown
cluster structure and chemical composition. However, the proper-
ties of the obtained composite are very similar to those of the
molybdenum cluster used in NIR-I PTT discussed above. The
reported examples showed similar responsiveness to the TME,
resulting in the enhanced EPR effect and passive targeting at NIR-
1I. The Mo,C derived POM can be converted between oxidized and
reduced states when stimulated by the over-expressed H,0O, and
GSH in the tumor environment. The H,0, over-expressed in
tumor sites can be converted into more toxic ROS by the Mo,C
derived POM for chemo-dynamic therapy. The reduced POM
shows broad absorption in the NIR-II bio-window and the inten-
sity was believed to be affected by the self-assembly of POMs
in the acidic environment. Besides the deep tissue penetration,

—> POM cluster (Mo5+/6+) %
Oxidation

Mo,C bulk (Mo2*)
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the photothermal conversion efficiency of the cluster in the NIR-II
bio-window reached 47.8%, which was higher than those of many
reported photosensitizers in this region. Some other Mo-based
POMs were also demonstrated to be applicable as NIR-II PTT
agents with high photothermal conversion efficiency after
reduction.'®® These unique properties of POMs (Table 3) encou-
rage further investigation to realize the photothermal related
biomedical applicability of real POM clusters with precise
chemical structures and chemical compositions.

5. PAI of POMs
5.1 Basis of PAI

The ultrasound detection technique tracks active organisms by
the principle that acoustic wave contrast occurs between two
tissues with different acoustic impedance during the sound
crossing the reflecting interface, in comparison to the fact that
the CT and MRI methods only provide information on a static
tissue position. The specialties of US imaging lie in its high
spatial and temporal resolution and clinical translation. PAI,
known as optoacoustic imaging, based on the detection of
light-induced US waves, provides a new choice to raise the
quality of ultrasound imaging with high resolution. Under nano-
second pulsed or temporally modulated light illumination, specific
endogenous tissue chromophores or exogenous contrast agents
absorb and convert optical energy to a rapid rise of temperature

at a local position, resulting in the generation of US waves."' '
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Fig. 7
efficiency of the reduced POM clusters under laser light at (b) 1064 nm and
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(@) Schematic illustration of the preparation of reduced POM clusters and their low-pH-induced self-assembly, photothermal conversion

(c) 808 nm, and (d) corresponding plots of the tissue penetration ability at the

two wavelengths. (e and f) Luminescence images of calcein-AM/PI double staining of Hela cells with different treatments, and (g) plots of tumor volume
over time after treatment. Reprinted with permission from ref. 108. Copyright 2019, John Wiley & Sons.
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Table 3 The summary of POMs and their composites acting as a multifunctional platforms for combined PTT and other therapy methods

POMs/POM composites PTT laser@laser power Size Condition Therapy Imaging Time Ref.

BSA-coated Nag[GdW¢036] 808 nm 1.0 W cm ™2 ~3.5 nm In vivo PTT@radiotherapy MRI/CT 2016 83

Mo-POM 808 nm 1.5 W cm > 1 nm (pH 7.4) In vivo PTT PAI/PTI 2016 88

rPMo;,-soybean pentapeptide 808 nm 1.0 W cm > 60 + 15.4 nm In vitro Photothermal PTI 2019 97

Ser-His-Cys-Met-Asn antibacterial

Mo, s5,@dendritic cation (D-3) 808 nm 1.0 W cm > 7.5 £ 2.2 nm In vivo Chemo-PTT PTI 2018 98

W-POM nanocluster 808 nm 1.5 W em ™ 2.0 £ 0.1 nm In vivo Non-inflammatory  PTI 2020 100
PTT

rPOM@MSN@copolymer 808 nm 1.8 W cm™> 186.4 nm In vitro PTT of Alzheimer’s N/A 2018 101
disease

Mo,C-derived POM 1060 nm 0.8 W cm > <10 nm (pH 7.4) In vivo NIR-II PTT@ NIR-II PAI/PTI 2019 108
chemodynamic

Fe-doped POM 1060 nm 1.0 W cm™ > 12.9 nm (pH 7.4) Invivo NIR-II PTT@ PAI/PTI 2020 109
chemodynamic

Ox-POM 808 nm 1.5 W cm > 1.9 nm (pH 7.4) Invivo PTT PAI/PTI/PET 2017 116

Semiconducting polymer 808 nm 0.5 W cm > ~100 nm In vivo Enhanced PTT PET/PTI 2018 117

brush@POM (pH 7.4)

UCNP@mSiO,-POM-DOX 808 nm 0.72 W cm 2 68.3 nm In vivo Chemo-PTT CT/UCL/MRI/PTI 2018 125

UCNP@mSiO,-POM-DOX@PEG 808 nm 0.72 Wem 2 65.8 nm In vivo Chemo-PTT CT/UCL/MRI/PTI 2018 126

UCNP@mMSiO,-POM-DOX@FA-HA 808 nm 0.72 W ecm™® 120 nm In vivo Chemo-PTT CT/UCL/PTI 2019 127

HMON-PEG/POM@Mn,(CO), o 808 nm 1.0 W cm > 124.7 £ 13.7 nm  In vivo PTT-enhanced PAI/PTI/PET 2018 130

The generated photoacoustic signal, which carries information on
the light absorption characteristics of the tissue chromophores or
contrast agents, can be used to reconstruct the image of the light
absorption distribution in the tissue. PAI combines the advantages
of ultrasound and optical imaging with high spatial resolution, and
has promise for guiding surgical and interventional procedures
because of the provided molecular information on tissue with high
spatial resolution in real-time."*>

However, there are still two crucial factors during the further
development of PAI, one is the selection of the wavelength to be
used as the radiation light source and the other is the utiliza-
tion of contrast agents serving as photosensitizers. Again, to
enhance the tissue permeation, pulsed NIR laser light becomes
preferable and a longer wavelength is necessary for practical
measurement due to its deeper penetration. In addition, the
local fast photothermal effect is also one of the decisive condi-
tions for getting high-resolution imaging.'™ Based on these
requirements, the high-quality photothermal materials match
such prerequisite conditions in utmost to the PAI and the POMs
become the premium cluster candidates for the combined
detection technique suitable for active organisms.

5.2 Tumor detection

POMs in the reduced state are not as stable as those in the fully
oxidized state, especially when they are exposed in the air.
In addition, to exclude background noise, a large difference
between the position to be detected and other places benefits
the imaging quality. Therefore, after injection into living tissue
and undergoing internal retention, the change of their state has
to be considered carefully. On the other hand, the oxidation
state can be modulated with regard to the environment in
which POMs are located. In pioneering work,'** a POM sourced
from (NH,4)sMo0,0,,4-4H,0 was used to combine with a typical
dye croconaine (CR), forming a nanocomposite with a size
ca. 100 nm through electrostatic and hydrogen bond interactions.
Adjusting the pH allowed the nanocomposite monomer to

This journal is © The Royal Society of Chemistry 2020

gas therapy

aggregate into a larger one with a diameter over 1000 nm.
During the in vivo retention, the nanocomposite in the fully
oxidized state can be delivered and then enriched at the tumor
position. GSH serving as an important reducing species is
involved in a variety of cellular functions in vivo. An imbalance
of GSH means the occurrence of bodily diseases, and particularly
the overexpression of GSH is proved to be a typical hallmark of
tumors.”® Thus, the passively targeted POM in the composite
aggregates can be reduced to the state with partial Mo(v) and the
cluster starts to show NIR absorption due to the IVCT transition.
With this mechanism, the over-expressed GSH can be quantified
precisely via the PAI process for the early diagnosis of GSH-related
deep-seated diseases while confirming the cancer position and
later prompt treatment (Fig. 8). Such a result was supported by the
PAI of co-assembled CR molecules in the composite aggregate, by
reasons of its intrinsic NIR absorption at 700 nm. The contrast of
both signals from Mo based POM clusters in the reduced state
with NIR absorption at 866 nm and the CR molecule quantifies
the distinct GSH concentration change by detection of the absor-
bance values. Spontaneously, the PA signal ratio of them at the
two wavelengths (PAges/PAsoo) shows a much higher value than
most existing ratiometric PAI probes on account of the opposite
NIR absorbance change in response to GSH.

5.3 PAl-guided PTT

POMs possess native features to accomplish multi-function
integration because of their structural and physicochemical
properties. In addition to the combination with CT and MR
imaging, in situ PA imaging is also a smart route for multi-
modal imaging-guided PTT. With the assistance of contrast
agents or photosensitizers, the PTT process can be monitored
by PAI and PTI during the therapeutic process."" As described,
PTT is naturally accompanied by PTI for providing real-time
temperature changes recorded by the thermal imager, and the
effects of different photothermal reagents can be visually seen
in vitro and in vivo. In contrast, PAI can precisely position the
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Fig. 8 Schematic illustration of the CR-POM nanosphere and its assembly for specific ratiometric PAI for intratumoral GSH. Reprinted with permission

from ref. 114. Copyright 2019, American Chemical Society.

tumor and guide the PTT process as PAI can track the tumor
uptake of the photosensitizer at different moments, or the
content of effective photosensitizer in the TME. The basic
principle of PAI makes it non-exclusive to the parallel PTT
activity at the same position. A full study of bio-responsive POM
clusters for redox-activated PAI-guided PTT for 4T1 tumors
demonstrated such a combination. When the as-prepared
molybdenum-based POM cluster (denoted as Ox-POM), pre-
pared from the reaction of (NH;)sM0,0,4-4H,0 and NaH,PO,-
12H,0 at room temperature, was intravenously injected into
mice, its pH sensitivity to the TME during internal retention
causes the cluster to be acidified, yielding aggregates. Mean-
while, the over expressed GSH in tumor cells reduced the
cluster to the heteropoly blue state, allowing the production
of NIR absorption and the photothermal effect under the
radiation of a laser. In vivo redox-activated PAI on 4T1-tumor
bearing mice at different times was conducted. The observed
PA signal revealed the effective accumulation of reduced hetero-
poly blue in the tumor area. The gradually increased intensity
from 1 to 6 h showed clear tumor tissue penetration and the
highest concentration of reduced heteropoly blue at the sixth hour
provided the most appropriate time for PTT. The maintained PA
signal at an extended time of 24 h was observed to detect the

Fig. 9 (a) In vivo PA images of 4T1 tumor-bearing mice before and after intravenous injection of Ox-POM clusters until 24 h. (

enhanced EPR effect induced by the assembly of clusters in the
tumor tissue. The time-varying temperature change caused by the
laser irradiation can be captured by photothermal imaging to
judge whether it is sufficient to thermally ablate the tumor
(Fig. 9)."'° A strong and powerful combination can be achieved
when the Mo-based POM clusters are combined with other
photosensitizers for stronger PAI guided PTT. A paradigm based
on semiconducting polymer brushes and Mo-based POM clusters
(SPB@POM) is rationally designed for enhanced tumor-specific
phototheranostics. The integration of the intrinsic photothermal
properties sourced from organic semiconductor polymers and
inorganic POMs induced by the TME resulted in improved PAI
contrast and enhanced PTT efficacy."'” The in vitro and in vivo
experimental results have confirmed the synergistic effect. PAI
guided PTT represented an important breakthrough in realizing
the functional integration of POMs.

6. POM based multi-functional
imaging and treatment systems

Multi-functional theranostic nanocomposites pursuing more
accurate imaging and therapy have been studied widely in
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b) Photothermal images of

4T1 tumor-bearing mice before and after intravenous injection of Ox-POM clusters under continuous 808 nm laser irradiation within different durations.
(c) Tumor volume changes and (d) profiles of 4T1 tumors as well as photographs of mice after each treatment at 14 days post treatment. Reprinted with

permission from ref. 116. Copyright 2019, American Chemical Society.
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recent years. The fully developed nanotechnology and nano-
materials provide almost all required strategies and detailed
procedures for the preparation of nanocomposite materials
as multi-function sensitizers and probes. On the other hand,
the monotony PTT is not always satisfied on account of the
heterogeneous distribution of resulting heat,"'® and combination
with other methods such as chemotherapy and gas therapy
becomes necessary to accomplish exhaustive killing of tumor
tissues.

6.1 Combination of PTT and chemotherapy

The pleiotropic effects of hyperthermia are in favour of its extended
application with chemotherapy.'’® Many positive results from
random experiments with regard to POM-based materials have
established hyperthermia in combination with chemotherapy
as a novel clinical modality for the treatment of cancer.
Preclinical studies have confirmed that such synergistic effects
are considerably significant because the thermal enhancement
of drug cytotoxicity is accompanied by thorough cellular
death and necrosis, decreasing the possibility of oncogenic
potential."®® The additional advantage of the combination is
that hyperthermia can be used for the controlled release of
drugs by targeting a region of chemotherapy limited to the
heated tumour. While considering the merits of PTT of low
toxicity, easy tunability and high spatiotemporal resolution,"**
the depth-dependent decline of the laser intensity and heat
shock response'**'?* can be partially overcome during combined
chemotherapy because less hyperthermia (normally at 39-42 °C)
is required during combination with other therapies."** Consider-
ing that POMs still do not show notable tumor therapeutic activity
at the present stage, the adopted strategies for multi-clinic
modality are to introduce additional drug molecules. There are
two approaches to combine drug molecules with POMs, one is to
form composites by adsorbing drugs bearing counter charges
onto the cluster surface through electrostatic interactions, and the
other is to incorporate them into the inner part of POM compo-
sites with inorganic/organic molecules, and/or polymers through
various interactions. The former route is convenient and no extra
component is introduced into the therapeutic system, which
reduces the possibility of additional damage to the healthy
organism. In contrast, the latter route can improve the non-
specific release and the poor solubility of drugs, which still largely
restrict their clinical performance. Thus, while conducting the
role of PTT, POM-cored composites become promising candidates
for drug carriers to carry out the controlled targeted release of
drugs at the same time, realizing integrated chemotherapy in one
system.

In a typical example which was introduced earlier, a giant
wheel-like polyoxomolybdate cluster Mo,s, was co-assembled
with a cationic surfactant by ionic interactions to construct a
stable complex with a precise chemical composition by forming
a reverse micellar structure possessing a polyanionic POM
core. The drug DOX in hydrochloride salt was then loaded in
the hydrophobic area owing to the hydrophobic interaction,
while the electronegativity of the POM supported the drug
loading stability. Under the stimulation of NIR laser light,
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the photothermal transduction-induced hyperthermia turns
on the drug release and the shrinkage of the thermo-sensitive
TEG block can also accelerate the process.®

In a more complicated inorganic porous system, NaGdF,:
Yb(Er)@NaGdF,Nd(Yb) as a kind of up-conversion nano-
particles (UCNPs) was covered by mesoporous silica through
the hydrolysis reaction of tetraethylorthosilicate (TEOS), followed
by grafting amino groups that can be protonated with 3-amino-
propyltriethoxysilane. The produced pores with a diameter over
5 nm on the surface silica layer of nanoparticles together with the
modified amino group under the neutral or acidic environment
are good for the formation of polyanionic POM clusters via an
in situ reaction of (NH,;)¢Mo0,0,,4H,0 and NaH,PO, in the
presence of reductant r-ascorbic acid. With the reverse surface
charge, the drug molecule DOX can be attached onto the hetero-
poly blue cluster in the reduced state electrostatically. The intro-
duced heavy elements allow the nano-composite to enhance CT
imaging and the paramagnetic rare earth metal strengthens MRI
largely. When NIR laser light at 808 nm was used, the upconver-
sion of hybrid nanocomposite NaGdF,:Yb(Er)@NaGdF,Nd(Yb)
caused luminescence with shorter wavelengths at 500-550 nm
and 600-650 nm for luminescence imaging while the PTT of the
reduced POM takes place at the tumor position at the same time,
which triggers the on-site release of DOX, realizing combined
chemotherapy.'*

The improvement of the multiple platform system via the
further surface modification of polyethyleneglycol on a superior
upconversion nanocomposite NaGdF,:Yb(Er)@NaGdF,:Nd(Yb)
demonstrated better biocompatibility. Meanwhile, Mn(u) was
introduced during the composite synthesis to enhance the MRI
and CT effects, while helps in the release of loaded drug
molecules at inner-cell acidic conditions by breaking the
Mn-O bond, as presented in Fig. 10."*® In contrast to the
passive targeting via the EPR effect, with the introduction of
folic acid onto the surface of this type of nanocomposites with a
NaYF,:Yb(Er)@NaYF,:Yb(Nd) core, combined PTT and chemo-
therapy can be realized in tumor cells via an active targeting
route."*”

6.2 Combination of PTT and gas therapy

In addition to those typical model drug molecules that are
embedded into nanocomposites beforehand and released under
photothermal triggering at the needed moment, there are also
other strategies in realizing controlled targeted chemotherapy,
like low concentrations of carbon monoxide (CO) for gas therapy.
As an emerging therapeutic approach, gas therapy utilizes toxic
gases, such as nitric oxide (NO) and CO, to inhibit the activity of
tumor cells."*® Though a high concentration of CO causes great
damage to the organism by affecting the ability to transport
oxygen due to its binding to haemoglobin, low concentration
CO can be used as a messenger molecule to regulate the physio-
logical functions of the nervous system and immunity. CO at low
concentration also shows significant potential for killing cancer
cells by targeting mitochondria in tumor cells to increase their
oxygen consumption, thus generating free radicals and eventually
leading to the destruction of mitochondria."* The key point of gas

J. Mater. Chem. B, 2020, 8, 8189-8206 | 8201


https://doi.org/10.1039/d0tb01375g

Published on 22 July 2020. Downloaded on 4/26/2024 11:08:30 PM.

View Article Online

Review Journal of Materials Chemistry B

. PEG-silane NIR
SRR
pH, GSH
UCNPs@ySiO,-NH, UCNPs@ySiO,-POM UCNCs UCNCs-DOX
() g5oC () T[N I g
) y’ g
> ...... I .- - ) ) '
2
SE4eC Control POM+NR  UCNCs-DOX UCNCs-
N -t DOX-NIR
%é -] . 8 = I [
=21a 52.1°C Ble
90s 140s 200s 3005
© UCNCs-DQX UCNGs-

DOX-NIR

Fig. 10 (a) Schematic illustration of the synthesis of UCNC-DOX and DOX, and DOX loading and release along with NIR-modulated biodegradation,
(b) photothermal images of U14 tumor-bearing mice before and after injection of UCNC-DOX upon 808 nm laser irradiation, (c) CLSM images of Hela
cells after various treatments, dyed with AM and PI, and (d) photographs of mice and relative tumor volumes. Reprinted with permission from ref. 126.
Copyright 2018, Royal Society of Chemistry.

therapy is to ensure targeted delivery and controlled release so that As a typical example, as shown in Fig. 11,"*° sub-50 nm
the damage to normal tissues can be decreased to the minimum. thioether/phenylene dual-hybridized hollow mesoporous organo-
Interestingly, the synergy from the PTT process becomes helpful to ~ silica nanoparticles (HMONs) with a hemolytic effect were con-
realize the targeted release of CO via photothermal stimulation. structed by an “ammonia-assisted hot water etching” method.
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Fig. 11 (a) Schematic synthetic route of HMOPM-CO, in situ reduction and temperature rise-induced production of CO, temperature increase curves at
tumor regions versus time during irradiation under a power of (b) 1.0 W cm™2 and (c) 0.3 W cm™2 in phosphate buffer saline (PBS), (d) tumor volume
changes after post therapy with HMOPM-CO on a U87MG tumor model, and (e) corresponding fluorescence images of TUNEL assays on tumors
acquired after 24 h of different treatments, where G1, HMOPM-CO + 1.0 W cm™2 (synergistic PTT/gas therapy); G2, HMOPM + 1.0 W cm~2 (PTT); G3,
HMOPM-CO + 0.3 W cm™2 (gas therapy); G4, HMOPM + 0.3 W cm™2; G5, HMOPM-CO; G6, +1.0 W cm™~2; G7, PBS. Reprinted with permission from
ref. 130. Copyright 2018, American Chemical Society.
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A typical gas-releasing molecule, Mn,(CO),,, was loaded through
a hydrophobic-hydrophobic interaction, and Mo""-based POM
clusters were modified on the surface of the nanoparticles.
Thus, the POM-anchored nanocomposite possesses TME-
responsive PA imaging contrast and enriches in the tumor site
via the EPR effect. Accompanying the reduction of the POM
cluster by GSH in inner tumor cells for performing PTT,
the yielded NIR photothermal effect triggered the thermal
decomposition of Mn,(CO),,, releasing a low concentration of
CO. The synergistic PTT and gas therapy doubly accelerated
the eventual cell apoptosis via a series of processes of accele-
rated biogenesis, mitochondria exhaustion, and elevated ROS
production.

7. Conclusions and perspectives

From the above introduction, it is seen that during the search
for diverse novel nanosized biocompatible materials targeting
PTI and PTT, the POM family played an indispensable role due
to its very broad structural and functional characteristics. In
comparison to those established material systems, the cluster
structures and chemical compositions of POMs have been well
characterized. Meanwhile, the main physicochemical proper-
ties are deeply explored. The very small size (usually less than
5 nm) and high dispersion allow POMs to circulate in vivo while
the surface charges make modification very convenient via a
simple supramolecular approach for the construction of var-
ious nanocomposites to introduce other functional additives.
Most importantly, the substitution of transition metal ions and
the controllable modulation of the electronic structure endow
POMs with more important sensitivity versus the local environ-
ment. At the present stage, we can see the strong capability of
POMs as unique contrast agents in FL, MR, CT, NIR-related
PAI and PTI, and combined imaging and PTT. POM cored
nanocomposites as a multiple function platform can not only
increase the cluster structure stability and long-term circula-
tion and reduce the biotoxicity, but also have multimodal
accurate diagnosis characteristics. The smart integration of
POMs with inorganic, or organic/polymer materials leads to
synergistic functions in active targeting, upconversion lumines-
cence, chemotherapeutic effects and gas therapy for localized
treatment of tumors.

While figuring out several profiles as a type of robust
biomaterials, the full understanding of POMs in terms of
the photothermal behaviour is in the burgeoning period
and several challenges, such as understanding the detailed
metabolism mechanism, finding out the possible metabo-
lised products, carrying out the safety assessment of POMs,
and so forth, are still under way. Even now, it is envisioned
that the NIR-II photothermal specialty and responsiveness
of POMs to the tumor microenvironment will open a new
area for them in biomedical sciences, while it can be expected
that POMs themselves will act as a potential drug carrier
in the therapy of diseases under photothermally induced
hyperthermia.

This journal is © The Royal Society of Chemistry 2020
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