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Inorganic nanoparticles (NPs)-mediated tumor theranostics have attracted widespread attention due to
their unique physicochemical properties, such as optical, electrical, magnetic, and thermal properties. In
the past decade, great advancements have been made in inorganic NPs-associated drug delivery,
multimodal tumor imaging, and tumor therapy. However, the potential toxicity of inorganic NPs due to
their low biodegradability, background signals interference and treatment side effects limit their clinical
application. Therefore, developing biodegradable and intelligent NPs is beneficial to avoid excessive
metal ions deposition, specific tumor imaging and treatment. In this review, we summarize the recent
advances in tumor microenvironment (TME)-triggered biodegradation of inorganic NPs accompanied by
imaging signal amplification and the released ions-mediated tumor therapy. First, the feature
characteristics of the TME are introduced, including mild acidity, hypoxia, overexpressed reactive oxygen

species (ROS), glutathione (GSH), and enzymes et al.; then, the biodegradation of NPs in a TME-induced
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described; furthermore, tumor therapies through “Fenton”, “Fenton-like" reactions, and interference of

DOI: 10.1039/d0ra04651e biological effects in cells is presented. Finally, the challenges and outlook for improving the degradation
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1. Introduction

Malignant tumors are one of the most severe threats to human
health, and the incidence and mortality remain very high
worldwide."* In recent decades, the advent of nanotechnology
has provided new opportunities for tumor theranostics due to
the unique nanoeffect of nanoparticles (NPs). Among of which,
inorganic NPs have been the subject of great attention based on
their good stability and excellent physicochemical properties in
many areas, including light, heat, sound, electricity, and
magnetism et al. Compared with organic NPs, inorganic NPs
exhibit more stable properties and can be reused multiple
times. Moreover, these properties can be converted each other,
which enrich the use of inorganic NPs.

To date, a series of inorganic NPs have been well known to
be applied for tumor imaging and therapeutic research. For
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efficiency, imaging, specificity and efficiency of tumor imaging and treatment are discussed.

instance, metal nanoclusters,® quantum dots (QDs),* upcon-
version NPs (UCNPs),” and persistent luminescence NPs®’
have been proven to have significant antiphotobleaching
properties in terms of cell fluorescent labeling and in vivo
tumor fluorescence imaging. Gadolinium oxide and iron oxide
are recognized as classic contrast agents (CAs) for magnetic
resonance (MR) imaging;*® Nanoparticles containing heavy
metal elements (Au, Bi, Pt, and Hf) were usually used as
computerized tomography (CT) imaging CAs depending on the
strong attenuation of X-rays.'®'* Metal sulfides, such as CuS
and Bi,S;, can effectively and repeatedly convert the absorbed
near-infrared (NIR) light into heat, which can be used for
photothermal treatment and photoacoustic (PA) imaging of
tumors;'>** Inorganic photosensitizers or sonosensitizers,
such as TiO,, Au,s(Capt);s nanoclusters, and PtCuz; NPs can
inhibit tumor growth by producing reactive oxygen species
(ROS) under laser or ultrasonic excitation;'**¢ in particular,
inorganic NPs with multimodal imaging and therapeutic
functions have been continuously developed for precise tumor
theranostics. For instance, our group synthesized
Gd:CuS@BSA NPs by using an albumin-mediated biomimetic
strategy. The obtained Gd:CuS@BSA NPs exhibited significant
absorbance in NIR with high photothermal conversion efficacy
(32.3%) and a significant longitudinal relaxation rate (r; =
16.032 mM ™" s™') than the clinical MR contrast agent
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(Magnevist, 7, = 3.843 mM ' s '). Thus, they were applied for
in vivo tumor MR/PA imaging-guided photothermal therapy."”
Overall, inorganic NPs demonstrate their versatility and
excellent properties in tumor diagnosis and treatment.
However, there are still some problems that need to be
resolved: (1) compared with organic NPs, in vivo degradability
and toxicity of inorganic nanoparticles have been a concern for
a long time. After intravenous injection, inorganic NPs accu-
mulate in tumors as well as normal tissues, and long-term
deposition often produces toxicity, which limits its clinical
application.'® Therefore, degradability will become the
primary consideration when synthesizing inorganic NPs in the
future; (2) currently, most obtained inorganic NPs employ an
“always-on” mode for tumor theranostics, which brings about
some advantages. For tumor imaging, the “always-on” signal
can produce strong background interferences in vivo and
significantly reduce the signal-to-noise ratio (SNR) in the
tumor site, hindering diagnostic efficiency.*® For tumor
therapy, if laser or ultrasonic treatments accidentally irradiate
normal tissues, the inorganic NPs can also produce ROS or
heat and cause notable side effects.

Considering the significantly different characteristics
between the TME and normal tissues, such as mild acidity,
hypoxia, overexpressed ROS, and glutathione (GSH) et al,
developing TME-responsive inorganic NPs with intrinsic
imaging signal and therapeutic function activation can signifi-
cantly reduce background signal interference (high SNR) and
normal tissue toxicity, achieving tumor specific theranostics.
Therefore, biodegradation and a “turn-on” theranostic strategy
are essential for the future development and clinical trans-
formation of inorganic NPs.

In this review, we summarize the recent advances in the
TME-triggered biodegradation of inorganic NPs accompanied
by imaging signal amplification and released ions-mediated
tumor therapy (Scheme 1). First, the feature characteristics
of the TME are introduced, including mild acidity, hypoxia,
overexpressed ROS, and glutathione (GSH). Then, the induced
biodegradation of NPs in the TME to enhance imaging
signals, such as MR imaging and fluorescence imaging is
described. Furthermore, tumor therapies, through the
generation of toxic ROS by the released ions from mediated
“Fenton” and “Fenton-like” reactions and the interference of
biological effects in cells, are reviewed. Finally, the challenges
and outlook for improving the degradation efficiency,
imaging, specificity and efficiency of tumor imaging and
treatment are discussed.

Imaging
4 (MR, Fluorescence)
TME
- »
(H', GSH, ROS"++)
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Inorganic NPs lons (€DT, lons therapy)
Scheme 1 Schematic illustration showing the tumor microenviron-
ment (H*, GSH, ROS, etc.) triggering the biodegradation of inorganic
NPs for enhanced tumor imaging (MR imaging, fluorescence imaging)

and therapy (chemodynamic therapy, ions therapy).
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2. Feature characteristics of the TME

The tumor microenvironment (TME), which is created by
interactions between nontransformed and malignant cells, is
a complex physical and biochemical system that plays a crucial
role in tumor occurrence, growth, and metastasis.****
Compared with normal tissues, there are many significant
differences in the TME, which are listed as follows:

(1) Mild acidity: mild acidity is regarded as one of the most
archetypal characteristics of the TME. According to previous
inferences, this mild acidity is the result of the accumulation of
lactate (pK, = 3.86), the metabolite of excessive aerobic glycol-
ysis (Warburg effect).® In 2008, Gallagher et al.>* exploited the
dynamic nuclear polarization (DNP) technique to realize the in
vivo MR imaging of tissue pH based on the ratio of hyper-
polarized bicarbonate (H'*CO;”) and "*CO, signal intensities
after the intravenous injection of hyperpolarized H'*CO; . After
MR imaging of an EL4 tumor pH in vivo, they found that the pH
value of tumor interstitials was lower than that of the
surrounding tissues. According to previous research, the pH
value range of the tumor extracellular and intracellular envi-
ronment is within 6.0-7.0 and 6.0-6.5, respectively.**

(2) Overexpressed glutathione (GSH): glutathione (GSH) is
the most abundant intracellular cysteine-containing small
molecule biothiol. Its role is to maintain the balance of the
redox state in the cell and is a vital endogenous antioxidant. The
ratio of reduced glutathione (GSH) to its oxidized form (GSSH)
is an important indicator of the redox state of the cell and
determines the antioxidant capacity of the cell. It has been re-
ported that the GSH level in tumor cells is ~10 mM, which is
significantly higher than that in normal cells (~2 puM).*® Thus,
GSH can be used as an endogenous tumor stimulator to achieve
reduction-responsive drug release.>®

(3) Hypoxia: tumor hypoxia is caused by the rapid prolifera-
tion of tumor cells, which consumes a large amount of oxygen
and decreases oxygen delivery efficiency due to the abnormal
structure and function of tumor tissue.””?® In some solid
tumors, the partial pressure of oxygen is close to 0 mmHg, while
the partial pressure of oxygen in normal tissue is 30 mmHg.
Furthermore, tumor cells that are farther away from the blood
vessel have a lower partial pressure of oxygen, making it difficult
to deliver drugs into the tumor tissue. As a result, the treatment
efficiency of radiotherapy and chemotherapy on hypoxic cells is
weakened.” Thus, some conjugated polymers have been
designed and synthesized to encapsulate drugs, followed by
their release under hypoxic conditions.

(4) H,O,: in a previous study, it has been found that tumor
cells can produce higher concentrations of H,0, than normal
cells.®**** H,0, can induce DNA damage and mutations as well
as increase genetic instability.** At the same time, an increase in
H,0, concentration can also activate HIF-1, which plays a role
in apoptosis resistance, invasion/metastasis, angiogenesis and
immortality.*® By leveraging the overexpressed H,O, in tumors,
some inorganic NPs can be designed to catalyze H,O, to O,,
thus relieving tumor hypoxia. In addition, H,O, can trigger the
hydrophilic-hydrophobic transition of some polymers, causing
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the drug release in tumors while avoiding side effects in normal
tissues.****

3. TME-triggered biodegradation of
NPs for enhanced tumor imaging

3.1. TME-activated MR imaging

As a powerful imaging technique, MR imaging has been widely
used in tumor detection due to a series of advantages, such as
its high spatial resolution, lack of ionizing radiation, no pene-
tration depth limit, and excellent soft tissue contrast et al.>**”
Currently, most nanoscale MR contrast agents (CAs) have a high
relaxivity and exhibit a good contrast effect, improving the
accuracy of tumor detection. However, most of these CAs are
difficult to degrade, resulting in long-term toxicity. To resolve
this problem, during the past few years, biodegradable nano-
scale CAs have been developed to amplify by MR signals in
tumors.
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3.1.1 Mn-based MR CAs. Manganese(u), which has five
unpaired electrons and high r; relaxivity, is a typical para-
magnetic ion that has been widely used for MR imaging.*® In
comparison, Mn** ions exhibited a lower r, relaxivity due to
fewer unpaired electrons, thus manganese dioxide (MnO,) NPs
show an insignificant MR contrast effect. Nonetheless, MnO,
NPs has still attracted research interest in the past decades due
to their biodegradability in the TME, yielding Mn®>" and
improving r; relaxivity. For instance, Chen et al.** found that the
ry relaxivity of synthesized 2D MnO, nanosheets was as low as
0.007 mM~ ' s™'. However, after an acidic buffer solution
treatment (pH = 6.0 and 4.6), the r; relaxivity exhibited
a significant increase from 0.007mM s 'to3.4mM ‘s 'and
4.0mM 's7', respectively, due to the emergence of Mn>". Then,
the 2D-MnO, nanosheets were employed as ultrasensitive pH-
responsive MR CAs for in vivo imaging. In addition to MnO,
NPs, other Mn-doped inorganic NPs have also been developed
to explore TME-activated MR imaging. For instance, Mi et al.*
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Fig.1 Schematic illustration showing UMFNP—-CREKA NPs as a TME (mild acidity and H,O,)-activated T;-weighted MR imaging probe; (B) in vivo
time-dependent MR images before and after the intravenous injection of UMFNP—-CREKA NPs, UMFNP-DHCA NPs, and y-Fe,O3—CREKA NPs,

from left to right, respectively.*®* Copyright from Wiley, 2020.
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doped Mn** into pH-sensitive calcium phosphate (CaP) NPs
comprising a poly(ethylene glycol) shell. After intravenous
injection and accumulation in the tumor, the low pH of the
TME could trigger the disintegration of CaP, resulting in the
release of Mn®" ions. Thus, the significant tumor-to-normal (T/
N) tissue contrast ratio was significantly increased by approxi-
mately 170% for several hours, which is higher than that of
clinically used MR CAs (Gd-DTPA, T/N = 120%).

In addition, other Mn-doped inorganic NPs, such as Mn-
doped layered double hydroxide (LDHs)** and Mn-doped
biodegradable SiO, (ref. 42) have been reported as pH- or
redox-sensitive MR probes for in vivo tumor imaging. Very
recently, Nie et al.*® synthesized ultrasmall manganese ferrite
NPs, followed by modification with a tumor-targeting CREKA
(Cys-Arg-Glu-Lys-Ala) peptide to form UMFNP-CREKA NPs. In
the presence of mild acidity and H,O,, Mn>* was released from
UMFNP-CREKA NPs, resulting in a significant increase in the T;
signal. Moreover, the accumulated Mn>* could bind with
proteins in the cancerous tissues, which further improved the
T; MR signal and brightened the metastatic tumor (Fig. 1A). As
displayed in Fig. 1B, the T,-weighted MR signal of the tumor
was significantly enhanced 50 min after the injection of
UMFNP-CREKA NPs, while the signals of the other two control
groups exhibited a negligible increase. These results demon-
strated that the in vivo T; MR signal was activated by the Mn*"*
release due to the TME (mild acidity and H,0,).

3.1.2 Fe-based MR CAs. Similar to Mn(u), the outer
unpaired electrons of Fe(m) make it another magnetic element
candidate for designing MR CAs. For example, Fe-based inor-
ganic NPs, such as magnetic iron oxide (>5 nm), are well known
T,-weighted MR CAs, and Fe*"-based metal organic complexes
exhibit a remarkable T; contrast enhancement effect.*
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However, T,-weighted MR CAs usually produce dark signals in
lesions that are easily disturbed by other hypointense regions
such as calcification, air, blood clots, and hemorrhage, while
bright signals produced by T;-weighted MR CAs often interfere
with the background signal from normal tissues. Thus, devel-
oping tumor-specific T;-weighted MR imaging probes is of great
importance in improving the significant T/N tissue contrast
ratio.

In a previous study, Yu et al.*® focused on the synthesis and
tumor theranostics of iron carbide NPs (FesC,). They measured
the transverse relaxivity (r,) of FesC, NPs to be 312 mM ' s~ %,
indicating a remarkable T, contrast enhancement effect. To
realize tumor-activated MR imaging, in recent work, they
fabricated Fe;C,@Fe;0, NPs with a core-shell structure, which
were highly magnetic and demonstrated T,-weighted MR
imaging effects in normal tissue. However, Fe;C,@Fe;0, NPs
show pH sensitivity in acidic environments, accompanied by
the release of paramagnetic ferric ions (Fig. 2A). After dispersing
the Fe;C,@Fe;0, NPs in acidic phosphate-buffered saline (PBS)
(pH = 5.4), the transverse relaxation rate (r,) was reduced from
203.83 mM ' s to 64.18 mM ' s~', while the longitudinal
relaxation rate (r;) was increased from 0.26 mM ' s™* to 1.01
mM ' s7! (Fig. 2B). Thus, after 24 h of intravenous injection,
the T;-weighted MR signal in the tumor was significantly
enhanced from 99.1% to 123.7%, successfully achieving an
acidic tumor environment-activated MR imaging enhancement
(Fig. 2C).*

3.2. TME-activated fluorescence imaging

Compared with MR imaging, the most significant advantage of
fluorescence imaging is its high sensitivity. To date, a series of
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(A) Schematic illustration showing the FesC,@FezO4 NPs as a TME-activated T;-weighted MR imaging probe. (B) The in vitro MR images,
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materials with excellent fluorescence properties have been
developed, including organic dyes, quantum dots (QDs), metal
nanoclusters, and upconversion NPs (UCNPs) et al. However, the
greatest obstacle to in vivo fluorescence imaging is auto-
fluorescence interference from tissues. Thus, a “turn-on” strategy
is usually designed to specifically activate the fluorescence signal
at the tumor site and achieve low background fluorescence
during imaging. For instance, manganese dioxide (MnO,)NPs,
a classic biodegradable material in the TME, have been widely
used as a surface modification of fluorescence probes. As a result,
the fluorescence signal is quenched due to the fluorescent reso-
nance energy transfer (FRET) effect that occurs between the
MnO, and fluorescent probes. Thus, after intravenous injection,
no fluorescence signal can be detected in normal tissues and
organs. However, after accumulation in the tumor, the MnO, NPs
modified on the surface of the probe can be decomposed by GSH,
H,0,, and the acidic TME, resulting in the recovery of the fluo-
rescence signal of the probe and realizing tumor-specific fluo-
rescence imaging. For instance, Kong et al.*” synthesized silicon
quantum dots (Si QDs), followed by conjugation with photosen-
sitizer (Ce6) and MnO, nanoparticles, respectively. As a result, the
obtained BSA-Ce6-Si-MnO, nanoparticles exhibited weak fluo-
rescence due to FRET effect induced by MnO,. After entering into
tumor cells, the fluorescence signal of Si QDs and Ce6 were
recovered due to MnO, degradation in the presence of acid
condition and H,0,, realizing tumor specific fluorescence
imaging. To further increase light penetration and reduce back-
ground signal interference, Liu et al.*® constructed UCNP-MnO,
FRET nanosystem using a similar strategy, which was applied for
GSH detection.

In addition, Yang et al.*® reported another strategy to realize
TME-activated fluorescence imaging by assembling a disulfide-
bond-linked hydroxyethyl starch paclitaxel (HES-SS-PTX)
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conjugate and a near-infrared (NIR) cyanine fluorophore DiR.
First, the fluorescence signal was quenched due to the
aggregation-caused quenching (ACQ) effect. However, after the
NPs were internalized by tumor cells, the disulfide bond (S-S) of
HES-SS-PTX could be cleaved by intracellular GSH, resulting in
the synchronized release of conjugated PTX and loaded DiR.
The released DiR dyes restored the fluorescent properties of the
NPs. Two hours after the injection, the fluorescence signal was
detected at the tumor site, and the signal of nanoparticles was
significantly higher than that of free DiR dyes.

4. TME-triggered biodegradation of
nanoparticles for enhanced tumor
therapy

4.1. Tumor chemodynamic therapy (CDT)

Traditional cancer treatment strategies such as surgical resec-
tion, chemotherapy and radiotherapy have obvious side effects.
Emerging phototherapy strategies, such as photodynamic
therapy and photothermal therapy, are often limited by the
penetration depth of light. Therefore, developing an efficient
and safe treatment strategy is particularly important.

The Fenton reaction, a classic inorganic chemical reaction, is
a process in which Fe* ions catalyze the decomposition of
hydrogen peroxide (H,0,) to produce hydroxyl radicals (-OH),
which are widely used in wastewater treatment due to their
effectiveness in removing refractory organic pollutants. In the
past few years, because -OH can induce protein denaturation,
DNA breakage, phospholipid membrane damage, and mito-
chondrial destruction of tumor cells, the Fenton reaction has
begun to be turned toward tumor therapy, which was named as
tumor chemodynamic therapy.

O

» 9.25mM

. 2mM
1mM
0.5mM

—— GFDNCs
—— Blank

o
=2}

o
w

Intensity (a.u.) TO

Absorbance (a.u.)

o
=]

200 400 600 800 1000 1200
Time (s)
Intravenous

205 2.03 201 199 197
g-factor (value)

W)

©

4T1 tumor xenograft
~a— Control ..
——iv.5mgkg”
~o—iv. 10 mg kg™

o

[N}

=}

Relative tumor volume (V/V,
»

135 7 9 111315

-

UB7 tumor xenograft
—=— Control i.v.

20 { —+ iv.5mgkg"
~o- iv.10mgkg™

Relative tumor volume (V/V,)
>

135 7 9111315
Days

(A) Schematic illustration showing GOD-FezO4,@DMSN for tumor selective catalytic therapy. (B) ESR spectra of GOD-Fez0,4,@DMSN with

and without the addition of glucose oxidase; (C) time-dependent absorbance of TMB with different concentrations of glucose oxidase; tumor
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4.1.1 Fe ions-mediated tumor chemodynamic therapy.
Superparamagnetic iron oxide NPs (SPIONs) have been broadly
explored in versatile biomedical applications, including
magnetic hyperthermia, magnetic-targeted drug delivery, and
MR imaging. In addition, the SPIONs-mediated Fenton reaction
has been explored in tumor therapy applications. For instance,
Huo et al.*® synthesized biodegradable dendritic silica NPs with
large pore (~40 nm), followed by loading ultrasmall Fe;O, NPs
(~2 nm) and glucose oxidase (6.0 nm X 5.2 nm x 7.7 nm)
(Fig. 3A). After the intravenous injection and accumulation of the
above NPs in tumors, glucose oxidase could decrease the amount
of glucose in tumor cells and provide sufficient H,O, for the
subsequent Fenton reaction that was mediated by Fe ions derived
from the degradation of the Fe;O4 NPs in the mildly acidic TME.
Both electron spin resonance (ESR) measurements (Fig. 3B) and
3,3,5,5'-tetramethylbenzidine (TMB) absorption spectra (Fig. 3C)
confirmed the generation of -OH. As displayed in Fig. 3D-G, the
produced -OH significantly inhibited the growth of 4T1 tumors
(Fig. 3D and E) and U87 glioblastoma tumors (Fig. 3F and G)
without obvious side effects. In addition to SPIONs, other Fe-
based NPs have been developed for the combination of CDT
and other treatment strategies. For instance, Hu et al.** designed
a NO-associated CDT system by mixing Fe*" and coordination
polymers (1, 5-bis[(r-proline-1-yl)diazen-1-ium-1, 2-diol O*yl]-2,4-
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dinitrobenzene BPDB, NO donor), followed by ion exchange,
forming Fe(u)-BNCP NPs. Subsequently, it was found that Fe(u)-
BNCP could both efficiently catalyze H,0, to produce -OH and
generate NO in the presence of GSH. Thus, tumor growth of the
group treated with Fe(n)-BNCP was significantly suppressed
compared with other control groups. This work not only
demonstrated the great promise of gas therapy-CDT-enhanced
antitumor activity but also provided a novel strategy to design
prodrug-based nanoplatform with high drug loading efficiency
for precise tumor treatment. Chen et al.>* prepared CuFeS, NPs
by using a protein biomimetic strategy. The CuFeS, NPs exhibited
not only a significant ability to produce -OH but also high pho-
tothermal conversion efficacy. Consequently, tumor growth was
efficiently inhibited by the combined CDT-photothermal therapy.
Thus, combination of CDT and other treatment strategies will be
promising for cancer therapy.

4.1.2 Cu ions-mediated tumor chemodynamic therapy.
Although the Fe’"-mediated Fention reaction has been devel-
oped as a safe strategy for cancer therapy, the reaction effi-
ciency is high only in strongly acidic conditions (pH = 2-4).”
Thus, the production of -OH is limited in weakly acidic tumor
environments (pH = 5.5-6.5). In contrast, it has been reported
that the reaction rate of Cu'-catalyzed Fenton-like reactions is
as high as 1 x 10* M~' s~" under weakly acidic and neutral

A . - » B 8 8
" e S st b b | :
;: NaOH  © 2° seitassembly & ., Crystallization 2 3 | 3
Ve ) » S oaded < < S
xk'o’ & $ e :\« 500 600 700 800 500 600 700 800 400 450 500 550 600
,1' 23 s v C (nm) (nm)
By ® ° e Q B 30 , "’51000 —— Saline
E ol £
] — Saline 8 500
e E 101 pox @
3 - Cu-Cys NPs g A
H,0 a 0 2 0
(22 0 10 20 30 40 50 ~ 0 10 20 30 40 50
Cu* — Time (Day) Time (Day)
7 . -OH v
DNA damay A 7y =
Rros AOY OB O Fo
A Saline _ 2 4001
GSH GSSG s . © ‘ & 8
& " =
+ 2001
DOX g
P9 #° 5 0 o
a v = sa® oot cys™
Cu-Cys NPs —
D @ E Process 1: Process 2:

~O
OH S Fenton phe W
e——s 4 —) JOHI ¥
H* chemistry
ol -
X H.0, self-supplying CDT

IR B _ B et o
) e % (jaliw Mf
¢ s

Lysosome

s

Fig. 4

3
8

[NaOHE:[CuCL] 1
—_— e
017 IR Sy

e

Process 3:

——pH5S5
——pHT7.4

Cu release (%)
N 2 2 =
3 8 3 3

o

[ 5 10 15 20 25
Time (h)
Process 2+3:

—pH5S
T04{—pHT4

e
°
w

Absorbance (a.u.)
< e <
Absorbance (a.u
s e
2 R

500 550 600 650 700 750 800
Wavelength (nm)

8
a

500 600 700
Wavelength (nm)

(A) Schematic illustration showing Cu—Cys NPs for tumor chemodynamic therapy; (B) characterization of hydroxyl radical (-OH)

generation; (C) body weight, tumor size, tumor image, and tumor mass of different treatment groups (saline injection, DOX injection, and Cu—
Cys NPs injection).*¢ Copyright from American Chemical Society, 2019. (D) Schematic illustration showing copper peroxide (CP) nanodots for
self-supplying H,O,-enhanced chemodynamic therapy of tumors; (E) characterization of hydroxyl radical (-OH) generation in different pH
conditions (5.5 and 7.4).5” Copyright from American Chemical Society, 2019.

This journal is © The Royal Society of Chemistry 2020

RSC Adv, 2020, 10, 26742-26751 | 26747


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04651e

Open Access Article. Published on 16 7 2020. Downloaded on 2026/01/28 19:22:55.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

conditions, which is a ~160-fold increase over that of Fe**-
catalyzed Fenton reactions.*»* For instance, Li et al>®
synthesized copper-cysteine NPs (Cu-Cys NPs) that depended
on the high coordination interaction between the sulfhydryl
group (-SH) and Cu ions. After entering the cell by endocy-
tosis, the Cu®" in the Cu-Cys NPs could be reduced to Cu” by
GSH, followed by catalyzing H,O, to trigger the Fenton-like
reaction (Fig. 4A). As shown in Fig. 4B, the absorption peak
of methylene blue (MB) exhibited a time-dependent downward
trend, indicating the gradual generation of -OH. More
importantly, the reaction rate differs by only 10% under
different pH conditions (pH = 5.5, 6.4, and 7.4), which
ensured the high efficiency of the Cu-Cys NP-mediated CDT
therapy of tumors. It can be seen from the tumor growth curve
and tumor images (Fig. 4C) that the CDT efficiency was
significantly higher than that of conventional chemotherapy
(DOX-injection group). Thus, it can be seen the efficiency of Cu
ions-mediated Fenton reaction is higher than Fe ions, which
will be more effective for tumor therapy.

Furthermore, the content of H,0, is a crucial factor affecting
the efficiency of the Fenton reaction. Therefore, to further
increase the H,O, concentration at the tumor site, Lin et al.>”
synthesized copper peroxide (CP) nanodots by a coordination of
Cu”" and H,0; in the presence of hydroxide ions (OH ), which
could realize a self-supply of H,0, at an acidic pH for enhanced
CDT (Fig. 4D). Under acidic conditions, CP nanodots could
release Cu®* as well as H,0,, thus - OH was produced, which was
confirmed by using TMB as an indicator (Fig. 4E). The synthe-
sized CP nanodots are the first example of a Fenton-type metal
peroxide NPs, which provides new guidance for the develop-
ment of other peroxides to enhance the CDT of tumors. In
addition, Cu ion-mediated CDT can also be combined with
other treatment strategies to enhance tumor therapy. Copper
sulfide (CuS) is a common photothermal agent, and the appli-
cation of CuS for tumor photothermal therapy has been
systematically studied. Wu et al.*® found that the fabricated
ultrasmall Cu,_, S-PEG nanodots could catalyze H,O, into -OH,
and this reaction could be enhanced under laser irradiation at
1064 nm due to the heat generated by the Cu,_, S-PEG photo-
thermal agent. Consequently, the combination of photothermal
therapy (PTT) and CDT significantly suppressed tumor growth 2
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days after treatment, and the tumors disappeared after 14 days,
indicating good combined treatment efficiency.

4.1.3 Other ions-mediated tumor chemodynamic therapy.
In addition to Fe and Cu ions, other metal ions, such as Co, Mn,
and Ti ion-mediated Fenton-like reactions for CDT of tumors
have been reported in recent years. Liang et al.*® synthesized
CaO, NPs, followed by loading DOX and adding Co** and 2-
methylimidazole to forme CaO,@DOX®@ZIF-67 NPs. In this
work, ZiF-67 could be degraded under acidic conditions (pH =
5.0), leading to the release of Co®" and triggering the Fenton-like
reaction. More importantly, H,O, could be efficiently self-
supplied through the reaction between CaO, and H,O to
enhance the production of -OH. Moreover, DOX could also be
released in the TME, achieving a combined chemo/
chemodynamic treatment of tumors. In addition to increasing
the H,O, concentration, reducing the GSH level is another
strategy to ensure the generation of -OH rather than being
removed by overexpressed GSH in tumor cells. Lin et al.* first
reported a MnO, CDT agent that could deplete GSH through
a reaction and degrade into Mn*". Subsequently, they found
that H,0, could be catalyzed by Mn>" into -OH in the presence
of HCO; . The activated MR signals guided the CDT of tumor.
TiO, is a well-known sonosensitizer for sonodynamic therapy
(SDT) of tumors. Very recently, Cheng et al.®* reported that Ti**
is another alternative to iron ions for Fenton-like reactions.
First, they synthesized ultrathin titanium monoxide (TiO;..)
nanorods and found that the ROS productivity under ultrasonic
excitation was significantly higher than that of common TiO,
NPs. More importantly, the Ti ion-mediated Fenton-like reac-
tion could be dramatically enhanced by ultrasonic excitation,
achieving a combination of SDT and ultrasound-enhanced CDT
of tumors. Thus, in our opinion, other metal elements with
variable valence can be considered to be used for tumor therapy
through Fenton reaction.

4.2. Tons interference therapy (IIT)

Unlike the above metal ions that generate ROS through the
Fenton reaction to kill tumor cells (Table 1), ion interference
therapy is a new tumor treatment strategy that induces cell
apoptosis by blocking the biological effects and functions of
cells, which was first reported in last year. Inspired by the

Table 1 Comparison between chemodynamic therapy (CDT) and ions interference therapy (IIT)

Mechanism of

Ions Conditions tumor therapy Advantages Disadvantages Ref.
CDT Fe*" H,0,, H' Tons catalyze the decomposition  Safe, specific tumor therapy The efficiency is limited 50-52
Cu" H,0,, H' of H,0, to produce -OH through without side effects by amount of H,0, 15,56 and
fenton reaction, inducing protein 57
Mn?*" H,0,, H', denaturation, DNA breakage, and 60
HCO;™ mitochondrial destruction of
Co*" H,0,, H" tumor cells 59,62
T Ca* — Inducing cell apoptosis Safe, high efficiency, The efficiency is 63,64

by blocking the biological
effects and functions
of tumor cells

26748 | RSC Adv, 2020, 10, 26742-2675]

specific tumor therapy
without side effects

constrained by the self-regulatory
function of the cell and requires
combination with other strategies
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emergence of microcalcifications in tumors after radiotherapy
or chemotherapy (Fig. 5A), Zhang et al.®® synthesized ultrasmall
CaO, NPs (~5 nm, Fig. 5B), followed by coating a sodium hya-
luronate layer on their surface to obtain SH-CaO, NPs. In the
tumor lesion area, the protective layer was decomposed by
overexpressed hyaluronidase, thus the exposed CaO, NPs were
accelerated to decompose in the acidic TME, producing H,0,
and free Ca>". Due to the downregulation of catalase expression
in tumor cells, H,0, accumulated in the tumor cells and
induced oxidative stress, which further led to the dysfunction of
Ca-related ion channels. Thus, the Ca®" concentration in tumor
cells was unable to be regulated, resulting in the long-term
retention of Ca. Over time, the abnormal Ca®>* aggregation
triggered persistent calcium overload, hindered the metabolism
of tumor cells, and induced metabolic disorders and functional
dysfunction of tumor cells, thereby inducing cell death. At the
same time, the local increase in Ca®>" concentration could also
promote the development of microcalcifications in tumor
lesions. This type of tumor cell death, which is induced by
ultrasmall calcium peroxide NPs, is defined as “calcium death”.
As displayed in CT images of tumors before and after injection
(Fig. 5C), the CT signal is slightly enhanced 3 h after injection,
but becomes significantly brighter after 3 days, indicating the
existence of tumor -calcification. Correspondingly, tumor
growth is inhibited 14 days after treatment.

Furthermore, Ca**-mediated ion interference therapy can
be combined with other treatment strategies. Recently, Liu
et al.** synthesized hollow CaCO; NPs, followed by loading an
inhibitor for GSH biosynthesis (r-buthionine sulfoximine,
BSO) and a sonosensitizer (meso-tetra-(4-carboxyphenyl)
porphine, TCPP). As shown in Fig. 5E, the CaCO; NPs were
degraded under acidic conditions, and the released Ca”" ions

o W ome calcification
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T
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Fig. 5 (A) Schematic illustration showing SH-CaO, NPs for Ca®*

Relative tumor volume (V/V,,
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overloaded the tumor cells and induced mitochondrial
damage. Moreover, the TCPP sonosensitizer was able to
produce ROS under ultrasonic excitation, and the released
BSO ensured that the ROS could not be removed by GSH.
Eventually, the triple amplification of tumor oxidative stresses
was applied toward tumor therapy. As displayed in Fig. 5F and
G, the tumors of mice treated with BSO-TCPP/Fe**@CaCO;
NPs and ultrasonication showed extremely slow growth
compared with other groups, and the corresponding tumor
inhibition rates were 70% (intravenous injection) and 80%
(intratumoral injection), respectively. Besides Ca**, other ions
should be explored for their effect on the biological effects of
tumor cells and then attempted for tumor therapy.

5. Summary and outlook

In conclusion, we have summarized recent achievements in the
biodegradable inorganic NPs for enhanced tumor theranostics,
including MR imaging, fluorescence imaging, chemodynamic
therapy, and ion interference therapy of tumors. Regarding
tumor imaging, the degradation of NPs and subsequent release
of metal ions can activate signal, realizing low/no background
tumor imaging; regarding tumor therapy, the released metal
ions in the TME can produce ROS through the Fenton reaction
or block the biological effects and functions of cells to inhibit
tumor growth without side effects in normal tissues. Moreover,
the degradation of NPs can accelerate their metabolism in the
body, avoiding the toxicity from long-term accumulation. We
believe that this review paper can guide researchers to find and
design these degradable inorganic nanoparticles for tumor

theranostics, which is very promising for clinical
transformation.
Triple Amplification of Tumor Oxidative Stresses
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time-dependent CT images of tumors before and after SH-CaO, NPs injection; (D) tumor growth curve of the control group, the intratumoral
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Despite substantial progress made by many groups in
designing biodegradable inorganic NPs for tumor imaging and
therapy, it is fair to admit that there are still many problems
that need to be addressed in the future: (1) the in vivo potential
toxicity induced by released metal ions after degradation should
be considered, as those metal ions can easily bind to proteins or
enzymes. (2) The degradation of inorganic NPs is too monoto-
nous and needs to be expanded. Currently, acidic conditions are
predominant in decomposing inorganic NPs, but the degrada-
tion efficiency is not sufficient. Therefore, according to the
characteristics of the TME (pH, GSH, hypoxia, H,0,, and
enzymes), designing NPs that respond to multiple triggers is
very effective in accelerating degradation. (3) After degradation,
the efficacy of metal ion-mediated tumor treatment is still not
efficient, especially in terms of the tumor inhibitory rate.
Therefore, the earlier diagnosis and treatment of tumors
combined with other strategies are particularly necessary. In
essence, great effort should be devoted to resolving the in vivo
degradation efficiency of inorganic NPs and enhancing tumor
theranostics.
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