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Introduction

As a “green” strategy for cancer treatment, the emerging gas

An all-in-one theranostic nanoplatform based
on upconversion dendritic mesoporous silica
nanocomposites for synergistic chemodynamic/
photodynamic/gas therapy+t

Shikai Liu,® Wenting Li,* Shuming Dong,? Fangmei Zhang,® Yushan Dong,®
Boshi Tian,® Fei He,*® Shili Gai*® and Piaoping Yang {2 *®°

Gasotransmitters with high therapeutic efficacy and biosafety have been drawing the attention of
researchers. Nevertheless, how to effectively deliver gases to and precisely control their generation at the
lesion as well as integrate them with other therapies to realize precision therapy have remained elusive.
Herein, we report a versatile Cu®*-initiated nitric oxide (NO) nanocomposite for multimodal imaging-
guided synergistic chemodynamic/photodynamic/gas therapy. After the nanomedicine was ingested by
tumor cells, the acidic tumor microenvironment accelerated the decomposition of CuO, and simul-
taneously triggered the Fenton-like catalytic reaction of Cu?* and H,0; to produce highly toxic “OH. By
virtue of the NO generation and glutathione depletion, UMNOCC-PEG can relieve the antioxidant
capacity and hypoxia of the tumor to improve the efficiency of chemodynamic therapy (CDT) and photo-
dynamic therapy (PDT). Importantly, NO and reactive oxygen species (ROS) can generate reactive nitrogen
species (RNS), which can result in DNA damage, further improving the therapeutic effect (cell apoptosis
rate up to 93.4%). Moreover, the inherent properties of lanthanide ions endow UMNOCC-PEG with
upconversion luminescence (UCL), CT and MRI trimodal imaging capability, achieving precise cancer
treatment. By taking advantage of these features, the strategy developed here may provide a promising
application foreground to conquer malignant tumors.

variety of metabolic pathways, which totally compensate for
the leakage of drugs and unnecessary cytotoxicity caused to
normal cells."”™" Nevertheless, the extremely short half-life

therapy has aroused increasing interest due to strong physio-
logical modulation functions and negligible side effects.'™
Among the gasotransmitter family, nitric oxide (NO) is one of
the most noteworthy physiological messenger agents, being
indispensable in angiogenesis, cell apoptosis, immune
responses, neurotransmission and cardiovascular homeo-
stasis.”® Specifically in cancer treatment, NO not only kills
cancer cells efficiently in a relatively high concentration range
(>1 uM) via the oxidation or nitrosation of mitochondria and
DNA, but also successfully enhances the efficacy of chemo-
therapy or PDT.””® Of particular interest, NO molecules have a
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and poor stability of the NO donor severely hinder the develop-
ment of NO-based therapeutic agents for practical
applications.”"® Hence, developing smart delivery nano-
carriers containing biocompatible and activatable NO donors,
which can be stimulated by external or endogenous substances
to induce the release of NO, is still a great challenge.

With this end in view, many research efforts have been
made to develop a variety of stimulus-responsive NO delivery
systems. In the design of the stimulus-responsive nanoplat-
form for NO release, the donor and trigger are two vital
factors. Until now, s-nitrosothiol (RSNO)-based NO delivery
nanocarriers have been generally preferred as a major NO
donor due to their advantage of excellent biocompatibility."*™°
RSNO can release NO when triggered by a series of stimuli,
such as ultraviolet light, heat, X-ray, and certain metal ions
(Cu*, Hg*", etc.). Among these triggers, light and heat have
the characteristics of shallow penetration and poor controll-
ability, respectively, and X-ray may have strong ionizing radi-
ation on the normal organs.'”'® In addition, mercury ions are
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highly toxic to organisms. All of these restrictions severely
impede their potential applications toward clinical treatment.
Fortunately, previous works have demonstrated that Cu®*" can
induce RNO to release NO. Therefore, combining RSNO
with copper-containing materials is expected to generate
tumor microenvironment (TME)-responsive NO release for
cancer treatment.

ROS, including singlet oxygen (*O,), superoxide anions
("0*7) and hydroxyl radicals ("OH), have been considered as
important therapeutic agents for tumor, which can induce cel-
lular necrosis or apoptosis when their levels exceed the
threshold.'®>* Among the three types of ROS, "OH is a hyper-
toxic and nonselective oxidant, which can damage almost all
types of organic molecules, including DNA, amino/nucleic
acids, proteins, and lipids.>>” '0, is the main mediator of
photocytotoxicity, which can irreversibly destroy the treated
biological tissues and cause the oxidation and degradation of
the biofilm.*®*° Therefore, the rational design of multifunc-
tional nanoplatforms integrated with "OH and 0, provides a
broad prospect for efficient ROS-mediated tumor therapy.*®

As an emerging cancer treatment strategy, PDT has shown
many advantages over other traditional therapies, such as low
side effects, minimal invasiveness, and high applicability.
Nevertheless, the therapeutic effect of PDT is limited by the
poor 'O, generation efficiency, which causes hypoxia and the
overproduction of glutathione (GSH) in the TME.*'"**> Hypoxia
is a prominent feature of solid tumors, and principally results
from the insufficient blood supply to cancer tissues and the
excessive tumor cell growth. Moreover, high level of intracellu-
lar GSH serves as a natural oxidant scavenger, protecting
cancer cells from ROS damage. Coincidently, NO can induce
the relaxation of smooth muscle cells and increase the blood
flow, and is clinically used to improve the oxygen supply in
patients with myocardial infarction. Thus, the development of
NO-based delivery nanocarriers which relieve tumor hypoxia
characteristics will significantly enhance the PDT effect.*®?”
On the other hand, CDT is a new therapeutic approach that
depends on Fenton reactions to produce oxidative ‘OH, the
most toxic ROS.***° In the past few years, a variety of nano-
particles have been employed as Fenton catalyst donors to cat-
alyze endogenous H,0,.*"* Although many types of cancer
cells exhibit higher levels of intracellular hydrogen peroxide
than normal cells, the CDT efficacy is still not satisfactory by
catalyzing endogenous hydrogen peroxide. Therefore, the
introduction of self-supplying H,O, into CDT agents is an
effective strategy to improve their anticancer efficiency.***>

In this demonstration, we constructed a multifunctional
nanotheranostic system with dendritic porous silica based on
upconversion nanoparticles (UCNPs) for UCL/MRI/CT trimodal
bioimaging guided synergistic CDT/PDT/gas therapy. In brief,
using a bicontinuous microemulsion reaction system, a meso-
porous silica layer is uniformly coated onto the surface of
UCNPs, which increased the loading of the NO donor and
improved the biocompatibility of nanoparticles despite the
poor biocompatibility of upconversion nanoparticles.
Subsequently, copper peroxide nanodots, chlorin e6 (Ce6) and
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polyethylene glycol (PEG) are loaded into silicon pores to
obtain UCNPs@dMSN-SNO@CuO,-Ce6-PEG (UMNOCC-PEG,
Scheme 1a). After endocytosis by cancer cells, copper peroxide
nanodots are decomposed in the acidic TME, allowing the
release of a large number of copper ions and abundant H,0,
to achieve efficient CDT and considerable NO-releasing per-
formance. Significantly, such a TME-responsive NO-releasing
nanoreactor enables hypoxia relief and GSH depletion, thereby
enhancing the efficacy of PDT. Importantly, the simultaneous
release of ROS and NO ensures the efficient generation of RNS,
which can directly induce DNA damage by triggering free
radical peroxidation. Moreover, due to the unique properties
of rare earth ions, the developed nanoplatform possesses excel-
lent tri-mode imaging (UCL, CT and MRI) capability, which is
conducive to monitor the whole treatment process in real
time.

Results and discussion
Synthesis and characterization of UMNOCC-PEG

Herein, a simple approach was used to prepare dendritic
porous silica-coated UMNOCC-PEG, which was used as a TME-
responsive Fenton-like and upconversion-mediated NO donor
to achieve CDT/PDT/gas combinatorial therapy under UCL,
MRI and CT imaging guidance. The tumor theranostic appli-
cation and therapeutic mechanism of UMNOCC-PEG are illus-
trated in Scheme 1b and c. Firstly, after ingestion by tumor
cells, copper peroxide nanodots were decomposed into Cu®*
and H,0, in the acidic TME. The overexpression of GSH in
tumor cells reduced Cu** to Cu’, which further catalyzed H,O,
to achieve satisfactory CDT. Secondly, the RSNO decompo-
sition reaction begins by tracing the thiolate anion through
Cu®" to produce Cu®, and the RSNO compounds were then
reduced to initiate NO release by Cu".*®" When
UMNOCC-PEG is exposed to near-infrared (NIR) light, UCNPs
are introduced as energy sensors to convert NIR light into
visible light in situ, and further awaken the photosensitizer
(Ce6) to produce singlet oxygen. Notably, NO can relieve
hypoxia in tumor tissues by relaxing the smooth muscle cells
and speeding up the blood flow, thereby improving the
efficiency of PDT. Finally, NO reacts with ROS to produce the
RNS, which can result in DNA damage and further improve
the efficacy of cancer treatment. Monodispersed
B-NaGdF,:20%Yb,2%Er UCNPs with a particle size of about
28 nm were fabricated by a high-temperature decomposition
method, and the transmission electron microscope (TEM)
images are shown in Fig. la and Sla.f Subsequently,
UCNP@dMSN was prepared in a heterogeneous oil-water
microemulsion phase. The microemulsion method allows the
surfactants and reactants to self-assemble in the interface.*®™>°
After surfactant removal, the large internal surfaces and pores
of the silica shell were coated onto the surface of the UCNPs.
Afterwards, silicon hydroxyl (Si-OH) was functionalized with
sulfhydryl (SH) groups and further nitrated with tert-butyl
nitrite to obtain UCNP@dMSN-SNO (named UMNO). The TEM
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Scheme 1 (a) Schematic illustration for the synthesis of UMNOCC-PEG. (b) Scheme of the tumor theranostic application and (c) therapeutic
mechanism of UMNOCC-PEG for the improvement of PDT induced by NIR, Cu®*-initiated CDT and gas therapy.
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Fig. 1 Structural and compositional characterization of UMNOCC-PEG nanoparticles. TEM images of (a) the NaGdF,4:Yb,Er core nanoparticles, (b)
UCNP@dMSN-SNO, (c) CuO, nanodots, and (d) UMNOCC-PEG nanoparticles. (e) SEM image and (f) corresponding EDS spectrum of the
UMNOCC-PEG nanoparticles. (g) Dark-field STEM image and the corresponding elemental mappings of UMNOCC-PEG nanoparticles.
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image showed the uniform dendritic mesoporous silica layer
coated on the surface of the UCNPs, and the average size of
UMNO increased to 106 nm (Fig. 1b). In addition, the energy-
dispersive spectrum of UMNO showed that the sample was
mainly composed of Si, Gd, Yb, Na, F, and Er, showing the
existence of the silica shell, as shown in Fig. S2.1 In order to
obtain the Cu?*'-controlled NO-release nanoplatform, CuO,
was prepared by the reaction of H,0,, NaOH, and CuCl, con-
taining PVP for 0.5 h. As can be seen in Fig. 1c and S1b,} the
prepared CuO, nanodots showed a relatively uniform size of
approximately 5 nm and excellent dispersibility. Ultimately,
UMNOCC-PEG was obtained by integrating Ce6 and CuO,, and
then modified with PEG. The unique core-shell structure and
dendritic shape were well preserved without obvious defor-
mation (Fig. 1d). The most typical characteristics of the meso-
porous structure are the porous channel and surface mor-
phology, which are observed in the scanning electron micro-
scope (SEM) image (Fig. 1le). In addition, all the major
elements, namely Cu, S, Si, N, Na, Gd, F, O, Yb, and Er, are
shown in the energy-dispersive spectroscopy (EDS) spectrum
(Fig. 1f) and corresponding elemental mapping (Fig. 1g). All
the above results confirmed that UMNOCC-PEG has been suc-
cessfully constructed.

View Article Online

Paper

The Brunauer-Emmett-Teller (BET) surface area and corres-
ponding pore size distribution of UCNPs@dMSN are shown in
Fig. 2a and b. UCNPs@dMSN possessed a relatively high
surface area of 194.05 m> g~' and a pore size of 26.6 nm,
which provided sufficient space for the efficient loading of
CuO, and Ce6 molecules.’ Notably, the specific surface area
and corresponding pore diameter distribution of
UMNOCC-PEG were decreased to 81.5 m> g~' and 9.5 nm
(Fig. S3t), respectively, suggesting that the CuO, and
Ce6 molecules were successfully loaded into the pores of
silica. The X-ray diffraction (XRD) patterns of the UCNPs,
UMNO, and UMNOCC-PEG are displayed in Fig. 2c. The
pattern of the UCNPs was identical with the encoding of hex-
agonal phase NaGdF, (JCPDS no. 27-0699), confirming the suc-
cessful preparation of NaGdF,-based luminescent nano-
particles. The broad band peak of UMNO at 26 of 22° was
assigned to the dendritic mesoporous silica shell. The spectra
of UMNOCC-PEG revealed a sharp and strong peak around
20°, which was consistent with the reported literature for
Cu0,.”* Subsequently, the chemical composition and element
state of UMNOCC-PEG were investigated by X-ray photo-
electron spectroscopy (XPS). The XPS survey spectrum of
UMNOCC-PEG showed the existence of Cu, O, Si, and C, which
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Fig. 2 Characterization of UMNOCC-PEG nanoparticles. (a) N, absorption-desorption isotherms and (b) corresponding pore-size distribution of
UCSP@dMSN. (c) XRD patterns of UCNPs, UMNO, and UMNOCC-PEG. (d) Survey XPS spectra of UMNOCC-PEG and (e) thermogravimetric analysis
curves of UCNPs@dMSN and UMNO. (f) FT-IR spectra of UCNPs, UCNPs@dMSN, UMNO, CuO,, and UMNOCC-PEG. (g) Particle-size distribution of
CuO,, UCNPs@dMSN, UMNO, and UMNOCC-PEG. (h) Zeta potential of UCNPs@dMSN, UMNO, CuO,, and UMNOCC-PEG. (i) Upconversion emis-

sion spectra of UCNPs, UCNPs@dMSN, UMNO, and UMNOCC-PEG.
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was basically in agreement with the elemental mapping
images (Fig. 2d). Furthermore, the high-resolution spectra of O
1s and Cu 2p are shown in Fig. S4a and b.} As shown in the O
1s high-resolution spectrum, the two peaks detected at 533.1
and 531.5 eV were attributed to O-O and C=O, separately,
indicating the presence of peroxo groups and PVP.>’ In
addition, the existence of peroxo groups in UMNOCC-PEG was
determined by potassium permanganate colorimetry. As pre-
sented in Fig. S5,1 the purple colour of potassium permanga-
nate (MnO,”) disappeared as the concentration of
UMNOCC-PEG increased, which was caused by the reduction
of purple MnO,~ to colorless Mn>" by the peroxo groups.
Then, the Cu 2p high-resolution spectrum showed two major
characteristic peaks at 953.5 and 933.5 eV along with two satel-
lite peaks at 962.1 and 942.1 eV, separately, which clearly indi-
cated the presence of Cu** ions. Thereafter, thermogravimetric
analysis was employed to assess the loading capacity of the NO
donor (Fig. 2e), in which the loading amount of UMNO was up
to 11%, ensuring the potential high efficiency of gas therapy.
The FT-IR spectra of each step are displayed in Fig. 2f; the
UCNPs showed two broad bands at 1557 and 1467 cm™" which
can be associated with the modified oleic acid groups. After
coating the dendritic silica shell, the stretching vibration of
the -OH groups was obvious at 947 and 3432 cm™'. In
addition, some characteristic bands were detected at 463 cm
and 797 ecm™', and were associated with the deformation
vibrations and asymmetric stretching of the Si-O-Si bonds.
For UMNO, two main peaks at 723 and 1467 cm™ " were attribu-
ted to -S-N = and -N=0, separately, which confirmed the suc-
cessful conjugation of -SNO into UMNO. In the CuO, spec-
trum, the band at around 1635 cm™' was assigned to the
stretching vibration of C=O0, further demonstrating the pres-
ence of PVP. UMNOCC-PEG showed a similar spectrum to that
of UMNO due to the same functional groups.

Dynamic light scattering (DLS) was employed to determine
the mean diameter of CuO,, UCNPs@dMSN, UMNO, and
UMNOCC-PEG, which was around 15.7, 106, 110, and 125 nm,
respectively (Fig. 2g). The increased sizes were mainly due to
the conjugation of the NO donor and the insertion of copper
peroxide. In addition, the hydrodynamic diameter of
UMNOCC-PEG in different solutions (culture medium, PBS
and water) was about 125 nm as determined by DLS
(Fig. Seat), suggesting excellent dispersibility. Then, the
UMNOCC-PEG nanoparticles were dispersed and oscillated in
the above solution at different times. The particle diameter of
UMNOCC-PEG in different solutions had little change, demon-
strating that the UMNOCC-PEG nanoparticles had good stabi-
lity in systems simulating a biological environment (Fig. S6b¥).
The subsequent zeta potential changes of UCNPs@dMSN,
UMNO, CuO,, and UMNOCC-PEG are shown in Fig. 2h. For
UCNPs@dMSN, the surface potential showed a negative value,
since the surface of UCNPs was coated with mesoporous silica.
After modifying the NO donor, the surface potential of UMNO
reduced from —33.2 to —38.5 mV, which was caused by the
negative NO donor, and such surface potential changes further
indicated that the NO donor was successfully loaded onto the
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surface of UCNPs@dMSN. After embedding copper peroxide
with positive potential, the surface potential of UMNOCC-PEG
increased to 12.7 mV, confirming the effective loading of
CuO,. The UCL spectra of the UCNPs, UCNPs@dMSN, UMNO,
and UMNOCC-PEG are presented in Fig. 2i. The UCNPs show
considerable upconversion emission around 650 nm, implying
their potential to convert NIR light into visible light. After
being irradiated with NIR light, three main emission peaks of
Er¥" at 510-530 nm (*Hyy, — ‘Lisp), 530-570 nm ('S;, —
M,5/,) and 630-680 nm (*Fo, — *I;5/,) were clearly observed in
the UCNP spectra. For UCNPs@dMSN, the emission intensity
was significantly reduced because of the quenching effect of
the silica shell. Compared with that of UCNPs@dMSN, the
total peak intensity of UMNO decreased significantly, despite
the quenching effect of the NO donor. As for UMNOCC-PEG,
the emission attenuation was more serious in the red range
due to the main absorption of the loaded Ce6, while the
upconversion emission in aqueous solutions was stable at
different time periods as shown in Fig. S7.7 Subsequently,
according to the UV-vis absorption spectra and the standard
curve of Ce6, the loading capacity of Ce6 was calculated to be
23.4% (Fig. S8a and bf¥).

Determination of ROS generation ability

Fig. 3a displays the upconversion emission spectra of
UMNOCC-PEG and UV-vis absorption spectrum of Ce6.
Obviously, the red emission region of UMNOCC-PEG overlaps
with the absorption spectrum of Ce6 at 654 nm, suggesting
that UMNOCC-PEG-emitted red light can activate the photo-
sensitizers to realize photodynamic therapy. Thereafter, the
capacity of extracellular singlet oxygen production was investi-
gated using a 1,3-diphenylisobenzofuran (DPBF) chemical
probe. When DPBF reacted with singlet oxygen generated from
UMNOCC-PEG under NIR irradiation, the absorption intensity
of DPBF at 425 nm decreased gradually (Fig. 3b). In contrast,
there was no significant change in the control group after NIR
radiation (Fig. 3c), suggesting that singlet oxygen was mainly
generated by UMNOCC-PEG rather than NIR light.

Considering the decomposition of CuO, into Cu®** and
H,0, under a weak acid environment, UMNOCC-PEG may
possess a satisfactory Fenton-like effect. Initially, the GSH con-
suming capacity of UMNOCC-PEG was evaluated using the
UV-vis absorption spectra. DTNB, a -SH indicator probe, was
introduced to detect the levels of GSH. With an increase of the
reaction time, the absorbance at 410 nm decreased signifi-
cantly, suggesting the depletion of GSH in the presence of
UMNOCC-PEG (Fig. S97). Subsequently, methylene blue (MB),
a common chemical dye, was utilized to evaluate the perform-
ance of extracellular "OH generation. In Fig. 3d, the absorption
intensity of MB decreased gradually when the UMNOCC-PEG
solution was mixed under an acid environment (pH = 6.5,
1 mM GSH) for 60 min. In comparison, no significant decrease
could be detected under neutral conditions (pH = 7.4, 1 mM
GSH), indicating that CuO, had excellent stability in a neutral
environment (Fig. 3e). In addition, the absorption intensity of
MB decreased slightly when the UMNOCC-PEG solution was

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Determination of ROS generation ability. (a) Upconversion emission spectra of UMNOCC-PEG, and the UV-vis absorption spectra of
Ce6 molecules. Absorbance spectra of DPBF treated (b) with and (c) without UMNOCC-PEG upon NIR laser irradiation. Time-dependent UV-vis
absorption spectra of the MB contained UMNOCC-PEG solution in the presence of GSH (1 mM) at pH 6.5 (d) or 7.4 (e), respectively. (f) ESR spectra
for the detection of ROS in the presence of TEMP and DMPO in aqueous solution. (g) CLSM images of Hela cells for the detection of intracellular

ROS under different treatments. Scale bar: 50 um.

mixed under an acid environment (pH = 6.5, 0 mM GSH) for
60 min, suggesting a small amount of hydroxyl radical gene-
ration, since the resulting H,0, reduced some of the Cu®" to
Cu' (Fig. S10at). Comparatively, no significant change in the
absorption peak was detected in the control group
(Fig. S10b¥). The above results confirmed the acidity-sensitive
generation of 'OH under catalysis by UMNOCC-PEG. In
addition, we compared the 'OH production ability of
UMNOCC-PEG and UMNOCC-PEG + bovine serum albumin
(BSA) groups to determine whether the complex of proteins
and Cu®" had an effect on CDT. The Fenton-like reaction
process was investigated using the 3,3',5,5-tetramethyl-
benzidine (TMB) assay which can oxidize the colorless com-
pound into a blue dye product with an absorption peak at
650 nm. As shown in Fig. S11,f no absorption peaks were
observed in either UMNOCC-PEG or UMNOCC-PEG + BSA
groups at pH 7.4, and the mixed solution remained colorless.
In comparison, intense absorption peaks were observed in
both UMNOCC-PEG and UMNOCC-PEG + BSA groups at pH
6.5, suggesting that the complex formed by the protein and

" had negligible influence on CDT. As further proof, the
generation of 'O, and "OH was determined by using an ESR
spectrometer. The trapping agent of 4-amino-2,2,6,6-tetra-

This journal is © The Royal Society of Chemistry 2020

methylpiperidine (TEMP) can react with singlet oxygen to
generate the 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) free radical, showing three peaks with the same
strength. As displayed in Fig. 3f, this indicated that
UMNOCC-PEG can generate considerable singlet oxygen by
energy transfer between the UCNPs and Ce6 under near-infra-
red light excitation. Similarly, the capture agent of 5-(diethoxy-
phosphoryl)-5-methyl-1-pyrroline-n-oxidedmpo (DMPO) can
react with generated "OH, showing a 1:2:2: 1 four-line charac-
teristic peak. This showed that UMNOCC-PEG can generate a
large number of hydroxyl radicals by catalyzing self-supplying
H,0, in the TME. Subsequently, the UMNOCC-PEG-mediated
ROS generation including 'O, and "OH in HeLa cells was
studied using the ROS probe, 2,7-dichlorofluorescin diacetate
(DCFH-DA), emitting green fluorescence under 488 nm exci-
tation. In Fig. 3g, the cells showed little fluorescence in the
control group, which eliminated the interference of cell self-
fluorescence. Moreover, no significant green fluorescence was
detected in the UMNO group, indicating insignificant ROS
generation by UMNO. Remarkably, the HeLa cells incubated
with CuO, and UMNOCC-PEG exhibited stronger green fluo-
rescence than those in the control group, while the
UMNOCC-PEG treated HeLa cells upon irradiation showed the

Nanoscale, 2020, 12, 24146-24161 | 24151
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strongest green fluorescence despite the enhanced ROS gene-
ration through the combined PDT and CDT effects. Thus,
UMNOCC-PEG represents a potential drug for synergistic
cancer CDT/PDT therapy.

Determination of NO and RNS generation ability

We then evaluated the Cu®*-controlled NO-release behavior of
the UMNOCC-PEG nanoplatform under different conditions
(Fig. 4a). Firstly, the generation of H,O, arising from the
decomposition of CuO, was evaluated using the typical colori-
metric method, through which the yellow titanium peroxide
complex (Ti(v)0,>") is formed when H,0, oxidized colorless
titanium oxysulfate (TiOSO,4).>* As shown in Fig. $12,f more
yellow titanium peroxide complex was obtained in the pres-
ence of UMNOCC-PEG at pH 6.5. Subsequently, we measured
the release of Cu®" to evaluate the acid-induced dissociation
behavior of UMNOCC-PEG. As displayed in Fig. 4b, the release
of Cu ions was up to 80% at pH 6.5, far higher than that at pH
7.4 (6.3%), indicating that CuO, has a strong ability as the acid
induced the conversion to Cu®" and H,0,. Significantly, such a
superior acidic response to the release of Cu ions can be used
as a trigger for NO therapy from RSNO. In order to assess the
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NO generation performance of UMNOCC-PEG, the amount of
NO released was precisely determined using a typical Griess
assay.>® The released amount of NO was measured though the
change in the UV-vis absorption spectra at 540 nm, and the
correlation between the concentrations and absorption was
measured by linear regression (Fig. S131). As revealed in
Fig. 4c, NO was produced from the as-prepared samples, with
a fairly robust and rapid response at different times at pH 6.5.
In contrast, there was almost no NO production at pH 7.4,
wherein the release of NO was caused by the rupture of the
S-NO bond in UMNOCC-PEG.

Furthermore, 3-amino-4-aminomethyl-2’,7'-difluorescein,
diacetate (DAF-FM DA) was employed to investigate intracellu-
lar NO, which was oxidized by NO to produce bright green
fluorescence.>®*” The HeLa cells and UMNOCC-PEG were co-
incubated at different times (10, 30, 60, and 180 min). As more
UMNOCC-PEG was internalized into cells over time, large
amounts of NO were released. As can be seen in Fig. 4d, the
confocal laser scanning microscopy (CLSM) images showed
that the green fluorescence of DAF-FM DA in cells gradually
enhanced, indicating the occurrence of NO generation in cells.
Afterwards, the relative fluorescence intensity in the HeLa cells
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times with UMNOCC-PEG. Scale bar: 50 pm. (e) Detection of intracellular NO after HeLa cells being treated with different samples by flow cytometry
analyses. (f) Confocal fluorescence imaging of NO generation in living zebrafish larvae after different soaking times with UMNOCC-PEG.
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was measured by flow cytometry experiments to compare the
production of NO after incubation with different samples
(Fig. 4e). The fluorescence intensity upon treatment with
UMNOCC-PEG was visibly stronger than that of the control
group, while the UMNOCC-PEG-treated HeLa cells upon
irradiation show the strongest fluorescence migration, due to
the production of RNS by the ROS combined with NO.
Furthermore, due to the feature of optical transparency, zebra-
fish was employed to detect the in vivo NO release using a con-
focal fluorescence microscope. Here, zebrafish born and
3-days-old zebrafish were allowed to be soaked in the
UMNOCC-PEG solution at pH 6.5. As shown in Fig. 4f, the zeb-
rafish showed visible green signals emitted by UMNOCC-PEG
treated for different times. We observed that large amounts of
NO were released upon the increase of the immersion time, as
evidenced by the gradually increasing green signal of NO
in vivo. The use of peroxynitrite anions (ONOO™, a major RNS),
a powerful oxidizing and nitrating agent based on the reaction
of ROS and NO, is an efficient cancer treatment strategy.
ONOO™ can oxidize dihydrorhodamine 123 (DHR) to produce
rhodamine 123 (RH), showing an intensive peak at
505 nm.>®>° As presented in Fig. S14,T there was almost no sig-
nificant absorption in the UMNO group, and a powerful
absorption at 505 nm was clearly observed in the
UMNOCC-PEG plus NIR group, suggesting the generation of
RNS. Subsequently, the generation of ONOO™ was further
detected by r-tyrosine, which could be oxidized by ONOO™ in
the presence of CO,, and the oxidized dimerization of tyrosine
could be measured at 406 nm upon excitation at 313 nm. As
shown in Fig. S15,f the NIR group and the UMNOCC-PEG
group showed almost no fluorescence signal. In contrast, the
fluorescence intensity of the UMNOCC-PEG plus NIR group
was significantly enhanced at 406 nm, indicating the pro-
duction of abundant ONOO™. These results indicate that
UMNOCC-PEG was capable of producing NO and RNS mole-
cules in the tumor microenvironment.

Imaging performance of UMNOCC-PEG

With high spatial resolution, deep tissue penetration, and low
cost, X-ray computed tomography (CT) is one of the most com-
monly used non-invasive imaging techniques in the clinic for
cancer diagnosis.®® The heavy rare earth ions indicate the
potential applications of UMNOCC-PEG in X-ray CT imaging.
The CT signals obviously enhanced as the concentration of
UMNOCC-PEG increased, and the CT values had a positive
linear correlation with the nanoparticle concentrations, which
was attributed to the high atomic number (Z) of Gd and Yb
elements (Fig. 5a and b). Subsequently, the in vivo CT imaging
properties of UMNOCC-PEG were further assessed by the injec-
tion of nanoparticles in situ. In Fig. 5¢ and d, the tumor site
had a relatively high CT value (360.6 HU), which was signifi-
cantly stronger than that of the tumor site without injection
(20.3 HU). Fig. 5e-f show the CT value of the tumor site in
cross section and the administration group obviously fluctu-
ated compared with the control group.
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It is universally acknowledged that Gd*‘-doped nano-
particles can show a positive enhancement toward the T,
signal, thus, we conclude that UMNOCC-PEG may have an
excellent contrast agent of MRL®" As shown in Fig. 5¢ and h,
the T; MRI signal positively enhanced with an increase of the
UMNOCC-PEG concentration, and the longitudinal relaxivity
(r,) value was 0.9849 mM " s™*. Subsequently, we further inves-
tigated the in wvivo MRI imaging performance of
UMNOCC-PEG. As displayed in Fig. S16,1 a significant 7; MRI
signal was observed at the tumor site after in situ injection. In
addition, we investigated the MRI of the tumor sites after the
intravenous injection of UMNOCC-PEG. As displayed in Fig. 5i,
the T; MRI results showed that the significant signal enhance-
ment occurred in the tumor tissue after UMNOCC-PEG treat-
ment at different time points. Notably, at 12 h after the injec-
tion, the signal strength of the tumor tissue was about four
times that of the non-injected one owing to the superior
enhanced permeability and retention (EPR) performance of
UMNOCC-PEG. These results indicate that UMNOCC-PEG may
serve as an excellent MRI contrast agent. Fig. S171 displays the
upconversion luminescent microscopy (UCLM) images of the
HeLa cells incubated with UMNOCC-PEG for 0.5 and 1 h at
37 °C. The green luminescence of Er’" increased significantly
with time under NIR laser irradiation. Furthermore, all the
fluorescent signals were observed in intracellular regions,
suggesting that UMNOCC-PEG has been endocytosed into the
cells instead of merely adhering to the cell surface. On the
basis of these results, we consider that UMNOCC-PEG com-
bined with UCL/MRI/CT has better imaging performance and
is a promising candidate for drug therapy.

In vitro synergistic therapy of UMNOCC-PEG

Encouraged by the synergistic anticancer performance and
“on-demand” NO release, a series of tests was conducted to
investigate the in vitro anticancer properties of UMNOCC-PEG
against the HeLa cell line. Once UMNOCC-PEG was ingested
by tumor cells, the release of copper ions from TME-responsive
CuO, will accelerate the release of NO from donors, resulting
in efficient CDT therapy, and further desirable photodynamic
therapy under NIR irradiation. The cellular uptake behavior of
UMNOCC-PEG was researched by CLSM. Fig. S181 shows that
the intracellular green fluorescence was time dependent,
suggesting that fluorescein isothiocyanate (FITC)-modified
UMNOCC-PEG could be effectively uptaken by the HeLa cells,
and the results of ICP-MS also proved this conclusion
(Fig. S19t). Moreover, the biocompatibility of UMNOCC-PEG to
normal cells was investigated using L929 fibroblast cells. As
displayed in Fig. 6a, the cell viability was as high as 90% even
at a maximum sample concentration of 500 ug mL ™", indicat-
ing the low cytotoxicity of UMNOCC-PEG. Subsequently, the
synergetic killing efficacy of UMNOCC-PEG was evaluated by
the following treatments: (1) NIR, (2) UMNO, (3) CuO,, (4)
UMNOCC-PEG, and (5) UMNOCC-PEG + NIR (Fig. 6b). In NIR
groups, the survival rate of the cells was not reduced when
treated with NIR light alone, indicating that the NIR light was
harmless to the cells. The cells showed slightly decreased via-
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Fig. 5 Imaging performance of UMNOCC-PEG. (a) In vitro CT images of UMNOCC-PEG at different concentrations and (b) corresponding CT
values versus sample concentrations. In vivo CT images of tumor-bearing mice (c) before and (d) after injection and (e and f) the CT signal value of
the corresponding cross section. (g) In vitro T;-weighted MRI of UMNOCC-PEG and (h) corresponding relaxation rate r; versus sample concen-
trations. (i) T;-Weighted MRI of the tumor before and after the intravenous injection of UMNOCC-PEG at different times (tumors highlighted by red

circles). Scale bar: 5 mm.

bility in the UMNO and CuO, groups, which was caused by the
NO induced gas therapy and single CDT effect, respectively.
After incubation with UMNOCC-PEG, the anticancer effect
enhanced obviously as the concentration of the sample
increased, which may be assigned to the cell apoptosis
induced by abundant CuO, and NO molecules. Thereafter, the
survival rate of the HeLa cells treated with UMNOCC-PEG plus
the NIR laser was significantly decreased to 6.4%, suggesting
that the synergistic CDT/PDT/gas therapy could be achieved by
UMNOCC-PEG under illumination.

As we know NO could not only relieve hypoxia by relaxing
smooth muscle cells, but also react with ROS to generate the
reactive nitrogen species (RNS), which can result in DNA
damage and lipid peroxidation. To further investigate the per-
formance of producing RNS from UMNOCC-PEG, phospho-
histone H,AX (y-H,AX), a maker of DNA double-strand
damage, was used to detect the DNA damage. Therefore, the
expression of y-H,AX in cells was subsequently confirmed by
immunofluorescence staining. In Fig. 6c, the cells treated with
UMNOCC-PEG plus the NIR laser exhibited the obvious fluo-
rescence signals of y-H,AX inside the cell nuclei compared to
the control group, which suggested the augment of DNA

24154 | Nanoscale, 2020, 12, 24146-24161

damage by UMNOCC-PEG + NIR. Then, Calcien-AM and propi-
dium iodide were used as fluorescent probes to confirm the
cell killing efficiency after treatment. As can be seen in Fig. 6d,
no significant dead cells were detected in the control group. In
the UMNO, CuO,, and UMNOCC-PEG groups, only a small
number of red cells were clearly observed. Notably, in the
UMNOCC-PEG plus NIR group, nearly all of the cells were
dead, indicating the potential of the highly effective synergistic
anticancer effect. Furthermore, similar therapeutic results
were obtained by flow cytometry (Fig. 6e). The UMNOCC-PEG
plus NIR group exhibited noticeable cell apoptosis (93.4%,
early apoptosis plus late apoptosis) compared with other treat-
ment groups. These results confirm that UMNOCC-PEG can
effectively induce apoptosis though the synergistic CDT/PDT/
gas therapy.

In vivo synergistic therapy of UMNOCC-PEG

Based on the above experimental results, the mouse experi-
ments using U14 tumor xenografts were conducted to explore
the in vivo antitumor efficacy of UMNOCC-PEG. Before the
anticancer therapy in vivo, the biological behavior of
UMNOCC-PEG, including blood circulation and tissue distri-
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Fig. 6 In vitro synergistic therapy. (a) The cell viabilities of L929 fibroblast cells upon incubation with UMNOCC-PEG for 12 h and 24 h. (b) The cell
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cells after different treatments (0.5 W cm™2, 500 ug mL™2).

bution, was fully evaluated by the intravenous injection of
samples at different time points in tumor-bearing mice, and
Cu levels in major organs and tumor tissues were detected by
ICP-MS. As demonstrated in Fig. 7a, the pharmacokinetics was
systematically  evaluated by  intravenous  injection.
UMNOCC-PEG exhibited a relatively long lifetime (1.3 h) in the
blood, which may be due to the unique dendritic structure,
uniformly nanoscale size, and excellent dispersibility of
UMNOCC-PEG. Their accumulation at the tumor site was then
assessed intravenously. As shown in Fig. S20,f UMNOCC-PEG
could accumulate effectively at the tumor site over time
through the typical EPR effect. Based on their effective
accumulation at the tumor site, UMNOCC-PEG, which served
as carriers of the NO donor and a copper source, could effec-
tively deliver the NO donor to the tumor site and improve the
content of Cu®*, thus enhancing the therapeutic effect of CDT

This journal is © The Royal Society of Chemistry 2020

and gas therapy, while greatly reducing the side effects caused
by excessive copper through the unique dendritic porous
structure.

Thereafter, in vivo treatment experiments were conducted
using U14 tumor-bearing Kunming mice, which were ran-
domly allocated into 5 groups: (1) PBS control group, (2)
UMNO, (3) CuO,, (4) UMNOCGC-PEG, and (5) UMNOCC-PEG +
NIR. Three treatments were given intravenously at a dosage of
20 mg kg™' on days 0, 3, and 5 when the average tumor
volume reached 100 mm?®. At 12 h after the intravenous injec-
tion, the irradiation groups were exposed to a 980 nm NIR
laser for 10 min (0.5 W cm™>). The tumor volumes and body
weights were measured every 2 days. As shown in Fig. 7b, no
abnormal weight fluctuation was observed in all groups during
20 days of treatment, suggesting negligible side-effects on the
health of the mice. Then, the corresponding tumor-growth
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curves are shown in Fig. 7c. Both PBS and UMNO groups
showed rapid tumor growth, indicating a negligible inhibition
effect. The groups treated with CuO, showed a moderate
inhibitory effect, which was attributed to single CDT. In con-
trast, the groups treated with UMNOCC-PEG had a significant
inhibitory effect on the tumor growth, and the UMNOCC-PEG
injection combined with NIR irradiation results in the highest
tumor inhabitation efficiency, suggesting that the combination
of CDT, PDT and gas therapy exerted a highly effective syner-
gistic anticancer effect. The mean weight of the tumors is dis-
played in Fig. 7d, indicating the capability of the samples to
regress tumors. Subsequently, the images of the mice and the
corresponding resected tumors in Fig. 7e further indicated
that the tumor size in the UMNOCC-PEG plus NIR treated
group was obviously smaller than those in the other groups. In
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addition, all mice in the UMNOCC-PEG + NIR group survived
for more than 40 days, which was obviously longer than those
of the other groups (Fig. S21f). Thereafter, the therapeutic
efficacy was further investigated by hematoxylin and eosin
(H&E) staining which demonstrated extensive tumor cell death
after treatment with the UMNOCC-PEG plus NIR treated group
(Fig. 7f). In contrast, the other five groups displayed little or
no injury to the tumor cells, suggesting an insufficient anti-
cancer effect. Subsequently, to further investigate the applica-
bility of UMNOCC-PEG in vivo, the histopathological analysis
of the main organ (heart, liver, spleen, lung and kidney) sec-
tions is shown in Fig. S22.f No obvious organ injury and
pathological change were observed after various treatments,
indicating no significant toxicity of the 