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Hepatocellular carcinoma (HCC) is a malignant tumor, which seriously jeopardizes human health. The 5-year
relative survival rate of HCC is only about 18%. Sorafenib, a small molecule multi-targeted tyrosine kinase in-
hibitor (MTKI), has been classified as the first-line treatment scheme for HCC and has significantly extended the
median survival time for patients with advanced HCC. Nevertheless, the emergence of sorafenib resistance has
substantially hampered its further clinical application. Herein, the nano-platform based on phototherapy and
small molecular targeted therapy (SMTT) was devised to overcome the sorafenib resistance and reduce the
adverse effects. Hollow mesoporous manganese dioxide (H-MnO;) was prepared by hard template method, and
the prepared H-MnO, was used to load sorafenib and Chlorin e6 (Ce6). Subsequently, the nanoparticle (NPs)
were modified with dopamine to optimize biocompatibility. The final prepared NPs (MCS NPs) exhibit regular
spherical shape with a hydrated particle size of approximately 97.02 nm. MCS NPs can not only possess tumor
microenvironment (TME) stimuli-responsive drug release performance but also can enhance the efficacy of
photodynamic therapy and reverse sorafenib resistance by alleviating tumor hypoxia. Under the action of
phototherapy (Ce6) combined with molecular targeted therapy (sorafenib), MCS NPs manifest a satisfactory
antitumor effect for sorafenib-sensitive or sorafenib-resistant HCC cells, and retain the antiangiogenic properties
of sorafenib. In the nude mouse subcutaneous tumor model constructed with sorafenib-resistant cells, MCS NPs
demonstrated superior tumor imaging ability and excellent biocompatibility. The tumor inhibition rate of the
MCS NPs group without laser irradiation was 53.4 %, while the MCS NPs group with laser irradiation was as high
as 100 %. The novel smart TME-responsive nano-platform shows great potential for overcoming sorafenib
resistance and realizes multimodality imaging and therapy of HCC.

1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver
malignancy and is ranked as the sixth most frequent cancer worldwide,
with the second lowest 5-year relative survival rate [1-3]. Despite
remarkable outcomes that have been achieved in the diagnosis and
treatment of HCC, the survival rate of HCC patients has not been
effectively improved [4]. High mortality of HCC is mainly attributed to
the lack of effective therapeutic measures. The traditional therapeutic
tactics, such as surgery, radiotherapy, and chemotherapy, exist various
defects [5]. For instance, the surgical indication for HCC is narrow, and
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surgical resection is mainly suitable for patients with single tumors and
liver function in the compensatory period [6]. In addition, HCC is not
sensitive to radiation and chemotherapy due to its own biological
characteristics, which affects the effectiveness of transformation ther-
apy. Radiotherapy and chemotherapy can also damage the human im-
mune system, causing cancer cells to lose immune monitoring and
accelerate proliferation [7]. Although liver transplantation has a good
therapeutic effect on HCC patients with multiple liver tumors and
decompensated liver function. However, the lack of available organs
suitable for patients limits the widespread application of liver trans-
plantation [5]. These defects bringing great dilemma to the therapy of
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HCC.

In recent years, small molecule multi-targeted kinase inhibitors
(MTKI) have presented inspiring therapeutical effects owing to the ad-
vantages of superior targeting performance and satisfactory tolerance
[8,9]. As a typical MTKI, sorafenib has been recommended as an effec-
tive therapeutic pharmaceutical for advanced HCC by the U.S. Food and
Drug Administration (FDA) [10,11]. Sorafenib can inhibit tumorous
proliferation and angiogenesis, by targeting multiple serine/threonine
kinases, including c-RAF, transmembrane platelet-derived growth factor
receptor beta (PDGFRB), and vascular endothelial growth factor re-
ceptors (VEGFR1, VEGFR2, VEGFR3), etc [12]. Two vital phases III
clinical trials have demonstrated obvious survival improvement for
patients with advanced HCC treated with sorafenib [13]. Although
sorafenib displayed desirable anticancer efficacy for HCC, numerous
serious hurdles appear in the course of clinical therapy, bringing sub-
stantial roadblocks to the treatment of HCC. Firstly, the low bioavail-
ability of sorafenib oral tablets limited its potential application,
resulting from its poor solubility in water (approximately 1.7 pg/mL)
and rapid metabolism [14]. Secondly, the dose of sorafenib in clinical
applications commonly needs to be strictly controlled due to its serious
side effects including skin toxicity, diarrhea and hypertension, and so on
[15]. Thirdly, the response rate of sorafenib is low, with only 30 % of
patients can benefit from sorafenib treatment [16]. Fourthly, the most
underlying issue to underscore is that sorafenib often encounters clinical
treatment failure because of drug resistance [17]. Typically, sorafenib
resistance is susceptible to occur within six months of treatment. The
mutation and activation of the parallel signaling pathway, such as
abnormal signal activation of AKT, and the mutation of VEGFR, are
likely to cause sorafenib resistance during the treatment of HCC
[17-19]. Moreover, previous studies have shown that hypoxia is also
one of the possible mechanisms for sorafenib resistance [20,21]. Hyp-
oxia can upregulate HIF-1a expression, which can activate MDR1 gene,
increase the expression of P-gp encoded by MDR1, and then reduce the
intracellular concentration of chemotherapy drugs, including sorafenib.
Therefore, downregulating HIF-1a expression by implementing an anti
HIF strategy, has become ideal to overcome sorafenib resistance [22].
The past years have witnessed that quite a few nanoplatforms were
designed to avoid the occurrence of drug resistance, enhance biocom-
patibility, and improve therapeutical efficiency [23-27]. Among these
studies, phototherapy including photodynamic therapy (PDT) and
photothermal therapy (PTT) has drawn substantial attention on account
of high selectivity, relative noninvasiveness, and no resistance compared
with traditional therapeutic modalities [28-31]. The nano-drug delivery
system could effectively kill tumor cells and simultaneously inhibit
tumor angiogenesis by the synergistic effort of phototherapy and small
molecule targeted therapy (SMTT) [32,33]. Whereas, the tumor blood
vessel disruption cuts off nutrient and oxygen (O») supply for tumor
tissue, realizing tumor hunger treatment, and exacerbating hypoxia
status [32]. Despite spatiotemporal features for targeted cancer should
be considered in the combination with anti-angiogenic therapy and PDT,
the aggravating hypoxia may severely impede the therapeutic efficiency
of PDT after a period of anti-angiogenic treatment [33,34]. Conse-
quently, it is indispensable for us to discover innovative therapeutic
strategies to solve this problem. As we already know, the tumor
microenvironment (TME) is generally characterized by vascular abnor-
malities, a mildly acidic environment (pH 6.5-6.9), hypoxia, over-
produced endogenous hydrogen peroxide (H202), and high glutathione
(GSH) concentration, which may lead to tumor invasion, metastasis, and
drug resistance [35,36]. As a typical TME-responsive nanocarrier, MnO,
inherently can catalyze HyO3 to generate Oy, which can relieve hypoxia
and potentiate the effect of PDT [37-40]. Under mildly acidic, MnO, is
degraded to water-soluble Mn?" which is a perfect magnetic resonance
image (MRI) contrast agent and simultaneously consumes reduced GSH
to oxidized glutathione (GSSG) [41-43]. Besides, nanostructured MnO»
has the inherent features of excellent biocompatibility and satisfactory
loading capacity, which avoid long-term toxicity in vivo [44]. Based on
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the above factors, MnO, had attracted extensive attention as a
TME-responsive multifunctional agent for improving the efficiency of
tumor therapy [38,45].

Herein, focused on the difficulties and deficiencies in the clinical
application of sorafenib, hollow mesoporous MnO; NPs (H-MnQ,) were
synthesized as a carrier of sorafenib and photosensitizer (Ce6). After
superficial modification with polydopamine (PDA), the final NPs (MCS
NPs) were prepared and composed of H-MnOs, sorafenib, Ce6, and PDA
(Scheme 1a). The hollow mesoporous structure of H-MnO, improves the
drug loading rate, and the introduction of PDA addresses the issues of
poor water solubility and premature release of the loaded drugs [46,47].
The MCS NPs achieve drug response release peculiarity owing to the
depolymerization of PDA and degradation of H-MnO, in TME. Mean-
while, the MCS NPs with a nano-size of about 97 nm tumors can selec-
tively accumulate in the tumor site via the enhanced permeability and
retention (EPR) effect, which holds great promise for multimodal im-
aging, including fluorescent images, photothermal images, and MRI.
Under illumination by 660 nm laser, abundantly produced Oy and
continuously released Ce6 boost antitumor efficiency of PDT (Scheme
1b). Both in vitro and in vivo studies confirmed that the PDT/PTT/SMTT
synergistic therapeutic method was potent to overcome sorafenib
resistance and enhance anti-tumor efficiency.

2. Results and discussion
2.1. Synthesis and characterization of H-MnQOy NPs

The transmission electron microscope (TEM) image of sSiO, showed
aregular spherical shape, and the hydrated particle size was about 65.85
=+ 1.36 nm (Fig. 1a and d). After the shell of MnOs is coated, a thin layer
structure can be observed on the surface (Fig. 1b). As shown in Fig. 1c,
the TEM image of H-MnO,, presented spherical morphology and hollow
structure, and the particle size of H-MnOs increases to 73.31 + 4.12 nm
(Fig. le). The Zeta potentials of sSiO3, sSi02@MnO,, and H-MnO,, are
—50.53 + 0.47 mV, —38.67 + 1.49 mV, and —37.87 + 0.76 mV,
respectively (Fig. 1f). No significant changes were observed for the hy-
drated particle size of MCS NPs over 14 days, indicating MCS NPs has
good stability (Figure S2). As shown in the X-ray photoelectron spec-
troscopy (XPS) spectrum (Fig. 1g), the characteristic peaks at 642.5 eV
and 653.9 eV correspond to the Mn 25,3 and Mn 2,1 /2 spin-orbital peaks
of MnO,, which means the +4 valence state of Mn in NPs [44,48,49]. As
illustrated in Fig. 1h and i, the surface area and average pore diameter of
H-MnO, were measured to be 276 m? g~! and 4 nm, respectively, by
Brunauer-Emmett-Teller (BET). The high specific surface area proves its
hollow structure, and the non-overlapping nitrogen adsorption and
desorption curves, as well as the average pore size of 4 nm, indicates that
the mesoporous structure of H-MnOj. The H-MnO; with mesoporous
property and large surface area is expected to be a suitable nanosystem
to load photosensitizers and small molecule targeted drugs for syner-
gistic therapy of tumor.

2.2. Synthesis and characterization of MCS NPs

The prepared H-MnO3 was applied for the delivery of sorafenib and
Ce6, and the surface of H-MnO, was modified with PDA to enhance
biocompatibility. The MCS NPs revealed spherical hollow morphology
from the TEM image (Fig. 2a) and presented a relatively homogeneous
size of about 97.02 + 5.89 nm (Fig. 2b), which demonstrated a suitable
size for the EPR effect. The average polydispersity index (PDI) of the
MCS NPs was 0.21 + 0.05, and photos of the MCS NPs showcased no
obvious precipitation (Fig. 2b), which proved that MCS NPs have
remarkable dispersion peculiarity and stability. The UV-vis absorption
spectrum manifests that MCS NPs have an obvious absorbance band
with characteristic absorption peaks of sorafenib at 275 nm, and Ce6 at
418 nm and 677 nm, respectively, indicating successful encapsulation of
sorafenib and Ce6. MCS NPs also showed a 14 nm red-shift compared to
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Scheme 1. (a) Schematic illustration of the fabrication of MCS NPs. (b) Anticancer schematic illustration of TME-responsive MCS NPs.

the absorption peak (663 nm) of Ce6 (Fig. 2c). The encapsulation effi-
ciency of sorafenib and Ce6 were 71.63 + 1.74 % and 93.12 + 2.35 %,
respectively. The drug loading efficiency of sorafenib and Ce6 were
14.67 £ 0.36 % and 19.11 + 0.48 %, respectively. There is a report that
indicates the loading rate of Ce6 increases with the feeding weight ratio
(Ce6: H-MnOy) the mass ratio of Ce6 to H-MnO, [38]. We choose the
feeding weight ratio (Ce6 and sorafenib: H-MnO) is balance the drug
loading efficiency and the enhanced PDT effect of Ce6 by Oy from
H-MnO,.

It is well known that the characteristics of TME include hypoxia, high
GSH concentration (2-10 pM), an acidic microenvironment (pH
6.5-6.9), high levels of HyO; in tumors (50-100 pM), vascular abnor-
malities, and so on [50,51]. An excellent TEM stimulus-responsive car-
rier should be able to degrade smoothly in the TEM.

MnO, + 2GSH + 2H"—>Mn?* 4+ GSSG + 2H,0 @
MnO, + H,0, + 2HT->Mn** + 2H,0 + O, )

As described in Equation (1), H-MnO, was decomposed accompa-
nied by degradation of GSH, demonstrating H-MnO; possesses superior
GSH-response release ability. Furthermore, MnO5 can react with HyO3 in
an acidic environment to produce Oy (Equation (2)). To explore the
depleting performance of H-MnO, to GSH, the UV-vis absorption of
5,5'-Dithiobis-(2-nitrobenzoic acid) (DTNB) with 1 mM GSH and
H-MnO;, was measured. The result showed an obvious GSH depleting
capacity of H-MnO; (Figure S3). To verify the O2-producing ability of
prepared MCS NPs, the MCS NPs were dispersed in an HyO» aqueous

solution (100 pM) at pH 6.5 (mimicking the TME), and subsequently
dissolved Oy levels were tested over time. The experiment results
showed that the MCS NPs could effectively decompose H205 to release
O, at pH 6.5 with HoO, compared with the neutral environment (pH 7.4)
(Fig. 2d). Noteworthily, the generation efficiency of dissolved O, was
influenced by a H-MnO; concentration-dependent manner. As H-MnO,
is degraded, its concentration gradually decreases, which lead to that the
generation efficiency of Oy also gradually decreases [38]. It is crucial
whether the loaded theranostic agents can be smoothly released from
the carrier. To investigate the sorafenib release capability from MCS
NPs, the UV-vis spectra change of MCS NPs in the neutral environment
(pH 7.4, without H205) and simulating TME (pH 6.5, 100 pM H205). As
illustrated in Fig. 2e, the release rate (58.24 %) of sorafenib at pH 6.5
after 24 h incubation with HyOj is higher than the release rate (19.19 %)
at pH 7.4 without Hy0,, suggesting a sustained release from the MCS
NPs under acidic conditions with HyO2. The drug release experiment
further proved the TME responsive release capacity of MCS NPs. As
indicated in Fig. 2f, the decomposition of H-MnO, was measured by UV
absorption spectroscopy. The result displayed that the absorbance of
MnO; appeared to be stable under pH 7.4 with the degradation rate of
MnO; less than 20 % after 6 h, while the degradation rate exceed 80 %
under pH 6.5 in the presence of HyO2 (100 pM) at 37 °C, further
demonstrating the TME-responsive degradation performance of
H-MnO,. The generation of reactive oxygen species (ROS), in particular
singlet oxygen (10y), is crucial for the PDT effect of the photosensitizer.
The hypoxia status of solid tumors severely hampers the therapeutic
efficacy of PDT, especially type Il PDT. To evaluate the PDT efficiency of
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Fig. 1. (a, b) TEM images of sSiO3, sSiO,@MnO,, and H-MnO; NPs. (d, e) The DLS size distribution of sSiO, and H-MnO, NPs in water, respectively. (f) Zeta
potential of sSiO, sSiO>@MnO,, and H-MnO, NPs. (n = 3, mean =+ SD). (g) XPS spectrum of H-MnO; NPs. (h) N5 adsorption/desorption isotherms of the H-MnO,.

(i) The pore-size distribution curve of the H-MnO,.

MCS NPs, we studied whether the produced O, by MCS NPs facilitated
the generation of 10, in vitro. Singlet oxygen sensor green (SOSG) as the
102 indicator and HyO5 was added to the aqueous dispersion of MCS NPs
and Ce6. As demonstrated in Fig. 2g—i and Figure S4a-c, the fluorescence
enhancement of SOSG by MCS NPs with H»05 is higher than Ce6 with or
without HyO2, and MCS NPs without HyOs, further indicating that the
additional O, supply by H-MnO, activated 'O, generation. In addition,
PTT is also an important pattern of phototherapy. To interrogate the
photothermal effect of MCS NPs, the temperature change of MCS NPs
aqueous solutions was recorded by an IR thermal camera under 660 nm
laser irradiation for 12 min. As shown in Fig. 2j, with the increase of
laser power, the temperature change caused by MCS NPs (50 pg/mL)
increased gradually. Similarly, the concentration of MCS NPs also
affected the efficiency of PTT. The MCS NPs (100 pg/mL) can lead to a
temperature change of more than 20 °C under 660 nm laser irradiation
(500 mW/cm?), which provides a theoretical basis for PTT and photo-
thermal imaging (Fig. 2k). The photothermal effect may originate from
the successful loading of Ce6 and the photothermal effect of PDA and
MnOs [32,52,53]. MCS NPs also displayed good photothermal cycling
stability which is a crucial characteristic for PTT. The MCS NPs (75
pig/mL) were irradiated by 660 nm laser (500 mW/cm?) for five ON-OFF
cycles, and the maximum temperature change of MCS NPs remained
nearly constant (Fig. 21). In conclusion, the above experiment results
indicated that the MCS NPs can realize TME response release and
Oy-self-generating synergistic PDT/PTT therapy.

2.3. Evaluation of therapeutic efficacy for sorafenib-sensitive cells in vitro

It is of importance for oncotherapy whether the NPs could be
endocytosed by tumor cells. As shown in Fig. 3a, the red fluorescence
images observed with the laser confocal microscope indicated the MCS
NPs were abundantly dispersed in the cytoplasm after endocytosis,
suggesting that MCS NPs exhibit superior uptake ability in Hep3B,
SMMC7721, and SMMC7721/S HCC cells. Additionally, the green
fluorescence proved that the tumor cells that endocytosed NPs can
produce substantial endogenous ROS after 660 nm laser radiation.
Before the biomedical application of any nanomaterials, the biotoxicity
of the nanocarrier is imperative to be estimated. MTT (3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was per-
formed to detect the cytotoxicity of H-MnO»-PDA to sorafenib-sensitive
HCC cell lines (Hep3B and SMMC7721) and sorafenib-resistant HCC cell
lines (SMMC7721/8) in vitro. The cytotoxicity of H-MnO2-PDA exerts
extremely weak at the concentration range of 10-100 pg/mL. The cell
viability was more than 80 % even at a high concentration (100 pg/mL),
indicating the satisfactory biosecurity of H-MnQ,-PDA with (Figure S5)
or without 660 nm laser radiation (Fig. 3b). Whereafter, we further
verified the therapeutic effects of different treatment groups on Hep3B
cells. The Ce6 group showed negligible dark toxicity for Hep3B cells,
while the cell viability of MCS NPs group and sorafenib group dramat-
ically declined with sorafenib dose dependence in darkness (Figure S6).
After 660 nm laser irradiation, the cell viability of the MCS NPs group
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Fig. 2. (a) TEM images of MCS NPs. The inset showed the magnified TEM images. (b) The DLS size distribution of MCS NPs in water. The inset showed the photos of
MCS NPs. (c) Absorption spectra of H-MnO,, sorafenib, Ce6, and MCS NPs. (d) O, production of MCS NPs dispersed with pH 7.4 in water and pH 6.5 in H,0,
solutions (100 pM), n = 3, mean =+ SD. (e) The release rate of sorafenib from MCS NPs at pH 7.4 in water and pH 6.5 in H,O, solutions (100 pM), n = 3, mean =+ SD.
(f) The degradation of H-MnO, by measuring the absorbance spectra. n = 3, mean =+ SD. (g, h) Fluorescence spectra (529 nm) of SOSG (10 pM) mixed with Ce6
without H>0, and MCS NPs with H,0, solutions, respectively. (i) Fluorescence intensity increases curves of SOSG from (g, h). (j, k) The temperature change of MCS
NPs at different power and concentrations under 660 nm laser (500 mW/cm?), respectively. (I) Photothermal heating and cooling cycles of MCS NPs aqueous solution

(75 pg/mL) with laser radiation (500 mW/cm?).

was particularly lower than that of the Ce6 group (Figure S7). In Fig. 3c,
the MCS NPs group with 660 nm laser irradiation also showed the most
effective SMMC7721 cell-killing ability than other groups. 2,7-
dichlorofluorescein diacetate (DCFH-DA, a kind of ROS probe) was
applied to further interrogate the ROS intracellular generation capa-
bility in vitro. As shown in Fig. 3d, the green fluorescence observed by
fluorescence microscopy appears in the cytoplasm after 660 nm laser
illumination at a power density of 100 mW/cm? for 3 min, confirming
the obvious ROS generation. Compared to other groups, the MCS NPs
group with light illumination exhibited the strongest green fluorescence
intensity in the cytoplasm, indicating the promotion of ROS generation
to enhance the efficiency of PDT. This phenomenon may be attributed to
the MnOo-triggered O concentration rise stimulated by the TME. It is
worth noting that the sorafenib group also showed fluorescence

enhancement effect, which may be due to that sorafenib can target
electron transfer chain complexes, leading to the increase of ROS gen-
eration [54,55]. Mitochondrial Membrane Potential Assy Kit (JC-1) was
used to detect the mitochondrial membrane potential (MMP) change of
SMMC?7721 cells. When the MMP is high, JC-1 aggregates were formed
in the matrix of the mitochondria, which can produce red fluorescence,
while MMP is low, JC-1 cannot aggregate in the matrix of mitochondria,
and green fluorescence was observed. The decrease of MMP is a hall-
mark event in the early stage of apoptosis. As displayed in Fig. 3e, the
sample incubated with the MCS NPs group under 660 nm lasers emitted
strong green fluorescence than other groups, indicating that mitochon-
drial dysfunction could be induced by MCS NPs. It is noteworthy that the
sorafenib group and the MCS NPs group could also cause the decrease of
MMP, which may be due to the fact that sorafenib, as an MTKI, could
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reduce MMP by inhibiting the oxidative respiratory chain and activating
multiple pathways such as Bax and Caspase-3 [56]. Subsequently, the
combined therapeutic effect was also investigated by calcein (AM) and
propidium iodide (PI) which can stain live and dead cells, respectively.
Phototherapy was performed after 12 h with the various treatments, and
the tumor cells of the Ce6 group and MCS NPs group exposed to the laser
were killed quickly. Strikingly, the red fluorescence in MCS NPs with
660 nm laser irradiation is more visually obvious than in other groups
(control, free sorafenib, Ce6 with light, and MCS NPs without light),
indicating the remarkable synergetic therapeutic effects based on pho-
totherapy and SMTT (Fig. 3f).

2.4. Overcome sorafenib resistance in vitro

The problem of sorafenib resistance has always restricted its wide-
spread application. We used sorafenib-resistant HCC cell lines
(SMMC7721/8) to further evaluate the therapeutic efficacy of MCS NPs.
As exhibited in Fig. 4a, the half-maximal inhibitory concentration (IC50)
of sorafenib for SMMC7721 was 2.53 pg/mL, while the IC50 for

SMMC7721/S was 18.42 pg/mL. The SMMC7721/S tumor cell lines
demonstrated strong resistance to sorafenib, which seriously restricted
the clinical efficacy of sorafenib. In Fig. 4b, the prepared MCS NPs with
660 nm laser radiation presented the strongest therapeutic efficiency
than other groups (sorafenib, Ce6 + light, and MCS NPs), which proved
that the permutation combinatorial therapeutical tactic based on sor-
afenib and phototherapy is a fascinating avenue to overcome sorafenib
resistance. In addition, the MCS NPs group without laser illumination
displayed lower cell viability than the free sorafenib group, and the
possible reason includes, (1) the increased drug absorption rate, (2) the
reconstructed TME by H-MnO» (the improved hypoxia, the decreased
GSH concentration, etc) reversed sorafenib resistance and increased
sensitivity of drug-resistant cells to sorafenib [21,22]. The flow cytom-
etry apoptosis experiment further proved the excellent effect of MCS NPs
in overcoming drug resistance. The MCS NPs with light irradiation can
significantly promote cell apoptosis, SMMC7721/S cells experienced
51.9 % late apoptosis and 18.7 % early apoptosis when the sorafenib
concentration is 4.05 pg/mL (Fig. 4c). Quantitative analysis result
further confirmed that the apoptosis rate of MCS NPs with light
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Fig. 4. (a) Cell viability experiment of SMMC7721 and SMMC7721/8S cells incubated by various concentrations of sorafenib. (n = 4, mean + SD). (b) Relative cell
viability of different treatments for SMMC7721/S cells. (n = 4, mean + SD). (¢, d) Flow cytometric analysis on the apoptosis levels of SMMC7721/S cells after
different treatments (Control, Ce6 + laser, sorafenib, MCS NPs, and MCS NPs + laser). (n = 3, mean + SD). (Control: no drugs added during the cultivation process,
Ce6-+: Ceb with 660 nm laser irradiation, Sorafenib: sorafenib without laser irradiation, NPs: MCS NPs without laser irradiation, NPs+: MCS NPs with laser irra-
diation). (e, f) Western blotting showed the HIF-1a expression levels after treatment with Ce6 -+ laser, sorafenib, MCS NPs, and MCS NPs + laser for 24 h (n = 3, mean
=+ SD). (g) ROS generation of SMMC7721/S cells. Scale bar: 50 um. (h) Quantitative fluorescence intensity of ROS by different treatments. (n = 3, mean =+ SD). **P <
0.01, ***P < 0.001, t-test. Ce6 (5.26 pg/mL), sorafenib (4.05 pg/mL), MCS NPs (Ce6: 5.26 pg/mL, sorafenib: 4.05 pg/mL).

irradiation was significantly higher than that of other groups, and the
apoptosis rate of MCS NPs without light irradiation was also higher than
that of sorafenib group (Fig. 4d). These results were basically consistent
with the results of MTT. Sorafenib resistance has been reported to be
associated with genetic heterogeneity, abnormal activation of STAT3,
autophagy, epithelial-mesenchymal transition, tumor microenviron-
ment, epigenetic regulation, tumor stem cell, and so on [57]. As an
important characteristic of TME, the hypoxic state causes HCC cells to be
extremely resistant to sorafenib, which may be due to the increased
adaptive response of HCC cells to hypoxia. In addition, hypoxia leads to
the increased expression of HIF-la. The overexpressed HIF-la can
activate the multidrug resistance gene 1 (MDR1), increase the expres-
sion of P-gp protein encoded by MDR1, thereby reducing the intracel-
lular concentration of sorafenib [58]. Therefore, down-regulation of

HIF-1a protein expression has emerged as a strategy to overcome HCC
sorafenib resistance [59]. It is reported that the expression level of
HIF-1a of sorafenib-resistant HCC cell lines incubated with sorafenib
remained stable under the state of hypoxia [60]. Fig. 4e and f shows that
both MCS NPs with or without laser irradiation group can significantly
down-regulate the expression of HIF-1a, which is mainly attributed to
the produced O5 by H-MnO effectively alleviating hypoxia. Moreover,
in the process of phototherapy, the hypoxic improvement effect is
stronger than the O3 consumption of photosensitizers. The improvement
of hypoxia not only enhances the efficiency of PDT but also can reverse
sorafenib resistance [61,62]. The strongest green fluorescence appears
in SMMC7721/S tumor cells incubated with MCS NPs after laser radia-
tion compared to other groups, indicating the promotion of endogenous
ROS generation (Fig. 4g and h, S8). This phenomenon may be
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responsible for the catalytic production of Oy from HyOy by H-MnOs.
The experimental results of intracellular ROS detection were compara-
ble to that of sorafenib-sensitive tumor cells (SMMC7721). In the JC-1
assay, after the light irradiation, the SMMC7721/S tumor cells incu-
bated with MCS NPs cause the most significant changes in MMP, indi-
cating the synergistic therapy based on phototherapy and SMTT could
severely interfere with mitochondrial function (Figure S9). Subse-
quently, the effect of MCS NPs on the migration and invasiveness of
SMMC7721 was evaluated. As shown in Figure S10, the transwell ex-
periments proved that MCS NPs can effectively inhibit the invasion and
migration of SMMC7721/S. MCS NPs with laser irradiation can effec-
tively inhibit the proliferation, migration, and invasion of SMMC7721/S
cells and promote cell apoptosis by reducing the expression level of
HIF-1a, promoting ROS production, and reducing mitochondrial mem-
brane potential. All in all, the prepared MCS NPs with or without irra-
diation can more robustly kill sorafenib-resistant and sorafenib-sensitive
cells than free sorafenib treatment in vitro. The MCS NPs can overcome
sorafenib resistance by integrating the PDT/PTT/SMTT synergistic
effect.

2.5. Anti-angiogenesis assay in vitro

As an important part of SMTT, the anti-angiogenic effect of sorafenib
is an effective strategy to inhibit the growth of tumors. As shown in
Fig. 5a, MCS NPs can effectively killing HUVEC cells in vitro, and the
IC50 of MCS NPs for HUVEC cells was 9.21 pg/mL. The MCS NPs can be
successfully endocytosed by HUVEC cells (Fig. 5b). Then, a flow
cytometry assay was further used to examine the antitumor efficacy of
MCS NPs. As shown in Fig. 5¢, MCS NPs (9.21 pg/mL) in dark can
promote HUVEC cell apoptosis as well as free sorafenib, with 25.6 %
late-stage apoptosis and 14.9 % early-stage apoptosis, which further
confirmed that NPs can effectively kill vascular endothelial cells. To
further evaluate the anti-angiogenic action of MCS NPs, the vessel
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formation and disruption assay was performed. Both MCS NPs and free
sorafenib could destroy the tubes from HUVECs on matrigel via anti-
angiogenesis, in comparison, no significant vascular damage was
observed in the blank group (Fig. 5d). Besides, similar to free sorafenib,
MCS NPs also showed a superior ability to inhibit the migration of
HUVEC cells (Fig. 5e and f). The expression of VEGFR2 in HUVEC was
significantly reduced after treatment with sorafenib and MCS NPs,
indicating that MCS NPs can inhibit angiogenesis by target VEGFR2
(Fig. 5g). Indeed, the above results indicate that the MCS NPs exhibit
similar antiangiogenic activity as free sorafenib, which indicated that
the anti-vascular properties of sorafenib were not affected by the nano-
assembled MCS NPs. Consequently, MCS NPs can also play the same
anti-vascular effect as free sorafenib.

2.6. Multi-modal imaging in vivo

The imaging detection of HCC is of great significance for early
diagnosis of HCC, intraoperative localization, determination of surgical
margins, and so on. Among them, real-time fluorescence imaging plays a
pivotal role in the fluorescence calibration of the surgical target area and
in assisting the surgeon to perform precise surgical operations. The MCS
NPs were injected into SMMC7721/S tumor-bearing mice through the
tail vein. As shown in Fig. 6a, there was no fluorescence appeared before
the injection of the MCS NPs solution. However, after 2 h post-injection
of MCS NPs, it was observed that the fluorescence signal exhibited
gradual accumulation in the tumor site, suggesting MCS NPs start to
enter the tumor tissues. With MCS NPs gradually accumulated in the
tumor site, the fluorescence signal reached the maximum at about 8 h,
indicating that MCS NPs have a significant targeted feature to the tumor
tissues by the EPR effect. The quantitative analysis of fluorescence in-
tensity further demonstrates this phenomenon (Fig. 6b). The Ex vivo
fluorescence images of the tumor and main organ tissues further mani-
fest the remarkable targeting performance of MCS NPs (Fig. 6¢, S11).
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Fig. 5. (a) Cell viability of HUVEC cells incubated with different concentrations MCS NPs without laser irradiation. (n = 4, mean =+ SD). (b) Confocal fluorescence
images of HUVEC cells. Scale bar: 30 pm. DAPI (Ex = 405 nm), Ce6 (Ex = 633 nm). (c) Flow cytometric analysis on the apoptosis levels of HUVEC cells treated with
sorafenib and MCS NPs. (d) Effect of sorafenib and MCS NPs on HUVECs tube formation incubated with listed reagents for 8 h. Scale bar: 100 pm. (e) Cell migration
experiment of HUVEC after various treatments, including the control group, sorafenib group, and MCS NPs group. Scale bar: 100 pm. (f) Quantitative analysis of the
number of cell migration in different groups. (g) The expression of VEGFR2 protein in HUVEC cells under different treatment conditions.
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Fig. 6. (a) In vivo real-time and in vivo fluorescence imaging of SMMC7721/S tumor-bearing mice with intravenous injection of MCS NPs. (b) Fluorescence intensity
changes in tumor tissues at different time points (n = 3, mean + SD). (c) Ex vivo fluorescence images of the tumor and main organ tissues dissected from mice at 12 h.
(d) Thermal imaging of tumor-bearing mice injected with saline or MCS NPs under 660 nm laser irradiation for different times. Saline: inject with physiological
saline, MCS NPs: inject with MCS NPs. (e) Heating curves. (f) In vivo T2-weighted MRI of SMMC7721/S tumor-bearing mouse models.

Real-time photothermal imaging plays an important role in PTT. As
shown in Fig. 6d and e, the temperature monitored by IR thermal camera
reached a plateau from 33.5 °C to 53.6 °C in tumor regions, while that of
the control group with saline injection shows little change. It can be
concluded that MCS NPs possess the excellent ability of photothermal
conversion for photothermal imaging. In the actual clinical application,
although the penetration depth of the laser is restrained, MCS NPs may
show application value in intraoperative illumination localization and
dissection of residual tumor tissue. Previous studies have proved that
H-MnO; could augment T1 and T2 signals of magnetic resonance (MR)
in vivo imaging due to the generation of Mn?*. As considered an ideal
substitute for gadolinium (conventional MRI contrasting agent), MnO,
has superior biocompatibility. Interestingly, the unique hollow structure

also showed elevated water permeability which further improved r1 and
r2 values (the essential parameters for MRI) [63]. As shown in Fig. 6f
and Figure S12, the MRI exhibited that the tumor area had higher MR
signal intensity treated with MCS NPs for 120 min post-injection. In a
word, multi-modal imaging based on various imaging technologies can
be achieved by the EPR effect of MCS NPs, which will be beneficial to the
precise diagnosis and intraoperative navigation treatment of HCC.

2.7. In vivo antitumor efficacy

It would be highly desirable to evaluate the biocompatibility of MCS
NPs, which will affect transport in the blood. The hemolytic toxicity of
MCS NPs was detected and the result demonstrated that the red blood
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cells (RBCs) remained intact (hemolysis ratio less than 5 %), after
incubating with various concentrations of MCS NPs for 6 h, which
proved the biosecurity of MCS NPs for intravenous injection (Fig. 7a).
Inspired by the TME-responsive release ability of MCS NPs, the syner-
gistic therapeutic efficacy of MCS NPs was further evaluated systemat-
ically with SMMC7721/S tumor-bearing nude mice in vivo. When the
tumor sizes reached about 75 mm®, the tumor-bearing nude mice were
randomly divided into five groups for treatment: (i) saline solution in-
jection without any irradiation, (ii) free sorafenib injection without any
irradiation, (iii) MCS NPs dispersion injection without any irradiation,
(iv) free Ce6 dispersion injection with 660 nm laser irradiation, and (v)
MCS NPs dispersion injection with 660 nm laser irradiation. Subse-
quently, nude mice were intravenously injected with the therapeutic
agent, and the tumor sites were exposed to 660 nm laser irradiation for
15 min at 8 h post-injection. Fig. 7b and d shows the average tumor
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volume changes during the 14 days of treatment. The volume of tumors
in the control group increased quickly, and the group injected with
sorafenib and Ce6 under 660 nm laser illumination showed minor tumor
suppression, while the group injected with MCS NPs exhibited a
noticeable suppressive effect. This phenomenon may be attributed to (1)
the successful intratumoral accumulation of MCS NPs through the EPR
effect, and (2) the changes of TME increase sensitivity to sorafenib.
Furthermore, the group injected with MCS NPs under 660 nm laser
illumination can eliminate the tumor and show no tumor recurrence,
which may be caused by the outstanding synergistic PDT/PTT/SMTT
therapeutic outcome of MCS NPs. During this treatment, no abnormal-
ities were found in the body weight of mice in each group (Fig. 7c).
Pathologically, as displayed in Fig. 7e, the hematoxylin and eosin (H&E)
staining of tumor slices image of MCS NPs with laser illumination
exhibited a large area of necrosis or apoptosis after two treatments,
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Fig. 7. (a) Hemolysis of MCS NPs at various concentrations. (b) The time-dependent volume of SMMC7721/S tumor-bearing mice after systemic administration of
different treatments. (SF: sorafenib) (n = 5, mean + SD, ***P < 0.001, t-test). (c) Body weight changes of tumor-bearing mice during treatment. (n = 5, mean + SD).
(d) Photographs of five group tumor-bearing after treatment. (e) The H&E-stained tumor slices were photographed in different groups after two treatments. Scale bar:
100 pm. (f) The fluorescence images of SMMC7721/S tumor slices were collected from different groups. The nuclei and hypoxic areas were stained with DAPI (blue),
and HIF-1a antibody (red), respectively. Scale bar: 100 pm. (g) The Ki67-stained tumor slices were collected from mice for different groups after two treatments.
Scale bar: 100 pm. (h) Blood vessel staining (CD34) of tumor tissue after different treatments. The red arrows indicate capillaries. Scale bar: 100 pm. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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confirming the remarkable therapeutic effect of MCS NPs. Additionally,
immunofluorescence staining of HIF-1la was performed to investigate
the tumor O, generation capability of the MCS NPs. The tumor tissue
was stained with DAPI (blue) and anti-HIF-1a antibodies (red). The
considerably reduced HIF-1a expression injected with MCS NPs after
laser irradiation indicates that the MCS NPs can relieve tumor hypoxia
(Fig. 7f). The Ki67 staining was employed to assess the proliferative
capacity of various groups. In the group of MCS NPs, the brown area was
dramatically reduced compared to the other groups, which elucidated
the remarkable anti-proliferative ability of MCS NPs (Fig. 7g). Previ-
ously, we evaluated the antiangiogenic ability of MCS NPs in vitro. The
CD34 (a specific marker of vascular endothelium) staining was per-
formed to further verify the anti-vascular ability in vivo. As shown in
Fig. 7h, vessel damage could be observed in the group treatment of MCS
NPs with or without laser irradiation, further indicating the significant
anti-angiogenic effect of MCS NPs. It is well known that Ce6 exhaust Oy
during the progress of type II PDT, combined with the anti-vascular
effect of sorafenib will aggravate hypoxia. Whereas, the MCS NPs with
laser illumination showed slightly improved hypoxia compared to the
control group. The reasons may be the continuous O, production by
H-MnO; and the promoting effect of photothermal on blood flow. In
addition, the anti-angiogenic effect in vivo needs a period of treatment
to play its role, and phototherapy can directly kill tumor tissue after
illuminating the tumor site enriched with MCS NPs. This spatiotemporal
specificity can enable MCS NPs to promote phototherapy and overcome
sorafenib resistance by relieving hypoxia in the early stage, and coop-
erate with anti-vascular therapy to achieve tumor starvation treatment
in the late stage, further killing tumor tissue.

2.8. In vivo biocompatibility of MCS NPs

As shown in Fig. 8a, the blood routine analysis, including red blood
cells (RBC), white blood cells (WBC), platelets (PLT), hemoglobin
(HGB), hematocrit (HCT), mean corpuscular volume (MCV), and mean
corpuscular hemoglobin concentration (MCHC), were measured on 7
and 14 days. No abnormal change could be found for mice injected with
MCS NPs in 14 days, and all indicators are within the normal reference
range, indicating the superior biosafety of the MCS NPs. Furthermore,
the pathological slice of the major organs (heart, liver, spleen, lung, and
kidney) was stained by H&E. Compared with the control group, no
significant damage and necrosis of the major organs was observed after
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14 days of treatment, further confirming that MCS NPs possess superior
biocompatibility (Fig. 8b). In addition, we also investigated the phar-
macokinetics of MCS NPs in vivo. After intravenous injection of MCS
NPs (300 pL, 500 pg/mL), 10uL of blood was collected from the ocular
plexus of mice at certain time intervals, and the amount of Mn in the
blood was measured by ICP-MS. As shown in Figure S13, the diffusion
and elimination half-live of MCS in the bloodstream were calculated to
be 0.50 h and 4.33 h, respectively. Long blood circulation time is
beneficial for passive targeting of tumors through the EPR effect.
Meanwhile, MCS NPs can be effectively cleared after a period of time,
further indicating its biological safety. Taken together, MCS NPs is a
suitable TME response nanoplatform for multi-modal cancer therapy.

3. Conclusions

In summary, activatable TME-responsive nanoplatforms based on
H-MnO, were developed for the co-delivery of sorafenib and Ce6.
H-MnO, in MCS NPs can react with endogenous H,0, and H' in TME to
produce O,. The generated Oy can relieve the hypoxic condition and
maximize the therapeutic potential of PDT after 660 nm laser irradia-
tion. Meanwhile, hypoxia improvement may reverse sorafenib resis-
tance via downregulating the expression of HIF-1a. MCS NPs showed
superior biocompatibility and can directly kill tumor cells or inhibit
tumors by cutting off tumor blood vessels. The multifunctional MCS NPs
showed superior antitumor efficiency for both sorafenib-sensitive HCC
cell lines (Hep3B and SMMC7721) and sorafenib resistance HCC cell
lines (SMMC7721/S). In the sorafenib-resistant mouse subcutaneous
tumor model, MCS NPs can enrich the tumor site through the EPR effect.
Concurrently, the H-MnO, shell was decomposed to produce Mn?* and
realize the TME-responsive release of sorafenib and Ce6. The generated
Mn?* can be applied for MRI, while the released Ce6 can be used for
fluorescence and photothermal imaging. The multi-modal imaging can
realize an early accurate diagnosis and intraoperative navigation of
HCC. Meanwhile, the remarkable PDT/PTT/SMTT synergistic thera-
peutic efficiency of the versatile nano-platform provides an unprece-
dented idea for overcoming sorafenib resistance.

Fig. 8. (a) Blood routine tests for WBC, RBC, PLT, HGB, MCV, and MCHC in 14 days. (n = 3, mean + SD). (b) The H&E stained images of heart, liver, spleen, lung,
and kidney slices from mice for different groups after 14 days of treatment. Scale bar: 100 pm.
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4. Experimental section
4.1. Preparation of hollow mesoporous MnO2 and MCS NPs

Firstly, monodispersed silica NPs were synthesized, as follows: 37 mL
ethanol, 5 mL in deionized water, and 1.57 mL ammonia solution were
mixed in an oil bath at 50 °C for 10 min. Then, 2 mL of tetraethyl
orthosilicate (TEOS) was added dropwise. The mixture was stirred in an
oil bath (600 r/min, 50 °C) for 4 h. The obtained solid silica NPs (sSiO,
NPs) were washed three times with ethanol and dissolved in 20 mL of
deionized water. Subsequently, 1 g potassium permanganate (KMnO4)
was dispersed in 20 mL of deionized water. The KMnOy4 solution was
added dropwise into the aqueous solution of sSiO5 NPs with sonication.
The above mixture was ultrasonicated for 4 h and then stirred at room
temperature for 24 h (600 r/min). The product (sSiO.@MnOs) was
repeatedly centrifuged (11,000 r/min, 10 min) and washed three times
with deionized water. Finally, the H-MnO, was obtained after dissolving
the silica template with 2 M sodium bicarbonate (NaxCO3) solution for
12 h 10 mg H-MnO3 was dispersed into 5 mL of deionized water. 10 mg
sorafenib and 10 mg Ce6 were dissolved in 5 mL of ethanol [32,64]. The
mixed solution (sorafenib and Ce6) was added to 5 mL H-MnO, solu-
tion. Subsequently, the solution was shocked by ultrasound and dialysis.
The obtained solution was centrifuged for 10 min (11,000 r/min). The
prepared H-MnO; was dispersed in 10 mL of Tris buffer (pH 8.5) con-
taining dopamine hydrochloride (10 mg). The above solution was stirred
at room temperature for 24 h (600 r/min). The final NPs (MCS NPs) was
obtained after centrifugation and washing.

4.2. Singlet oxygen detection of MCS NPs

The singlet oxygen generation of MCS NPs (50 pg/mL) in the pres-
ence or absence of Hy02 (100 pM) was detected with SOSG (10 pM) as a
singlet oxygen fluorescent probe. The mixture of MCS NPs and SOSG was
illuminated under 660 nm laser (100 mW/cmz) for 30 min, and the
fluorescence intensity of SOSG was measured under a 480 nm excitation.

4.3. Photothermal properties of MCS NPs

1 mL of MCS NPs aqueous solution (0, 25, 50, 75, and 100 pg/mL)
was irradiated with 660 nm laser. The temperature data was recorded by
a laser temperature camera.

4.4. Photostability

MCS NPs went through 5 cycles of temperature rise and decrease to
validate the photostability (75 pg/mL, 500 mW/cm?).

4.5. Cell culture

Hep3B, SMMC7721, SMMC7721/S, and HUVEC cells were obtained
from Southeast University. Hep3B was cultured in a DMEM medium
containing fetal bovine serum (FBS, 10 %) and antibiotics (1 %) at 37 °C
and 5 % CO, atmosphere. The SMMC7721 and SMMC7721/S were
cultured in a 1640 medium containing fetal bovine serum (FBS, 10 %)
and antibiotics (1 %) at 37 °C and 5 % CO atmosphere. HUVECs were
cultured in HUVEC specific medium at 37 °C and 5 % CO5 atmosphere.

4.6. Cytotoxicity assay

The tumor cell lines were seeded in 96-well plates and were culti-
vated in DMEM or 1640 medium containing various concentrations of
MCS NPs. The cells were incubated in dark for 12 h and then irradiated
with a 660 nm laser (3 min, 500 mW/cm?). After another 12 h of in-
cubation, 50 pL of MTT (5 mg/mL) was added to each well and incu-
bated for another 4 h. MTT assays were conducted to determine the cell
viability. The absorption at 570 nm was measured by a microplate
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analyzer.

4.7. Confocal fluorescence imaging of cellular uptake

In the cellular uptake examination, Hep 3B cells, SMMC7721,
SMMC7721/S, and HUVEC cells were dealt with MCS NPs (2 pg/mL) for
12 h in glass bottom petri dishes. Subsequently, these cells were irra-
diated with a 660 nm laser (3 min, 100 mW/cm?). The cells were stained
with DCFH-DA (10 uM) and 4',6-diamidino-2-phenylindole DAPI (15
pM). After incubation in the incubator for 30 min, these samples were
observed with Olympus FV3000 confocal fluorescence microscope.

4.8. Detection of ROS generation in vitro

DCFH-DA (10 pM) was used to detect the ROS in cells. After 12 h of
incubation of MCS NPs, the light group was irradiated with a 660 nm
laser for 3 min at a power density of 100 mW/cm?. Subsequently, DCFH-
DA was used for staining tumor cells. After incubation for 30 min, an
inverted fluorescence microscope was used to collect images.

4.9. Detection of mitochondrial membrane potential

Tumor cells were incubated in culture dishes for 12 h. Samples were
irradiated with a 660 nm laser. After being washed with PBS, the cells
were stained with JC-1 solution for 25 min. Subsequently, the mito-
chondrial membrane potential was immediately detected by a fluores-
cence microscope.

4.10. Animals and tumor model

Male athymic nude mice (5 weeks old, about 20 g, permit number:
SYXK (Su) 2016-0014) were bought from Changzhou Cavens Labora-
tory Animal corporation. The procedures were approved by Southeast
University. The mice were subcutaneously inoculated with SMMC7721/
S cells (100 pL, 2 x 100 cells) in the right back. Saline, free Ce6 (6.5 mg/
kg), free sorafenib (5 mg/kg), and MCS NPs (sorafenib dose: 5 mg/kg)
were injected into nude mice through the tail vein. After 8 h, the tumor
sites were irradiated with 660 nm light at a power density of 500 mW/
cm? for 15 min. After irradiation, tumor volumes of mice have recorded
with the following formula: volume = width x length x height x 0.52.
The treatments were performed by one time every two days. The sizes of
tumors were recorded to monitor the tumor growth every two days, and
mice were sacrificed by cervical dislocation after 14 days.

4.11. Hemolysis assay

The RBCs were obtained from athymic nude mice and were stored in
the test tube containing heparin saline solution (1000 U/mL). 1 mL of a
solution containing 4 % erythrocyte and MCS NPs of varying concen-
trations (10, 25, 50, 100 pg/mL) were incubated at 37 °C for 6 h. Then
the sample was centrifuged at 8000 rpm, the supernatants were
collected and the absorption of the supernatant was measured at 540
nm. The percentage of hemolysis was calculated by the following for-
mula: hemolysis% = (Asample — Apps)/(Awater — Apps) X 100 % (Awater,
Appg refer to the absorption at 540 nm of water and PBS).

4.12. In vivo imaging

In vivo fluorescence imaging was performed using Fluor Vivo 2000
INDEC Biosystem. SMMC7721/S tumor-bearing mice were injected with
200 pL MCS NPs (sorafenib dose: 5 mg/kg, Ce6 dose: 6.5 mg/kg). Images
were taken by the fluorescence-imaging instrument at 0, 2, 4, 6, 8, and
12 h post-injection.
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4.13. MIR

The mice were anesthetized by chloral hydrate. After intravenous
injection of MCS NPs, mice were scanned at different time points by the
Bruker BioSpec 94/30 USR MR scanner (Bruker, Germany).

4.14. Histology Sample preparation

After two treatments, a nude mouse was randomly selected, and
tumor tissue was taken for histopathology analysis by H&E, HIF-1a,
Ki67, and CD34 staining assays. The others nude mice were sacrificed
(after treatment for 14 days) to obtain organs (heart, liver, spleen, lung,
and kidney). Organs were separated and fixed with 4 % para-
formaldehyde for histological analysis.
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