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Abstract

Background: Chemotherapy is widely used to treat hepatocellular carcinoma (HCQ).
Although sorafenib (SO) is the only chemotherapy drug approved by FDA for treat-
ment of HCG, it is associated with several disadvantages including low water solubility,
low bioavailability, lack of targeting and easily causes systemic toxicity. In recent years,
nanocarriers have shown promise in drug delivery to effectively solve these prob-
lems. Herein, we used SO-loaded nanocarriers to overcome the defects of chemo-
therapy during treatment of HCC. Specifically, we encapsulated pH-sensitive hollow
mesoporous Prussian blue nanoparticles (HMPB) with SO (an inhibitor of multi-kinase
and accelerant of ferroptosis) to act as carriers and facilitate drug release. We also
coated its surface with a layer of pH-responsive chitosan (CS) to block the drug and
increase biocompatibility. Finally, we successfully constructed HP/SO/CS nanocompos-
ites for targeted delivery of chemotherapeutic drugs, with the aim of initiating chemo-
therapy and ferroptosis for dual treatment of tumors. In vitro and in vivo experiments
were performed for evaluation of the nanocomposites' anti-tumor efficacy by using
liver cancer cells and mice, respectively.

Results: The nanocomposites specifically targeted tumor cells through enhancing
permeability and retention (EPR) effect. Results from in vitro experiments showed that
the nanocarriers not only promoted cell apoptosis and reduced the number of cells
for chemotherapy, but also promoted accumulation of reactive oxygen species (ROSs).
In vivo experiments showed that mice in the nanocomposite-treated group exhibited
the smallest tumor sizes and body weights, with no obvious damage to normal tissues
and organs.

Conclusion: Taken together, these findings indicated that nanocarriers had an effec-
tive inhibitory effect on HCC cells. This safe and multifunctional treatment model was a
valuable option for the treatment of HCC, as well as other cancers.
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Background

Hepatocellular carcinoma (HCC) is the main cause of cancer-related deaths and a
major health concern worldwide (Llovet et al. 2021; Bray et al. 2018). Clinical diagnosis
of early-stage patients is difficult, and chemotherapy is the main treatment strategy for
patients with advanced HCC (Zhou et al. 2020). At present, sorafenib (SO) as the first-
line treatment therapy for HCC, can significantly prolong overall survival times of HCC
patients (Wong et al. 2011). Besides, SO is an oral multi-kinase inhibitor that increases
the rate of apoptosis, inhibits proliferation and angiogenesis of tumor cells (Palomba
et al. 2019). However, long-term single drug therapy is detrimental to the outcome of
chemotherapy, mainly including high systemic toxicity, low solubility, low oral bioavail-
ability and chemical resistance (Edis et al. 2021). Therefore, exploring new methods to
overcome these shortcomings is imperative to enhance its therapeutic effect.

The recent advancements in the field of nanotechnology have led to more and
more applications of nanoparticle-mediated drug delivery for tumor therapy (Jia
et al. 2021). Previous studies have shown that nanocarriers can passively target
tumors by enhancing permeability and retention (EPR) effect, improving drug tar-
geting, cell uptake, and drug delivery to tumor cells in a continuous, directed, and
controlled manner (Dai et al. 2016). Moreover, results from various cancer studies
have demonstrated that nanoparticle-mediated drug delivery systems not only have
anti-cancer effects, but also exhibit improved bioavailability and minimal side effects
compared to free drugs (Wei et al. 2019). Prussian blue (PB) nanoparticles are the
first artificial coordination polymer obtained by co-precipitation of an Fe III salt and
[Fe IT (CN)¢]*" in water. Previous studies have shown that their crystal structure is
a face-centered cubic unit cell, where alternating Fe III and Fe II are bridged by the
cyano ligands (Laure et al. 2017). These classical nanocarriers, which are composed
of Fe’" and Fe®' and have been approved by the FDA, are widely applied in bio-
medical fields due to their strong magnetism, good biocompatibility and excellent
stability among other attributes (Liu et al. 2019). Besides, hollow mesoporous PB
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Scheme 1 A Synthesis of HP/SO/CS nanocarriers. B pH-triggered degradation and drug release of the
nanocarriers in the tumor microenvironment (TME), initiating ferroptosis and chemotherapy.

nanoparticles (HMPBs) which are synthesized by controlled chemical etching, with
huge cavity gap, are also used as drug carriers for tumor treatment. In addition, the
payload in HMPB can be released under mildly acidic conditions, owing to unsta-
ble CEN bond under acid environment (Wu et al. 2020). At the same time, it has
the potential to decompose H,0O,, and convert it into reactive oxygen species (ROS)
through Fenton reaction and initiating ferroptosis (Hang et al. 2019).

In this study, we evaluated efficacy of HMPB as nano-delivery carriers for load-
ing SO, with the aim of overcoming drawbacks associated with free SO for effective
HCC treatment (Scheme 1). Summarily, SO was encapsulated in HMPB cavity, and
coated with acid-unstable chitosan (CS) on its outer layer to form HP/SO/CS nano-
composites. Results showed that CS not only improved pH responsiveness of the
nanocarriers, but also enhanced biocompatibility and prevented the drug from pre-
maturely leaking before reaching the tumor site. Results from in vivo assay indicated
that the nanocarriers effectively accumulated at the tumor site via the EPR effect.
In the tumor microenvironment (TME), the mildly acidic condition caused HP/SO/

CS to collapse, thereby releasing Fe*", Fe®"

and SO, initiating ferroptosis and chem-
otherapy. Interestingly, SO was a promoter of ferroptosis (Liu et al. 2018), which
downregulated expression of ferroptosis-related protein GPX4, causing accumula-
tion of lipid peroxide (LPO), promoting ferroptosis and enhancing the therapeutic
effect.Scheme 1A Synthesis of HP/SO/CS nanocarriers. B pH-triggered degradation
and drug release of the nanocarriers in the tumor microenvironment (TME), initi-
ating ferroptosis and chemotherapy.Scheme 1A Synthesis of HP/SO/CS nanocarri-
ers. B pH-triggered degradation and drug release of the nanocarriers in the tumor
microenvironment (TME), initiating ferroptosis and chemotherapy.Scheme 1A Syn-
thesis of HP/SO/CS nanocarriers. B pH-triggered degradation and drug release of
the nanocarriers in the tumor microenvironment (TME), initiating ferroptosis and
chemotherapy.
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Results

Characterization of HP/SO/CS nanocomposites

We used UV-vis absorption spectroscopy to analyze the synthetic structure of
HP/SO/CS. Results showed that both PB and HMPB displayed a broad absorption
band from 600 to 800 nm, with a strong peak around 720 nm (Fig. 1A) (Cheng et al.
2014). Moreover, a new UV-vis absorption peak appeared in the HP/SO/CS curve at
260 nm, and this was found to belong to the SO peak (Yu et al. 2020). These results
affirmed SO encapsulated in HMPB and successful synthesis of HP/SO/CS. Next,
we performed a nitrogen adsorption—desorption assay to analyze the specific sur-
face area and porous structure of HMPB, found that HMPB exhibited a typical Lang-
muir type IV isotherm, indicating the presence of mesopores (Fig. 1B). Its surface
area and pore size were 288.0571 m?/g and 3.94 nm (Feng et al. 2019). Overall, these
results suggested that the hollow mesoporous structure could be used as ideal carri-
ers for loading of anti-cancer drugs. The surface zeta potential changed from -23.68
to 28.85 mV in PB and HP/SO/CS, respectively (Fig. 1C), and this was beneficial for
cellular uptake in the TME, because the cell membrane is negatively charged. Mean-
while, we used transmission electron microscopy (TEM) to verify successful transfor-
mation from PB to HMPB, and finally to HP/SO/CS (Fig. 1D (a-c). Results indicated
that HP/SO/CS had well-defined particle about 170 nm (Fig. 1E), which facilitated its
entry into cells via the enhanced permeability and retention (EPR) effect. EPR indi-
cated that molecules with sizes that vary from 10 to 200 nm tend to have a higher
accumulation rate in the tumor, relative to normal tissues (Kobayashi et al. 2013).
Furthermore, results from element map scanning confirmed presence of Fe and F, a
characteristic element of HMPB and SO in HP/SO/CS. This demonstrated that HP/
SO/CS was successfully synthesized while SO molecules were efficiently loaded into
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Fig. 1 A UV-vis absorbance spectrums of PB, HMPB and HP/SO/CS. B N, adsorption—-desorption isotherm of
HMPB, inset: the corresponding pore size distribution. C Surface zeta potentials. D TEM images of PB, HMPB
and HP/SO/CS. E Particle size analysis. F EDS-mapping of HP/SO/CS
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the cavity of HMPB (Fig. 1F). Taken together, these results indicated that the HP/SO/
CS nanocomposites were successfully synthesized.

Hemolysis assay

Results from standard hemolysis assay which used to evaluate hemocompatibility of HP/
SO/CS nanocomposites, revealed no obvious visible hemolysis effect across all HP/SO/
CS-tested samples, relative to visually red positive controls (P). Increasing the concen-
tration to 10 mg/mL resulted in a hemolysis rate of only 0.46%. Results from UV-vis
absorption spectroscopy of the supernatant corroborated this finding (Fig. 2B). The neg-
ligible hemolytic activity of HP/SO/CS confirmed that the nanoparticles had excellent
biocompatibility with blood cells, which was favorable for intravenous administration.

Drug encapsulation and release in vitro

We analyzed efficiency of drug encapsulation and release to ascertain effectiveness of
this nanosystem. Briefly, drug encapsulation efficiency was calculated by measuring
UV-vis absorbance of the supernatant across varying concentrations of SO and HP/SO/
CS nanomaterials according to the SO standard curve (Additional file 1: Fig. S1). Results
showed that encapsulation efficiency increased with SO concentration, reaching a maxi-
mum at approximately 78% when SO concentration was 500 pg/mL (RSD: 0.26—4.6%)
(Fig. 3A). We attributed this high SO encapsulation efficiency to HMPB’s distinctive
characteristics, including hollow mesoporous structure for drug loading and the effec-
tive combination sites (Fe?*, Fe>*) in its structure. This was facile to coordinate with the
chemical groups (OH, NH,).

We also adopted a similar method to calculate efficiency of drug release under dif-
ferent pH environments. Specifically, PBS at pH values of 7.4, 6.5, and 5.5 were used
to simulate neutral healthy body fluids and intra-tumoral mildly acidic tumor micro-
environment (TME), respectively (Wu et al. 2021). Results showed that less than 25%
of SO was released in PBS (pH 7.4), which was due to stability of the nanocomposites,
although this drug release ability dramatically increased under a mildly acidic environ-
ment (Fig. 3B). A markedly higher proportion of the drug (87%) was released at pH
5.5 than at pH 6.5 (69%). This indicated that minimizing both off-targeted release and
side effects of chemotherapeutics before reaching special area which was imperative
to improving anti-tumor efficiency. This phenomenon might contribute to the CEN
bonds in HMPB and the NH, groups in CS having no stable existence in weak acidic

Absorbance

- 400 500 600 700
P N a b C d Wavelength / nm

Fig. 2 Hemolysis assay after incubation with different concentrations of HP/SO/CS. A Photograph. B UV-vis

absorbance spectra of supernatant. P positive control, N negative control, a 10 mg/mL, b 5 mg/mL, ¢ 2.5 mg/

mL, d 1.25 mg/mL
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Fig. 3 A Drug encapsulation efficiency. B Drug release efficiency at different pH values. C-E UV-vis
absorption peaks of HP/SO/CS degradations at different pH values

environment. Additionally, UV-vis results revealed that absorption peaks of HMPB
about 600-800 nm in weak acidic environments (pH 6.5 and pH 5.5) were significantly
lower, and the absorbance of the environment pH 5.5 was lower than pH 6.5 (RSD: 0.79—
13.8%), than those under a neutral environment (pH 7.4) (Fig. 3C—E). Taken together,
these results demonstrated that HP/SO/CS were degraded under a mildly acidic envi-
ronment, and HP/SO/CS could produce a durable therapeutic performance under a
weakly acidic TME by combining ferroptosis with chemotherapy.

Wound-healing assay in vitro

We used a cell matrix wound healing assay to evaluate the effect of HP/SO/CS nano-
composites on cell migration abilities. Results revealed similar wound-healing ability in
HMPB and PBS treatment groups, whereas a slightly lower cell number and wound heal-
ing ability were recorded in the SO treatment group relative to PBS and HMPB groups
(Additional file 1: Fig. S2). These results suggested that a combination therapy (chemo-
therapy and ferroptosis) had better efficacy in killing and reducing the wound healing
ability of cells, compared with chemotherapy and nanocarrier treatment alone.

Tumor cell-killing ability in vitro

The present study evaluated tumor cell-killing potential of HP/SO/CS in vitro using
cell counting kit-8 (CCK-8) assays coupled with live/dead (AO/EB) staining. We
found that neither HMPB nor HP/SO/CS treatment exhibited significant influence
on cell viability at pH 7.4 (normal medium). This indicated that there was excellent
cytocompatibility between HMPB and HP/SO/CS. Free SO had a similar result with
that of HMPB and HP/SO/CS, whereas the cell viabilities gradually decreased with
elevated concentration of SO (Fig. 4A(a); RSD: 0.23-4.6%). In addition, the results
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revealed that only under a relatively high SO concentration that the chemotherapy
alone could exert effective cancer cell killing effect.

Acidic tumor microenvironment usually exists in solid tumors due to glycolytic
metabolism and incomplete vascularization (Huang and Zong 2017). The present
study compared the tumor-killing ability of HP/SO/CS at normal medium (pH 7.4)
and acidic medium (pH 6.5). Notably, it was found that the acidic environment (pH
6.5) significantly enhanced the efficacy of HP/SO/CS and SO, which could be attrib-
uted to the special internalizing mechanism of nanoparticles (endocytic pathways
and lysosomal transport) (Li et al. 2017), resulting in a comparatively high drug con-
centration in the tumor cells in a short period of time. Second, it was suggested that
the weakly acidic environment could break the acid-unstable C=EN bonds in HMPB
and the NH, groups in CS, releasing chemotherapeutic drug SO, free Fe**, and Fe®",
hence initiating chemotherapy and ferroptosis treatment. Third, the acidic conditions
could have improved solubility of SO and made the SO molecules positively charged,
which enhanced ability of the molecules to enter the tumor cells (Fig. 4A (c, d); RSD:
0.43-2.3%).

Further, excessive H,O, in the TME also had a great impact on the effect of HP/SO/
CS, because Fe*" in HMPB could have produced Fenton reaction with H,0, (initiating
ferroptosis treatment) and thus increasing the content of reactive oxide species (ROSs)
and reducing consumption of lipid peroxides (LPO). As described in Fig. 4A(b, d), it was
shown that the cell activity of HP/SO/CS was significantly reduced after 50 uM of H,O,
was added in the treatment groups. However, it was evident that H,O, alone had no sig-
nificant effect on cell activity (RSD: 0.46-2.3%).

Page 7 of 21
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Calcein acetoxymethyl ester AO/EB staining assay was also carried out to visualize liv-
ing and dead cells through fluorescence and the results were consistent with those of the
CCKB8 assay (Fig. 4B). It was found that strong green fluorescence signals were distinctly
observed in the control (PBS) and HMPB groups, which revealed the ineffectiveness of
the treatments in killing the cancer cells. Further, strong red fluorescence was expressly
presented in the group treated with HP/SO/CS and the number of tumor cells was also
significantly reduced. However, only a few of red fluorescence and no significant change
in the number of cells were found in the SO group. This further proved that chemo-
therapy alone had insignificant potential to kill the cancer cells, whereas combination of
chemotherapy and ferroptosis significantly decreased activity of the MHCC-97 h tumor
cells.

The phenomenon of cell death was further supported by the findings of flow cytom-
etry (FCM). During FCM analysis the differently treated MHCC-97 h tumor cells were
stained with FITC-labeled Annexin V and PI for assessment of the cell death. The FCM
analysis indicated that a combined treatment of HP/SO/CS was able to induce effective
tumor cell apoptosis as compared with those of mono-therapies and thus showing syn-
ergistically enhanced therapeutic efficacy of the treatments (Fig. 4C).

In addition, Western blotting (WB) assays were also employed to ensure reliability of
FCM assay. The level of the two key apoptosis signaling associated proteins (Bax and
Bcl-2) were detected in MHCC-97 h cells (Fig. 4D). It was found that the level of Bax
which promotes apoptosis was up-regulated, whereas the expression of anti-apoptosis
protein Bcl-2 was decreased. The results were consistent with those of the FCM assay.

To verify the effect of HP/SO/CS on cell proliferation, the EdU cell proliferation assay
was carried out. The cells in the groups treated with HP/SO/CS showed a higher prolif-
eration inhibitory effect than in the other groups. Meanwhile, the effect of HMPB on cell
proliferation was similar as that of the PBS on the tumor cells, but the influence of SO on
cell proliferation was negligible (Additional file 1: Fig. S3).

Cell uptake in vitro

To conveniently monitor the uptake efficiency of HP/SO/CS nanocarriers in MHCC-
97 h cells, SO was replaced with fluorescence reagent of fluorescein isothiocyanate
(FITC) to label nanomaterials because there was no fluorescence that was being
observed in SO under CLSM. After incubation of nanocarriers with HP/FITC/CS for
different time intervals (0, 4, 8, and 12 h), green fluorescence signal of FITC in tumor
cells gradually increased as displayed on the CLSM image (Fig. 5A). In addition, results
of FCM as presented in Fig. 5B also confirmed that the fluorescence intensity of FITC
gradually increased with time. Moreover, results of the biological transmission elec-
tron microscopy (Bio-TEM, Fig. 5C) also showed that there were notable cube struc-
tures of the nanocomposites which were visible in cells. Therefore, the described results
evidently showed that HP/SO/CS nanocomposites could effectively be internalized into
cells.

The ability of ferroptosis treatment of HP/SO/CS nanocarriers in vitro
The present study also recognized cellular ROSs as crucial biomarker of ferroptosis
(Lippmann et al. 2020). Therefore, 2',7’-dichlorofluorescein diacetate (DCFH-DA) was
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employed as the 'O probe to detect generation of ROSs through CLSM observation and
FCM quantification. In the CLSM observation (Fig. 6A), it was noted that there was
much stronger fluorescence intensity in MHCC-97 h, HepG2, SMMC-7721 and SK-
Hep1 cells after incubation with HP/SO/CS for 24 h. In addition, although CLSM obser-
vation showed reduced generation of ROSs in both HMPB and SO groups, it was evident
that the overall effect of the therapy was negligible. These implied that the individual
impact of SO and Fe-derived HMPB on induction of ferroptosis were nearly null, but a
combination therapy could produce significant results. Flow cytometry assessment also
showed similar results to those of the CLSM observation (Fig. 6B). Therefore, the rea-
sons for the enhancement of HP/SO/CS in cancer treatment were evidently elucidated.
Besides, lipid peroxide (LPO) inside cells were recognized as a crucial biomarker of
ferroptosis. It had been reported that accumulation of LPO contributes to the lethal-
ity of ferroptosis (Agmon et al. 2018). In this study, it was found that HMPB decom-
posed to produce Fe? and Fe*" under mildly acidic conditions, which could promote

Page 9 of 21
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the production of LPO through the Fenton reaction. Second, SO could have reduced
the consumption of LPO by inhibiting the activity of GPX4 enzyme. These reasons
resulted in a large amount of LPO to be accumulated. In addition, malondialdehyde
(MDA) which served as an advanced LPO end-product, was expressed in elevated
levels throughout the MDA assay process (Aly et al. 2013) (RSD: 0.15-0.77%). There-
fore, MDA assay was conducted in MHCC-97 h cells, after treatment with varying
treatments (Fig. 6C). Results revealed that there was an elevated MDA content in
the HP/SO/CS combined treatment groups as compared with the MDA content in
the groups treated with solely HMPB and SO. Apparently, it was found that the PBS
group had the least MDA generated.

In addition, we found that SO which is a hydrophobic ferroptosis promoter was
encapsulated in the nanoplatform and co-induced cell ferroptosis together with
Fe derived from HMPB. The level of GSH was generally regarded as the marker of
strength when evaluation of ferroptosis because cytotoxic «OH produced from Fe.
Fenton reaction in ferroptosis which would oxidize and diminish the level of the
intracellular GSH. As presented in Additional file 1: Fig. S4, the HP/SO/CS-treated
cells exhibited a relatively lower level of GSH as compared with the PBS-treated cells.
However, the depletion in GSH level of the other two groups treated with only HMPB
or SO were almost negligible, whereas a negative correlation between MDA and GSH
level was observed.

Besides, SO is used as a promoter of ferroptosis by down-regulating the expression
of GPX4 (Bai et al. 2019) which is usually considered as one of the biomarkers of fer-
roptosis. The WB assay was employed to evaluate the GPX4 expression in MHCC-
97 h tumor cells. It was evident that treating cells with HP/SO/CS could significantly
downregulate expression of GPX4 as compared to control group (Fig. 6D). However,
the individual HMPB or SO treatment groups could not achieve a similar effect but
had similar expression effect with that in the PBS group (Fig. 6D).

Further, we used Bio-TEM analysis to distinguish ferroptosis from other forms of cell
death. It was found that the cell treated with HP/SO/CS appeared to have significantly
smaller mitochondria, increased membrane density, and decreased or disappeared mito-
chondrial ridge as compared with PBS group (Fig. 6E, F) (Guo et al. 2021). Therefore,
the results of our study implied that the HP/SO/CS nanocomposites could destroy mito-
chondrial membrane and induced typical morphological changes of ferroptosis.

Biodistribution of HP/FITC/CS in vivo

To evaluate tumor targeting ability of HP/SO/CS in vivo, free FITC and HP/FITC/CS
were prepared and intravenously injected into tumor-bearing mice for observation at
indicated time points. The position of the tumor in the mouse with free FITC-injected
group did not exhibit strong fluorescence (Fig. 7). This demonstrated that free FITC
lacks strong targeting ability on the tumor. On the contrary, in the group injected with
HP/FITC/CS, the accumulation of fluorescence in the tumor site gradually increased
with time, and completely disappeared at 24 h. This suggested that the nanocompos-
ites could accumulate efficiently at the tumor site and properly metabolized, which
may attribute to excellent effect of EPR and biocompatibility of the nanocarriers.
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Fig. 7 In vivo imaging of biodistribution of free FITC and HP/FITC/CS at different time points (circles indicate
tumor location)

A E
e & ‘ . pBS
. ‘ . . HMPB

PBS  HMPB SO HP/SO/CS

& *

BA 257 C E 3 D @2‘0 —  mPBS
C] . g =15 =2 = HMPB
£ 207 S ® S0
S <20 e
'S 5] = PBS p E 1.0 = HP/SO/CS
= = HMPB g S
z S 10 Eos
S 104 SO 2 [3
= = HP/SO/CS ‘g 0.0

s
S T T T T T T UL o S S B e e SO0
0 4 8 12 16 20 24 28 E 0 4 8 12 16 20 24 28 “%@Q 6\%0\(4
Time ( Day) Time ( Day) §

Fig. 8 A Photographs of the final tumor size after various treatments. B The change of mice body weight
during the treatment period. C Tumor volume growth curves of mice with indicated treatments. D Final
tumor weights after various treatments. *p <0.05, and **p <0.01. E H&E staining of the heart, liver, spleen,
lung, kidney and tumor tissues with different treatments

Combination treatment efficacy of HP/SO/CS in vivo

When the tumors reached about 150 mm?, MHCC-97 h tumor-bearing mice were ran-
domly divided into 4 groups for observation of their body weights, tumor volumes, and
tumor weights of mice after different intravenous injection (PBS, HMPB, SO, HP/SO/
CS) to investigate the anti-tumor efficacy of combination therapy in vivo. Firstly, the
mice were killed for tumor harvest and the effect of treatments was examined using
photographs at the end of treatment. It was found that combination therapy showed the
best results and tumors in the group were the smallest (Fig. 8A). Moreover, it was noted
that the mice in all groups did not reveal any significant weight loss, suggesting that the
treatment had no significant cytotoxic effect on other normal tissue in vivo (Fig. 8B). At
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the same time, the HP/SO/CS group exhibited the best anti-tumor efficacy, more signifi-
cant tumor volume reduction, and lower tumor weight as compared with other groups
(Fig. 8C, D).

Finally, to further confirm the most potent therapeutic efficacy, hematoxylin and eosin
(H&E) staining was performed on the main organs (heart, liver, spleen, lung, and kid-
ney) and tumor tissues, mice with PBS treatment were used for comparison (Fig. 8E).
It was found that there were no significant pathological toxicity characteristics in the
main organs. These demonstrated the safety of HP/SO/CS in vivo, which may be attrib-
uted to excellent biocompatibility of CS and low cytotoxicity of HMPB. Further, it was
found that almost all the tumor cells maintained cellular integrity morphology in the
PBS, HMPB, and SO treated group. On the contrary, it was noted that large quantities of
cells were destroyed in the HP/SO/CS group. The H&E staining of tumor slice showed
that the cell-killing effect was rather significant in the HP/SO/CS group. Therefore, these
results illustrated that treatment with a combination of chemotherapy and ferroptosis
had a significant effect on HCC treatment.

Discussion

SO was the first systematic therapy to be approved for HCC and had been approved
by the US FDA for the pharmaceutical treatment of unresectable HCC (Preziosi et al.
2019). However, it had disadvantages of low solubility, low bioavailability, lack of target-
ing and higher systemic toxicity (Kong et al. 2021). In recent years, nano-drug delivery
systems had been widely adopted to overcome these shortcomings (He et al. 2010). The
encapsulation of nanoparticles could significantly prolong the blood circulation time of
chemotherapy drugs, enhance the EPR effect, facilitate passive targeting of tumor sites,
control drug release, and increase bioavailability. Such as Cai et al. (2015) synthesized
Mn-containing Prussian blue analogue (HMPB-Mn) using HMPB as nanocarrier. Inter-
estingly, they discovered that HMPB-Mn was highly sensitive to pH-trigger to release
Mn?* in the site of interest (e.g., tumor site) which made HMPB-Mn as a smart carrier
for tumor diagnosis. Furthermore, the hollow mesoporous structure and high surface
area endowed HMPB-Mn with high drug loading capacity for tumor chemotherapy.

In this study, HMPB was used as a nanocarrier to load chemotherapy drug SO, and
HP/SO/CS nanocomposite was synthesized for the treatment of hepatocellular carci-
noma by virtue of the excellent characteristics of HMPB. The average diameter of HP/
SO/CS was 170 nm and zeta potential was 28.85 mV, which contributed to the entry of
HP/SO/CS into tumor cells through EPR effect. In vitro experiments showed that HP/
SO/CS had good blood compatibility, the hemolysis rate was only 0.46% even at the con-
centration of 10 mg/mL. And it also had high drug loading and release efficiency, the
loading efficiency was 78%, release efficiency was 87% (pH 5.5) and 69% (pH 6.5), respec-
tively. Intracellular experiment results suggested that cells had excellent uptake capacity
for the HP/SO/CS nanocarrier, and it could slow down the wound healing ability, had
no significant effect on the activity of HCC cells under normal physiological conditions
(pH 7.4), but showed a good killing effect on HCC cells in tumor microenvironment (pH
6.5 with 50 uM of H,0O,). When the HP/SO/CS nanocarriers concentration was 10 pg/
mL, the cell activity was 24%. AO/EB, WB and FCM apoptosis test confirmed the similar
result. Ferroptosis assay showed that HP/SO/CS nanocomposites could damage tumor



Yue et al. Cancer Nanotechnology (2022) 13:4 Page 13 of 21

cells by promoting ROS and LPO production and down-regulating the expression of
ferroptosis-related protein GPX4. In vivo experiments showed that compared with the
control group (PBS, HMPB and SO treatment group), HP/SO/CS treatment group had
the smallest tumor volume, the lightest body weight, and had no obvious damage to nor-
mal tissues and organs, such as heart, liver, spleen, lung and kidney. These above experi-
mental results proved that HP/SO/CS nanocomposites had good targeting, excellent
biocompatibility and better inhibition of tumor growth.

In this experiment, there were some deficiencies worth of our consideration. On the
one hand, the water-solubility of Fe-based nanocarriers were not well, so we can con-
sider encapsulating some water-soluble substances on it to increase its solubility in sub-
sequent experiment. On the other hand, only relying on EPR effect of nanocarriers to
enhance its targeting may not be as ideal as expected. In following studies, connecting
of some tumor-specific targets or magnetic targeting could be considered to enhance
its targeting. What’s more, photothermal therapy (Huang et al. 2006), starvation therapy
(Zhang et al. 2021), gene editing (Wu et al. 2014), etc., were also attracting more and
more attention as new therapeutic methods. A combination of several treatments may
be considered to achieve better tumor treatment outcomes in the follow-up study.

Conclusion

The present study successfully developed a pH-responsive tumor-targeted nano-drug
system (HP/SO/CS) for the treatment of HCC by combining chemotherapy with fer-
roptosis which share mutually promoted effect. The hemolysis and cytotoxicity assays
evidently showed that the system had excellent blood compatibility and ultra-low
side effects on cells. Anti-tumor assay in vitro demonstrated that the treatment could
promote the accumulation of ROS, LPO and had excellent killing effect on MHCC-
97 h cells. Moreover, WB experiments showed that the nanocarriers could upregulate
apoptosis-related protein Bax, downregulate anti-apoptosis-related protein Bcl-2, and
decrease expression of ferroptosis-related protein GPX4, hence improving the thera-
peutic effect of HCC. In vivo experiments also showed that the tumor volume of mice
treated with HP/SO/CS was the smallest, and there was no significant damage to other
body tissues and organs in the mice. Therefore, the results of the present study suggested
that HP/SO/CS nanocomposites held great potential as an effective nanotherapeutic,
which might provide new approaches ideal for other tumor diagnosis and treatment in
clinical practice.

Materials and methods

Materials

K;[Fe(CN)4]0.3H,0, hydrochloric acid (HCI, 36.0% ~ 38.0%), chitosan (CS) and polyvi-
nylpyrrolidone (PVP, K30) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Hydrogen peroxide (H,0,, 30.0%), glutaraldehyde (25%, GA), sorafenib (SO), fluorescein
isothiocyanate (FITC) and dimethylsulfoxide (DMSO) were supplied by Solarbio Inc.
(Beijing, China). CCK8 and EdU-488 cell proliferation kits, 2,7’-dichlorofluorescein diac-
etates (DCFH-DA), 4,6-diamidino-2-phenylindole dihydrochloride (DAPI), glutathione
(GSH) and 5,5-dithiobis-2-nitrobenzoic acid (DTNB) were bought from Adamas-beta®,
Titan technology co., Ltd. (Shanghai, China). All chemical reagents were analytical
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grade, and used directly without further purification. Dulbecco’s modified Eagle medium
(DMEM), fetal bovine serum (FBS), trypsin—EDTA and phosphate-buffered saline (PBS)
were obtained from Gibco-BRL (Burlington, ON, Canada).

Characterization of nanoparticles

Morphology of the nanoparticles were analyzed using a transmission electron micros-
copy (TEM, JEM 1200EX, JEOL Ltd., Tokyo, Japan), while zeta potential of the nano-
composites were determined by a NanoBrook particle sizer. Ultraviolet—visible (UV-vis)
absorption of the nanocarriers were measured using a UV-2450 spectrophotometer (Shi-
madzu, Tokyo, Japan), whereas particle sizes of HP/SO/CS were analyzed by Nano Meas-
urer 1.2 software. HMPB's specific surface area and corresponding pore-size distribution
were determined on a Micromeritics Tristar 3000 system (ASAP, 2460, Micromeritics,
USA), using the nitrogen (N,) adsorption—desorption isothermal method.

Preparation of HMPBs

HMPBs were synthesized according to the protocol described by Cai et al 2015 with
slight modifications. Firstly, 132 mg of K;[Fe(CN),]'3H,O and 3 g of PVP were dissolved
in 0.01 M 40 mL HCI solution, and stirred using a magnetic stirrer until a clear yellow
solution was obtained. Next, the mixture was incubated in a water bath, maintained
at 80 °C for 24 h. The mixture was centrifuged at 13,000 rpm for 20 min, thoroughly
washed several times with deionized water and ethanol, then vacuum-dried to obtain
cubic mesoporous Prussian blue nanoparticles (PBs). Next, PBs were transformed into
hollow mesoporous Prussian blue (HMPBs) using controlled chemical etching. Briefly,
20 mg PB nanoparticles and 100 mg PVP were dissolved in 20 mL HClI solution (1.0 M),
stirred for 3 h at room temperature, then autoclaved at 140 °C for 4 h in a Teflon vessel.
The mixtures were cooled to room temperature, centrifuged, rinsed with ethanol and
deionized water and finally freeze-dried to obtain HMPBs.

Preparation of HP/SO/CS and HP/FITC/CS nanocomposites

Sorafenib (SO) was loaded onto the HMPB nanoparticles as follows: firstly, HMPB and
SO were dissolved in DMSO (at equal concentrations of 1 mg/mL), then equal volumes
(5 mL) of SO and HMPB solutions mixed at 37 °C for 24 h with magnetic stirring. Subse-
quently, the SO-loaded HMPBs (HP/SO) were collected through centrifugation, washed
with water and dried under a vacuum. Finally, the obtained sediments were dispersed
in 0.01 M NaOH and 0.25 mg/mL CS mixture solution (V/V=1:1) to form HP/SO/CS
nanocomposites. FITC-labeled HP/CS nanocomposites were prepared using a similar
procedure to that of HP/SO/CS, except that SO was replaced by fluorescein isothiocy-
anate (FITC).

SO encapsulation and in vitro release

SO encapsulation

HMPB (1 mg/mL) were incubated with different SO concentrations (0.0625, 0.125, 0.25,
0.5 and 1 mg/mL) in 5 mL PBS solution, stirred at room temperature for 24 h, then SO-
loading HMPBs collected by centrifugation. Next, we employed UV-vis absorption
spectroscopy (at an absorption intensity of 260 nm) to measure the concentration of
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unbounded SO in the supernatant. SO standards were also prepared at concentrations
of 1.5625, 3.125, 6.25, 12.5, 25, 50, 100 and 200 pg/mL, their UV-vis absorption peaks
were measured and used to draw the standard curve. Efficiency and capacity of SO drug
encapsulation were calculated using the following formula:

Encapsulation efficiency = (totalso—unboundedsp)/totalso x 100%,

Encapsulation capacity = (totalso—unboundedsp)/(totalgmps + totalso) x 100%.

SO release

HP/SO/CS nanocomposites (1 mg/mL) were dissolved in PBS at different pH values (5.5,
6.5 and 7.4), and incubated in an oscillating chamber maintained at 37 °C. The super-
natants were collected and absorptions measured after 0, 1, 2, 3, 4 and 5 d. Finally, effi-
ciency of SO release was calculated as described above.

Assessment of biodegradability of HP/CS

HP/CS (30 mg) was dissolved in PBS (30 mL) at different pH values (7.4, 6.5, 5.5), and
incubated at 37 °C in an oscillating chamber. Subsequently, absorption peaks of the solu-
tion were measured in the range of 600—900 nm by using UV-vis spectroscopy at differ-
ent time points (0, 1, 2, 3, 4, 5, 6 and 7 days).

Hemolysis assay

Hemolysis assay was performed as described by Zhao et al. 2017. Briefly, fresh anticoag-
ulant blood was obtained from the First People’s Hospital of Chongqing Medical Univer-
sity. Red blood cells (RBCs) were centrifuged at 3000 rpm for 3 min, rinsed several times
with sterile isotonic PBS solution until the supernatant was colorless and transparent,
then diluted tenfold with PBS. Next, 100 pL diluted RBCs suspension were mixed with
900 pL of HP/SO/CS (at various concentrations of 10, 5, 2.5 and 1.25 mg/mL), vortexed
and incubated at 37 °C for 1 h. At the same time, 100 pL of RBC solution dissolved in
pure water and PBS were used as positive and negative controls, respectively. The mix-
tures were centrifuged at 3000 rpm for 3 min, supernatants collected and their absorb-
ance measured at 541 nm on a UV-vis absorption spectrometer. The rate of hemolysis
was calculated using the following equation: hemolysis (%) = (I/I,) x 100%, where I and
I, denote absorbance of the experimental and negative control groups, respectively.

Cell culture

HCC cell lines (MHCC-97 h, HepG2, SMMC-7721 and SK-Hep1) were purchased from
the Chinese Academy of Sciences Cell Bank, and cultured in Dulbecco’s modified Eagle
medium (DMEM) medium (Gibco, Grand Island, NY, USA) supplemented with 10%
fetal bovine serum (FBS, Gibco) and 1% penicillin—streptomycin. The cultures were
incubated in a humidified incubator, maintained at 5% CO,, and 37 °C.

Cytotoxicity assays
Cytotoxicity assays were performed as previously reported by Hu et al. (2019). Briefly,
MHCC-97 h cells were seeded into 96-well plates, at a density of 5 x 10° cells per well,
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and cultured in standard cell media for 24 h. Then culture medium was changed and
cells incubated with complete medium supplemented with different concentrations of
HMPB, SO and HP/SO/CS. Notably, HMPB and HP/SO/CS had a similar concentra-
tion of HMPB (2.5, 5, 10, 20 and 50 pg/mL). The contents were incubated again for 24 h.
Then 10 pL Cell Counting Kit8 (CCKS8) solution added to each well followed by 2 h incu-
bation. Finally, the optical density (OD) of each well was measured at 450 nm using a
microplate reader (Bio-Rad, Model 550, USA), and relative cell viability was calculated
sample/ OD x 100%. Where
| represents the absorbance of

using the following equation: cell viability (%)=(OD
ODsampIe
the control group.

control)

represents the absorbance of the sample, OD_ ..,

Cell viability assays

To analyze cell survival and death, MHCC-97 h, HepG2, SMMC-7721 and SK-Hepl cells
were seeded into 6-well plates, allowed to reach a confluence of about 70%, then the
original culture media replaced with fresh one containing HMPB (10 pg/mL), SO (5 pg/
mL), and HP/SO/CS (HMPB 10 pg/mL+ SO 5 pg/mL). Samples treated with PBS were
used as controls. The cultures were incubated for 24 h, subjected to acridine orange/
ethidium bromide (AO/EB) fluorescent staining for 5 min, and observed under a fluores-
cence microscope (Leica, Germany). Green and red fluorescence indicated live and dead

cells, respectively.

Cell proliferation assay

Cell proliferating capacity was analyzed using the Ed Utes. Briefly, MHCC-97 h cells
were seeded in 12-well with glass slides until reached a 70% confluence. Next, the origi-
nal culture medium was replaced with fresh ones containing PBS, HMPB (10 pg/mL),
SO (5 pg/mL), and HP/SO/CS (HMPB 10 ug/mL+SO 5 ug/mL), incubated for 24 h.
Finally, according to the kit instructions, their fluorescence intensity determined using a

confocal laser scanning microscopy (CLSM).

Determination of cell apoptosis

To analyze cell apoptosis, MHCC-97 h cells were seeded 6-well plates and cultured to
attain cell confluence about 70%. The medium was replaced with fresh ones contain-
ing HMPB, SO, and HP/SO/CS, where the groups of free SO and HP/SO/CS having the
same concentration of SO (Cigo)=5 pg/mL), the groups of HP and HP/SO/CS having
an equivalent HMPB dosage (Cjypp; =10 pg/mL). Cells treated with PBS were also
included as controls. Treated cells were harvested using trypsin, washed twice with PBS
and stained with the Annexin V/PI cell assay kit according to the manufacturer’s instruc-
tions. Finally, the samples were subjected to flow cytometry (FCM) analysis to measure

the rate of apoptosis.

Wound-healing assay
To test the anti-migratory potential of HP/SO/CS, MHCC-97 h cells were seeded into
6-well plates and incubated for 24 h. Next, a pipette tip was used to create a perpendicu-

lar scratch in every well, and the debris removed by extensively washing the plate with



Yue et al. Cancer Nanotechnology (2022) 13:4 Page 17 of 21

PBS. Then cells were incubated with fresh DMEM medium containing HMPB, HP/SO/
CS (with an equal HMPB dose of 10 pg/mL), SO (5 ug/mL) for 24 h, not treated as con-
trols. Wound width was then monitored by inverted fluorescence microscope.

Cellular uptake

To monitor intracellular distribution of nanoparticles, MHCC-97 h cells were seeded
into 12-well plates, enclosed with glass coverslips and incubated for 24 h. The medium
was aspirated out and replaced with fresh one containing 10 ug/mL HP/FITC/CS, fol-
lowed by incubation for 0, 4, 8, and 12 h. The cells were washed with PBS, fixed in 4%
paraformaldehyde, then stained with DAPI for 5 min. The contents were subjected to
CLSM, with green and blue fluorescence representing internalized nanoparticles and
nuclei, respectively. At the same time, the cells were quantitatively analyzed by FCM to
determine the proportions that had taken up nanoparticles. Briefly, cells were digested
with trypsin, centrifuged, washed and resuspended in PBS, then subjected to FCM
for detection of FITC fluorescence intensity. Next, proportions of cells that had taken
up HP/SO/CS were determined via biological transmission electron microscopy (Bio-
TEM). Summarily, cells were digested, centrifuged, washed, and resuspended in glutaral-
dehyde. Next, they were fixed overnight, then sent to Beijing Zhongkebaice Technology
Co., LTD for Bio-TEM examination.

Determination of intracellular ROS production

Intracellular ROS production was detected by CLSM and FCM, using dichlorofluo-
rescein diacetate (DCFH-DA, 10 uM) as the probe. Briefly, MHCC-97 h, HepG2, SK-
Hepl and SMMC-7721 cells were seeded in 12-well plates, enclosed with cell slides,
and allowed to grow to a 70% confluence. The culture medium was aspirated out and
replaced with fresh ones containing HMPB, SO, and HP/SO/CS, followed by a 24 h
incubation. Cells in HMPB and HP/SO/CS groups were exposed to the same concen-
tration of HMPB (10 pg/mL), in SO and HP/SO/CS groups were exposed to the same
of SO (5 ug/mL) concentrations, and PBS-treated cells in growth media were used as
the control. The cells were washed gently with serum-free medium, stained with DCFH-
DA, and incubated at 37 °C for 20 min. Finally, glass coverslips containing cells were
imaged under CLSM. Besides, ROS content in cell samples was quantitatively meas-
ured as a complement to the above results. Briefly, treated cells were collected by diges-
tion, as previously stated then subjected to FCM for analysis of DCFH-DA fluorescence
intensity.

Western blot assay

The effects of the nanocarriers on expression of ferroptosis-related protein GPX4 and
apoptosis-related protein Bax and Bcl-2 were evaluated by using Western blot assay.
Briefly, MHCC-97 h cells were seeded into 6-well plates, allowed to grow to a 70%
confluence, and the original culture medium was replaced with fresh ones containing
PBS (control), HP, SO, and HP/SO/CS. The concentration of HP and SO substrates in
all sample groups were maintained at 10 and 5 pg/mL. The samples were further incu-
bated for 24 h, washed with PBS, and collected via centrifugation. Total proteins were
extracted from the cell pellets using the RIPA lysis buffer and quantified using the BCA
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protein assay Kit. Equal concentrations of the proteins were separated on 10% SDS—
polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to a polyvinylidene
fluoride (PVDF) membranes. The membranes were blocked with 5% skim milk, then
incubated with primary antibodies against GPX4, Bax and Bcl-2, followed by second-
ary horseradish peroxidase-conjugated antibodies. Finally, the membranes were imaged
with chemiluminescence.

GSH assay

MHCC-97 h cells were treated as previously mentioned (PBS, HP, SO, and HP/SO/CS),
collected and washed three times with PBS. Subsequently, the cells were lysed and 100
pL of the lysis was co-incubated with DTNB (40 uM) for 30 min. Cellular GSH was esti-
mated under UV-vis spectroscopy at 410 nm, and the actual GSH content calculated
according to the GSH standard curve.

MDA assay

Tumor cells were treated as previously described, namely PBS, HP (10 pg/mL), SO (5 pg/
mL) and HP/SO/CS (10 pg/mL), then malondialdehyde (MDA) content was measured
using the Thiobarbituric Acid Reactive Substances (TBARS) assay kit.

Establishment of a tumor mouse model

Male nude BALB/c mice (4—6 weeks old) were obtained from the Chinese Academy
of Science. The tumor model was established by subcutaneously injecting 150 pL of
MHCC-97 h cells (at a density of 1 x 10”) into the thigh region of the nude mice. All ani-
mal experiments were conducted in accordance with the guidelines of the Animal Man-
agement Rules of the Ministry of Health of the People’s Republic of China, and the Care
and Use of Laboratory Animals of China Pharmaceutical University. All experimental
protocols were approved by the Chongqing Medical University and were conducted in
strict compliance with protocol procedures.

In vivo assays

After a week of model establishment, mice were intravenously injected with 150 uL of
free FITC and HP/FITC/CS, with an equal concentration of FITC (5 mg/Kg). The ani-
mals were subjected to target analysis of nanoparticles via imaging of FITC at various
time points (0, 4, 8, 12 and 24 h) post-injection using IndiGo Living Imaging 4.4 software
system.

Evaluation of anti-tumor efficiency in vivo

When tumors had reached a size of about 150 mm?, the nude mice were randomly
divided into four groups (n=4), and treated with PBS (control), HMPB (10 mg/ kg),
SO (5 mg/Kg) and HP/SO/CS (HMPB 10 mg/Kg+ SO 5 mg/Kg) through the tail
vein. Treatment was performed thrice (once every seven days) with body weights and
tumor volumes measured and recorded after every 4 days. Corresponding tumor vol-
umes were calculated by using the following formula: volume = (length x width?)/2.
At the end of the treatment period, the mice were killed, their tumors as well as main
organs, namely the heart, liver, lung, spleen, and kidney, were harvested. These tissues
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were fixed in 4% paraformaldehyde for two days at 4 °C, embedded in paraffin, cut
into small sections. Then stained with hematoxylin and eosin (H&E). Finally, the sec-
tions were observed under an optical microscope.

Statistical analysis

All experiments were randomized and conducted in triplicate. All data were
expressed as means + standard deviations (SD) of the mean, with differences between
groups determined using paired two-sided Student’s t-test. Data followed by P<0.05
were considered statistically significant, while **P<0.01 or ***P<0.001 were consid-
ered highly significant.
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