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Butyrate Modification Promotes Intestinal Absorption and
Hepatic Cancer Cells Targeting of Ferroptosis Inducer
Loaded Nanoparticle for Enhanced Hepatocellular

Carcinoma Therapy

Yinglan Yu, Xinran Shen, Xin Xiao, Lian Li, and Yuan Huang*

Sorafenib is an oral-administered first-line drug for hepatocellular carcinoma
(HCC) treatment. However, the therapeutic efficacy of sorafenib is relatively
low. Here, an oral delivery platform that increases sorafenib uptake by HCC
and induces potent ferroptosis is designed. This platform is butyrate-modified
nanoparticles separately encapsulated with sorafenib and salinomycin. The
multifunctional ligand butyrate interacts with monocarboxylate transporter 1
(MCT-1) to facilitate transcytosis. Specifically, MCT-1 is differentially
expressed on the apical and basolateral sides of the intestine, highly
expressed on the surface of HCC cells but lowly expressed on normal
hepatocytes. After oral administration, this platform is revealed to boost
transepithelial transport effectively and continuously in the intestine, drug
accumulation in the liver, and HCC cell uptake. Following drug release in
cancer cells, sorafenib depletes glutathione peroxidase 4 and glutathione,
consequently initiating ferroptosis. Meanwhile, salinomycin enhances
intracellular iron and lipid peroxidation, thereby accelerating ferroptosis. In
vivo experiments performed on the orthotopic HCC model demonstrate that
this combination strategy induces pronounced ferroptosis damage and ignites
a robust systemic immune response, leading to the effective elimination of
tumors and establishment of systemic immune memory. This work provides a
proof-of-concept demonstration that an oral delivery strategy for ferroptosis
inducers may be beneficial for HCC treatment.

1. Introduction

treatment at the early stage, while HCC is
generally diagnosed at an advanced stage.[?!
Systemic chemotherapy is necessary for
advanced-stage HCC because the poor liver
functions of patients limit the possibil-
ity of surgical necessity.>*! Ferroptosis is
a unique iron-dependent method of pro-
grammed cell death defined by the aber-
rant accumulation of lipid peroxides that ar-
rests cancer growth and prompts immuno-
genic cell death.[>®! Particularly, ferropto-
sis is also associated with HCC therapies.!”]
Sorafenib (Sor) is the oral-administered
first-line chemotherapeutic therapy against
advanced-stage HCC, which is also a rep-
resentative ferroptosis inducer, with the
capacity of inducing ferroptosis by indi-
rectly down-regulating glutathione perox-
idase (GPX4).3°1 Although Sor is com-
monly utilized to treat HCC, the ensu-
ing ferroptosis is still mild because of its
poor solubility, low oral bioavailability, non-
specific biodistribution, uncontrollable be-
havior, low tumor-targeted accumulation,
and low therapeutic efficacy.'*!?l There-
fore, it is essential to explore alternate
strategies capable of enhancing the oral ab-
sorption and HCC ferroptosis of Sor.

Oral anticancer nanomedicine is appealing because nanopar-

Hepatocellular carcinoma (HCC) is one of the most preva-
lent and lethal cancers worldwide.['l Surgery is the preferred
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ticle encapsulation can overcome low medication solubility and
shield pharmaceuticals against pH/enzyme destruction in the
tough digestive system.[!*] But mucus and epithelial cell barriers
continue to hinder the oral absorption of the nano-encapsulated
medication.'*1] Our previous studies revealed that microbiota
metabolite butyrate anchored polyethylene glycol (PEG) nanopar-
ticles could not impair the mucus-permeability of “mucus-inert”
PEG and facilitate epithelial cell endocytosis via specific interac-
tion between butyrate and monocarboxylate transport 1 (MCT1),
thus ameliorating intestinal absorption into blood circulation.'¢!
More importantly, MCT-1 is not only differentially expressed
on the apical and basolateral sides of intestine, but also highly
expressed on the surface of malignant HCC cells in compar-
ison with normal hepatocytes.['”!8] Moreover, we recently re-
ported that poly (lactic-co-glycolic acid) (PLGA)-lipid nanoparti-
cles mainly accumulated in the liver after oral administration.!*"’

© 2023 Wiley-VCH GmbH
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Scheme 1. Schematic illustration of the combination therapy (BU-NP@Sor/Sal). A) Orthotopic HCC-bearing mice were orally administered with
BU-NP@Sor/Sal. B) Butyrate modification enhanced oral absorption and tumor accumulation of nanoparticles. C) BU-NP@Sor/Sal treatment induced

ferroptosis and ICD, improving the anti-tumor effect.

Hence, butyrate-functionalized PLGA-lipid nanoparticles might
transport intestinal epithelium into blood circulation, distribute
in the liver, and deliver medicines to hepatoma cells via MCT-1-
mediated endocytosis.

In this work, we prepared butyrate-modified PLGA-lipid
nanoparticles to target intestinal epithelium and liver cancer cells
(Scheme 1). To improve the anti-tumor effect of Sor, another fer-
roptosis inducer salinomycin (Sal) was adopted in combination
with Sor. Sal could increase the level of iron-responsive element-
binding protein 2 (IRP2) , promote the level of transferrin recep-
tor (TfR), and reduce the level of ferritin (Fer), thereby augment-
ing cellular iron concentration.[?*22] In this regard, combining

Small 2023, 19, 2301149 2301149

Sor and Sal might be feasible for effective ferroptosis therapy. As a
proof of concept, Sor and Sal were separately loaded into nanopar-
ticles for synergistic HCC therapy by inducing ferroptosis and
immune activation. We demonstrated that Sor-induced lipid per-
oxides and Sal further augmented iron ions by promoting the
level of TfR and reducing the level of Fer. Notably, the reactive
oxygen species (ROS) upregulation during ferroptosis also led to
endoplasmic reticulum (ER) stress, thus enhancing the calretic-
ulin (CRT) exposure for increasing the immunogenic cell death
(ICD). Moreover, combination nanoparticles exerted a satisfac-
tory anti-HCC effect in vivo. These findings provide an effective
oral delivery strategy for ferroptosis inducers against HCC.

(2 0f13) © 2023 Wiley-VCH GmbH
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Figure 1. Characterization of nanoparticles. A) Size distribution and transmission electron microscopy images (inserts) of BU-NP@ Sor and BU-NP@Sal.
B) Characterizations of butyrate-modified drug-loaded nanoparticles. The hydrodynamic size changes in simulated gastric fluid (C) and simulated in-

testinal fluid (D). E) Drug release profiles in simulated physiological media. Mean + SD, n = 3.

2. Results and Discussion

2.1. Preparation and Characterization of Nanoparticles

Sor-loaded nanoparticles (BU-NP@ Sor) and Sal-loaded nanopar-
ticles (BU-NP@ Sal) with butyrate modification (Figure S1, Sup-
porting Information) were prepared via a two-step approach ac-
cording to our previous study.?*] Both nanoparticles were spher-
ical, as observed by transmission electron microscopy (TEM),
with diameters ~130 nm and were ~—20 mV in zeta poten-
tial (Figure 1A,B). The encapsulation efficiency of BU-NP@ Sor
and BU-NP@Sal was 71.46% + 2.33% and 57.69% + 5.67%,
with the drug loading of 2.15% + 0.16% and 1.64% + 0.16%,
respectively (Figure S2, Supporting Information). Stability tests
showed that the hydrodynamic sizes of both nanoparticles un-
derwent no obvious variations in simulated gastric fluid (SGF,
Figure 1C) and simulated intestinal fluid (SIF, Figure 1D). More-
over, the cumulative release of Sor and Sal was <40% in simu-
lated gastroenteric media within 10 h (Figure 1E). Overall, these
results demonstrated that BU-NP@Sor and BU-NP@Sal had
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good physiological stability that meets the prerequisites for oral
administration.24]

2.2. Butyrate-Functionalization Facilitates Cellular Uptake and
Permeability In Vitro

The expression of the receptors is the first prerequisite for
receptor-mediated endocytosis.?®) Both immunofluorescence
staining (Figure S3, Supporting Information) and western blot
(Figure 2A) results confirmed substantial MCT-1 expression on
human colon adenocarcinoma (Caco-2) cells and mouse hep-
atoma (Hepal-6) cells but barely on normal human liver (LO2)
cells. Then, Caco-2 cells, Hepal-6 cells, and LO2 cells were incu-
bated with coumarin (C6)-loaded nanoparticles without butyrate
modification (PEG-NP@C6) and with butyrate functionalization
(BU-NP@CG6), respectively, and then quantitatively compared to
cellular uptake (Figure 2B-D). Results showed that the uptake
of BU-NP@C6 was significantly higher (p<0.001) than PEG-
NP@C6 in Caco-2 cells and Hepa1-6 cells, whereas no significant

© 2023 Wiley-VCH GmbH
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Figure 2. Cellular uptake and permeability of nanoparticles. A) Western blotting analyses of MCT-1 in human intestinal epithelial (Caco-2) cells, mouse
hepatoma (Hepa1-6) cells, and normal human liver (LO2) cells. The mean fluorescent intensities (MFI) of C6 within Caco-2 cells (B), Hepal-6 cells (C),
and LO2 cells (D). Mean + SD, n = 3. *** p<0.001, ns p>0.05. E) The apparent permeability coefficient (Papp) during transport across Caco-2 cells.
Mean = SD, n = 3. * p<0.05. F) Hepal-6 multicellular tumor spheroids infiltration of the C6-loaded nanoparticles. Scale bar: 500 um.

difference (p>0.05) was observed in LO2 cells. Additionally, the
mechanism of the endocytic pathway was explored (Figure S4,
Supporting Information). MCT-1 inhibitor sodium butyrate sig-
nificantly reduced the cellular uptake of BU-NP@C6 in Caco-2
and Hepal-6 cells, but not PEG-NP@C6 or in LO2 cells, indicat-
ing that the uptake of BU-NP@C6 was related to MCT-1 medi-
ated endocytosis in Caco-2 and Hepal-6 cells.

Subsequently, the in vitro transepithelial transport was evalu-
ated on the Caco-2 cell monolayer. Like the observations in cellu-
lar uptake assays, BU-NP@C6 had an increased apparent perme-
ability coefficient (Papp) compared to PEG-NP@C6 (Figure 2E).
In addition, the tumor infiltration was assessed using Hepal-6
multicellular tumor spheroids (Figure 2F). Of note, BU-NP@C6
had bright fluorescence in the Hepal-6 cellular spheroid surface
and interior after incubation 3 h, while the spheroid incubated
with PEG-NP@C6 confined the fluorescence at the outer lay-
ers, indicating that BU-NP@C6 induced efficient penetration in
Hepal-6 multicellular tumor spheroids.

Collectively, our results demonstrated that butyrate-
functionalization facilitated endocytosis and permeability of
BU-NP@C6 in MCT-1-positive Caco-2 cells and Hepal-6
cells.

2.3. Butyrate Modification Enhances In Vivo Absorption and
Tissue Accumulation

Next, in vivo oral absorption of nanoparticles was evaluated. First,
in situ absorption in the rat intestine was observed by a confo-
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cal laser scanning microscope (CLSM, Figure 3A). BU-NP@C6
exhibited higher green fluorescence than PEG-NP@C6 in in-
testinal villi, suggesting enhanced intestinal absorption. Similar
findings were also observed in the ex vivo intestinal loop model
(Figure 3B). BU-NP@C6 showed a higher Papp value permeat-
ing through the intestinal loop than PEG-NP@C6. These results
correlated with the favorable pharmacokinetic behavior of BU-
NP@C6, as shown in Figure 3C and Table S1 (Supporting In-
formation). The area under the curve (AUC, ,,,,) and maximum
concentration (C,,,,) of the orally administered BU-NP@C6 was
68.81 pg*h/mL and 11.04 ug mL™!, respectively. These values
were significantly higher than those for PEG-NP@C6 (58.02
pg*h/mL and 7.82 ug mL™Y).

We further investigated the in vivo distribution of DiR-loaded
nanoparticles in mice bearing Hepal-6 orthotopic tumors. As
shown in Figure 3D, the mice orally administered with BU-
NP@DiR had strong fluorescence in their middle abdomens.
The fluorescence intensity decreased with time but remained
strong at 6 h and was visible after 12 h, while the fluores-
cence was weaker after 12 h in the orally administered free
DiR group. Moreover, ex vivo imaging demonstrated that af-
ter BU-NP@DIiR treatment, the main absorption sites of the
gastrointestinal tract-the duodenum, jejunum, ileum, and ceco-
colon, had stronger fluorescence than that with PEG-NP@DIiR
or free DiR (Figure S5, Supporting Information). Accordingly,
at 12 h post-administration, the liver fluorescence intensity in
the BU-NP@DiR-treated mice was significantly higher than that
of PEG-NP@DIR and free DiR (Figure 3E). More importantly,
with the aid of butyrate targeting on the MCT-1 receptor, most

© 2023 Wiley-VCH GmbH
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Figure 3. The oral absorption and distribution of nanoparticles in vivo. A) Representatlve fluorescence images of rats’ intestines post-administration with
Cé6-loaded nanoparticles. The boxed areas are enlarged at the right panel. Scale bar: 100 um. B) The Papp value of C6-loaded nanoparticles penetrating
through ex vivo intestinal sections. Mean + SD, n = 3. * p<0.05. C) Plasma concentration of C6 after mice oral administration of C6-loaded nanoparticles.
Mean + SD, n = 5. * p<0.05, versus PEG-NP@C6. D) In vivo fluorescence imaging of C57 mice after timed intervals of oral administration of free DiR
or DiR-loaded nanoparticles. E) The quantification of the fluorescence in the heart, liver, spleen, lungs, and kidneys. Mean + SD, n = 3. ns p>0.05,
** p<0.01. F) Fluorescence imaging detected DiR in normal liver and tumor tissue. Red: DiR; blue: cell nucleus. Scale bar: 20 um.
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nanoparticles were taken up by tumor cells in the liver, which ~ 2.4. Combination of BU-NP@Sor and BU-NP@Sal Synergistically
could be verified by CLSM images after 12 h of oral administra-  Induces Ferroptosis and Immunogenic Cells Death In Vitro
tion (Figure 3F; Figure S6, Supporting Information).

Taken together, our results revealed that butyrate modi- To evaluate Sor and Sal’s in vitro synergistic effect, we first ex-
fication could enhance oral absorption and hepatic tumor amined the cytotoxicity of the combination in different molar
accumulation. ratios after treatment in Hepal-6 cells (Figure S7, Supporting
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Information). When the molar ratio of Sor and Sal was 1:10,
the CI<1 over various drug concentrations was observed, indi-
cating the synergy.[?*l More impressively, both targeted nanopar-
ticle combinations (BU-NP@Sor/Sal) exhibited much higher
cytotoxicity than monotherapy BU-NP@Sor and BU-NP@Sal,
which might be attributed to the synergistic effect of Sor and Sal
(Figure 4A). Furthermore, BU-NP@ Sor/Sal displayed enhanced
cytotoxicity than PEG-NP@ Sor/Sal, which was attributed to the
butyrate-mediated targeting to enable increased endocytosis of
the nanoparticles (Figure 4A; Figure S8, Supporting Informa-
tion). In contrast, the viability of LO2 cells after treatment with
BU-NP@Sor/Sal and PEG-NP@ Sor/Sal was comparable with no
significant difference (Figure S9, Supporting Information), sug-
gesting that butyrate modification did not induce enhanced cyto-
toxicity in normal liver cells.

To make clear the cell death mechanism, we first evaluated
whether the ferrostatin-1 (Fer-1, a ferroptosis inhibitor) could re-
lieve the cytotoxicity.[??8] As shown in Figure 4B, Fer-1 could
significantly alleviate the cytotoxicity of BU-NP@ Sor/Sal. Mean-
while, the presence of deferoxamine (DFO, an iron-chelating
agent) could also improve cell viability (Figure S10, Supporting
Information). Overall, these results suggested that ferroptosis
was probably responsible for the BU-NP@ Sor/Sal-induced cell
death.

As reported, Sor is the system X.~ inhibitor that medi-
ates the transportation of cystine into cells and generates
cysteine.['?] This inhibition prevents new glutathione (GSH)
synthesis and causes GPX4 down-regulation and the genera-
tion of lipid peroxidation, leading to ferroptosis.'”) As illus-
trated in Figure 4C, BU-NP@Sor/Sal treatment enhanced cel-
lular GSH depletion more dramatically than the controls (in-
cluding free Sor/Sal, PEG-NP@Sor/Sal, BU-NP@ Sor, and BU-
NP@Sal) did. Furthermore, BU-NP@ Sor/Sal treatment more ef-
fectively resulted in the down-regulation of GPX4 in Hepal-6
cells (Figure 4D; Figure S11, Supporting Information). Addition-
ally, Sal can improve intracellular iron by increasing IRP2 and
TfR, and rapidly degrading Fer (an iron storage protein).[2%?]
Western blot analysis indicated that treatment of Hepal-6 cells
with BU-NP@Sor/Sal increased the level of TfR along with
the decreased level of Fer (Figure 4D). Figure 4E,F confirmed
that combined treatment with BU-NP@ Sor/Sal significantly in-
creased ROS and lipid peroxidation malondialdehyde (MDA)
levels more effectively than treatment with BU-NP@Sor or
BU-NP@Sal alone (p<0.05). Moreover, TEM images of BU-
NP@Sor/Sal treated Hepal-6 cells showed apparent mitochon-
dria shrinkage, a feature of ferroptosis-induced mitochondrial
dysfunction (Figure 4G).3031]

zPrevious reports suggested that ferroptosis is able to induce
ICD for immune activation.*”] Of note, the BU-NP@ Sor/Sal
treatment caused the up-regulation of human endoplasmic retic-
ulum stress-related proteinCHOP (Figure 4H), reflecting the
appearance of ER stress in tumor cells.*}] Furthermore, the
BU-NP@Sor/Sal group exhibited higher exposure of CRT than
BU-NP@Sor and BU-NP@Sal (p<0.001, Figure 4I), suggesting
that the combination of Sor and Sal caused a higher degree of
ICD than single-mode treatment. Similarly, the BU-NP@ Sor/Sal
treatment exhibited the most significant release of adenosine
triphosphate (ATP) among all groups owing to the butyrate-
promoted cellular uptake (p<0.05, Figure 4]). Meanwhile, the re-
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lease of high mobility group box 1 protein (HMGB1) induced
by BU-NP@Sor/Sal was significantly higher than that in other
groups (p<0.05, Figure 4Q), illustrating that the best ICD ef-
fect could be induced by the BU-NP@ Sor/Sal nano-complexes
through enhanced ferroptosis.

Above all, these results demonstrated that BU-NP@ Sor/Sal
could enhance ferroptosis and immunogenic cells death by
utilizing the advantageous combination of BU-NP@Sor and
BU-NP@Sal: 1) BU-NP@Sor induced ferroptosis by down-
regulation GPX4 and generation lipid peroxidation; 2) BU-
NP@Sal further amplified ferroptosis via increased intracellular
iron.

2.5. Combination of BU-NP@ Sor and BU-NP@Sal Synergistically
Induces Ferroptosis to Suppress HCC Development

To validate the effect of BU-NP@Sor/Sal in vivo, Hepal-6-Luc
cells were injected into mice’s livers to establish the HCC model.
Three days after inoculation, intragastric administration with
nanoparticles was performed every other day for a continuous
five times (Figure 5A). Notably, BU-NP @ Sor/Sal markedly inhib-
ited rapid tumor growth compared to the distilled water group,
while either BU-NP@Sor or BU-NP@Sal exhibited a weak ef-
fect (Figure 5B,C). In addition, BU-NP@ Sor/Sal exerted higher
efficacy than free Sor/Sal and PEG-NP@Sor/Sal. Particularly,
an impressive survival prolongation was observed from 32 d in
the distilled water group to 70 d in the BU-NP@ Sor/Sal group
(Figure 5D). The liver with tumors was excised on day 21, and
the luciferase intensity in BU-NP@Sor/Sal group was signifi-
cantly lower than that in other groups (Figure 5E). Moreover, BU-
NP@Sor/Sal with targeted butyrate exhibited a more obvious ef-
fect than PEG-NP@ Sor/Sal without the target. Besides, GSH de-
pletion (Figure 5F), GPX4 downregulation (Figure 5G), TfR up-
regulation, Fer degradation, lipid ROS (Figure 5H), and MDA up-
regulation (Figure 5I) were observed in the tumor, confirming
the in vivo ferroptosis induced by BU-NP@Sor/Sal. Thus, BU-
NP@Sor and BU-NP@Sal synergistically induced ferroptosis to
suppress HCC development.

2.6. Combination of BU-NP@Sor and BU-NP@Sal
Synergistically Activates Immunity

To further confirm whether the combination of BU-NP@ Sor
and BU-NP@Sal could induce the ICD effect in vivo, the
markers CRT, ATP, and HMGB1 were examined 3 days af-
ter therapy. In consistence with the in vitro results, combi-
nation treatment with BU-NP@Sor and BU-NP@Sal resulted
in the highest CRT exposure (Figure 6A), ATP (Figure 6B),
and HMGB1 release (Figure 6C) indicative of further promoted
ICD induction. Interestingly, BU-NP@Sor/Sal (0.319%) treat-
ment presented markedly higher CD8* T cells than distilled wa-
ter (0.014%), free Sor/Sal (0.142%), PEG-NP@ Sor/Sal (0.217%),
BU-NP@Sor (0.085%), and BU-NP@Sal (0.063%) (Figure 6D).
BU-NP@Sor/Sal also induced the highest percentage of CD4*
T cells (Figure S12, Supporting Information) and activated DC
cells (Figure GE). Comparatively, either BU-NP@Sor or BU-
NP@Sal displayed a partial effect on immune cells. Accord-
ingly, BU-NP@ Sor/Sal therapy significantly boosted the release

© 2023 Wiley-VCH GmbH
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Figure 4. The combination of BU-NP@Sor and BU-NP@Sal synergistically induced ferroptosis and immunogenic cell death in vitro. A) Hepal-6 cells
cytotoxicity study. Mean + SD, n = 3. B) Relative cell viability of free Sor/Sal, PEG-NP@Sor/Sal, BU-NP@Sor, BU-NP@Sal, or BU-NP@Sor/Sal treated
Hepal-6 cells after the addition of Fer-1. * p<0.05, *** p<0.001. Mean = SD, n = 3. C) Intracellular GSH level of Hepa1-6 cells after treatment with free
Sor/Sal, PEG-NP@Sor/Sal, BU-NP@Sor, BU-NP@Sal, and BU-NP@Sor/Sal with an equivalent Sor dosage at 10 um. * p<0.05, *** p<0.001. Mean +
SD, n = 3. D) Western blot analysis of GPX4, TfR, and Fer expression in Hepal-6 cells. E) Intracellular ROS level. * p<0.05, ** p<0.01, *** p<0.001.
Mean =+ SD, n = 3. F) Intracellular MDA content. * p<0.05, ** p<0.01. Mean + SD, n = 3. G) Mitochondrial morphological images of Hepal-6 cells
were observed by TEM. The red arrows indicate the mitochondria. H) Flow cytometry analysis of CHOP positive cells after incubation with free Sor/Sal,
PEG-NP@Sor/Sal, BU-NP@Sor, BU-NP@Sal, and BU-NP@Sor/Sal, respectively. * p<0.05, *** p<0.001. Mean = SD, n = 3. 1) CRT exposure of Hepa1-6
cells. * p<0.05, *** p<0.001. Mean + SD, n = 3. ]) The ratio of extracellular ATP. * p<0.05, ** p<0.01. Mean + SD, n = 3. K) HMGB1 level was detected
by the ELISA kit. * p<0.05, ** p<0.01. Mean = SD, n = 3.
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Figure 5. Combo nanoparticles suppress hepatocarcinoma development. A) Scheme of tumor inoculation and treatment. B) Bioluminescence images,
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Figure 7. The combination of nanoparticles showed no obvious toxicity. A) H&E staining of major organs from mice in different therapy groups. Scale
bar: 100 um. B) Mice’s body weight changes. Mean + SD (n = 5). C) Mice’s blood routine test. Mean + SD (n = 5). ** p<0.01 versus distilled water
group. D) Mice hepatic function test. Mean + SD (n = 5).

of immunostimulatory cytokines TNF-a and IL-12 (Figure 6F),
while decreasing immunosuppressive cytokines TGF-f and
IL-10 (Figure 6G). Taken together, the combination of BU-
NP@Sor and BU-NP@Sal synergistically enhanced anti-tumor
immunity.

2.7. Oral Administration of Nanoplatforms Shows Considerable
Biocompatibility

To assess the safety of nanoparticles for oral administration, we
conducted the assessment of biosafety-associated histopathology
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and hematology. Hematoxylin and eosin (H&E) staining demon-
strated no significant erosion in main organs, including the
heart, liver, spleen, lung, kidney, and intestine, after treatment
of distilled water and nanoparticles pharmacy (Figure 7A). Con-
versely, the muscularis mucosa of the intestine was destroyed
in the free Sor/Sal group. Meanwhile, the mice’s body weight
showed no noticeable loss during the experiment (Figure 7B).
Among multiple hematological parameters, a decrease in white
blood cells was observed in the free Sor/Sal group, while not ob-
served in the nanoparticle groups (Figure 7C). In addition, the
hepatic function test further confirmed the considerable biocom-
patibility of the nanoformulations (Figure 7D). Taken together,
these results suggested that our nano-delivery system had out-
standing biological safety for oral anti-liver cancer.

2.8. BU-NP@Sor Together with BU-NP@Sal Exert an Anti-Tumor
Vaccination Effect and Achieve the Synergistic Effect in
Late-Stage HCC

The critical characteristic of ICD is its ability to mediate the anti-
tumor vaccine effect. To further evaluate whether the combina-
tion therapy of BU-NP@ Sor and BU-NP@Sal could induce an
anticancer memory effect, orthotopic HCC-bearing mice treated
with the BU-NP@Sor/Sal were rechallenged by subcutaneous
inoculation of Hepal-6-Luc cells and analyzed after 16 days
(Figure 8A). Strikingly, in BU-NP@ Sor/Sal group, barely tumors
were observed, while tumors grew rapidly in the naive group
(Figure 8B; Figure S13, Supporting Information). In addition, the
BU-NP@Sor/Sal treated mice had significantly higher frequen-
cies of CD8* T cells and memory effector CD8" T cells in periph-
eral blood and spleen than the naive group (Figure 8C,D), indi-
cating the establishment of potent immune memory response
against cancer recurrence.

In the clinic, HCC is always detected at an advanced stage. To
investigate whether the combination treatment of BU-NP@ Sor
and BU-NP@Sal could exert a suppressive effect in advanced
HCC, we started the therapy 10 days after orthotopic inocula-
tion (Figure 8E). As expected, the prognosis of cancer in the ad-
vanced stage is much worse than in the early stage, whereas BU-
NP@Sor/Sal still achieved a significant therapeutic effect than
control (Figure 8F,G).

Taken together, the combination therapy of BU-NP@ Sor and
BU-NP@Sal exerted strong immune surveillance in tumor recur-
rence and achieved therapeutic effects in the advanced HCC.

3. Conclusion

To summarize, we constructed an oral delivery platform to target
and suppress hepatic cancer. Our results validated that butyrate
modification enabled higher intestinal absorption and tumor
accumulation of BU-NP@Sor/Sal. Furthermore, BU-NP@ Sor
might cause ferroptosis in the tumor by depleting GSH, down-
regulating GPX4, and increasing lipid peroxidation. In addi-
tion, BU-NP@Sal amplified the ferroptosis by increasing iron
ions concentration. Moreover, the combined treatment of BU-
NP@Sor and BU-NP@ Sal triggered a robust immune effect and
induced a strong immune memory response. Accordingly, this
combinatory nanoplatform exerted satisfactory anti-HCC effects
both at an early and advanced stage.
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4. Experimental Section

MTT Assay: To measure the cytotoxicity, Hepal-6 or LO2 cells were
seeded into 96-well plates and cultured for 24 h. The cells were incubated
with different drugs for 24 h, then each well was added with 15 pL medium
containing 5 mg mL~! MTT for another 4 h incubation. The medium in
each well was discarded and replaced with 150 uL DMSO to dissolve the
formazan crystals. The absorbance was detected at 490 nm using a mi-
croplate reader (Varioskan LUX, Thermo Fisher Scientific, Massachusetts,
USA), and the cell viability was calculated.

Cellular GSH Assay:  The Hepal-6 cells were seeded into 12-well plates
and cultured for 24 h. After various treatments, the cells were washed with
PBS and harvested. Next, the cells were treated with the protein removal
reagent and lysed by repeated freezing and thawing. After that, the sam-
ples were collected by centrifugation and mixed with DTNB work solution
and NADPH solution. After 30 min of co-incubation, the absorbance was
detected at 412 nm using a microplate reader.

Cellular ROS Assessment: The Hepal-6 cells were seeded into 12-well
plates and cultured for 24 h. After various treatments, the cells were har-
vested and washed with PBS. Next, the cells were collected by centrifuga-
tion and treated with DCFH-DA. After 20 min of co-incubation, the cells
were washed with PBS, and the fluorescence intensity was detected by flow
cytometry.

Cellular MDA Assay:  The Hepal-6 cells were seeded into 12-well plates
and cultured for 24 h. After various treatments, the cells were harvested
and washed with PBS. Next, the cells were lysed with RIPA lysis buffer.
After that, the lysis buffer was mixed with the MDA work solution. After
15 min of co-incubation in boiling water, the samples were collected by
centrifugation and measured at 532 nm using a microplate reader.

In Vitro GPX4, TfR, and Fer Analysis by Western Blot:  The Hepal-6 cells
were seeded in the 6-well plates and cultured for 24 h. After various treat-
ments, the cells were washed with PBS and lysed with RIPA lysis buffer.
Next, the samples were harvested by centrifugation and mixed with SDS-
PAGE protein staining and loading buffer. After 10 min of co-incubation
in boiling water, the GPX4, TfR, and Fer expression levels were measured
using electrophoresis.

Mitochondrion Observation: The Hepal-6 cells were cultured in cell-
culture dishes. After various treatments, the cells were washed with PBS
and harvested. Next, mitochondria of Hepa1-6 were observed via a trans-
mission electron microscope (TEM, Tecnai G2 F20, FEI, USA).

In Vitro ICD Effect: Hepal-6 cells were seeded into 12-well plates and
cultured for 24 h. After various treatments, cell supernatants were col-
lected to determine ATP and HMGB]1, and the cells were washed with PBS
and harvested to measure CRT. ATP and HMGB1 were measured via an
ATP kit and an HMGBT1 Elisa kit, respectively. The CRT level was detected
using flow cytometry.

In Vivo Tumor Inhibition:  For early-stage HCC study: The left liver of
the C57BL/6 mice was inoculated with 1 x 10® Hepal-6-Luc cells. The
mice with hepatic tumors were treated by intragastric injections of drugs
3 days after inoculation. Six groups of mice were separately given distilled
water, free Sor/Sal (Sor: 30 mg kg™', Sal: 5 mg kg™'), PEG-NP@Sor/Sal
(Sor: 30 mg kg™, Sal: 5 mg kg™"), BU-NP@Sor (Sor: 30 mg kg™'), BU-
NP@Sal (Sal: 5 mg kg™'), or BU-NP@Sor/Sal (Sor: 30 mg kg™', Sal:
5 mg kg™1) every other day for a total of five administration. The tumor
growth was determined using IVIS (PerkinElmer) every 3 days, and the sur-
vival was recorded. Some mice were sacrificed 21 days after inoculation,
and their blood, organs, and tumors collected for ferroptosis and toxicity
evaluation.

For immune study: Three days after therapy, the blood and liver with
tumor of mice were collected. Subsequently, the CD4* T cell, CD8% T cell,
and activated DCs were measured using flow cytometry. The TNF-a, IL-12,
TGF-p$, and IL-10 levels were detected via Elisa kits.

For immune memory study: The mice inoculated with Hepal-6-Luc
cells were treated with distilled water or BU-NP@Sor/Sal. Three days after
the treatment, 5 x 106 Hepa1-6-Luc cells were inoculated subcutaneously.
The tumor volume was determined using a vernier caliper every 2 days.
The mice were sacrificed 16 days after the rechallenge for blood and spleen
collection and subsequently for immune memory evaluation.
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Figure 8. The combination of BU-NP@Sor and BU-NP@Sal showed immune surveillance and inhibited tumor growth in advanced HCC. A) Schematic
illustration of tumor rechallenge experiment. B) Tumor growth curves. Frequency of CD8" T cells and CD44* CD62L~ memory effector CD8* T cells in

the peripheral blood (C) and spleen (D).

E) Schematic illustration of tumor inoculation and treatment in the advanced stage. F) Tumor growth curves.

G) Bioluminescence imaging of tumor-bearing mice. ***p<0.001, mean + SD (n = 5).

For advanced stage HCC study: Ten days after Hepal-6-Luc cells in-
oculation, intervention was applied. Two groups of mice were given dis-
tilled water and BU-NP@Sor/Sal, respectively. The tumor growth was de-
termined using IVIS (PerkinElmer) every 2 days.
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