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ABSTRACT: Programmed cell death protein 1 (PD-1) inhibitors
are the most common immune-checkpoint inhibitors and consid-
ered promising drugs for hepatocellular carcinoma (HCC).
However, in clinical settings, they have a low objective response
rate (15%−20%) for patients with HCC; this is because of the
insufficient level and activity of tumor-infiltrating T lymphocytes
(TILs). The combined administration of oxymatrine (Om) and
astragaloside IV (As) can increase the levels of TILs by inhibiting
the activation of cancer-associated fibroblasts (CAFs) and improve
the activity of TILs by enhancing their mitochondrial function. In
the present study, we constructed a magnetic metal−organic
framework (MOF)-based nanoplatform with platelet membrane
(Pm) coating (PmMN@Om&As) to simultaneously deliver Om and As into the HCC microenvironment. We observed that
PmMN@Om&As exhibited a high total drug-loading capacity (33.77 wt %) and good immune escape. Furthermore, it can
target HCC tissues in a magnetic field and exert long-lasting effects. The HCC microenvironment accelerated the
disintegration of PmMN@Om&As and the release of Om&As, thereby increasing the level and activity of TILs by regulating
CAFs and the mitochondrial function of TILs. In addition, the carrier could synergize with Om&As by enhancing the oxygen
consumption rate and proton efflux rate of TILs, thereby upregulating the mitochondrial function of TILs. Combination
therapy with PmMN@Om&As and α-PD-1 resulted in a tumor suppression rate of 84.15% and prolonged the survival time of
mice. Our study provides a promising approach to improving the antitumor effect of immunotherapy in HCC.
KEYWORDS: tumor-infiltrating T lymphocytes, cancer-associated fibroblasts, mitochondria, PD-1 inhibitors, combination therapy

Hepatocellular carcinoma (HCC) is the third leading
cause of cancer-related deaths worldwide. It is
considered one of the most challenging cancer

types with poor prognosis.1−3 Although surgery, radiotherapy,
and chemotherapy are common curative approaches for HCC
in clinical settings, their efficacy remains unsatisfactory;
furthermore, they have notable side effects.4−10 Recently,
immune-checkpoint inhibitor (ICI)-based tumor immunother-
apy has demonstrated promising efficacy in early phase
trials;11,12 in addition, it has exhibited superior safety in
patients with HCC.13−15 Programmed cell death protein 1
(PD-1) inhibitors, the most common ICIs, is considered a
promising treatment approach for HCC.3,16−18 PD-1 inhibitors

can reactivate the antitumor function of tumor-infiltrating T
lymphocytes (TILs) by inhibiting the interaction between
programmed death-ligand 1 and PD-1.19 However, in clinical
settings, the objective response rate of PD-1 inhibitors is only
15%−20%.20,21 Therefore, improving the antitumor effect of
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PD-1 inhibitors is an urgent but challenging task for HCC
treatment.22,23

The level of TILs is a crucial factor that influences the
efficacy of PD-1 inhibitors.19 In the HCC microenvironment,
cancer-associated fibroblasts (CAFs) construct a mesenchymal
barrier by secreting collagen, fibroblast activation protein
(FAP), and C-X-C motif chemokine ligand 12 (CXCL12) to
suppress the intratumoral infiltration of TILs;24−26 this can
reduce the level of TILs. Oxymatrine (Om) is a soluble
alkaloid in Sophorae flavescentis radix, and it could inhibit
CAF activation by reversing epithelial−mesenchymal transition
in our previous study.27 Therefore, inhibiting the activation of
CAF by Om can raise the level of TILs. Nevertheless, TILs
themselves still exhibit insufficient activity. According to the
report of Ho et al., HCC microenvironment-induced metabolic
stress impairs the functions of the mitochondria in TILs; this
mitochondrial dysfunction decreases ATP production, further
attenuating the antitumor activity of TILs.28−30 Astragaloside
IV (As) is an insoluble tetracyclic triterpenoid in Astragali
Radix that can improve the mitochondrial function of TILs by
upregulating the expression of peroxisome proliferator-
activated receptor-γ coactivator-1α (PGC-1α).31 Improving
the mitochondrial function of TILs by As is an effective

strategy to enhance the activity of TILs. Therefore, the
combined administration of Om and As may be a promising
strategy to simultaneously increase the levels and activities of
TILs. However, this strategy has limited pharmaceutical
applications owing to the poor bioavailability and biodis-
tribution of Om and As, making it difficult to deliver these
agents to HCC tissues.
Metal−organic frameworks (MOFs) are a class of organic−

inorganic porous materials constructed using metal centers and
organic linkers, which may improve drug bioavailability and
biodistribution.32−34 The different polarities of Om and As
make it significantly challenging for normal nanosystems to
coload them with a high drug-loading capacity (DLC).
Interestingly, MOFs have a highly adaptive internal environ-
ment for loading drugs with different polarities.35−37 The large
surface area and pore volume of MOFs facilitate the loading of
Om and As with a high DLC. Moreover, the Fe3O4@MIL100
MOF is constructed using magnetic Fe3O4 as a metal center;
this MOF can target HCC tissues in a magnetic field.38

In vivo, the mononuclear phagocyte system (MPS) is a
barrier for drug delivery that can capture and remove
nanoparticles. Now, platelet membrane (Pm) coating has
been an effective technique for evading clearance by the MPS.

Scheme 1. Schematic Representation of the Combination Therapy against HCC by Increasing the Level and Activity of TILs
Simultaneouslya

aMN is synthesized using Fe3O4 nanoparticles as precursors, followed by postloading to form MN@Om&As, and finally, Pm is modified on the
surface of MN@Om&As to obtain PmMN@Om&As. PmMN@Om&As evade clearance by the MPS through surface CD47 and target HCC tissue
under external magnetic field guidance combined with the specific recognition and adhesion of Pm to collagen. In the reductive and acidic HCC
microenvironment, Om and As are accelerated release from PmMN@Om&As. Then, Om plays a role in enhancing tumor infiltration of TILs by
inhibiting CAF activation, while As synergistically improves the mitochondrial function of TILs with the of Fe2+/3+ from the carrier, ultimately
enhancing their activity. The combined application of α-PD-1 further contributes to the antitumor effects.
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Pm coating can specifically recognize and adhere to CAF-
secreted collagen in the HCC microenvironment, thereby
generating a dual-targeting effect in synergy with magnetic
fields.39−41 Therefore, the magnetic Fe3O4@MIL100 MOF
nanoplatform with Pm coating (PmMN) is an attractive drug
delivery carrier for the simultaneous delivery of Om and As
because of its structural characteristics, targeting abilities, and
immune escape ability.
Our results suggest that PmMN@Om&As can deliver Om

and As to the HCC microenvironment via dual-targeting
mediated by magnetic fields and Pm coating; then the
structure of PmMN@Om&As disintegrates in a reductive
and acidic tumor microenvironment; as a result, Om&As is
released to regulate the level and activity of TILs. We assessed
the infiltration of TILs using flow cytometry; in addition, we
isolated TILs from HCC tissues via magnetic-activated cell
sorting (MACS) and investigated the mitochondrial function
of TILs using a seahorse system. PmMN@Om&As enhanced
the level and activity of TILs by inhibiting the activation of
CAFs and improving the mitochondrial function of TILs,

respectively. The combination of PmMN@Om&As and α-PD-
1 effectively improved anti-HCC efficacy, achieving a tumor
suppression rate (TSR) of 84.15% and prolonging the survival
time of HCC-bearing mice. Furthermore, combination therapy
decreased the volume of ascites and improved the quality of
life (QOL) of mice. Based on a single mechanism, many
existing strategies, including turning the “cold” tumor into a
“hot” tumor,42 improving tumor immunogenicity,43 and
reversing TIL exhaustion,44 have been formulated to improve
the efficacy of PD-1 inhibitors. However, these strategies
exhibit limited effectiveness owing to the intricate nature of the
tumor microenvironment. In this study, we simultaneously
tackled this issue from two distinct perspectives: augmenting
the level of TILs by inhibiting CAF activation and enhancing
the activity of TILs by improving their mitochondrial function
(Scheme 1). As a result, we provided an efficient drug delivery
system with promising potential in the clinical immunotherapy
of HCC.

Figure 1. Inhibition of CAFs and improvement of TIL mitochondrial functions by Om&As. The effects of different ratios and concentrations
of Om&As on the viability of CAFs (A) and TILs (B) were measured by CCK8 assay in vitro (n = 6) (vs blank). The effect of Om and As on
α-SMA expression was measured by WB (C). The effect of Om and As on the ability of CAFs to secrete FAP (D) and CXCL12 was measured
by ELISA (E). Role of Om and As in the mitochondrial respiration of TILs (F) (n = 3). The OCR (G) and ECAR (H) of TILs were measured
using the Seahorse XFe96 analyzer (n = 3), and the OCR (I) and ECAR (J) of TILs were calculated (n = 3). Data are represented as means ±
SD *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed Student’s t test.
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RESULTS AND DISCUSSION
Inhibition of CAF Activity and Enhancement of TIL

Mitochondrial Functions by Om&As. An optimal mass
ratio is important for Om&As to inhibit CAF activation and

enhance TIL mitochondrial functions simultaneously; thus, we
induced NIH3T3 cells to differentiate into CAFs using
transforming growth factor-β127,45 and simulated an in vitro
TIL model by coculturing CTLL-2 cells with H22 cells.46 The

Figure 2. Characterization of PmMN@Om&As. The DLC of PmMN@Om&As was changed by adjusting the Om and As concentration ratio
in the drug-loading system (A). The size distribution (B) and zeta potential (C) of Fe3O4, MN, MN@Om&As, and PmMN@Om&As were
determined by isomorphic DLS (n = 3). Images showing the morphology of MN, MN@Om&As, and PmMN@Om&As were obtained using
SEM (scale bar = 200 nm) (D). Images showing the morphology and elements of MN and PmMN@Om&As were obtained using TEM (scale
bar = 50 nm) (E). The protein profile of PmMN@Om&As was obtained using SDS-PAGE (F). CD47 of the PmMN@Om&As was observed
by WB (G). The pore characteristics of MN and MN@Om&As were observed by the curves of nitrogen adsorption and desorption (H). The
crystal structure of the sample was observed by XRD (I). The responsiveness of PmMN@Om&As to magnetic fields was tested by VSM and
NdFeB permanent magnets (J). Effects of reductive and acidic environment on drug release of PmMN@Om&As (n = 3) (K). TEM images
showed the effects of reductive and acidic environments on PmMN@Om&As (L). Data are presented as means ± SD.
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effect of different mass ratios (1:2−8:1) of Om&As on CAF
and TIL activities was observed. The results indicated that the
desired efficacy was observed at a mass ratio of 2:1, manifesting
the inhibition of CAF activity and enhancing the activity of
TILs simultaneously (Figure 1A, B).
A high level of α-smooth muscle actin (α-SMA) is a

characteristic of CAFs.47 In the present study, Western blotting
(WB) showed that both Om and Om&As markedly decreased
α-SMA levels (Figure 1C), suggesting that they effectively
inhibited CAF activation. FAP and CXCL12 secreted by CAFs
suppressed TIL infiltration into the tumor microenvironment.
Enzyme-linked immunosorbent assay (ELISA) results showed
that the secretion of FAP and CXCL12 in the Om and
Om&As groups was significantly lower than that in the CAF
group (Figure 1D, E), indicating that Om&As effectively
suppressed FAP and CXCL12 secretion by CAFs.
Seahorse analysis is a valuable method to assess the

respiratory status of mitochondria in TILs. It could assess
mitochondrial aerobic and anaerobic respiratory functions by
measuring the oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR), respectively.29 No
significant difference was observed in the ECAR or OCR
between the Om and model groups. However, in the As group,
OCR was 2.11 times higher (p < 0.001) and ECAR was 1.56
times higher (p < 0.01) than those of the model group.
Similarly, in the Om&As group, OCR was 1.86 times higher (p
< 0.05) and ECAR was 1.45 times higher (p < 0.001) than
those of the model group (Figure 1F−J). Furthermore,
improved basal respiration, maximum respiration, and ATP
production were observed in TILs in the As and Om&As
groups (Figure 1G), which suggested that As and Om&As
improved aerobic and anaerobic respiration in TILs.
Overall, these results confirmed that Om&As (2:1) inhibited

the activation of CAFs and improved the mitochondrial
function of TILs in vitro. This indicates the potential of Om
and As to enhance the level and activity of TILs.

Fabrication and Characterization of PmMN@Om&As.
Fe3O4@MIL100 magnetic MOF has been extensively studied
for protein adsorption and magnetic recyclability. However, its
application in codelivering drugs remains unexplored. In the
present study, we discovered their excellent potential for the
simultaneous loading of drugs with different polarities.
Initially, Fe3O4 nanoparticles were synthesized using a

solvothermal method according to the Shao et al. study.48

Next, Fe3O4@MIL100 magnetic MOF nanoplatform (MN)
was synthesized using the Fe3O4 nanoparticles as a precursor
according to a previously reported procedure.49−52 Subse-
quently, MN@Om&As was obtained by postloading using the
MN as a precursor. Finally, the Pm was modified on the
surface of the MN@Om&As by sonicating to obtain PmMN@
Om&As.53,54

To achieve the mass ratio of 2:1 between Om and As in
PmMN@Om&As, Om&As solutions with different concen-
tration ratios were selected for drug loading. When the
concentration ratio between Om and As in the Om&As
solution was 2:1, the mass ratio between Om and As in
PmMN@Om&As was approximately 2:1. The DLC values of
Om and As were 22.37 and 11.40 wt %, whereas the total DLC
was 33.77 wt % (Figure 2A).
The results of dynamic light scattering (DLS) showed that

the size of PmMN@Om&As was 252.7 ± 3.2 nm (Figure 2B,
Figure S1A), which was consistent with the results of scanning
electron microscopy (SEM) and transmission electron

microscopy (TEM) (Figure 2D, E). The size of the
nanoplatform increased as the synthesis progressed: 45.72 ±
12.62 nm (Fe3O4 nanoparticles), 217.33 ± 17.05 nm (MN),
223.70 ± 23.00 nm (MN@Om&As), and 252.7 ± 3.2 nm
(PmMN@Om&As) (Figure 2B), and the zeta potential of the
nanoplatform also changed during this process: −40.37 ± 0.95
mV (Fe3O4 nanoparticles), −34.57 ± 0.85 mV (MN), −11.23
± 0.61 mV (MN@Om&As), and −21.03 ± 2.06 mV
(PmMN@Om&As) (Figure 2 C, Figure S1B). These changes
in the size and zeta potential validated the successful
completion of each synthesis step.
The SEM results showed that the MN was spherical in shape

with an irregular surface (Figure 2D), which was consistent
with the results reported by Wang et al.,55 as well as the shapes
of MN@Om&As and PmMN@Om&As were similar to that of
the MN. The TEM results showed a Pm coating on the
PmMN@Om&As surface (Figure 2E). Sodium dodecyl
sulfate−polyacrylamide gel electrophoresis and WB also
showed that PmMN@Om&As retained the proteins of the
Pm (Figure 2F), especially CD47 (Figure 2G), which could
prevent PmMN@Om&As from being cleared by the MPS.
The high DLC was attributed to the high surface area and

large pore volume of the MN. Thus, we further determined
surface area and pore volume by performing nitrogen
adsorption−desorption experiments and calculated the corre-
sponding parameters by the Brunauer−Emmett−Teller (BET)
specific surface area detection method and Barret−Joyner−
Halenda (BJH) pore volume detection method (Figure 2H).
The surface area and pore volume of the MN were 832.31 m2/
g and 0.27 cm3/g, respectively, which aligned with the
theoretical estimation. However, after drug loading (MN@
Om&As), the surface area and pore volume significantly
decreased to 10.49 m2/g and 0.08 cm3/g, respectively. This
reduction was attributed to pore space occupancy by Om&As.
The TEM results showed that the nitrogen element content in
PmMN@Om&As was more than MN, which was attributed to
the presence of Om and Pm (Figure 2B, Figure S1 C, Table
S1). Moreover, sulfur and phosphorus element were observed
in PmMN@Om&As, which were characteristic element of Pm
(Figure 2B, Figure S1 C, Table S1). The X-ray diffraction
results of PmMN@Om&As did not show characteristic peaks
for Om&As, which indicated that Om&As in PmMN@
Om&As was amorphous in nature (Figure 2I).
During MN synthesis, the Fe3O4 nanoparticles produced

Fe2+/3+ ions in an acidic environment and formed an MN by a
coordination reaction with 1,3,5-benzenetricarboxylic acid
(BTC).56 The remaining Fe3O4 nanoparticles were attached
to the MN structure, which responded to magnetic fields. We
tested the magnetic response abilities of the MN and PmMN@
Om&As using a vibrating sample magnetometer (VSM). The
results showed that the MN and PmMN@Om&As responded
to magnetic fields; thus, they can be used for magnetically
targeted drug delivery (Figure 2J, Figure S2D, E).
The results of drug release showed that the reductive and

acidic HCC microenvironment simulated in vitro accelerated
Om and As release from PmMN@Om&As: 30.59% of Om and
26.85% of As were released in the environment with pH 7.4,
whereas 52.32% of Om and 51.38% of As were released in the
reductive and acidic environment (pH6.4 + 10 mM GSH)
after 72 h (Figure 2K). The TEM and DLS results showed that
the PmMN@Om&As was considerably destroyed under the
reductive and acidic environment (Figure 2L; Figure S1H),
which was consistent with the results reported by Wang et al.55
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and Cun et al.57 This was because the coordination bond was
the main chemical bond among the Fe3O4@MIL100 magnetic
MOF, which exhibited weak stability and was susceptible to
degradation in a reductive and acidic environment.
These results indicate that we successfully prepared a

magnetic MN with a Pm coating to coload Om&As. The
platform accelerated Om and As release in response to an
HCC microenvironment, thereby enhancing drug efficacy.

Cellular Uptake and Immune Escape of PmMN@
Om&As. To investigate the uptake of PmMN@Om&As by
CAFs and TILs, we selected coumarin 6 (C6) instead of
Om&As.58 The results of fluorescent microscopy and flow
cytometry showed that the uptake rate of PmMN@C6 by
CAFs was 37.01 (p < 0.001) and 4.02-fold (p < 0.001) higher
than that of free C6 and MN@C6, respectively (Figure 3A, B;
Figure S2A). Similarly, the uptake rate of PmMN@C6 by TILs
was 3.89 (p < 0.001) and 1.57-fold (p < 0.001) higher than
that of free C6 and MN@C6, respectively (Figure 3D, E;
Figure S2B). These results suggested that PmMN@Om&As
accelerated the uptake of Om&As by CAFs and TILs. Further,
the underlying uptake mechanism was elucidated by perform-
ing a competitive inhibition experiment.59 Energy-dependent
endocytosis was inhibited at 4 °C, and sucrose, genistein, and
amiloride were used to inhibit the clathrin- and caveolae-
mediated endocytosis pathway and pinocytosis, respectively.

The results indicate that CAFs and TILs endocytosed
PmMN@C6 via an energy-dependent pathway (Figure 3C,
F). Moreover, CAFs endocytosed PmMN@C6 via the
clathrin-mediated endocytosis pathway and pinocytosis, where-
as TILs endocytosed PmMN@C6 via the clathrin- and
caveolae-mediated endocytosis pathway and pinocytosis
(Figure 3C, F). Additionally, the presence of the Pm enhanced
the uptake of PmMN@C6 by H22 cells (Figure S2C−F),
which was attributed to the high affinity between the Pm
coating and the cells.
RAW264.7 cells were used to explore the immune escape of

PmMN@Om&As in vitro, and the flow cytometry results
showed that the clearance rate of PmMN@C6 by RAW264.7
cells in vitro was only 13.58% (p < 0.001) of that of MN@C6
(Figure 3G, Figure S2G). Subsequently, our in vivo
investigations on the immune escape behavior of PmMN@
Om&As using C57BL/6 mice showed results that were
consistent with the in vitro findings (Figure 3H, Figure
S2H), which suggested that PmMN@Om&As evaded MPS
clearance. CD47 is a protein expressed on Pm60 and is a “don’t
eat me” signal that ligates with the signal regulatory protein α
of macrophages to escape immune clearance.61,62 Because
CD47 was present on the PmMN@Om&As surface existed
CD47, the protein was blocked using an anti-CD47 antibody
to investigate the immune escape mechanism of PmMN@

Figure 3. Cellular uptake and immune escape of PmMN@Om&As. The uptakes of free C6, MN@C6, and PmMN@C6 by CAFs were shown
by fluorescence microscopy (A) (scale bar = 50 μm) and flow cytometry (B). The uptake mechanisms of PmMN@C6 by CAFs were shown
by competitive inhibition assay (n = 3) (C). The uptakes of free C6, MN@C6, and PmMN@C6 by TILs were shown by fluorescence
microscopy (D) (scale bar = 50 μm) and flow cytometry (E). The uptake mechanisms of PmMN@C6 by TILs were shown by competitive
inhibition assay (n = 3) (F). The abilities of PmMN@Om&As to escape macrophage phagocytosis in vitro (G) and in vivo (H) were shown by
flow cytometry. The abilities of PmMN@Om&As to escape macrophage phagocytosis in vitro (I) and in vivo (J) were inhibited by blocking
CD47. Data are represented as the means ± SD *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed Student’s t test.
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Om&As. After blocking CD47, the in vitro clearance rate of
PmMN@C6 by RAW264.7 cells increased markedly (Figure
3I, Figure S2I). The results substantiated that CD47 played a
key role in enabling PmMN@Om&As to escape immune
clearance, and this correlation was further corroborated by in
vivo experiments (Figure 3J, Figure S2J). Additionally, the
uptake rates of PmMN@C6 in CAFs and TILs did not change
after blocking CD47 (Figure S2K−N), suggesting that CD47
of PmMN@Om&As would not substantially reduce Om&As
uptake by CAFs and TILs, which was crucial to ensure the
efficacy of PmMN@Om&As.
Overall, the present findings indicate that PmMN@Om&As

enhanced cellular uptake and escaped immune clearance,

thereby improving the bioavailability of Om&As. Notably, the
CD47-mediated immune escape did not reduce the endocy-
tosis efficiency of PmMN@Om&As in CAFs and TILs, which
indicate that the immune escape of PmMN@Om&As would
not decrease the efficacy of Om&As.

Biodistribution of PmMN@Om&As. To investigate the in
vivo biodistribution of PmMN@Om&As, we established an
orthotopic HCC model in C57BL/6 mice. For labeling, DiD
was utilized as a fluorescent probe for both PmMN (PmMN@
DiD) and MN (MN@DiD). Subsequently, free DiD, MN@
DiD, and PmMN@DiD were administered via the tail vein to
the HCC-bearing mice. To guide PmMN@DiD to the HCC
tissue, an NdFeB permanent magnet was employed.

Figure 4. Biodistribution of PmMN@Om&As. The distribution of free DiD, MN@DiD, PmMN@DiD, PmMN@DiD, and magnetic field in
HCC mice were visualized by IVIS Spectrum (A). After 24 h, the ex vivo imaging of various organs (B) and tumor tissues (C) was observed
by the IVIS Spectrum. The ex vivo imaging of tumor tissue was analyzed (D) (n = 3). The distribution of free DiD, MN@DiD, PmMN@DiD,
PmMN@DiD, and magnetic field in tumor tissue was observed by confocal laser microscopy (scale bar = 200 μm) (E). The adhesion ability
of collagen to PmMN@Om&As was shown by fluorescence microscopy (scale bar = 20 μm) (F). Data are represented as the means ± SD *p
< 0.05, two-tailed Student’s t test.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c07885
ACS Nano 2023, 17, 23829−23849

23835

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c07885/suppl_file/nn3c07885_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c07885/suppl_file/nn3c07885_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c07885/suppl_file/nn3c07885_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c07885?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c07885?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c07885?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c07885?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c07885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 5. Synergistic antitumor effect of PmMN@Om&As and PD-1 antibody (α-PD-1) on orthotopic implant model of HCC. HCC mice
were treated by the procedure shown in panel A. Tumor activity was shown by bioluminescent technology in vivo (B). The tumors of each
group of mice are shown (C). The tumor weight (D), tumor volume (E), tumor index (F) of mice, and TSR (G) of drugs were
mathematically analyzed (n = 8). The pathological structure and proliferative capacity of tumor tissues are shown by HE (H) and Ki67 (I)
staining (scale bar = 100 μm). Apoptosis of tumor cells was shown by Tunel staining (J) (scale bar = 1000 μm) and flow cytometry (n = 5)
(K, L). The volumes of ascites were measured and counted (n = 8) (M). The survival of mice in each group was monitored daily (n = 8) (N).
Data are represented as the means ± SD *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed Student’s t test.
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The in vivo imaging results revealed a gradual concentration
of fluorescent signals in the liver region with PmMN@DiD,
which was further enhanced by the presence of a magnetic field
(Figure 4A). Conversely, mice treated with free DiD and
MN@DiD showed widespread fluorescence signals throughout
the ventral regions (Figure 4A). In comparison to the free DiD
group, the mean fluorescence intensity of tumors in the
PmMN@DiD & magnetic field group increased by 4.90-fold
(p < 0.05) at 24 h postadministration (Figure 4B−D). These
results suggested that PmMN@Om&As under the guidance of
magnetic fields could efficiently deliver Om&As into HCC
tissues.
Ex vivo imaging of excised major organs demonstrated that

only the liver exhibited a strong fluorescent signal in the
PmMN@DiD & magnetic field group, whereas minimal
fluorescent signals were detected in other organs. In contrast,
the spleen in the PmMN@DiD group and the lung and spleen
in the MN@DiD group displayed detectable fluorescent
signals (Figure 4B), indicating that the combination of
PmMN@DiD and magnetic fields restricted the distribution
of Om&As in nontarget tissues. Furthermore, after separating
tumor tissue from the liver, the tumor tissues from the
PmMN@DiD group and the PmMN@DiD & magnetic field
group exhibited stronger fluorescent signals compared to free
DiD and MN@DiD (Figure 4C, E), which suggested that the
Pm coating facilitated effective targeting and prolonged
retention of nanoplatforms within HCC. It is well-known
that HCC tissue contains an abundance of collagen,63,64 and
collagen can serve as an agent for platelet aggregation.65,66 We
hypothesized that the PmMN@Om&As might target and
adhere to HCC tissue through the recognition of Pm coating
to collagen. We substantiated this hypothesis through a
simulated blood perfusion experiment. The results indicated
that PmMN@C6 exhibited greater adhesion to collagen-coated
glass plates compared to MN@C6, whereas PmMN@C6 did
not adhere to glass plates lacking collagen (Figure 4F). Recent
scholarly consensus asserts that collagen secreted by CAFs can
create a barrier against nanoparticle entry into the tumor
microenvironment;67−69 however, Pm coating appeared to
transform collagen from an obstacle into an ally.
The preceding findings clearly demonstrate the enhanced

efficacy of PmMN@Om&As when guided by magnetic fields
in terms of improving the targeting and retention of Om&As
within HCC tissue. The dual targeting of PmMN@Om&As
toward HCC was achieved via the responsive behavior of
Fe3O4@MIL100 magnetic MOF to the magnetic field, as well
as the specific recognition of the Pm coating to collagen within
the HCC microenvironment. The application of the magnetic
field not only accelerated the targeting process but also
increased the precision of targeting by minimizing the
distribution of PmMN@Om&As in nonlesion sites such as
the spleen and lungs. Furthermore, the Pm coating endowed
PmMN@Om&As with both targeted delivery and sustained
effects, as substantiated by its ability to enhance cellular uptake
and evade immune clearance, as discussed in the preceding
section. In the current landscape of nanodrug delivery system
research, cell membrane coating has emerged as a prominent
area of interest. Among various types of cell membranes, the
Pm stands out as an ideal candidate for this study due to its
capacity to simultaneously fulfill the aforementioned four
crucial roles.

Synergistic Antitumor Effects of PmMN@Om&As&
PD-1 Antibody (α-PD-1) in an HCC Orthotopic Implant

Model. Having established the capacity of Om&As to
modulate CAF activation and improve mitochondrial function
in TILs in vitro, and subsequently constructing PmMN@
Om&As for the codelivery of Om&As within the HCC
microenvironment, we proceeded to assess the anti-HCC
potential of combined therapy involving PmMN@Om&As and
α-PD-1 in an orthotopic HCC mouse model implanted with
H22-Luc cells. Following the dosage regimen outlined in
Figure 5A, various treatments including phosphate buffered
saline, Om&As, blank carrier (PmMN), α-PD-1, PmMN@
Om&As, or PmMN@Om&As + α-PD-1 were administered via
the tail vein to the mice. An NdFeB permanent magnet was
positioned over the liver area at 1 h postadministration to
facilitate targeted drug delivery to the HCC site.
The tumor was monitored by using in vivo bioluminescence

imaging, revealing that the combination therapy group
exhibited the lowest bioluminescence intensity. This observa-
tion suggested that the concurrent application of PmMN@
Om&As and α-PD-1 effectively inhibited tumor growth in vivo
(Figure 5B, Figure S3). The tumors are depicted in Figure 5C,
and the tumor weight and tumor volume of the combination
group were 3.94-fold (p < 0.001) and 4.69-fold (p < 0.01)
lower than the α-PD-1 group (Figure 5D, E). The tumor index,
an indicative parameter, was notably reduced by PmMN@
Om&As, as demonstrated by a statistically significant decrease.
Furthermore, the combination group displayed a significant
reduction in tumor index when compared to both the α-PD-1
group and the PmMN@Om&As group (Figure 5F). Mean-
while, the TSR in the combination group reached 84.15%,
significantly higher than that of the α-PD-1 and PmMN@
Om&As groups (Figure 5G). The above data indicate the
synergistic potential of PmMN@Om&As in enhancing the
therapeutic effect of α-PD-1. Moreover, it was observed that
PmMN@Om&As exhibited superior anti-HCC effects com-
pared to Om&As alone, which could be attributed to the
improved biodistribution facilitated by PmMN@Om&As
(Figure 5D-F). Besides, the blank carrier effectively attenuated
HCC bioluminescence; however, this effect did not translate
into a reduced tumor weight, volume, or tumor index (Figure
5D−F). This phenomenon might be attributed to bio-
luminescence relying on the Mg element in tissues, which is
more reactive than Fe. Consequently, Mg replaced Fe binding
to the BTC of the carrier, resulting in diminished bio-
luminescence.70

Histopathological examinations through hematoxylin and
eosin (HE) staining revealed the most pronounced tumor
tissue necrosis in the combination therapy group, whereas
results from Ki67 staining indicate the lowest tumor tissue
proliferation in the same group (Figure 5H, K). TUNEL assays
and flow cytometry data further substantiated these findings by
demonstrating that while both α-PD-1 and PmMN@Om&As
increased tumor apoptosis rates, the combination group
exhibited a significantly higher tumor apoptosis rate in
comparison to both the α-PD-1 and PmMN@Om&As groups
(Figure 5J−L), which implied that PmMN@Om&As
potentiated the apoptotic induction ability of α-PD-1 toward
HCC cells.
Ascites, a crucial indicator for assessing HCC progression by

Response Evaluation Criteria in Solid Tumors (RECIST)
standards, reflects poor prognosis, heightened metastasis risk,
and significantly compromises the QOL of patients.71 Notably,
the combination group exhibited a significant reduction in
average ascites volume compared to those of both the α-PD-1
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and model groups (Figure 5M). This demonstrated that
PmMN@Om&As not only augmented the anti-HCC potency
of α-PD-1 but also improved the QOL of the mice. Moreover,
survival experiments indicate that mice in the combination
therapy group attained the longest median survival (38 days)
(Figure 5N), suggesting that combination therapy effectively
prolongs the survival duration of patients with HCC.
The aforementioned results collectively establish the

capacity of the combination strategy involving PmMN@
Om&As and α-PD-1 to significantly enhance the anti-HCC
effects of α-PD-1, while concurrently ameliorating the QOL
and survival outcomes in the experimental mice. In our study,

α-PD-1 was not completely devoid of antitumor efficacy but
rather exhibited suboptimal therapeutic outcomes, which was
consistent with published reports.18,20 However, our compre-
hensive combination therapeutic approach substantially
enhances the antitumor effect of α-PD-1, rendering it of
pivotal clinical importance for the treatment of HCC.

Effect of PmMN@Om&As on Upregulating the
Expression of TILs by Inhibiting the Activation of
CAFs. The antitumor efficacy of α-PD-1 is closely dependent
on the abundance of TILs. The infiltration of TILs is regulated
by various factors such as CAFs, tumor vessels, and myeloid-
derived suppressor cells. Among these factors, CAFs exert a

Figure 6. Effect of PmMN@Om&As on the upregulated levels of TILs by inhibiting the activation of CAFs. The activation of CAFs in tumor
tissues was shown by α-SMA staining (scale bar = 1000 μm) (A). Collagen secreted by CAFs into tumor tissue was shown by Masson
staining (scale bar = 100 μm) (B). α-SMA (C), FAP, (D), and CXCL12 (E) in tumor tissues were determined by WB and ELISA (n = 6),
respectively. Levels of total TILs (F, G), CD4+ (H, J, K), and CD8+ TILs (H, I, K) were shown by flow cytometry (n = 5) and
immunofluorescence staining (scale bar = 50 μm). Data are represented as the means ± SD *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed
Student’s t test.
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Figure 7. Effect of PmMN@Om&As on regulated mitochondrial normalization. Role of Om&As, carrier (PmMN), and PmMN@Om&As on
the mitochondrial respiration of TILs in vitro (A) (n = 3). OCRs (B, D) and ECARs (C, E) of TILs in vitro were measured using the Seahorse
XFe96 analyzer (n = 3). Role of Om&As, carrier (PmMN), α-PD-1, PmMN@Om&As, and combination therapy on mitochondrial
respiration of TILs in vivo (F) (n = 3). The OCRs (G) and ECARs (H) of TILs in vivo were measured by the Seahorse XFe96 analyzer (n =
3). The mitochondrial membrane potential of TILs was determined by flow cytometry (n = 5) (I). The PER of TILs in vivo was measured by
the Seahorse XFe96 analyzer (n = 3) (J, K). The expression of PFC-1α in TILs was visualized by flow cytometry (n = 5) (L). Mitochondria of
TILs were observed by TEM (scale bar 1 = 2 μm; scale bar 2 = 200 nm) (M). Data are represented as the means ± SD *p < 0.05, **p < 0.01,
***p < 0.001, two-tailed Student’s t test.
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considerable effect on the HCC microenvironment primarily
due to the prevalence of cirrhosis in most patients with
HCC.72

Activated CAFs are primarily characterized by upregulated
expression of α-smooth muscle actin (α-SMA).45,68 Immuno-
fluorescence staining revealed a downregulated α-SMA
expression in the tumor tissues of mice treated with
combination therapy and PmMN@Om&As, indicating the
ability of PmMN@Om&As to inhibit CAFs activation. This
result was also supported by Western blotting analysis (Figure
6A, 6C). Activated CAFs can downregulate the expression of
TILs by secreting collagen, FAP, and CXCL12, thereby
decreasing the efficacy of PD-1 inhibitors. Masson staining
showed that the model group exhibited abundant collagen
deposition, whereas the PmMN@Om&As group and the
combination group exhibited significantly less collagen
deposition in tumor tissues (Figure 6B). This suggested that
PmMN@Om&As can suppress collagen secretion via CAFs.
ELISA results indicate that the levels of FAP and CXCL12 in
the combination group were significantly lower than those in
the model group and α-PD-1 group (Figure 6D, 6E),
indicating that PmMN@Om&As can inhibit FAP and
CXCL12 secretion via CAFs. Kobayashi et al. reported that
activated CAFs can contribute to the abnormal proliferation of
tumor blood vessels, impeding TIL infiltration into the tumor
microenvironment.25 Consequently, we performed an analysis
of tumor vessel density using anti-CD31 labeling and found
that the combination group exhibited the lowest CD31 in
tumor tissues (Figure S4), suggesting that the combination
therapy exhibits a beneficial effect in normalizing tumor blood
vessels. Therefore, improved vascular normalization facilitated
increased levels of TILs and improved the efficacy of α-PD-1
treatment.
We performed flow cytometry analysis to evaluate the

abundance of TILs in the HCC tissue. The result indicates that
treatment with α-PD-1 alone did not significantly change the
number of CD3+ TILs. However, CD3+ TILs increased by
4.10-fold (p < 0.001) after undergoing combination therapy.
Besides, compared with the model group, the PmMN@
Om&As group also exhibited a significantly higher level of
CD3+ TILs (Figure 6F, G), indicating that PmMN@Om&As
can increase the total TILs level. Furthermore, we evaluated
the levels of the CD8+ and CD4+ TILs subpopulations. The
results of flow cytometry and immunofluorescence showed a
significant increase in CD8+ TILs and CD4+ TILs in the
combination group compared with those in the model group
(Figure 6H−K). However, no significant difference was found
between the α-PD-1 group and the model group. This
suggested that combination therapy upregulated the expression
of CD8+ TILs and CD4+ TILs at the same time, which
improved the effectiveness of α-PD-1. Interestingly, our
findings revealed a considerable increase in T lymphocyte
levels of the ascites of the combination group (Figure S5, F).
This observation elucidated the mechanism behind the
significantly decreased volume of ascites in the combination
therapy group compared with the model groups.
Collectively, these results indicate that PmMN@Om&As

upregulated the expression of TILs by inhibiting the activation
of CAFs, which then improved the anti-HCC effect of the
combination therapy of PmMN@Om&As and α-PD-1.

Effect of PmMN@Om&As on improving the activity
of TILs by regulating mitochondrial normalization.
Mitochondrial dysfunction attenuates the activity of TILs,

hampering the anti-HCC effect of PD-1 inhibitor.73,74 We
showed that Om and As can enhance mitochondrial function
and the activity of TILs in vitro. To determine whether
PmMN@Om&As improved the activity of TILs by regulating
mitochondrial functions in vivo, we obtained TILs from HCC
tissues using MACS technology and assessed the mitochon-
drial function of TILs using the seahorse system.
Mitochondria produce ATP via aerobic and anaerobic

respiration, and ATP provides energy for cellular activities.
The results of the seahorse system indicate that the OCR and
ECAR of TILs in the model group were significantly lower
than those in the normal T lymphocytes of the homologous
mouse spleens (Figure 7A−H), which confirmed that both
aerobic and anaerobic respiratory functions of TILs were
impaired.29,74 The PmMN@Om&As group showed higher
OCR and ECAR values compared with the model group,
whereas the combination group exhibited even higher OCR
and ECAR values than the α-PD-1 group (Figure 7F−H).
These results suggested PmMN@Om&As could increase the
aerobic and anaerobic respiration rate of TILs, which improved
the efficacy of combination therapy. The ECARs of the
PmMN@Om&As group and combination group were higher
than those of the normal group because TILs were exposed to
the hypoxic tumor microenvironment and their anaerobic
respiration was activated. The OCR and ECAR of TILs in the
Om&As group increased in vitro (Figure 7A-E) but did not
show obvious changes in vivo (Figure 7F−H); however, those
in the PmMN@Om&As group were significantly increased
(Figure 7A−H) because the PmMN@Om&As improved the
biodistribution and bioavailability of Om&As. Interestingly,
the blank carrier also increased the aerobic and anaerobic
respiration rate of TILs to a certain extent (Figure 7F, G),
which was because the Fe2+/3+ of the blank carrier may
participate in the electron transfer process of mitochondrial
respiration to increase aerobic respiration.75 This result
indicates that carriers played a role in codelivered Om&As
and also synergistically increased mitochondrial respiration
with Om&As (Figure 7F, G).
Mitochondrial membrane potential is an important factor

that affects ATP production efficiency. The intracellular ATP
level directly affects the anti-HCC function of TILs.76 Herein,
we used JC-1 as a fluorescent probe to evaluate the
mitochondrial membrane potential of TILs and found that
the mitochondrial membrane potential of TILs was signifi-
cantly increased after treatment with PmMN@Om&As
(Figure 7I). This result suggested that PmMN@Om&As
exhibited the potential to accelerate the efficiency of ATP
production of TILs. To validate this conclusion, proton efflux
rate (PER) was used to determine the real-time ATP
production efficiency of TILs. We found that TILs in the
model group exhibited significantly lower PER than those in
the normal group in vivo (Figure 7J, K), confirming that the
ATP production efficiency of TIL mitochondria was inhibited
by the tumor microenvironment. The PER of the PmMN@
Om&As group was 12.56-fold (p < 0.001) higher than that of
the model group in vivo and that of the combination group was
7.00-fold (p < 0.001) higher than that of the α-PD-1 group in
vivo (Figure 7J, K). These results suggest that PmMN@
Om&As can increase the ATP production of TILs, which can
increase the anti-HCC activity of TILs and further improve the
efficacy of combination therapy. Furthermore, although both
Om&As and blank carrier raised the PER of TILs to a certain
extent, the PER of the PmMN@Om&As group was much
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higher than that of the Om&As group and blank carrier group
in vivo (Figure 7J, K), indicating that the carrier and Om&As
can synergistically improve mitochondrial function.
The damaged structure of TIL mitochondria is an important

cause of mitochondrial dysfunction.28 PGC-1α was a key factor
regulating mitochondrial biogenesis. Nicole et al. showed that
the upregulation of PGC-1α can repair the structure of
mitochondria and increase the activities of TILs.29,74 We found
that the expression of PGC-1α in TILs of the PmMN@
Om&As group and combination group were significantly
higher than those of the model group and α-PD-1 group
(Figure 7L). TEM results also indicate that the TILs
mitochondria in the PmMN@Om&As group and combination
group had a larger volume and more cristae (Figure 7M, Figure
S6), indicating a better mitochondrial function in these TILs.
The aforementioned results indicate that PmMN@Om&As

repaired the structure of mitochondria by upregulating PGC-
1α, facilitating the anti-HCC effect of combination therapy.
We then evaluated the activity of TILs. Ki67 was used to

determine the proliferation of TILs. The results indicate a
substantial increase in the proportion of Ki67+ cells in TILs of
the PmMN@Om&As group compared with those of the
model group. Furthermore, the combination group exhibited a
significantly higher proportion of Ki67+ cells in TILs than in
the α-PD-1 group (Figure 8A, B). These results indicate that
PmMN@Om&As can increase the proliferation of TILs, which
was supported by the CCK8 assay (Figure S7B). In addition,
PmMN@Om&As exhibited different effects on CAFs and H22
cells, showing an inhibitory effect on cellular activity (Figure
S7A, C). However, the half-maximal inhibitory concentration
(IC50) of PmMN@Om&As for CAFs was 1.93 μg/mL, while
the IC50 of PmMN@Om&As for H22 was 27.98 μg/mL,

Figure 8. Effect of PmMN@Om&As on the increased activity of TILs. The proportion of Ki67+ TILs in the total TILs was shown by flow
cytometry (n = 5) (A, B). The proportion of IFN-γ+ (C, D), Grazyme B+ (E, F), T-bet+ (G, H), and Emoes+ TILs (I, J) in CD8+ TILs was
shown by flow cytometry (n = 5). Data are represented as the means ± SD *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed Student’s t test.
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which suggested that the inhibitory effect of PmMN@Om&As
on CAFs was stronger than on H22. Consequently, the
antitumor mechanism of PmMN@Om&As mainly relied on
acting CAFs and TILs, rather than direct cytotoxicity against
tumor cells.

Besides the proliferative activity, the antitumor activity of
TILs was also determined. CD8+ TILs kill tumors by secreting
IFN-γ and granzyme B.77 Flow cytometry showed that α-PD-1
increased the proportions of IFN-γ+ and granzyme B+ cells in
CD8+ TILs to a certain degree, which is consistent with the

Figure 9. Safety evaluation of PmMN@Om&As. Sections of internal organs were used to observe the effect of drugs in mice (A). Heart index
(B), spleen index (C), lung index (D), and kidney index (E) of mice were measured and analyzed (n = 5). AST (F), ALT (G), BUN (H), and
CREA (I) were used to evaluate the liver and kidney function of mice (n = 3). Coagulation time (J) and APTT (K) were measured to
evaluate the effect of PmMN@Om&As on the coagulation function of mice (n = 3). The body weights of mice in each group were monitored
and recorded during treatment (n = 8) (L). The hemolytic properties of Om&As and PmMN@Om&As were tested and statistical (n = 3)
(M, N). Data are represented as the means ± SD *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed Student’s t test.
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study by Shi et al.78 However, the regulatory capacity of α-PD-
1 on IFN-γ+ and granzyme B+ TILs differentiation was found
to be limited, attenuating its ability to achieve the desired
therapeutic efficacy. Nevertheless, the combination group
exhibited substantially higher proportions of IFN-γ+ and
granzyme B+ cells compared with those in the α-PD-1 group,
as evidenced by the results (Figure 8C−F; Figure S7D), and
those in the PmMN@Om&As group were much higher than
those in the model group. These results indicate that PmMN@
Om&As can increase the anti-HCC effect of combination
therapy by increasing the differentiation degree of CD8+ TILs
to IFN-γ+ and granzyme B+ cells. Furthermore, the proportions
of T-bet+ and Emoes+ cells in CD8+ TILs are positively
correlated with the antitumor ability of CD8+ TILs.79 Flow
cytometry results indicate that α-PD-1 increased the
proportion of T-bet+ cells in CD8+ TILs, whereas PmMN@
Om&As increased the proportion of Emoes+ cells in CD8+
TILs. In the combination group, the proportions of T-bet+
cells and Emoes+ cells in CD8+ TILs were distinctly increased
(Figure 8G−J), suggesting that combined PmMN@Om&As
with α-PD-1 can induce differentiations of both T-bet+ and
Emoes+ cells in CD8+ TILs.
Altogether, the above-mentioned results suggested that

PmMN@Om&As can increase the activity of TILs, thereby
improving the anti-HCC effect of PD-1 inhibitors, which was
achieved by regulating the mitochondrial functions of TILs.

Safety of the Combination Therapy of PmMN@
Om&As and α-PD-1. Tissue sections and organ indices
were used to evaluate the biosafety of the combination therapy
of PmMN@Om&As and α-PD-1. The results of tissue sections
revealed no damage to the organs of the mice (Figure 9A). The
organ indices of the model group were significantly lower than
those of the normal group, but those of the PmMN@Om&As
group, α-PD-1 group, and combination group were not
significantly different from the normal group (Figure 9B−E).
This indicates that the combination therapy exhibited a good
safety profile and reduced the burden of the tumor on the
body.
Biochemical results indicate that combination therapy of

PmMN@Om&As and α-PD-1 did not cause hepatotoxicity or
nephrotoxicity (Figure 9F−I). In the routine blood test results,
both the α-PD-1 group and the combination group exhibited a
significant increase in white cells. However, the PmMN@
Om&As group was not significantly different from the normal
group, which may be caused by α-PD-1 (Figure S8A). This
result is consistent with the report of Liu et al. The increased
levels of white cells contribute to the antitumor effect.80 α-PD-
1 can also increase the platelet levels (Figure S8F), thus
increasing the risk of thrombosis. However, the platelet levels
were not increased in the combination group (Figure S8F),
suggesting that PmMN@Om&As can eliminate the risk of α-
PD-1-induced thrombosis.
To investigate whether the Pm coating affected coagulation

function, we investigated the clotting time and partial
prothrombin time in mice. The results indicate that
PmMN@Om&As did not affect the coagulation function of
mice (Figure 9J, K). Astragaloside IV could cause hemolysis
but PmMN@Om&As could not, indicating that PmMN@
Om&As can reduce the hemolytic risk of astragaloside IV
(Figure 9M, N).
By measuring the body weight of mice, we found that HCC

mice exhibited a faster trend of weight gain than normal mice
except for the mice in the α-PD-1 group, which may be due to

ascites (Figure 9L). Notably, mice in the α-PD-1 group
exhibited more ascites and significantly lower body weight than
the combination group (Figure 5M). However, body weight in
the PmMN@Om&As group and combination group were not
significantly different. This phenomenon indicates that α-PD-1
may reduce the QOL of mice, which can be addressed by using
combination therapy with PmMN@Om&As.
Altogether, the above-mentioned results indicate that

combination therapy exhibits credible safety.

CONCLUSION
To summarize, a magnetic MOF nanoplatform with Pm
coating was developed to deliver Om and As into the
microenvironment of HCC. This was used synergistically
with PD-1 against HCC. PmMN@Om&As can accelerate
cellular uptake and evade MPS clearance via the CD47 of Pm.
PmMN@Om&As can also target HCC tissues under a
magnetic field and survive in the HCC microenvironment via
the interaction between Pm and collagen that are secreted by
CAFs, thereby exerting long-term effects. The reductive and
acidic microenvironment of HCC accelerates the disintegra-
tion of PmMN@Om&As, thereby releasing Om&As. Fur-
thermore, Om upregulated the infiltration of TILs by inhibiting
the activation of CAFs but improved the activities of TILs by
regulating mitochondrial normalization. Interestingly, the
Fe2+/3+ in PmMN@Om&As could synergize with Om&As to
improve mitochondrial function. Lastly, combining PmMN@
Om&As with α-PD-1 significantly improved the anti-HCC
effect of α-PD-1, prolonged the survival and QOL of HCC
mice, and exhibited good safety. This study provides a
promising approach to improve the effectiveness of PD-1
inhibitors by simultaneously increasing the level and activity of
TILs, which offers a promising strategy to improve the efficacy
of clinical HCC immunotherapy.

Materials. Sodium acetate, HNO3, and HF were purchased
from Nanjing Reagent Co., Ltd. (Nanjign, China). Sodium
acrylate and astragaloside IV were purchased from Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). Oxymatrine was
purchased from Chunqiu Biomedical Technology (Nanjign,
China). FeCl3·H2O, EDTA-2Na, and C6 were purchased from
Aladdin Reagent Co., Ltd. (Shanghai, China). Diethylene
glycol and DiD were provided by Sigma-Aldrich Co., Ltd.
(Missouri, America). BTC was provided by Rhawn Chemical
Reagent (Shanghai, China). Methanol was provided by Xilong
Scientific (Shantou, China). RIPA lysis buffer, protease
inhibitor cocktail, phosphatase inhibitor cocktail, and loading
buffer were purchased from Glpbio Co., Ltd. (California,
America). Polyvinylidene fluoride membranes were purchased
from Bio-Rad Laboratories Co., Ltd. (California, America). In
vivo mAb antimouse CD47 and In vivo mAb antimouse PD-1
were purchased from BioXcell Co., Ltd. (New Hampshire,
America). Antimouse CD47 and antirabbit IgG were obtained
from Abmart Shanghai Co., Ltd. (Shanghai, China). D-
Luciferin potassium salt was obtained from BioFroxx Co.,
Ltd. (Germany). Brilliant Violet 421 antimouse CD45, PE/
Cyanine7 antimouse CD3, FITC antimouse CD4 Antibody,
Alexa Fluor 700 antimouse CD8a, APC/T-bet monoclonal
antibody, PE/eomes menocional antibody, FITC antimouse
CD11b, Alexa Fluor 700 antimouse F4/80, Purified antimouse
CD16/32 Antibody and Ki67 were obtained from Biolegend
Co., Ltd. (California, America). PE/IFN gamma Monoclonal
Antibody was purchased from eBioscience Co., Ltd.
(California, America). Antimouse PGC-1α Antibody and
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Goat Anti-Rabbit IgG H&L (Alexa Fluor 488) were purchased
from Abcam Co., Ltd. (Cambridge, England).

Cell Lines and Animals. NIH3T3, CTLL-2, and H22 cells
were obtained from the National Collection of Authenticated
Cell Culture (Shanghai, China). H22-Luc cells were provided
by China Pharmaceutical University (Nanjing, China).
NIH3T3, CTLL-2, H22, and H22-Luc cells were cultured in
a cell incubator at 37 °C under 5% CO2. The medium of
NIH3T3 was DMEM with 10% fetal bovine serum (FBS), and
the medium of CTLL-2, H22, and H22-Luc was RPMI 1640
with 10% FBS.
Male C57BL/6 mice (6−8 weeks old, 18−20 g) were

provided by GemPharmatech LLC. (Nanjing, China). All
animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of the
Jiangsu Province Academy of Traditional Chinese Medicine.

Preparation of PmMN@Om&As. 3.75 g of sodium
acetate, 3.75 g of sodium acrylate, and 1.875 g of FeCl3·H2O
were dissolved in 150 mL of diethylene glycol, stirred for 24 h
at room temperature, and then transferred into a Teflon-lined
autoclave for heating at 190 °C for 10 h. After it was cooled to
room temperature, it was centrifuged at 55000 rpm for 30 min.
The precipitated fraction was retained as a Fe3O4 nano-
particles.
A 100 mg amount of Fe3O4 nanoparticles and 287.5 mg of

BTC were dissolved in 50 mL of water which contained 2.5
mM HNO3 and 0.075 mM HF, and then transferred into a
Teflon-lined autoclave for heating at 150 °C for 4 h. MN was
collected by a magnet.
400 mg of Om and 200 mg of As were dissolved in 100 mL

of methanol and ultrasonic processed for 10 min at room
temperature. 50 mg of MN were heated to 150 °C to activate
the pores, and then transferred into the methanol which
contained Om&As, and stirred for 12 h at room temperature.
After stirring, MN@Om&As was collected by a magnet.
C57BL/6 mice blood was drawn into 1.5 g/L EDTA-2Na.

Platelets were collected using a platelet separation kit
(Haoyang TBD science). Pm was obtained by repeatedly
freezing and thawing platelet membranes between −80 °C and
room temperature. For the synthesis of PmMN@Om&As, Pm
(2 mg/mL) was mixed with MN@Om&As (2 mg/mL) at
membrane-to-core weight ratios of 1:2, and the mixture was
then sonicated at 200 w for 10 min (sonication for 1 s, intervals
for 2 s) on ice. Finally, PmMN@Om&As was collected by a
magnet.

Characterization of PmMN@Om&As. The morphology
was examined using SEM (LEO 1530VP, LEO Election
Microscopy Ltd.) and TEM (Tecnai G2 F20 S-Twin, FEI).
The size and zeta potentials of PmMN@Om&As were
determined by DLS using a Zeta Potential/Particle Sizer
(Zetasizer Nano ZS, Malvern Panalytical). Surface area, pore
size, and pore volume were determined by using a micro-
meritics surface area analyzer (TriStar II 3020, Micromeritics
Instrument Corporation). Magnetic properties were deter-
mined by using a VSM (LakeShore7404, Lake Shore) and a
NdFeB magnet. Crystal characteristics were determined by
using an XRD (Max-2200PC, Rigakud).
The presence of membrane-associated proteins on the

particles was verified by SDS-PAGE and WB. For the analysis,
the Pm and PmMN@Om&As were first lysed in RIPA lysis
buffer containing protease inhibitor cocktail and phosphatase
inhibitor cocktail on ice for 5 min. Thereafter, the lysates were
centrifuged at 13000× g for 5 min at 4 °C, the supernatant was

then subjected to enhanced BCA protein assay (Thermo) for
the quantification of the total protein. After that, the
supernatant protein was mixed with loading buffer and heated
at 100 °C for 5 min. An equivalent of 30 μg of protein per
sample was loaded into each well of an 8% Tris/glycine SDS-
poly acrylamide gelatin in an electrophoresis chamber system.
For total imaging, the protein blots were stained with a protein
staining kit (EnoGene). For WB analysis, the proteins were
transferred to polyvinylidene fluoride membranes which were
then blocked with 5% nonfat milk in TBST (Tris-HCl 50 mM,
NaCl 150 mM, Tween 80 0.1%) for 1.5 h at room
temperature. The blots were probed by antimouse CD47 at
4 °C and then incubated with the corresponding antirabbit IgG
before the final visualization on film.
DLE and drug release profiles were determined by HPLC.

The contents of Om and As in the methanol solution before
(M1) and after (M2) drug loading was determined by HPLC.
DLE was calculated by the ratio between the (M1 - M2) and
the mass of PmMN@Om&As. PmMN@Om&As was placed
in 4 solutions (neutral solution: pH7.4, 0.5% SDS-PBS; acidic
solution: pH6.4, H3PO4-0.5% SDS-PBS, reductive solution: 10
mM GSH-0.5% SDS-PBS, reductive and acidic solution: 10
mM GSH-pH6.4, H3PO4-0.5% SDS-PBS) for drug release
experiments. Solutions were collected at various times and
replenished with fresh solutions. The collected solutions were
concentrated 5× and detected by HPLC.
HPLC analysis was performed on an Agilent chromato-

graphic system (1260, Agilent). The mobile phase involved a
mixture of 0.3% phosphate buffer and acetonitrile (0−15 min,
90:10 v/v; 15−25 min, 90:10−45:55 v/v; 25−40 min, 45:55−
20:80 v/v), pumped at a flow rate of 1 mL/min through the
column (ZORBAXSB-C18, 5 μm, 250 mm × 4.6 mm).

CAFs and TILs Cells Models in Vitro. The CAFs cell
model was established based on NIH3T3 cells. Briefly, CAFs
were constructed by coincubating NIH3T3 cells with 5 ng/mL
TGF-β1 for 48 h.
A TILs cell model was obtained by coculturing CTLL-2 cells

and H22 cells. A total of 1 × 106 CTLL-2 cells were added to
the lower transwell chamber (Corning), and 1 × 106 H22 cells
were seeded in the upper chamber of the coculture system for
48 h.

Fluorescently Labeled PmMN@Om&As. 5 mg of C6
were dissolved in 10 mL of methanol and sonicated for 10 min
at room temperature. Follow the method in “Preparation of
PmMN@Om&As” to get MN@C6 and PmMN@C6. 5 mg
DiD was dissolved in 5 mL of methanol and sonicated 10 min
at room temperature. Follow the method in “Preparation of
PmMN@Om&As” to get MN@DiD and PmMN@DiD. All
the above operations were performed in a dark environment.

Cellular Uptake. CAFs, TILs, and H22 cells were seeded
in a 6-well cell culture plate at a density of 1 × 105 cells/well
and then incubated at 37 °C overnight. After different
treatments, 4 °C PBS was used to terminate cellular uptake
and DAPI was used to label cells. Fluorescence microscopy
(IX-73, Olympus) was used to observe the cellular uptake of
the different drugs. Cells were also collected, and the
brightness of the fluorescence was counted using flow
cytometry (CytoFLEX, Beckman).
The cellular drug uptake mechanism was reflected in

competitive inhibition experiments. Briefly, after the cells
were treated with sucrose, genistein, amiloride, and a low-
temperature environment, different drugs were used to
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coincubate with the cells. Further, flow cytometry was used to
determine the efficiency of drug uptake by cells.

Immune Escape of PmMN@Om&As. The immune
escape ability of PmMN@Om&As was verified by
RAW264.7 cells in vitro and C57BL/6 mice in vivo.
RAW264.7 cells were seeded in a six-well cell culture plate at
a density of 1 × 105 cells/well and then incubated at 37 °C
overnight. After different treatments, cells were collected and
counted based on the brightness of the fluorescence using flow
cytometry.
PmMN@C6 was coincubated with CD47 antibody for 12 h

to block CD47 (Pm-BCD47). MN@C6, PmMN@C6, and
Pm-BCD47 were injected intravenously into mice. After 4 h,
the spleens of the mice were collected and processed into a
single cell state. Antimouse F4/80 and antimouse CD11b were
used to label macrophages, and flow cytometry was used to
measure the efficiency of macrophages to phagocytose
nanoparticles.

Adhesion of Collagen to PmMN@Om&As. Collagen-
coated glass plates were placed in a flow cell, and a peristaltic
pump was used to provide a constant flow rate to mimic the
tumor blood flow. MN@C6 and PmMN@C6 were circulated
with the solution in the flow cell for 10 min. The MN@C6 or
PmMN@C6 remaining on the glass plate was observed by a
fluorescence microscope.

Orthotopic Transplantation Tumor Model. Mice were
randomly divided into different subgroups. 1 × 106 H22-Luc
cells were transplanted into the livers of C57BL/6 mice.
Bioluminescence imaging was performed using an IVIS
Spectrum (PerkinElmer) instrument to exclude the mice that
have no tumor.
In Vivo Fluorescence Imaging Study. Equal doses of

DiD, MN@DiD, and PmMN@DiD were injected via the tail
vein into mice with HCC. Images were captured at different
postinjection times (0.5, 1, 2, 3, 4, 6, 8, 10, and 24 h) by IVIS
Spectrum. At 24 h after injection, mice were sacrificed, and the
main organs (tumor, heart, liver, spleen, lung, and kidney)
were harvested for ex vivo fluorescence imaging. Laser confocal
microscopy was used to observe the distribution of drugs in
tumor tissue.
In Vivo Antitumor Efficacy. The orthotopic trans-

plantation tumor model of HCC in C57BL/6 mice was
established (n = 8) according to the description in “Orthotopic
Transplantation Tumor Model”. After 3 days, mice were
treated respectively with PBS, Om&As (Om: 2 mg/kg; As: 1.5
mg/kg), blank carrier (15 mg/kg), and PmMN@Om&As (15
mg/kg) via intravenous administration every day. Mice in the
α-PD-1 group and the combination group were injected with
α-PD-1 (5 mg/kg) via intravenous administration every 4 days.
At the end of the antitumor efficacy study, mice were
sacrificed, and tumors were collected as well as weighed.
Moreover, the tumors were sectioned. We stained these slices
with HE, Ki67, and TUNEL to observe the histopathological
changes. Apoptosis of tumor cells was measured by using flow
cytometry. Survival experiments were also performed. Besides,
ascites were collected and studied.

Flow Cytometry Analysis. We sacrificed mice and
collected tumor tissues, which were digested at 37 °C in a
buffer containing 1 mg/mL collagenase I, 1 mg/mL
collagenase IV, 0.04 mg/mL DNAase, and 0.4 mg/mL
HAase for 5 h. Subsequently, the mixtures were ground and
filtered to collect the single cells. Single cells were labeled with
antibodies and analyzed by using flow cytometry.

Western Blot Analysis. After treatment, tumor tissues
were collected and lysed in RIPA lysis buffer containing
protease inhibitor cocktail and phosphatase inhibitor cocktail,
and then, it was prepared into a homogenate by using a grinder
(Tissuelyser-L, Jingxin). The lysates were centrifuged at
13000× g for 5 min at 4 °C, and the supernatant was then
subjected to enhanced BCA protein assay for the quantification
of the total protein. Proteins were separated by SDS-PAGE
and transferred to PVDF membranes. PVDF membranes were
blocked with 5% nonfat milk and further incubated with the
indicated primary antibodies overnight at 4 °C. Subsequently,
it was incubated with HRP-conjugated secondary antibody for
1 h at room temperature and scanned with an Imaging analysis
system (5200, Tanon).

ELISA Assay. FAP and CXCL12 in the samples were tested
with ELISA kits.

TILs acquisition. TILs were obtained by a Pan T Cell
Isolation Kit II (Miltenyi Biotec).

Measurement OCR, ECAR, and PER. A Seahorse XFe96
analyzer (Agilent) was used to measure the OCR, ECAR, and
PER of TILs. Briefly, different groups of treated cells were
seeded in a Seahorse XFe96 FluxPak culture microplate, and
the plates were detected according to the manufacturer’s
instructions for the Seahorse XF Cell Mito stress test kit
(Agilent).
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