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Hypoxia is a typical characteristic of hepatocellular carcinoma (HCC), which causes tremendous obstacles
to tumor treatments. Current first-line treatment may further deteriorate tumor hypoxia. For example,
Lenvatinib, a receptor tyrosine kinase inhibitor (RTKI), suppresses tumor growth via blocking vascular
endothelial growth factor (VEGF) signaling, and can also inhibit angiogenesis, thus limiting oxygen sup-
ply to tumor sites. Therefore, alleviating tumor microenvironment (TME) hypoxia holds great potential
for enhancing the therapeutic effect of RTKI. Here, nanoparticle-stabilized oxygen microcapsules, a sta-
ble and biocompatible oxygen-loaded delivery system, are successfully prepared through interfacial poly-
merization of polydopamine nanoparticles. The microcapsules with a large loading capacity of oxygen
in the core show excellent bioavailability and dispersity, which could effectively improve the hypoxic
TME when they serve as oxygen delivery vehicles. Synergetic treatments of Lenvatinib and oxygen micro-
capsules could induce the transition of “cold tumor” in an immune-suppressed state to “hot tumor” in
an immune-activated state by improving tumor hypoxic TME and reducing angiogenesis in HCC. It is re-
vealed that combined treatments of oxygen microcapsules and Lenvatinib could polarize tumor-associated
macrophages (TAMs) to anti-tumor M1 cells and activate T cell-mediated anti-tumor immune responses.
The results suggest that synergetic therapy using oxygen microcapsules and Lenvatinib could alleviate the
hypoxic TME and enhance the therapeutic performance of RTKI, demonstrating a promising anti-tumor

strategy for enhanced therapy of HCC.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Hepatocellular carcinoma (HCC), which causes a worldwide
morbidity of 10 cases per 100,000 population per year [1], has
been recognized as one of the most common malignant tumors
in globe. HCC could be induced by various risk factors, such as
hepatitis C virus (HCV), aflatoxin B1, undue alcohol consumption,
hepatitis B virus (HBV), nonalcoholic fatty liver disease, hemochro-
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matosis [1,2]. Various therapeutic treatments are developed to sup-
press the progression and establishment of HCC, and drug therapy
(tyrosine kinase inhibitors including sorafenib, lenvatinib and rego-
rafenib) has shown proven survival benefits.

Lenvatinib, for example, approved by FDA as the first-line ther-
apy for cancerous patients with unresectable liver cancer, is an oral
multi-kinase inhibitor, which blocks VEGF signaling and demon-
strates antiangiogenic characteristics [3]. Angiogenesis inhibitors
are considered to cause hypoperfusion in malignant tumor mi-
croenvironment (TME), thus reducing nutrient supply to tumor
cells and limiting tumor growth [4,5]. However, the treatment of

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



J. Sheng, J. Wu, X. Yin et al.

Lenvatinib can also induce hypoxia in the TME of HCC by induc-
ing hypoperfusion, which may reduce the efficacy of Lenvatinib. In
addition, hypoxia is a typical characteristic of HCC due to the mal-
formed blood vessels [6,7], and is known to result in resistance
of anti-tumor therapy through many intracellular signaling path-
ways in autophagy, apoptosis, DNA damage, drug efflux, mitochon-
drial activity and p53 [8]. Therefore, intratumoral hypoxia affects
HCC behaviors, such as cell proliferation, differentiation, apoptosis,
genetic instability, tumor metabolism, vascularization/angiogenesis,
immunosuppression, metastasis [9], and promotes the expression
and stabilization of hypoxia-inducible factors, which play a cru-
cial part in dampening anti-tumor therapies against HCC [10,11].
To solve the problem, combined treatments using Lenvatinib and
specific strategy that can reverse the hypoxia in TME hold a great
potential for HCC therapy.

Oxygen only has a very low solubility in water and it is diffi-
cult to deliver oxygen by intravenous injection. Microcarriers with
small size, large specific surface area and outstanding bioavailabil-
ity are excellent delivery vehicles to safely and effectively deliver
oxygen [12,13], and many efforts have been dedicated to develop
oxygen microcarriers to ameliorate the hypoxia of TME [14,15].
However, oxygen microbubbles stabilized by surfactant molecules
are unstable and prone to coalescence [16,17]. Therefore, the de-
sign of oxygen microcarriers with excellent bioavailability, good
dispersity in water and large loading capacity to realize ample
oxygen supply into tumor sites remains a great challenge. Com-
bined therapy of Lenvatinib and oxygen microcarriers remains un-
explored in HCC.

Here, we develop a facile method to prepare nanoparticle-
stabilized oxygen microcapsules, which load oxygen in the core of
polydopamine nanoparticle shell. The oxygen microcapsules show
excellent bioavailability in vitro and in vivo and are stable in wa-
ter, which serve as good delivery vehicles to relieve the hypoxic
microenvironment of HCC. Combined treatments of oxygen micro-
capsules and Lenvatinib demonstrate a powerful synergetic ther-
apeutic effect by activating anti-tumor immunity. The synergetic
therapy using oxygen microcapsules and Lenvatinib could polarize
TAMs to anti-tumor M1 cells and activate T cell-mediated tumor
cytotoxicity in HCC, which is promising anti-tumor strategy for en-
hanced therapy of HCC.

Polydopamine nanoparticles, which are prepared by interfacial
polymerization, play an important role in stabilizing the oxygen
microcapsules, as shown in the left of Fig. 1. Chitosan, polylysine
and dopamine are first dissolved in an alkaline solution. When
oxygen is blown into the solution and sheared into microbubbles,
dopamine polymerizes into polydopamine nanoparticles at the wa-
ter/oxygen interface. The polymerization of dopamine is expedited
with the help of amino-rich polylysine and chitosan, which restrain
the peroxidatic reaction of polydopamine nanoparticles and gener-
ate uniform polydopamine nanoparticles. In addition, amino-rich
polylysine and chitosan provide sufficient active catechol groups to
interact with polydopamine nanoparticles. Finally, stabilized oxy-
gen microcapsules are achieved by cross-linking polydopamine
nanoparticles with the help of glutaraldehyde at the water/oxygen
interface and used as oxygen delivery vehicles with Lenvatinib for
enhanced drug therapy of HCC, as schematically shown in the right
of Fig. 1.

The oxygen microcapsules are stabilized by polydopamine
nanoparticles to prevent coalescence and Ostwald ripening, as
shown in Fig. 2A. The oxygen microcapsules could well disperse
in water and show a high contrast edge under an optical micro-
scope due to the mismatch in refractive indices between water
and oxygen, as shown in Fig. 2B. When the oxygen microcapsules
are dried in air and the oxygen cores are removed, the thin shells
of collapsed oxygen microcapsules are revealed by the SEM im-
age shown in Fig. 2C. Since polydopamine nanoparticles show a
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weak fluorescence, the core-shell microstructure of the oxygen mi-
crocapsules with an oxygen core and a thin shell of polydopamine
nanoparticles is further verified by images from fluorescence con-
focal microscope, as the fluorescent, bright-filed and overlay im-
ages of oxygen microcapsules are shown from left to right in Fig.
2D, in which the shell of polydopamine nanoparticles shows weak
fluorescent properties at the periphery of oxygen microcapsules
when excited by the wavelength of 480 nm and detected between
507 nm and 673 nm. The thin-shell oxygen microcapsules can ef-
fectively parcel oxygen in the core and prevent the coalescence be-
tween oxygen microcapsules. The size of the oxygen microcapsules
is roughly 5.3+ 0.4 nm, as shown in Fig. 2E and Fig. S1A (Support-
ing information). Due to the presence of positively-charged polyly-
sine and chitosan on the surface, the oxygen microcapsules have
an average zeta potential of 50+4mV, as shown in Fig. 2F and
Fig. S1B (Supporting information), which facilitates the dispersion
of oxygen microcapsules in water. Moreover, oxygen microcapsules
can also remain stable and well dispersed in PBS buffer with 10%
fetal bovine serum (FBS), as shown in Fig. S2 (Supporting informa-
tion), and more details of the preparation and characterization of
oxygen microcapsules are described in Supporting information.

Since oxygen concentration in the oxygen microcapsules is
higher than that in air, oxygen will gradually diffuse out of the
microcapsules and the microcapsules will eventually collapse over
time, as shown in Fig. 3A, which is different from the manner of
responsive release. Oxygen microcapsules are preeminent carriers
for oxygen delivery. When oxygen microcapsules are added to de-
oxygenated PBS buffer, oxygen could quickly diffuse into the PBS
buffer under the driving force of oxygen concentration gradient,
thus quickly increasing the oxygen concentration in the medium,
as shown in Fig. 3B. For example, when 1mL, 2 mL or 3 mL disper-
sion of oxygen microcapsules is added into 10 mL of deoxygenated
PBS buffer, the oxygen concentration reaches a saturated value
of 7mg/L within approximately 37 min, 24 min or 20 min, respec-
tively. To monitor the decrease of oxygen concentration in a nitro-
gen environment, the above-mentioned oxygen-saturated solutions
with different amounts of oxygen microcapsules are placed in a ni-
trogen environment with nitrogen blowing on the surface. As oxy-
gen diffuses into water and is continuously carried away by the
nitrogen flow, the oxygen concentration in the solution will grad-
ually decrease to Omg/L at 72h, 84h and 96h for 1mL, 2mL and
3 mL dispersion of oxygen microcapsules, respectively, as shown in
Fig. 3C. Therefore, the above results suggest that polydopamine-
nanoparticle-stabilized oxygen microcapsules are excellent oxygen
delivery vehicles.

Lenvatinib is a multi-kinase inhibitor with a preferential anti-
angiogenic activity, which can cause tumor blood vessels to con-
tract and reduce blood flow, limiting the supply of nutrients to tu-
mor sites and thus suppressing tumor growth. However, the sup-
pression of angiogenesis by Lenvatinib will also result in lack of
oxygen in the TME. Hypoxia in solid tumors could in turn induce in
vivo angiogenesis, thus reducing the efficacy of Lenvatinib [18,19].
In addition, hypoxia is known to be associated with the failures of
many chemotherapy [20-22]. Therefore, oxygen microcapsules are
expected to improve hypoxic condition in HCC and thus enhance
the therapeutic efficacy of Lenvatinib. To test the hypothesis, six-
teen C57BL/6 male mice are randomly divided into four groups:
the first group receiving no therapy as the control group (C group),
the second group receiving oxygen microcapsules (O group), the
third group receiving Lenvatinib (L group) and the fourth group
receiving combined treatments of Lenvatinib and oxygen micro-
capsules (L+0O group), and detailed experimental procedures and
characterization of the animal treatments are provided in Support-
ing Information. Animal experiments were approved by the Animal
Care and Medical Ethics Committee of the First Affiliated Hospi-
tal, Zhejiang University. From the 6 day, Hepal-6 tumor-bearing
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Fig. 1. Combined treatments of oxygen microcapsules and Lenvatinib by improving hypoxia in tumor microenvironment and activating anti-tumor immunity. Oxygen micro-
capsules are prepared by interfacial polymerization and stabilized by polydopamine nanoparticles.

mice are treated with intra-tumoral injection of PBS or oxygen mi-
crocapsules every two days for a total of 6 times; meanwhile, the
mice are orally treated with 10 mg/kg/day of Lenvatinib for 10 con-
secutive days, as shown in Fig. 4A. After 11 days’ treatments, no
difference in body weight is observed between control group and
groups under other different treatments, suggesting that mice are
tolerated with oxygen microcapsules and Lenvatinib, as shown in
Fig. 4B. However, photographs of dissected tumors show distinct
difference in tumor size between control group and groups un-
der different treatments, especially the L+O group under com-
bined treatments showing the smallest tumor size, as shown in Fig.
4C. The differences are further confirmed by quantitative measure-
ments of the tumor volume and tumor weight, as shown in Figs.
4D and E, respectively. Overall, the O group shows a little anti-
tumor effect compared with the C group, while the L and L+ 0O
group can significantly suppress the tumor growth. The degree of
tumor inhibition in the L+ O group is obviously higher than that of
the other groups, indicating enhanced therapeutic efficacy of com-
bined treatments for HCC.

To investigate the underlying mechanism for the enhanced effi-
cacy of the L+ O group, the expression of hypoxia-inducible factor-
la (HIF-1&) in the TME is detected by immunohistochemistry, as
shown in Fig. 5A. HIF-1« is a major transcription factor involved
in the hypoxia response of HCC cells and its expression can reflect
the degree of hypoxia in the TME [8,23-25]. Histological exami-
nations of dissected tumors show that the expression of HIF-1«
in the O and L+ O groups is considerably lower than that in the
other two groups, suggesting that intra-tumoral injection of oxy-
gen microcapsules could effectively improve the hypoxia of TME.
The improvement of hypoxic condition is further verified by ana-
lyzing hypoxic tumor cells (dead dye-CD45"EPCAM™) in the TME
using flow cytometry, as shown in Fig. 5B. Hypoxic EPCAM™* tumor
cells are significantly reduced in the O and L+ O groups, which is
consistent with the results of HIF-1c.

Angiogenesis, the formation of new blood vessels from the en-
dothelium of existing vasculatures, is a critical factor for tumor
growth and metastasis [26,27]. CD317, which is usually expressed
in both differentiated and undifferentiated endothelial cells, is an
indicator of tumor angiogenesis [28] and thus its expression is de-
tected by flow cytometry to evaluate tumor angiogenesis, as shown
in Figs. 5C and D. The lowest expression of CD31* observed in the

L+ O group suggests that oxygen microcapsules could assist Lenva-
tinib in reducing angiogenesis, as shown in Fig. 5E.

Previous studies suggest that hypoxia in the TME can lead to
the formation of immunosuppressive microenvironment in HCC,
which promotes immune evasion and tumor progression. For ex-
ample, tumor-associated TAMs will polarize to either M1 cells,
which are important for anti-tumor activity, or M2 cells, which
play a crucial role in tumor promotion [29,30]. Hypoxia is known
to result in recruitment and stimulation of immune-suppressor
cells, such as M2 TAMs [31], and reduction of T cell infiltration
[32]. Since oxygen microcapsules could effectively change the hy-
poxic TME, oxygen microcapsules are expected to promote immune
activation in HCC and thus increase M1 TAMs and T cells in the
TME.

To confirm the promoted immune activation in HCC by
combined treatments of oxygen microcapsules and Lenvatinib,
CD45* lymphocytes, TAMs (CD11b*F4/80* in CD45%), M1 TAMs
(dead-dye-CD45TCD11b"F4/80"CD867CD206~), M2 TAMs (dead-
dye~CD45"CD11b"F4/80tCD86-CD206"), CD3* T cells, cytotoxic T
lymphocytes (CTLs) and T helper 1 (Th1) lymphocytes in the tumor
microenvironment are analyzed in detail using flow cytometry. The
gating strategies for TAMs, M1 and M2 are demonstrated in Fig.
6A. The ratio of CD45" lymphocytes in the tumor microenviron-
ment shows a remarkable increase in the L+ O group as compared
to the other groups, as shown in Fig. 6B. Though there is little dif-
ference in the ratio of TAMs between different groups (Fig. 6C),
there are statistically significant differences in the ratios of TAM
M1 and M2 subsets, as shown in Figs. 6D and E. As expected, the
L+ O group shows the highest ratio of M1 cells and the lowest ra-
tio of M2 cells, when compared to the other groups. These results
suggest that combined treatments of oxygen microcapsules could
indeed promote immune activation in HCC and polarize TAMs to-
wards M1 cells.

Similarly, T cell-mediated anti-tumor immunity in the TME are
analyzed and the gating strategies for Th1l cells and CTLs are
schematically shown in Fig. 7A. In general, higher ratios of Th1
cells and CTLs suggest a higher T cell-mediated anti-tumor im-
munity [33,34]. The results show that there are no significant
differences in the ratios of CD3*, CD8* and CD4*+ T cells be-
tween different groups, as shown in Figs. 7B-D, respectively. In
contrast, the observed ratios of Th1 cells (CD45+*CD3+CD4+CD69+)
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Fig. 2. Characterization of polydopamine-nanoparticle-stabilized oxygen microcap-
sules. (A) Schematics showing polydopamine-nanoparticle-stabilized oxygen micro-
capsules. (B) Dispersion of oxygen microcapsules in water. (C) SEM image of col-
lapsed oxygen microcapsules showing ultra-thin shells. (D) Fluorescent, bright-filed,
and overlay images of oxygen microcapsules. The shell of polydopamine nanoparti-
cles shows weak fluorescent properties at the periphery of oxygen microcapsules.
(E) Size distribution of oxygen microcapsules. (F) Zeta potential of oxygen micro-
capsules.

and CTLs (CD45+*CD3+CD8+CD69*) in the L+ 0O group are signif-
icantly higher than those in the other groups, as shown in Figs.
7E and F. Therefore, combined treatments of oxygen microcapsules
and Lenvatinib could induce strong adaptive T cell-mediated anti-
tumor immunity.

Histological examinations of dissected tumors under different
treatments using Ki67 and TUNEL assays show that combined
treatments of oxygen microcapsules and Lenvatinib contain the
least proliferative markers (labeled by Ki67) and highest apoptosis
index (labeled by TUNEL) compared with the other groups, sug-
gesting most apoptosis and least proliferation, as shown in Fig. 7G.
These results suggest that improving hypoxic TME using oxygen
microcapsules can help to polarize TAMs towards M1 cells and ac-
tivate T cell-mediated anti-tumor immune responses.

Polydopamine-nanoparticle-stabilized oxygen microcapsules are
expected to possess good biocompatibility, since previous studies
have suggested that polydopamine, a biocompatible polymer, is a
promising carrier for loading different anticancer drugs for can-
cer treatments [35-37]. To further evaluate the biosafety of oxygen
microcapsules, tissues from major organs of mice under different
treatments, including heart, liver, spleen, lung and kidney, are ex-
amined by histopathological examinations, as shown in Fig. 8. The
H&E stained micrographs show no observable tissue damage and
no observable difference in the C, L, O and L+ O groups. The results
are consistent with the previous discussions that there is no signif-
icant weight loss in the mice under different treatments. Therefore,
combined treatments of oxygen microcapsules and Lenvatinib is a
promising therapeutic strategy for enhanced cancer therapy.
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Fig. 3. Oxygen delivery performances of polydopamine-nanoparticle-stabilized oxy-
gen microcapsules. (A) Optical images of oxygen microcapsules exposed in air over
time. The interval between neighboring images is 1 day. As oxygen is gradually re-
leased, oxygen microcapsules shrink and collapse. (B) Increase of oxygen concen-
tration over time when 1mL, 2mL and 3 mL dispersions of oxygen microcapsules
are added into in 10mL deoxygenated PBS buffer, respectively. PBS is deoxygenated
by nitrogen purge. The concentration of oxygen microcapsule dispersions is roughly
1mL oxygen microcapsules in 1 mL water. (C) Release of oxygen from oxygen mi-
crocapsule dispersions over time in a nitrogen environment with nitrogen blowing
on the surface.
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pies. (D) Tumor volumes of mice under different therapies at different times. (E)
Changes of tumor weight over time in different groups. Data are shown as mean
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P < 0.001; ****P < 0.0001; ns: no significance.
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are observed between control group and groups under other treatments.
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Hypoxia in the tumor microenvironment is a big obstacle for
anti-tumor therapy and it causes resistance of anti-tumor drugs for
hepatocellular carcinoma treatments by HIF-1c¢, autophagy and so
on [38]. To improve the hypoxic TME, nanoparticle-stabilized oxy-
gen microcapsules consisting of an oxygen core and a shell of poly-
dopamine nanoparticles are prepared via interfacial polymeriza-
tion. The microcapsules possess advantages of excellent bioavail-
ability, high loading capacity, good dispersity in water and high
stability against coalescence, being outstanding oxygen delivery ve-
hicles. Combined treatments of oxygen microcapsules and Lenva-
tinib are proved to significantly improve the hypoxia in the TME
and enhance the anti-tumor performance for HCC in vivo. Details
analysis of the ratio of cells in the TME suggests that synergetic
therapy using oxygen microcapsules and Lenvatinib could polar-
ize TAMs to anti-tumor M1 cells and activate T cell-mediated anti-
tumor immune responses. Therefore, combined treatments of oxy-
gen microcapsules and Lenvatinib provide an important example
for enhanced therapy of HCC. The synergic strategy could be ex-
tended to other tumors and oxygen microcapsules, which could
effectively improve the hypoxic TME, are applicable in many sce-
narios.
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