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Triple-negative breast cancer (TNBC) is a subtype of breast cancer with high mortality, and the efficacy
of monotherapy for TNBC is still disappointing. Here, we developed a novel combination therapy for TNBC
based on a multifunctional nanohollow carbon sphere. This intelligent material contains a superadsorbed
silicon dioxide sphere, sufficient loading space, a nanoscale hole onits surface, a robust shell, and an outer
bilayer, and it could load both programmed cell death protein 1/programmed cell death ligand 1 (PD-1/
PD-L1) small-molecule immune checkpoints and small-molecule photosensitizers with excellent loading
contents, protect these small molecules during the systemic circulation, and achieve accumulation
of them in tumor sites after systemic administration followed by the application of laser irradiation,
thereby realizing dual attack of photodynamic therapy and immunotherapy on tumors. Importantly, we
integrated the fasting-mimicking diet condition that can further enhance the cellular uptake efficiency
of nanoparticles in tumor cells and amplify the immune responses, further enhancing the therapeutic
effect. Thus, a novel combination therapy “PD-1/PD-L1 immune checkpoint blockade + photodynamic
therapy + fasting-mimicking diet"was developed with the aid of our materials, which eventually achieved
a marked therapeutic effect in 4T1-tumor-bearing mice. The concept can also be applied to the clinical
treatment of human TNBC with guiding significance in the future.
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Introduction

Triple-negative breast cancer (TNBC) accounts for around 20%
of all types of breast cancers, and young women, in particular,
are more susceptible to TNBC [1]. Unfortunately, TNBC has
extensive heterogeneity, complexity, and severe invasiveness that
are responsible for increased mortality in patients with breast
cancer [2,3]. In addition, the negative expression of estrogen
receptor, progesterone receptor, and human epidermal growth
factor receptor 2 hinders responses of TNBC to normal hor-
mone therapy or human epidermal growth factor receptor 2
receptor targeting therapy [4,5]. PD-1/PD-L1 immune checkpoint
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blockade is a novel and promising anticancer strategy in com-
parison with traditional treatments [6,7]. Because of unex-
pected immunogenicity and the high expense of anti-PD-1/
PD-L1 antibodies, the development of organic small-molecule
inhibitors as alternatives holds promise in the field of PD-1/
PD-L1 immune checkpoint blockade [8]. Because BMS-202
can fill a deep hydrophobic pocket at the cross-section of the
PD-L1 homodimer with a cylindrical-like shape [9], BMS-202
is a potent and nonpeptidic PD-1/PD-L1 immune checkpoint
inhibitor (ICI). Unfortunately, most clinical outcomes are still
unsatisfactory in TNBC [10,11]. In contrast, photodynamic
therapy (PDT) can improve the treatment efficacy in a variety
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of solid tumors and reprogram the tumor microenvironment to
be more susceptible to ICI treatments with few adverse effects
[12,13]. Chlorin e6 (Ce6), as a well-investigated and effective
small-molecule photosensitizer, has been widely used in PDT
for various solid tumors [14]. Once Ce6 enters tumor intracellular
environments, high concentrations of reactive oxygen species
(ROS) can be generated in tumor cells under 660 nm of laser
irradiation, which induces tumor cell apoptosis or necrosis and
stimulates the host immune system by inducing the rapid release
of antigens from tumor cell fragments, a process that leads to
dendritic cell (DC) maturation, and activation of cytotoxic T
lymphocytes and their infiltration into tumors [15]. Nevertheless,
because of immunization checkpoints, it generally cannot be
applied as an independent treatment for solid tumors either [16].

Therefore, the general management of monotherapy cannot
fully achieve the goal of a radical cure for solid tumors, espe-
cially for TNBC. A combination of these emerging strategies
can compensate for the deficiencies, integrate the advantages,
produce a synergistic effect, and improve efliciency [17,18].
Nevertheless, the hydrophobicity and aggregation properties
of ICI and Ce6 in aqueous media limit their application, result-
ing in insufficient tumor localization and thereby reducing their
efficacy. To achieve simultaneous delivery of 2 small molecules,
ICI and Ce6, to tumor sites, nanoparticles can generally
increase the solubility of hydrophobic therapeutics and provide
appropriate size and surface properties to prolong systemic
circulation, allowing them to penetrate solid tumors through
enhanced permeability and retention effect [19,20]. As a
traditional drug delivery system, micellar nanoparticles auto-
matically formed through amphiphilic copolymers have been
applied to encapsulate hydrophobic drugs to increase their
solubility [21]; however, there are still some disadvantages of
micelles, including instability in vivo and limited drug-loading
capacity than liposomes [22]. As another traditional drug delivery
system, liposomes can change their pharmacokinetic (PK)
behaviors in vivo, reduce toxic side effects, and improve efficacy
after the drug is carried by liposomes [23,24]; however, fabri-
cation of uniform liposomes usually requires a series of com-
plicated procedures, and general liposomes can hardly maintain
the initial size and structure for a period of time [25,26].
Moreover, other organic solvents involved in the fabrication
process can hardly be removed completely. Mesoporous silica
nanoparticles have been proven that they have a high surface
area, pore volume, and high controllability; however, attribut-
ing to the silanol groups on their surface, they may bind with
the phospholipids on the cell membranes of the red blood that
may lead to hemolysis [27,28].

To further improve the long-term stability, uniformity,
sturdiness, and drug-loading space of nanocarriers, we designed
hollow core-shell carbon spheres with multifunctional inte-
gration. In the past decade, the technologies for the fabrication
of core-shell nanoparticles or carbon spheres have been well
established for multiple applications [29,30]. In particular,
hollow core-shell structures can be constructed having large
empty capacities, which can be used for loading drugs. Although
the resulting hollow product via hard templates can maintain
a stable structure and a well-defined morphology, they need to
possess channels with suitable sizes on their surface for drug
access. In particular, a channel of small size might hinder drugs
from accessing, while a channel of large size might hinder the
outer shell from protecting the loading drugs and cause
deformation of the outer shell. Nevertheless, the sizes are
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generally difficult to be controlled [31,32]. Regarding other
carbon-sphere-based antitumor strategies, a representative
study published in Nano Today successfully developed an inno-
vative type of metal-free hollow porous nanozyme that signifi-
cantly improved the peroxidase-like activity of the nanozyme,
thereby achieving efficient activation of the selective prodrug
in tumor sites [33]. Differently, we established a simple delivery
system only suitable for loading and releasing hydrophobic
small molecules in this study. In particular, we have fabricated
a hollow carbon sphere having 1 to 2 channel holes ranging in
a diameter size from 20 to 40 nm on each surface, which is
conducive for the entry of drugs and maintains the whole struc-
ture and morphology at the same time. In addition, this hollow
carbon sphere carries a strongly adsorbent silicon dioxide sphere
inside to further attract the drugs after they access through the
channel holes. Besides the advantages of the hollow core-shell
carbon spheres for loading ICI and Ce6 above, another advan-
tage of this study was performed by a fasting-mimicking diet
(FMD) treatment. Recent research has revealed that FMD is a
safe, applicable, and low-cost adjuvant treatment via dietary
intervention that can further boost antitumor immunity. A
representative study published in Cancer Discovery demonstrates
several bioeffects of FMD, including the reversion of peripheral
blood immunosuppressive myeloid cells and regulatory T cells,
the promotion of T helper 1 differentiation, the increase in
interferon-y (IFN-y) expressing cytotoxic lymphocytes, and
other related immune markers in the circulation and breast
tumor tissue. Therefore, we believe that FMD might be suitable
in combination with other immunotherapies to achieve the
most ideal therapeutic effect on breast tumors [34-36].

Overall, we used a series of simple methods, including
precipitation, carbonization, calcination, etching reaction, and
hydrothermal reaction, and the final structure includes a
strongly adsorbent silicon dioxide sphere, sufficient hollow
space for loading drug, a nanoscale hole on its surface, a robust
shell, and an outer bilayer, which could efficiently encapsulate
PD-1/PD-L1 small-molecule ICI and Ce6 (LEH-CSPC), with-
out multiple chemical modifications. Notably, the shell of the
carbon spheres can avoid excessive swelling in comparison to
general liposomes. After systemic administration, LEH-CSPC
could protect ICI and Ce6 in the circulation of blood and
deliver them to tumor sites. Afterward, Ce6 released from
LEH-CSPC can generate high concentrations of ROS in tumor
cells and destroy tumor cells under laser irradiation. Meanwhile,
the released ICI from apoptotic tumor cells can combine with
PD-1 or PD-L1, ensure the function of immune cells such as
T cells, and regain the clearance effect of T cells on tumors.
Additionally and importantly, recent studies have shown that
an FMD treatment can further enhance the cellular uptake of
nanoparticles and the activities of immune cells. Thus, we ini-
tially performed a more innovative approach with the addition
of FMD treatment based on the combination therapy above,
established a synergistic triad treatment “PD-1/PD-L1 ICI +
PDT + FMD”, and eventually achieved the dramatic TNBC-
eradicating effect in 4T1-tumor-bearing mice.

Results

The initial materials, carbon spheres filled with silicon dioxide,
were synthesized, etched, subjected to a high-temperature
hydrothermal reaction to puncture holes on the surface of the
carbon spheres, modified with (3-aminopropyl) triethoxysilane
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(APTES) (EH-CS) that were applied to encapsulate 2 small
molecules, and coated with liposome bilayers (LEH-CSPC)
(Fig. 1A). As shown in Fig. S1, the size of the silica dioxide
inside the carbon sphere is closely related to the etching time.
To determine the optimal composition, we investigated the
loading efficiency of carbon spheres with different etching
times and the same hydrothermal reaction time on 2 small
molecules. The loading contents of ICI and Ce6 were detected
by ultraviolet (UV) spectrophotometry and fluorescence spec-
trophotometry, respectively. According to the encapsulation
efficiency and loading content (Tables S1 and S2 and Fig. S2),
we adopted the etching time of 36 h to carry out further studies,
which indicates that nanocarriers for encapsulating small
molecules need not only sufficient capacity but also sufficient
adsorption force that silicon-dioxide-APTES could provide.
We could also confirm the importance of the wider pores with
diameters of 20 to 40 nm on the surface for encapsulating small
molecules. Previous reports demonstrated that smaller pores
exhibited a notably lower capacity for encapsulating molecules
[37,38]. Obviously, the transmission electron microscope (TEM)
images of the CS (etching time, 0 h) and EH-CS (etching time,
36 h) exhibit regular circular shapes and uniform diameters of
less than 200 nm (Fig. 1B and C), suggesting that the benefit
of this size could lay the firm foundation for further modifica-
tions and biomedical applications and the etching process
might not have any effect on the size and whole morphologies
of the materials. Notably, after reacting with 2 small molecules
and being coated with liposome bilayers, the hollow space in
the carbon sphere transferred into a state filled with molecules
(Fig. 1D), preliminarily confirming that this material can
encapsulate small molecules. Besides, the scanning electron
microscope (SEM) image of the CS (etching time, 0 h) exhibited
regular spherical morphology, uniform particle size, and sur-
face integrity (Fig. 1E). Pores with diameters of 20 to 40 nm on
the surface of EH-CS (etching time, 36 h) could be observed
from either high magnification (Fig. 1F) or low magnification
(Fig. S3). Moreover, the N, adsorption-desorption isotherms
were further subjected to the Brunner-Emmet-Teller (BET)
analysis as shown in Fig. S4. The typical type IV isotherm was
observed for this carbon-coated silica dioxide, indicating a
mesoporous structure. After coating liposome bilayers, there
were no pores with diameters of 20 to 40 nm on the surface
(Fig. 1G), ensuring a complete coating. The diameter and
volume of LEH-CSPC and the inner silicon dioxide spheres
were quantificationally calculated as shown in Fig. S5, and the
inner hollow space indicated a large encapsulating capacity.
Compared with the CS without coating liposome bilayers,
LEH-CSPC showed an intense negative zeta potential (Fig. S6),
further ensuring the successful coating. Furthermore, the wide-
scan x-ray photoelectron spectrometer (XPS) spectra of the
EH-CS surface shown in Fig. S7A uphold the existing elements
of Si, C, N, and O, while the wide-scan XPS spectra of the LEH-
CSPC surface shown in Fig. S7B uphold the existing elements
of P, C, N, and O. By contrast, the binding energy at around
133 eV was attributed to the P 2p peaks that might be from
liposome bilayers. As shown in Fig. S8, diffraction of x-rays
indicates that the structure of EH-CS is amorphous, whereas
the wide peaks at about 22° and 42.5° are attributed to the
carbon layer coated on silica dioxide nanoparticles. According
to the results above, carbon spheres in different stages and final
LEH-CSPC showed well-defined morphologies, and the out-
ermost lipid bilayer showed a negative charge. To evaluate the
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stability of LEH-CSPC in serum, we preserved LEH-CSPC in
phosphate-buffered saline (PBS) containing 10% serum for
24 h and washed LEH-CSPC. The SEM image showed that
LEH-CSPC still maintained the original morphology (Fig. S9A),
illustrating the stability of the overall structure. In addition,
there was no significant difference in the surface zeta potential
of LEH-CSPC compared with that for 0 h (Fig. S9B), continuing
to illustrate the stability of the outermost layer of LEH-CSPC.
To evaluate the long-term stability of LEH-CSPC, we preserved
LEH-CSPC at 4 °C under a dark environment for 10 d. The
SEM image showed that LEH-CSPC still maintained the original
morphology (Fig. S10A), illustrating the long-term stability of
the overall structure. In addition, there was no significant dif-
ference in the surface zeta potential of LEH-CSPC compared
with that for 0 h (Fig. S10B), continuing to illustrate the long-
term stability of the outermost layer of LEH-CSPC.

In this study, we adopted a PDT strategy; however, carbon-
based materials also have a photothermal effect [39] that could
lead to an auxiliary effect on the release of internally encapsu-
lated small molecules, including ICI and Ce6 (Fig. 1H). Overall,
in the aqueous solution, the temperature increased with the
increase in the power (0.2, 0.5, and 1.0 W/cm? of 660-nm laser
irradiation) under the same concentration of LEH-CSPC and
with the increase in the concentration of the LEH-CSPC under
the same power (Fig. 1I to K), demonstrating the sensitive
responsiveness of the carbon materials to laser irradiation.
Because of the heat generated by laser irradiation and the com-
position of dipalmitoylphosphatidylcholine (DPPC), the outer
liposome layer structure could slightly change, and the 2 small
molecules inside might spill out. In LEH-CSPC solution
(345 pg/ml) containing Ce6 (50 pg/ml), the release of ICI and
Ce6 was extremely limited without executing laser irradiation,
while the burst release of them occurred when the laser irra-
diation was applied for 5 min (average temperature, 42.2 °C)
(Fig. 1L and M), suggesting that they will realize their functions
after they are delivered to the tumor sites.

At the cellular level, FMD could enhance the cellular uptake
of nanoparticles containing Ce6 that could induce high levels
of ROS under laser irradiation and cause apoptosis or necrosis
of tumor cells (Fig. 2A). For in vitro experiments, we selected
a triple-negative mouse breast cancer cell line 4T1 as the main
research target and a murine colorectal carcinoma cell line
CT26 as the control. CT26 and 4T1 are homologous tumor mod-
els that are adopted to estimate novel therapeutic approaches.
The 4T1 tumor model is generally recalcitrant to most thera-
peutic agents [40]. Considering the homologous tumor models,
we explored whether 4T1 differs from its homologous tumor
model CT26 in the cellular uptake of LEH-CSPC. To some
extent, the cellular uptake of most kinds of nanoparticles (over
50 nm) is cell-type-dependent [41]. Cellular uptake of LEH-
CSPC should probably occur in nonhomogeneous tumor cell
lines with different efficiencies. We speculate that it is better to
select the homologous tumor models to investigate the differ-
ence in cellular uptake. Regardless of laser application, by track-
ing Ce6 with fluorescent properties, both 4T1 and CT26 cells
in the FMD-applied group showed strong fluorescence inten-
sity under confocal microscopy (Fig. 2B and Fig. S11A, respec-
tively). The quantitative fluorescence intensity was investigated
via flow cytometry (Fig. 2C and Fig. S11B). Under norm con-
ditions, the fluorescence intensity in 4T1 cells is apparently
lower than that in CT26 cells. Interestingly, the fluorescence
intensity in 4T1 cells was comparable to CT26 cells under FMD
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Fig.1.Characterization of LEH-CSPC. (A) The brief schematic diagram of the formation process of LEH-CSPC, including etching reaction, hydrothermal reaction, drug loading,
and liposome membrane coating. The TEM image of (B) CS (etching time, 0 h), (C) EH-CS (etching time, 36 h), and (D) LEH-CSPC. Scale bars, 200 nm. The SEM image of
(E) CS (etching time, 0 h), (F) EH-CS (etching time, 36 h), and (G) LEH-CSPC. Scale bars, 200 nm. (H) The brief schematic diagram of the drug release process of LEH-CSPC
under 660-nm laser irradiation, and the temperature increase could lead to an auxiliary effect on the release of internally encapsulated drugs. The temperature change profiles
of different concentrations of LEH-CSPC under (1) 0.2 W/cm?, (J) 0.5 W/em?, and (K) 1.0 W/cm? of 660-nm laser irradiation. Cumulative release profiles of ICl and Ce6 under
(L) 0.5 W/em? and (M) 1.0 W/cm?.
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Fig.2.In vitro cellular behaviors in 4T1 tumor cells. (A) The brief schematic diagram of cellular uptake of LEH-CSPC and intracellular ROS generation under different conditions,
including FMD and laser irradiation. (B) Confocal images of cellular uptake of LEH-CSPC in 4T1 tumor cells under different conditions, including FMD and 660-nm laser
irradiation (1.0 W/cm?). Scale bar, 10 um. (C) Flow cytometry analysis of cellular uptake of LEH-CSPC in 4T1tumor cells under norm and FMD conditions. (D) Confocal images
of intracellular ROS generation in 4T1 tumor cells treated with different formulations under 660-nm laser irradiation (1.0 W/cm?). Scale bar, 10 pm. Cytotoxic effects of
(E) different concentrations of EH-CS and ICl and (F) different formulations at the determined benchmark on 4T1 tumor cells. The results are presented as means + SD and
analyzed using Student’s t test (n = 4, *##*P < 0.001). DAPI, 4* 6-diamidino-2-phenylindole.
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conditions, and the fluorescence intensity in FMD-applied cells
was dramatically different from cells under norm conditions.
On this basis, we could observe that the LEH-CSPC with simul-
taneous application of laser irradiation and FMD condition
(LEH-CSPC + laser + FMD) could induce the strongest inten-
sity of ROS in both 4T1 and CT26 cells under confocal micros-
copy (Fig. 2D and Fig. S12). The composition without Ce6 can
hardly induce ROS in both 4T1 and CT26 cells, while free Ce6
can freely enter cells and generate a certain degree of ROS. ROS
can achieve therapeutic purposes by accelerating the apoptosis
of tumor cells. Currently, drugs aimed at increasing the level
of ROS in tumor cells are gradually being applied in clinical
trials. Regarding cytotoxicity of carbon sphere and ICI to tumor
cells, the cell viability dramatically reduced when the concen-
tration of ICI reached over 10 pg/ml (Fig. 2E and Fig. S13A),
verifying that ICI could also assist in inhibiting the tumor cell
viability. Furthermore, the LEH-CSPC + laser + FMD group
containing ICI (10 pg/ml) showed remarkable cytotoxic effects
at the determined benchmark (Fig. 2F and Fig. S13B), which
might be caused by the combined effects of ROS, ICI, and FMD.
Importantly, the LEH-CSPC + laser + FMD group could
induce comparable toxicity in 4T'1 and CT26 cells, demonstrating
efficient suppression of TNBC by our strategy. DC maturation
is the major biomarker of PDT-elicited antitumor immune
response. 4T1 cells underwent various treatments, and the cul-
ture supernatants of 4T1 cells in these groups were adopted to
stimulate DC2.4 cells. As costimulatory molecules, levels of
CD80 and CD86 of DC2.4 in the LEH-CSPC + laser group
showed significant enhancements compared with those of
LEH-CSPC alone, indicating the importance of the PDT effect
on antigen release from tumor cells and subsequent DC
maturation. Interestingly, FMD conditions could further pro-
mote these effects (Fig. S14).

The major advantages of nanoparticles include improvement
of targeted delivery efficiency for small molecules at tumor sites
and reduction of nonspecific distribution in other major organs,
and PK and tissue distribution of nanoparticles are crucial in
therapeutics efficacy and toxicity in vivo [42]. All animal experi-
ments here were performed in accordance with the relevant
laws and followed the institutional guidelines approved by the
Institutional Animal Care and Use Committee of the National
Center for Nanoscience and Technology (NCNST21-2109-0404).
In our study, we adopted the 2-compartment model to analyze
the in vivo PK and biodistribution of LEH-CSPC (Fig. 3A).
Mice were intravenously injected with different formulations
through the tail vein. We collected serums at different time
points and detected the Ce6 concentration to analyze major
PK parameters. As shown in Fig. 3B, the Ce6 concentration in
serum of the free ICI + Ce6 group exhibited a sharper decrease
than that of the LEH-CSPC group within 5 h, and Ce6 from
the LEH-CSPC group could still be detected in the serum over
10 h. In comparison to the free ICI + Ce6 group, Ce6 from
LEH-CSPC showed a 70% increase in both the area under the
curve and the mean residence time in the systemic availability.
Accordingly, the area under the moment curve value for Ce6
from LEH-CSPC was nearly 3 times than that in the free
ICI + Ce6 group. Similarly, half-life (¢,,,) was found to be nearly
2.5-fold as compared with that of the Ce6 in the free ICI + Ce6
group. Moreover, the systemic clearance of Ce6 from LEH-CSPC
(0.68 ml/h) revealed a nearly 2-fold decrease in comparison to
the free ICI 4+ Ce6 group (1.16 ml/h). The aforementioned PK
parameters including the volume of distribution verified that
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LEH-CSPC can prolong the circulation of small molecules
in vivo (Fig. 3C). Meanwhile, the average Ce6 fluorescence
intensity in tumors in the LEH-CSPC group under norm or
FMD conditions was much higher than that of other organs,
and the tumor accumulation was significantly improved com-
pared with the free PD-1 and Ce6 group after 24 h (Fig. 3D to F),
verifying that this delivery system could enhance the accumu-
lation of free drugs in tumor sites; however, this result indicates
that the FMD condition cannot enhance the tumor accumula-
tion of LEH-CSPC nanoparticles. The main advantage of the
FMD condition is the promotion of cellular uptake of LEH-CSPC
nanoparticles as discussed before.

On the basis of the effective tumor cytotoxicity and tumor
tissue accumulation of LEH-CSPC, we eventually explored the
effect on 4T1 tumor cell apoptosis or necrosis in vivo.
Regarding this case (Fig. 4A), LEH-CSPC reached the tumor
site and was taken up by tumor cells. After laser irradiation,
Ce6 could generate ROS in the intracellular environment of
tumor cells, promote apoptosis of tumor cells, release tumor
antigens to DCs, and further induce infiltration of tumor
antigen-specific cytotoxic T cells to tumor sites. Meanwhile,
these apoptotic tumor cells could also release the ICI that could
bind with PD-L1 of other tumor cells or PD-1 of these cytotoxic
CD8" T cells. Eventually, these cytotoxic CD8" T cells above
further destroy other tumor cells. In addition, former results
in this study also demonstrated that FMD conditions could
promote the cellular uptake of LEH-CSPC by tumor cells,
which might lead to a large amount of ROS. The synergistic
effect via these multiple pathways might accelerate the apop-
tosis and even necrosis of tumor cells. A total of 2 cycles of
treatment were performed on the tumor in vivo, and the brief
schedule is shown in Fig. 4B. By measuring the body weights
of the mice throughout the whole treatment, only the mice in
the LEH-CSPC + laser + FMD group experienced momentary
weight losses during the 2 administration intervals, and the
body weights of the mice could rapidly recover after finishing
each administration. The body weights of the other groups could
remain steady within the normal range (Fig. 4C). Moreover,
there was no obvious abnormality in the hematoxylin and eosin
(H&E) staining sections of the main organs in each group (Fig.
S15), ensuring that all formulations might not lead to marked
systemic toxicity in vivo. The intratumoral temperature after
the administration of LEH-CSPC followed by the laser appli-
cation was 42.5 °C on average. The tumor volume on the 20th
day was smaller than that on the 10th day from the LEH-CSPC
+ laser + FMD group that achieved the most significant tumor
suppression. In contrast, the tumors in the other control groups
were not notably inhibited; especially, the tumors in the control
and EH-CS + laser groups were nearly 2,000 mm? on the 14th
day. For the ICI + Ce6 group (with laser application), ICI and
Ce6 as free small molecules caused a higher proportion of non-
specific distribution in other organs, and few small molecules
could travel to the tumor site. For the LEH-CSPC group (with-
out laser application), after LEH-CSPC entered tumor cells, the
outer liposome membrane in steady state was destroyed in the
acidic environment of lysosomes, and the released ICI from
LEH-CSPC via lysosomal escape could lead to certain toxicity
to tumor cells; therefore, LEH-CSPC group (without laser
application) can cause slight tumor inhibition. In the end point,
the LEH-CSPC + laser + FMD group had an apparent
tumor-suppressive effect with many areas of tumor necrosis in
comparison to other groups (Fig. 4D to F and Fig. S16). There
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MHC I, major histocompatibility complex I.
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was a positive correlation between tumor weight and final
tumor volume in all groups. To further investigate apoptosis of
tumor cells in the tumor tissues, H&E staining sections of
tumors clearly presented a large reduction of normal cells and
many abnormal nuclei in the LEH-CSPC + laser + FMD group
compared to other controls (Fig. 4G and Fig. S17). Anyhow,
these results could firmly confirm the advantages of LEH-CSPC
+ laser + FMD formulation for tumor therapeutic efficacy
and safety.

PDT can induce immune responses by the released tumor
antigens from apoptotic tumor cells, carbon materials, or small
chemical molecules, and this immune response as synergistic
effects could further assist solid tumor treatment (Fig. 5A). We
first investigated DC maturation in lymph nodes around sub-
cutaneous 4T1 tumors in vivo after day 3 following the schedule
in Fig. 4B. Levels of CD80 and CD86 of DCs in the LEH-CSPC
+ laser group showed enhancements compared with those of
LEH-CSPC alone, indicating the importance of the PDT effect
on antigen release from tumor cells in vivo and subsequent DC
maturation. Interestingly, FMD conditions could significantly
enhance these effects (Fig. S18). In addition, tumors in ICI +
Ce6 + laser, LEH-CSPC, LEH-CSPC + laser, and LEH-CSPC
+ laser + FMD groups had high percentages of CD45"
lymphocytes (Fig. 5b). Importantly, tumors in the CSPC + laser
+ FMD group had the highest levels of CD8" T cells and IFN-y
expressed CD8" T cells (Fig. 5C to F and Fig. S19), demonstrat-
ing that the immune responses were in accordance with the
tumor suppression and FMD could further enhance these
immune responses. It was also confirmed that FMD enhanced
the immune responses in vivo via detecting the level of IFN-y
expressing CD8" T lymphocytes in lymph nodes (Figs. $20 and
S21). Nevertheless, the mice in the LEH-CSPC + laser + FMD
group could not produce remarkable levels of inflammatory
factors in comparison to the LEH-CSPC + laser group, such as
tumor necrosis factor a (TNF-a) and interleukin-6 (IL-6) (Fig.
S$22), although they could produce significant levels of inflam-
matory factors in comparison to the control groups, suggesting
that the auxiliary effect on tumor suppression was mainly from
cellular immune responses of activated CD8* T cells. Moreover,
mice in each group could not produce any immune storm via
detecting immunoglobulin E (IgE) (Fig. $23), further ensuring
the safe application of the immune responses. Furthermore,
exposure to carbon-based nanomaterials including carbon
spheres in vivo is highly related to potential health risks.
Previous publications have proved that these carbon materials
could be degraded by enzymatic oxidation with peroxidase
enzymes, such as horseradish peroxidase, eosinophil peroxidase,
myeloperoxidase expressed in neutrophils, and lactoperoxidase
expressed in goblet cells. Importantly, the residues of carbon-
based nanomaterials after biodegradation can hardly generate
cytotoxicity or inflammatory responses [43-46].

Discussion

In summary, regarding the challenges of TNBC therapy, we
have established a combination therapy model. We designed
and synthesized a robust carbon sphere on a nanoscale with
pores of 20 to 40 nm in diameter on the surface, superabsorbent
capacity for hydrophobic molecules, and large loading space
inside, which could ensure efficient loading for ICI and Ce6.
Then, they could be delivered to tumor sites in vivo, and high
intensity of ROS was generated under laser irradiation, which
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posed a huge threat to the viability of tumor cells. Meanwhile,
ICI could be freely released from these apoptotic tumor cells
to block PD-1 or PD-L1 immune checkpoint to promote the
suppression effect of cytotoxic T cells on other tumor cells.
Importantly, we introduced FMD treatment that could improve
the cellular uptake of nanoparticles and the immune effect to
assist the therapy above to form a combination therapy of
“PD-1/PD-L1 ICI + PDT + FMD’, thereby further inhibiting
the development of the 4T'1 tumor. Therefore, this combination
therapy provides a novel opportunity for the clinical transfor-
mation of human TNBC therapy with great significance.

Materials and Methods

Materials

BMS-202 (synonyms: PD-1/PD-L1 inhibitor 2) and 4',6-
diamidino-2-phenylindole were purchased from MedChemExpress
(Monmouth Junction, NJ, USA). Ce6 was purchased from
Macklin (Shenzhen, China). Ammonia monohydrate (28 to
35 wt%), tetraethoxysilane, resorcinol, formaldehyde (37 wt%),
cholesterol, DPPC, lecithin, potassium hydroxide, and APTES
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
RPMI 1640 medium, penicillin/streptomycin, fetal bovine
serum, PBS, trypsin-EDTA, dimethyl sulfoxide (DMSO), and
ROS assay kit were purchased from Beyotime (Shanghai, China).
Glucose-free formation of RPMI 1640 medium was purchased
from Procell (Wuhan, China). 3-(4,5-Dimethyl-2-thiazolyl)-
2,5-diphenyl tetrazolium bromide (MTT) was purchased from
Solarbio Science & Technology Co. Ltd. (Beijing, China).
Bicinchoninic acid assay kit and paraformaldehyde (4 wt%)
were purchased from Servicebio Technology Co. Ltd. (Wuhan,
China). ACK lysing buffer, Fc receptor blocking agent, APC/
Cyanine7-anti-CD11c, phycoerythrin-anti-CD80, APC-anti-CD86,
fluorescein isothiocyanate-anti-CD3, APC-anti-CD8a, and
Pacific blue-anti-IFN-y antibody were purchased from BioLegend
(San Diego, CA, USA). TNF-a, IL-6, and IgE enzyme-linked
immunosorbent assay (ELISA) kits were purchased from
MultiSciences (Hangzhou, China). DC2.4,4T1, and CT26 cells were
supplied by American Type Culture Collection (Gaithersburg,
MD, USA). BALB/c mice were purchased from SPF Biotechnology
(Beijing, China). All animal experiments were performed in
accordance with the relevant laws and followed the institutional
guidelines approved by the Institutional Animal Care and
Use Committee of the National Center for Nanoscience and
Technology (NCNST21-2109-0404).

Preparation and characterization of LEH-CSPC

Four hundred milliliters of deionized (DI) water, 80 ml of
ethanol, and 4 ml of ammonia water were mixed and stirred at
50 °C for 15 min to obtain a uniform and transparent solution.
Then, 20 ml of tetraethoxysilane was added to the solution and
stirred for 30 min. After that, 3.6 g of resorcinol was added until
it was completely dissolved, and 5 ml of formaldehyde solution
was added and stirred for 24 h. After these syntheses, the syn-
thesized tan precipitate was washed 3 times with DI water and
ethanol and heated at 80 °C in a drying oven overnight. The
dried sample was heated for 5 h in a nitrogen atmosphere at
800 °C to complete the final carbonization process. As shown
in Fig. 1A, for the etching reaction, carbon spheres filled with
coated silicon dioxide were dispersed in 1.0 M potassium
hydroxide solution to reach the final concentration of 1.5 mg/ml
at room temperature for different times (0, 36, 48, and 60 h) to
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obtain the expected specific hollow core-shell carbon spheres,
followed by washing steps with ethanol. After that, it was
resuspended in DI water to reach the final concentration of
1.0 mg/ml. The solution was subjected to a hydrothermal reac-
tion at 150 °C for 10 h, after which the surface with the desired
nanopore size (20 to 40 nm) was obtained. For surface modi-
fication of silicon dioxide inside, APTES aqueous solution
(100 pl/ml) was poured into the suspension above at the volume
ratio of 1:1,000, which was stirred under 500 rpm at 50 °C for
24 h (EH-CS). After washing, EH-CS was resuspended in an
aqueous solution containing 10% DMSO, and ICI and Ce6 were
slowly added to the solution with their final feed mass ratio
with EH-CS of 2:3:10 under uniform stir at room temperature
for 12 h. Afterward, the supernatant was collected by centrifu-
gation, and the precipitation was washed and resuspended in
DI water. Then, this product was then added to the liposome
film consisting of DPPC, lecithin, and cholesterol via the mem-
brane hydration method, followed by a full sonication and a
0.45-pm filter to ultimately obtain LEH-CSPC.

The encapsulation efficiency and loading contents of ICI
and Ce6 were detected by UV spectrophotometry and fluores-
cence spectrophotometry, respectively. The encapsulation effi-
ciency (%) is calculated by the formula: Encapsulation efficiency
(%) = [(total drug-unencapsulated drug) /total drug)] x100;
The loading content (%) is calculated by the formula: The
loading content (%) = [ (total drug-unencapsulated drug)/total
nanoparticles] X100.

According to the encapsulation efficiency and loading con-
tents, the carbon sphere with 36 h of etching time was selected
for further studies. The morphologies and diameters of carbon
sphere materials at various stages were observed using a TEM
(EM200CX) and a SEM (S-4800). The zeta potential of
LEH-CSPC (50 pg/ml in DI water) was further measured using
a dynamic light scattering (Malvern Nano ZS). The elemental
composition on the surface of LEH-CSPC was identified by an
XPS (Thermo Fisher Scientific ESCALAB 250Xi). The BET
specific surface areas were investigated by the N, adsorption-
desorption isotherms using a Micromeritics analyzer (ASAP
2020). The crystal properties of LEH-CSPC were analyzed by
an x-ray diffractometer (PANalytical X'Pert Pro MPD).

Measurement of photothermal performance

The photothermal performance of LEH-CSPC was investigated
by detecting the temperature variation of their concentration
and power intensity under irradiation of 660-nm laser for 5 min,
and the temperature was visualized and recorded by an infrared
thermal imaging camera (Ti27).

Release of model drugs

LEH-CSPC dispersions at a concentration of 345 pg/ml were
irradiated with or without 660-nm laser at a power density of
0.5and 1.0 W/cm” for 5 min at the predesignated time intervals.
The concentration of ICI and Ce6 in the supernatants was
measured by UV spectrophotometry and fluorescence spec-
trophotometry, respectively.

Cellular uptake

4T1 or CT26 cells (2.0 X 10° per well) were seeded on commer-
cial 6-well confocal dishes with the norm or FMD 1640 medium
for 24 h. Then, cells were irradiated with LEH-CSPC with or
without 5 min of a 660-nm laser (1.0 W/cm?), and these cells
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were incubated for another 6 h. After that, cells were washed
with PBS and stained with 4',6-diamidino-2-phenylindole for
10 min before being fixed with 4% paraformaldehyde. The cells
were imaged using a confocal laser scanning microscope (Zeiss
LSM 880). In terms of flow cytometry, the cells were washed
with PBS and analyzed by a flow cytometer (BD FACSAria III),
and data were analyzed via FlowJo software (TreeStar).

In vitro ROS detection

For visualizing the ROS generation capability of LEH-CSPC,
4T1 or CT26 cells (2.0 X 10° per well) were seeded on commer-
cial 6-well confocal dishes with the norm or FMD 1640 medium
for 24 h. Then, cells were treated with LEH-CSPC and cultured
for 6 h, and cells in some groups were irradiated with a 660-nm
laser (1.0 W/cm?) for 5 min. After replacing all media and
washing with PBS, all cells were treated with 2',7'-dichlorodi-
hydrofluorescein diacetate contained serum-free 1640 medium
for 30 min, and the visible ROS intensity was observed by a
confocal laser scanning microscope (Zeiss LSM 880).

In vitro cytotoxicity

4T1 or CT26 cells (1.0 x 10* per well) were seeded in each well
of 96-well plates with the norm or FMD 1640 medium for
24 h. The cells were then treated with various kinds and con-
centrations of materials, model drugs, or LEH-CSPC for 24 h.
Twenty microliters of MTT solution (5.0 mg/ml) was added to
each well and incubated for 4 h. Then, MTT medium was
replaced with DMSO and incubated for another 1 h. The
absorbance at 490 nm was measured by a microplate reader
(PerkinElmer).

PK and biodistributions

Six-week-old BALB/c female mice were subcutaneously implanted
with 5.0 X 10° of 4T1 cells. When tumor size reached hundreds
of cubic millimeters, 4T1-tumor-bearing mice were intrave-
nously injected with LEH-CSPC at the dose of 2.6 mg/kg for
Ce6. The blood samples of the mice were collected from tails
at0.5,2,4, 8,12, and 24 h. The blood samples were centrifuged
at 3,500 rpm for 20 min to separate serum, and acetone
was subsequently added to the serum for deproteinization and
extraction of the ICI molecules, followed by centrifugation at
10,000 rpm for 10 min. Ce6 fluorescence intensity was meas-
ured by a microplate reader (PerkinElmer). Then, the major
organs including hearts, livers, spleens, lungs, kidneys, and
tumors were isolated after the mice were euthanized, and they
were imaged and quantified via an in vivo imaging system
(PerkinElmer).

In vivo antitumor treatment

Six-week-old BALB/c female mice were subcutaneously implanted
with 5.0 X 10° of 4T1 cells. When tumor size reached over
100 mm’, they were randomly arranged into several determined
groups and intravenously injected with corresponding formu-
lations at the unified dose of 13.0 mg/kg for EH-CS, 2.5 mg/kg
for ICI, and 2.6 mg/kg for Ce6. For the FMD treatment, mice
were fed a 50% calorie diet for 1 d and a 10% calorie diet for
the next 2 d. The tumor volume (V) was calculated as V=L x
W? x 0.5, where L is the long diameter and W is the short
diameter determined using a caliper. At the end of the whole
treatment, tumors, major organs, lymph nodes, and serum
samples from different groups were collected. A part of tumors
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and major organs in each group were fixed in 4% paraformal-
dehyde for H&E staining.

In vivo immune responses analysis

According to the manufacturer, the collected single cells from
lymph nodes and other tumors in each group after digestion
were activated in a culture medium containing the lysate of 4T'1
tumor cells, blocked with an Fc receptor blocking agent, and
stained with surface markers fluorescein isothiocyanate-anti-
CD3 and APC-anti-CD8a antibodies before being fixed, per-
meabilized, and incubated with Pacific blue-anti-IFN-y antibody.
Then, these cells were analyzed by a flow cytometer that was
mentioned above. According to the manufacturers, the serum
samples of the above-mentioned mice were used to evaluate
levels of TNF-a, IL-6, and IgE via corresponding ELISA kits
(MultiSciences).

Statistical analysis

All data are presented as means + SD. Statistical differences
between the 2 groups were tested by Student’s ¢ test. The levels
of statistically significant differences are expressed as follows:
ns means not statistically significant case; *P < 0.05, **P < 0.01,
and ***P < 0.001.
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Fig. S1. Various kinds of hollow core-shell carbon spheres for
different etching times suggest that the etching reaction belongs
to a time-dependent pattern. Unified scale bar, 100 nm.

Fig. S2. Fluorescence emission spectra of (A) Ce6 alone at
varying concentrations and (B) in the presence of LEH-CSPC
(etching time, 36 h) in an aqueous solution.
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Fig. S3. The SEM image of EH-CS from low magnification.
Scale bar, 200 nm.

Fig. S4. BET-N, adsorption—-desorption isotherm of EH-CS.
Fig. S5. (A) The diameter and (B) volume statistics of LEH-
CSPC and its inner structure.

Fig. S6. Zeta potential of various formulations. The results are
presented as means + SD and analyzed using Student’s ¢ test
(n=3,**¥*P <0.001).

Fig. S7. (A) XPS survey spectra of EH-CS (left) marked Si 2p,
C 1s, N 1s, and O 1s and P 2p spectra of EH-CS (right). (B)
XPS survey spectra of LEH-CSPC (left) marked P 2p, C 1s,
N 1s, and O 1s and P 2p spectra of LEH-CSPC (right).

Fig. S8. X-ray diffractometer pattern of EH-CS shows that it
might not belong to the crystalline structure.

Fig. S9. (A) The SEM image (scale bar, 200 nm) and (B) zeta
potential of LEH-CSPC after 24 h of the existence of PBS con-
taining 10% of serum at 37 °C and washing process.

Fig. S10. (A) The SEM image (scale bar, 200 nm) and (B) zeta
potential of LEH-CSPC after 10 d of preservation at 4 °C under
a dark environment.

Fig. S11. (A) Confocal images of cellular uptake of LEH-CSPC
in CT26 tumor cells under different conditions, including FMD
and 1.0 W/cm? of 660-nm laser irradiation. Scale bar, 10 pm.
(B) Flow cytometry analysis of cellular uptake of LEH-CSPC
in CT26 tumor cells under norm and FMD conditions. The
results are presented as means + SD and analyzed using
Student’s ¢ test (n = 4, ***P < 0.001).

Fig. S12. Confocal images of intracellular ROS generation
in CT26 tumor cells treated with different formulations under
1.0 W/cm® of 660-nm laser irradiation. Scale bar, 10 pm.

Fig. S13. Cytotoxic effects of (A) different concentrations of EH-CS
and ICI and (B) different formulations at the determined bench-
mark on CT26 tumor cells. The results are presented as means +
SD and analyzed using Students ¢ test (n = 4, ***P < 0.001).

Fig. S14. The quantitative results of (A) CD80" and (B) CD86"
DCs (CD11c") in DC2.4 cells that were incubated with the
supernatants of 4T1 cells from control, LEH-CSPC, LEH-
CSPC + laser, and LEH-CSPC + laser + FMD groups. (C)
Representative flowcharts of flow cytometry analysis to identify
CD80"CD11c" cells and CD86"CD11c* cells in total CD11c*
cells after various treatments above. The results are presented
as means + SD and analyzed using Student’s ¢ test (n = 3,
*P < 0.05).

Fig. S15. H&E staining images (40X; scale bar, 100 pm) of major
organs in mice treated with different formulations.

Fig. S16. Growth curves of individual 4T1 tumor in each mouse
after various treatments.

Fig. S17. H&E staining images (40X; scale bar, 100 pm) of 4T1
tumors in mice treated with different formulations.

Fig. S18. The quantitative results of (A) CD80" and (B) CD86"
DCs (CD11c") in lymph nodes from control, LEH-CSPC,
LEH-CSPC + laser, and LEH-CSPC + laser + FMD groups.
(C) Representative flowcharts of flow cytometry analysis to
identify CD80"CD11c* cells and CD86"CD11c" cells in total
CD11c" cells after various treatments above. The results are
presented as means + SD and analyzed using Student’s ¢ test
(n=3,*P<0.05and **P < 0.01).

Fig. S19. Flowcharts of the gating strategy to identify cellular
immune responses (Fig. 5B to E) in 4T1 tumors after various
treatments.

Fig. S20. Flowcharts of the gating strategy to identify cellular
immune responses in lymph nodes after various treatments.
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Fig. S21. (A) The quantitative results of CD8"TFN-y™ T cells in
total CD8" T cells in lymph nodes after various treatments. (B)
Representative flowcharts of flow cytometry analysis to identify
CDS'IFN-y* T cells in total CD8" T cells in lymph nodes after
various treatments. The results are presented as means + SD
and analyzed using Student’s ¢ test (n = 3, ***P < 0.001).

Fig. $22. The optical density of (A) IL-6 and (B) TNF-«a in
serum detected via ELISA after various treatments. The results
are presented as means + SD and analyzed using Student’s
t test (n = 3; ns, not statistically significant; **P < 0.01 and
**%P < 0.001).

Fig. §23. The optical density of IgE in serum detected via ELISA
after various treatments. The results are presented as means
+ SD and analyzed using Student’s ¢ test (n = 4, no significant
difference between any 2 groups).

Table S1. Encapsulation efficiency and loading efficiency of
various kinds of hollow core-shell carbon spheres for different
etching times with ICL

Table S2. Encapsulation efficiency and loading efficiency of
various kinds of hollow core-shell carbon spheres for different
etching times with Ce6.
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