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Although nanocatalytic medicine has demonstrated its advantages in tumor
therapy, the outcomes heavily relie on substrate concentration and the
metabolic pathways are still indistinct. We discover that violet phosphorus
quantum dots (VPQDs) can catalyze the production of reactive oxygen
species (ROS) without requiring external stimuli and the catalytic substrates
are confirmed to be oxygen (O,) and hydrogen peroxide (H,0,) through the
computational simulation and experiments. Considering the short of O, and
H,0, at the tumor site, we utilize calcium peroxide (Ca0O,) to supply catalytic
substrates for VPQDs and construct nanoparticles together with them, named
VPCaNPs. VPCaNPs can induce oxidative stress in tumor cells, particularly
characterized by a significant increase in hydroxyl radicals and superoxide
radicals, which cause substantial damage to the structure and function of cells,
ultimately leading to cell apoptosis. Intriguingly, O, provided by Ca0O, can
degrade VPQDs slowly, and the degradation product, phosphate, as well as
Ca0,-generated calcium ions, can promote tumor calcification. Antitumor
immune activation and less metastasis are also observed in VPCaNPs
administrated animals. In conclusion, our study unveils the anti-tumor activity
of VPQDs as catalysts for generating cytotoxic ROS and the degradation
products can promote tumor calcification, providing a promising strategy for
treating tumors.

M Check for updates

Nanocatalytic medicine, a subdiscipline of tumor nanomedicine, is
achieved by introducing nano-sized catalysts to consume or produce
substances for tumor elimination'™. Typically, reactive oxygen species
(ROS) can be catalytically generated and attack macromolecules of
cells, thus destroying cell structure and function and inducing tumor
apoptosis’”. Here are two ways of catalytically generating ROS:
externally- and in situ environmentally- stimulated catalytic reactions.
When a catalyst is introduced, the reaction can be activated by external

physical stimuli like light, ultrasound, or electricity to generate ROS*°.
Otherwise, characteristics of the local microenvironment (e.g., acidity)
can stimulate catalytic reactions, such as Fenton reactions .
However, clinical translation of catalytic therapy based on ROS
generation still faces the following problems: First, reaction substrate
is insufficient in tumor site. ROS is typically generated from small
molecules containing oxygen element, such as O, and H,0,, which
cannot be sufficiently provided by deoxygenated'*”, low-H,0, content
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(50-100 uM)* tumor microenvironment. Second, catalytic reactions
have strict requirements on environmental characteristics, such as pH
value. Taking classical Fenton reaction, the generation of -OH is
accompanied by the oxidation of Fe?* to Fe**, while the reaction could
be ceased due to the precipitating Fe** to hydrous oxyhydroxide when
the pH is higher than 3.57°%, Before everything, any degradation pro-
ducts and metabolites may be a potential cause of side effects or new
opportunities for treatment*>?, and the metabolism of catalysts and
subsequent biological effects is always unstated. Therefore, multi-
directional regulation of the composition, structure, and properties of
nanocatalysts to maximize their catalytic efficiency in tumor micro-
environment and thorough understanding of the metabolic pathways
are two keys to improve the clinical application potential of nanoca-
talytic therapy.

Here, we propose the most stable phosphorus single crystal,
violet phosphorus (Hittorf’s violet phosphorus, VP)?, as a catalyst for
the application of tumor catalytic medicine. Firstly, we synthesized
violet phosphorus quantum dots (VPQDs) and predicted the band
structures of VP and catalytic mechanism based on first-principles
calculations based on density functional theory (DFT), which is in
accordance with experimental results that two species of oxygen
radicals can be generated in acidic condition. Next, nanoparticles
consisting of VPQDs, calcium peroxide, sodium hyaluronate (HA), and
polyacrylic acid (PAA) were synthesized by a one-pot method, named
VPCaNPs, for self-catalyzing ROS generation. The metabolites of
VPQDs and Ca0,, phosphate ions and calcium ions, respectively, can
ultimately trigger cell calcification (Fig. 1). Additionally, VPCaNPs can
also induce the antitumor immune response in mice. In short, the full
use of the inherent catalytic function of VPQDs, the biological effect of
degradation product of VPCaNPs, and the immune activation ability of
VPCaNPs can effectively inhibit tumor growth and lung metastasis as
well as reducing systematic toxicity.

Results

Fabrication and verification of VPQDs

The scheme of VPQDs synthesis is illustrated in Fig. 2a, which under-
went a successive process of liquid exfoliation and solvothermal
reaction. In detail, layered VP powder was ground in NMP solution and
the VP/NMP suspension was then subjected to ultrasonic-assisted
liquid exfoliation for at least 12 h on ice bath. After centrifugation and
removing large precipitation, the supernatant (VP nanosheets, VPNSs)
was transferred into polytetrafluoroethylene reactors for solvothermal
reaction. VPQDs were obtained after concentrated by distill and dia-
lysis in water. VP crystals are layered and a single layer composes two
perpendicular rows of phosphorus tubes linked by chemical bonds
(Fig. 2b). The layers are held together by van der Waals forces, which
are weak and can be easily destroyed by sonication. The high-
temperature and high-pressure environment of the solvent thermal
reaction are beneficial to further attack and break of the covalent P-P
bonds by NMP molecules. The obtained VPQDs have a size of around
2.25 nm according to transmission electron microscope image (Fig. 2c)
and a thickness of 1-3 nm according to atomic force microscope (AFM)
image (Fig. 2d), 2-3 times of the thickness of the calculated VP
monolayer (9.64 A, Fig. 2b). As shown in Fig. 2e and Supplementary
Fig. 1, the VPQDs can fluoresce when stimulated by blue to ultraviolet
light, which is consistent with previous reports*?,

To confirm the as-prepared quantum dots are VP, we conducted
high-resolution transmission electron microscopy (HRTEM). The
representative image in Fig. 2f clearly showed a crystalline structure.
The corresponding fast Fourier transform (FFT) image in Fig. 2g
showed typical diffraction spots and rings. The measured radii were
used to calculate the interplanar spacing (d) according to Bragg’s law,
and the Miller indices (hkl) of each diffraction spot or ring can
be calibrated by comparison with the d value in the standard
powder diffraction file of VP (PDF#44-0906). The most conspicuous

diffraction spots (on blue dotted circle) were indexed to the (400)
planes and the corresponding inverse FFT image showed the lattice
fringes was around 2.19 A. The yellow and red marked diffraction rings
were related to (212) and (013) planes, respectively. Another HRTEM
image (Supplementary Fig. 2) exhibited obvious lattice fringes with
spaces of 2.23 A, which can be also indexed to the (400) planes, con-
firming VP crystal was not completely broken during high-energy
mechanical forces and solvent attack. Also, X-ray diffraction (XRD)
spectrum (Fig. 2h and Supplementary Fig. 3) inferred successful
synthesis of VPQDs. The simulated XRD spectral of bulk VP (red line),
available via Cambridge Crystallographic Data Centre (ICSD 131503), is
supposed to exhibit crystal planes that can be detected. In experi-
ments, peak positions will remain the same as simulated pattern, but
relative intensities of the peaks can change due to instrumental effects
and relative position between X-ray and most crystalline grains®. Each
peak position of VPNSs (blue line in supplementary Fig. 3) could be
found in the spectrum of simulated bulk VP and the whole spectrum
was consistent well with the standard card of VP (PDF#44-0906). Also,
the strong 26 diffraction peaks at 16.2°, 24.5° and 32.9° were consistent
with reported data”. As is described in the Scherrer equation, decrease
in crystallite size can cause diffraction-peak broadening increase®.
Therefore, the size range (below 5 nm) of as-prepared VPQDs presents
difficulty for analysis due to broadened peaks (such as a broad peak
around 21°) and low signal-to-noise ratios. Nevertheless, we still found
that small peaks at 14.8° and 26.4° in the spectrum (blue line in Fig. 2h)
can be attributed to (013) and (212) planes, respectively, which were
well matched with FFT results of HRTEM image (Fig. 2g). Raman plot
could be another evidence to confirm crystal form. As shown in sup-
plementary Fig. 4, VPNSs shared almost the same Raman spectrum
with bulk VP. Despite the low sensitivity of measuring Raman shift of
quantum dots, a typical region (dashed box)* indicated that the as-
prepared quantum dots were still VP. In conclusion, the above results
evidently certify the successful preparation of VPQDs.

VP-catalyzed ROS production and the mechanism
The catalytic capacity of VPQDs in different substrate environment and
pH was investigated through the general ROS probe, 1,3-Diphenyliso-
benzofuran (DPBF). As shown in Fig. 3a, DPBF could be consumed
mediated by VPQDs in an O,-sufficient environment and this phenom-
enon is more obvious under an acidic environment (pH = 6.5). Similarly,
in the H,O,-sufficient solution, DPBF obviously degraded by VPQDs
under the acidic environment (Fig. 3b). These results indicate that acidic
environment is conducive to catalytic reaction, suggesting that the cat-
alytic effect of VPQDs in acidic tumor microenvironment may be higher
than that in normal physiological conditions. To confirm the species of
produced ROS, electron spin resonance (ESR) experiments were con-
ducted. The results show that VPQDs could mediate -O, production in
an oxygenated environment (Fig. 3c) and -OH could be generated in
H,0,-sufficient condition (Fig. 3d). In addition, ESR test confirmed that
VP could catalyzed the decomposition of H,0, but not H,O into -OH
(Supplementary Fig. 5) without external stimuli, indicating that the cat-
alytic reactivity and efficiency of Fenton-like pathway mediated H,0,
homolytic cleavage is higher than H,O heterolytic cleavage pathway.
The relative positions among energy edges of catalyst and
reduction-oxidation potentials reflect the probability of redox reac-
tions. To estimate experimental band gap (Eg) of VPQDs, UV-vis diffuse
reflection test was conducted and the diffuse reflectance spectrum
(DRS) was shown in Fig. 3e. The corresponding Tauc plot of DRS plot
(insert Fig. 3e) according to Kubelka-Munk formula revealed the direct
E, of lyophilized VPQDs was approximately 1.64 eV. The valence band
maximum (Eyg) was measured to be around 0.53 eV via a narrow scan
from -5 to 30eV through X-ray photoelectron spectroscopy (XPS)
(Fig. 3f). And the estimated conduction band minimum (Ecg) was
-1.11eV by subtracting £, from Eyg. For facilitate comparison of the
redox potential and the band edges, the normal hydrogen electrode
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Fig. 1| Schematic illustration of the preparation and antitumor mechanism of
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and the one-pot fabrication of VPCaNPs. The antitumor properties are based on the
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(Enng) is set to —4.44 eV with respect to absolute vacuum scale
(Eavs =0) as a reference® in Fig. 3g. The potential of Ecg (vs NHE) is
higher than the redox potential for O,(aq.)/-O,” of —0.16 eV¥, indicat-
ing energetically possibility for -O,” formation. DFT calculations were
also performed to predict the catalytic properties of VP. A2x2 x1VP
supercell, which consists of 168 phosphorus atoms, was established
and adopted in all the calculations in this work. As descried in Fig. 2b,
the calculated lattice constants of 2x2 x1 pristine VP supercell are
a=18.41A and b=18.29 A, respectively. As shown in (Supplementary
Fig. 6), VP is a semiconductor with a calculated direct Eg of 1.73 eV
using generalized gradient approximation with Perdew-Burke-
Ernzerhof (GGA-PBE) functional. From orbital-resolved electronic
density of states (DOS) analysis, the Ecg is contributed by both s and p
orbitals of phosphorus atoms, while the Eyg is mainly contributed by
the p orbitals. The calculated lattice constants, bandgap and DOS
properties are consistent with the previous reports***?*, affirming the
appropriateness of the structural model, calculation method and
parameters employed. The Ecp of —0.43 eV and the Eyg of 1.29 eV are
both located at high symmetric point I' in the first Brillouin zone. The
computational simulation £g (1.73 eV) is larger than the laboratory one
(1.64 eV), but the potential of Ecg (vs. NHE) is also higher than the redox

potential for O,(aq.)/-O,” of —0.16 eV, indicating energetically possibi-
lity for -O,” formation catalyzed by VPQDs, the same conclusion as
derived from laboratory band structure.

To further understand the catalytic mechanism of VP-mediated
-0, generation, Gibbs free energy difference (4G) calculations and
charge transfer analysis were performed as shown in Fig. 3h, i
respectively. AG adopted to estimate the catalytic activity has the fol-
lowing expression,

AG=AE+AE ,p; — TAS, o

where AE, AEzpg, and AS represents the difference of electronic energy,
the zero-point energy, and the entropy, respectively. T represents the
human body temperature (310.15K). The zero-point energy was
determined through vibration frequency simulations, where the
adsorbate molecule remained unrestricted in its movement, while
the substrate remained fixed due to its minimal vibration. After a O,
molecule contacted and adsorbed on the surface of VP, electrons tend
to transfer from VP to O, with a low AG of 0.36 V. It is reasonable
because the O sp hybrid orbital in O, is electron-deficient, while the P
sp* hybrid orbital contains a pair of unbounded electrons, allowing VP
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distribution of VPQDs. d AFM image of VPQDs and height of VPQDs corresponding
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tively. Insert: inverse FFT image of the lightest point at (400) planes. h XRD spec-
trum of VPQDs, simulated bulk VP, and the powder diffraction file of VP (PDF#44-
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results.

to drive O, reduction as an electron donor. As a consequence, excited-
state electrons at CB of VP tend to transfer to the electronic orbitals of
0,, and then-O,™ could be desorption and released after overcoming
0.93 eV energy barrier.

Since -OH are also a common therapeutic active molecule for
tumor catalytic strategy and -OH was detected in vitro, the possibility
of VP-mediated -OH production was also investigated. In general, -OH
can be derived from either H,0 or H,0,***. Therefore, two possible
reaction pathways starting from H,O and Fenton-like pathway starting
from H,0,, respectively, are listed below* ™,

*+H,0/H,0, — *H,0/*H,0,, )
*H,0 — *H+ - OH, (3)
*H,0 - *OH+H" +e, “4)

*OH — *+ - OH, (5)

*H,0, — *OH+ - OH, (6)

where * represents an adsorption site of VP. *H,0,*H,0,, *H and *OH
represent VP adsorbed with H,0, H,0,, H and -OH, respectively. For
simplicity of calculation, H*-e™ ion pair is treated as 1/2 H,. As shown in
Fig. 3j, the AG values for H,0 and H,0, molecule adsorption on VP are
both 0.24 eV, implying that both H,O and H,0, molecules exhibit the
tendency to adsorb onto the surface of VP (Eq. (2)), providing a pre-
requisite for catalytic reaction. After H,O adsorption, one of the H-O
bond in the H,O is broken and divided into adsorbed H (H*) and
adsorbed OH (*OH). Therefore, subsequent reactions may occur via
two different pathways. One is that, as listed in Eq. (3), the *OH desorbs
from VP and one -OH releases with an extremely high AG value of
4.28 eV. The other is going through Eqs. (4) and (5) successively, that is,
VP first catalyzes one H,O molecule to generate one *OH and one H'-e~
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Fig. 3 | VP’s catalytic efficacy to generate -0, and -OH. VPQDs-mediated DPBF
decrease in (a) the oxygenated condition and (b) the H,O,-sufficient condition at
different pH. Data in (b) are presented as the mean with SD (n =3 independent
samples). Statistical differences were analyzed by a two-way ANOVA with Tukey’s
multiple comparisons test. The PBS groups were control groups. ESR results of
VPQDs in (c) the oxygenated condition and (d) the H,0O,-sufficient condition. e UV-
vis diffuse reflection spectrum (DRS) of lyophilized VPQDs powder. Insert: corre-
sponding Tauc plot of DRS plot according to Kubelka-Munk formula: (F(R)

reaction coordinates

hv)® = k/s= (1-R)*/2 R = B(hv-E4), where (F(R)hv) as y axis, hv as x axis. f Valence band
spectra of lyophilized VPQDs powder. g Simplified band structure vs. NHE of
VPQDs. h Calculated AG of VP-mediated -O,™ generation. i Charge density differ-
ence profiles for the adsorption of O, molecule on VP. Smooth yellow and blue
shading illustrate the charge-accumulation and charge-depletion, respectively.

j Calculated AG of VP-mediated -OH generation. k Charge density difference pro-
files for the adsorption of H,O, molecule on VP. Smooth yellow and blue shading
illustrate the charge-accumulation and charge-depletion, respectively.

ion pair, and then one -OH generates through desorption. The 4G of
the two steps in this pathway is 1.49eV and 2.87 eV, respectively.
Notably, the VP-mediated Fenton-like reaction with H,O, as the
catalytic substrate generates -OH required only one step (Eq. (6)) with
the lowest AG value of 0.92eV. The mechanism is that, as shown in
Fig. 3k, the unbounded electron pairs in P sp® hybrid orbitals allow VP
to act as an electron donor like Fe?* in Fenton (Fenton-like) reactions".
Mediated by electron transfer from VP to O atom, the orbital overlap
between the two O atoms in H,0, is weakened, leading to homolytic
cleavage of the O-O bond and generating -OH eventually. Therefore,
VP has much more tendency to catalyze -OH generation via Fenton-like
pathway. In summary, the calculation results explained that VP is a
potential catalyst candidate for ROS (-O,” and -OH) generation.

Fabrication and characterization of VPCaNPs

Given the hypoxic microenvironment and insufficient supply of H,0,
in tumor tissues, Ca0O, was chosen as a substrate donator for VPQDs
due to its generation ability of both O, and H,0,. HA and PAA were
chosen as carriers due to the biocompatibility. HA can target CD44 on
the surface of tumor cells and induce nanoparticle endocytosis fol-
lowed by decomposed with overexpressed hyaluronidase”, leading to

nanoparticle collapse. As pH decrease, PAA will absorb H,O and swell,
which promote the release of cargos®®. Importantly, carboxyl groups of
PAA and HA can bind with Ca* for nucleation and steric hindrance can
inhibit agglomeration of nanoparticles®. By adding H,0, and NH5-H,0
into a mixture of HA, PAA, Ca*, and VPQDs in methanol solution,
VPCaNPs containing both VPQDs and CaO, were prepared via a one-
pot method (Fig. 4a). In detail, HA, PAA, CaCl,, and VPQDs were added
into methanol solution. After thoroughly mix, the solution was trans-
fered to an ice, ultrasonic bath. Next, H,O, was added dropwise, and
NH;-H,0 was introduced into the system quickly. Finally, nanoparticles
were collected by centrifugation. Nanoparticles prepared without
VPQDs are termed as CaNPs.

Several tools were applied to confirm the successful synthesis of
VPCaNPs. Figure 4b showed that VPCaNPs are small nanoparticles with
a size of 30 nm around. And the zeta potential was quantitatively
analyzed as approximately —30 mV (Supplementary Fig. 7). Scanning
electron microscope image and energy dispersive spectrometry
mapping (Fig. 4c) exhibited a homogeneous P, Ca, O, and C distribu-
tion in VPCaNPs and corresponding elemental distribution spectrum
was shown in supplementary Fig. 8. In Fourier transform infrared
(FT-IR) spectrum (Fig. 4d), the characteristic peaks of VP, CaO,, and
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polymers were exhibited. The FT-IR peak at 1668 cm™ is attributed to
the bending vibrations of P=0 bond. And the signals in the range of
1000 to 1100 cm™ is contributed by the stretching vibration of P=0
bond?. The peak around 861 cm™ corresponded to the O-O bridge of
Ca0,. Additionally, the slight peak at 595cm™ was attributed to
0-Ca-0 vibrations*>*, And the strong peaks at 1400 and 1550 cm™ can
be attributed to stretching vibrations of carboxylate groups in poly-
mers. According to XPS spectrum in Fig. 4e, VPCaNPs shared the
characteristic peaks of P 2p (-133 eV) with VPQDs and Ca 2p (-347 eV)
with CaNPs, indicating successful integration of CaO, and VPQDs into
VPCaNPs. Most signals at O 1s and C 1s of CaNPs and VPCaNPs can be
ascribed to polymers. Atomic concentrations of these peaks were
measured and showed in supplementary Table 1. The high-resolution
scans of four elements revealed more information (Fig. 4f). In VPQDs,
the crystalline P (P 2py, at 130.9 eV, P 2p;, at 130.1 eV) occupied most
proportion of P 2p and oxidation state (wide peak around 134.5 eV) took
asmall area, while one peak at the binding energy of 532.6 eV attributing
to the O atoms in P-O bonds, indicating inevitable slight oxidation of
VPQDs during synthesis. The signal from C 1s of VPQDs could be
attributed to additional C used for locating, i.e., carbon contaminant. O
1s spectrum can be explained as adsorbed oxygen and partially oxy-
genated VPQDs. Because polymers (HA and PAA) made up most of
CaNPs and VPCaNPs, the peaks in the O 1s region of CaNPs and VPCaNPs
at binding energy of 532.8 eV was attributed to O=C-O and 531.4 eV
could be ascribed to -C=0, C-0, or -OH groups. The three main peaks
in the C 1s region were assigned to C=0 at 288.5eV, C-O at 286.3 eV,
and C-C or C-H at 284.8 eV. Ca 2p signal was a result of Ca0, synthesis.
Compared with VPQDs, the new peak at 133.2 eV gave a clue that VPQDs
bound with electronegative oxygen (in HA, PAA, and Ca0,)***°.

Next, we assessed the ability of CaNPs to produce oxygen by
dispersing CaNPs in 4% fetal bovine serum (FBS) with different pH and
recorded the oxygen content of the solution with a dissolved oxygen
analyzer. As shown in supplementary Fig. 9, O, concentration of CaNPs
groups surged in the first 60 s, and after 90 s, CaNPs releases oxygen at
a relative constant rate. In acidic conditions, oxygen release rates
increase, implying that acidic tumor environments are preferable for
oxygen delivery. This result also implied that VPQDs can consume
dissolved O, and acidic condition promote the reaction. Also, in the
presence of VPQDs, the dissolved oxygen content of CaNPs showed
slower growth, while exhibiting a dependence on the concentration of
VPQDs, implying that VPQDs acted as oxygen consumers of CaNPs
(Fig. 4g). Similarly, we mixed CaNPs and VPQDs to measure H,0,
production by CaNPs and its consumption by VPQDs. H,0, content
was quantified via a ferric-xylenol orange method. As shown in Fig. 4h,
the presence of VPQDs can reduce the amount of H,O, produced by
CaNPs. This can be attributed to the catalytic consumption of VPQDs
towards O, and H,0,, which leads to the generation of ROS. To further
assess whether the fabrication of VPCaNPs would attenuate the
inherent acid-response catalytic activity of VPQDs, DPBF was applied
as a ROS probe to detect the VPCaNPs mediated generation of total
ROS in FBS at different pH level. The absorbance at 425nm was
recorded at the initial and 10 min post reaction. As shown in Fig. 3i,
compared to pH at 7.4, the consumption of DPBF in acidic conditions
(pH at 6.5) was significantly increased, implying that the acid-
promoting catalytic properties of VPQDs were maintained in as-
prepared VPCaNPs, which makes its potential for further application in
tumor catalytic therapy.

In vitro antitumor effects and biocompatibility of the acid-
sensitive catalytic system

According to promising catalytic results in solutions, the catalytic
performance and antitumor effect of VPCaNPs on cells were then
investigated. Firstly, the biocompatibility of different nanoparticles
(VPQDs, CaNPs, and VPCaNPs) with normal cells were evaluated
through cell counting kit-8 (CCK-8) assay to ensure the biosafety.

As shown in supplementary Fig. 10, none of the three nanomaterials
exhibits significant cytotoxicity to mouse fibroblasts cells (L929) and
human embryonic kidney cells (HEK293T). These results can be
interpreted as (1) protective effect of acid-sensitive polymers PAA, (2)
less targeting of nanoparticles due to less CD44-expressed on the cell
surface, (3) insufficient catalytic substrates for VPQDs in non-
malignancy cells, (4) lower catalytic efficacy of VPQDs in neutral than
acidic conditions, indicating great potential for clinical transforma-
tion. Further, the cytotoxicity of three nanomaterials toward breast
cancer cells (4T1) were evaluated. As shown in Fig. 5a, the introduction
of CaO0, significantly increased the cytotoxicity of VPQDs. It can be
attributed to rapid hydrolysis of CaO, generates three important
substances: H,0,, 0,, and Ca*, among which H,0, and O, are sub-
strates of VPQDs to generate highly-active and poisonous radicals, and
Ca’*-overload could promote ROS-induced cell death and calcification.

To verify the hypothesis above, we investigated the uptake time of
VPCaNPs by 4T1 cells using fluorescent dye sulfo-cyanine5 (cy5) as an
indicator. Specifically, cy5 was added into the mixture of VPQDs, Ca*,
HA and PAA during the synthesis process of VPCaNPs, and the col-
lected cy5-VPCaNPs were incubated with 4T1 cells for different time for
flow cytometry. As shown in Fig. 5b, fluorescent intensity of cy5
reached its peak after 4 h of co-incubation and remained relatively
stable over time. The images of 4 h-incubation 4TIl cells were
taken using a confocal microscope, indicating that VPCaNPs were
ingested successfully into cells rather than stacking on the cell mem-
brane (Fig. 5¢). The uptake of VPCaNPs can be mediated through the
binding of HA towards CD44 receptor and the overexpressed hyalur-
onidase in tumor cells can induce nanoparticle collapse through HA
degradation®. Next, nanomaterial mediated intracellular ROS genera-
tion were investigated by a nonspecific probe, DCFH-DA. As shown in
Fig. 5d, a mild ROS accumulation was observed after treatment with
VPQDs alone, which was caused by the lack of catalytic substrates in
cells, while treatment with CaNPs showed a larger increase in fluores-
cence intensity, which was a result of a self-amplifying loop of Ca*" and
H,0,". VPQDs could further catalyze the decomposition products
H,0, and O, of Ca0, into ‘OH and ‘0,7, respectively. Therefore, the
VPCaNPs treatment group showed the strongest ROS intensity, indi-
cating the highest catalytic efficacy. Further, specific probes were
adopted to pinpoint the source of ROS. After loading probes, cells
were separately incubated with saline, VPQDs, CaNPs, and VPCaNPs for
6 h and then collected for flow cytometry. As shown in Fig. 5e, the
fluorescence intensity of the oxygen sensor, [Ru(dpp);]Cl, decreased
significantly in cells incubated with CaNPs or VPCaNPs, proving the
intracellular O, generation capacity of Ca0,. After VPQDs introduction
into VPCaNPs, part of CaO,-generated O, was consumed as the cata-
lytic substrates for producing -O," (Fig. 5f). The result also explains
why, in Fig. 4e, the probe’s fluorescence intensity after CaNPs treat-
ment was reduced more significantly than that in the VPCaNPs group.
A -0, positive signal of VPQDs meant that a small amount of O in the
culture medium was catalyzed into superoxide radicals and that of
CaNPs can be ascribed to Ca** accumulation stimulated-NADPH oxi-
dase activity and electron transport chain leakage*. Regarding H,0,
(Fig. 5g), the H,0, signal peak was significantly positive-shift after
CaNPs or VPCaNPs treatment, indicating that CaO, has the ability to
release H,0, intracellular. VPCaNPs treatment could produce more
H,0,, which may be contributed to the superoxide dismutase (SOD)
mediated -0, conversion into H,O, in tumor cells’. In addition, H,0,
can also decompose into ‘OH with -0, *%. Therefore, CaNPs showed
the ability to produce small amounts of -OH and VPCaNPs group
exhibited the most -OH signal, which was catalyzed by VPQDs (Fig. 5h).
Previous studies have proved that CaO, induced calcium-overload and
oxidative stress can trigger mitochondrial permeability transition pore
opening, leading to the loss of mitochondrial membrane potential®.
Inspired by that, we choose JC-1 as the mitochondrial membrane
potential probes due to the potential-dependent accumulation in
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Fig. 5 | Catalytic activity and cytotoxicity of VPCaNPs. a Cell viability of VPQDs,
CaNPs, and VPCaNPs by cck8 assays. Data are presented as the mean with SD (n=4
biologically independent cells). Statistical differences were analyzed by a two-way
ANOVA with Tukey’s multiple comparisons test. b Representative fluorescence
quantification of intracellular cy5-labled VPCaNPs with different incubation time.
¢ Representative fluorescence image of 4T1 cells incubation with cy5-labeled
VPCaNPs for 4 h. This experiment was repeated three times independently with

similar results. Representative fluorescence quantification of intracellular level of
(d) ROS, (e) Oy, (f) ‘05, (g) H,0,, and (h) -OH of 4T1 cells incubation with saline,
VPQDs, CaNPs, and VPCaNPs for 6 h by FCM. Representative FCM images of (i) JC-1,
(j) red/green ratio of lipid peroxidation probe, C11-BODIPY(581/589), and (k) Pl and
annexin V-FITC of 4TI cells incubation with saline, VPQDs, CaNPs, and VPCaNPs for
12 h. The saline groups were control groups. Each experiment was repeated three
times independently with similar results.

mitochondria. As shown in Fig. 5i, VPCaNPs treatment showed most
decrease of red fluorescence (J-aggregates), indicating most depolar-
ization of membrane potential. Lipid peroxidation is another hallmark
of oxidative stress-induced cell death, which can be initiated by -OH
through attacking polyunsaturated acyl chains®®. C11-BODIPY>/**! s
loaded with 4T1 cells to measure lipid peroxidation after nanomater-
ials incubation. The increase of green fluorescence signal and decrease
of red fluorescence signal means the probes were attacked by

oxidative radicals, and VPCaNPs induced the most significant reduc-
tion of the red/green ratio of fluorescence signal (Fig. 5j). Conse-
quently, these phenomenon also supports the results of the highest
apoptosis rate of cells treated with VPCaNPs (Fig. 5k).

Calcification of tumor cells after nanosystem decomposition
Tumor calcification can be associated with a good prognosis in clinical
practice, and previous studies have reported that artificially inducing
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ferences were analyzed by a two-way ANOVA with Tukey’s multiple comparisons

VPQDs
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/VPCaNPs

CaNPs VPCaNPs

test. d Cell calcification after incubation with nanomaterials for 48 h. e XRD pattern
of the collected products from cell exocytosis after treatment with saline, VPQDs,
CaNPs, and VPCaNPs for 48 h. f Representative images of transwell cell migration
assay with saline, VPQDs, CaNPs, and VPCaNPs incubation. Scale bar =100 pm. The
saline groups were control groups. Each experiment was repeated three times
independently with similar results.

tumor calcification can inhibit tumor growth®*2. The formation of
hydroxyapatite, the main chemical component of calcification points,
required calcium and phosphate ions, both of which can be generated
after VPCaNPs degradation. Also, great number of carboxylate groups
from the carriers (HA and PAA) of as-prepared nanomaterials can che-
late calcium ions and trigger in situ calcium phosphate deposition®. We
incubated 4TI cells with different nanomaterials for 4 h, and then ver-
ified that both CaNPs and VPCaNPs could significantly increase the
intracellular calcium ion concentration by flow cytometry (Fig. 6a) and

confocal microscopy (Fig. 6b). In addition, after 5 days dispersed in PBS
with different condition, the absorbance decrease of VPQDs in oxyge-
nated condition increased significantly, and the pH did not have much
effect (Supplementary Fig. 11a). The dramatical increase of phosphate
concentration in oxygenated 4% FBS was also observed (Supplementary
Fig. 11b). The results proved that VPQDs can be slowly degraded in an
oxygen-rich environment, though VP is the most thermodynamically
stable allotrope reported so far?. Intracellular phosphate concentra-
tions were measured 24 h post nanomaterials incubation as well
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(Fig. 6¢). There was no significant difference between saline and VPQDs
groups due to no extra oxygen. CaNPs group showed the lowest
phosphate concentration because phosphate can be precipitated with
Ca*. The rise of concentration in VPCaNPs incubated cells than CaNPs
can be ascribed to O,-mediated VPQDs degradation. After different
nanoparticles were incubated with the cells for 48 h, calcification on the
plasma membrane was observed in both CaNPs and VPCaNPs groups
(Fig. 6d). Minerals were collected and their components were identified
by XRD (Fig. 6e). The results show that CaNPs and VPCaNPs can sig-
nificantly lead to the formation of hydroxyapatite (PDF#74-0566, pur-
ple line) and calcium phosphate (PDF#77-1953, green line). In addition,
cell migration experiments with different nanoparticles at low con-
centrations were conducted and the conclusion was consistent with the
above results that CaNPs and VPCaNPs could reduce cell migration the
most (Fig. 6f and supplementary Fig. 12).

In vivo distribution, antitumor effect and tumor calcification
Encouraged by the promising outcomes of in vitro experiments
(including catalytic ability, degradation, calcification, as well as selec-
tive killing effect), in vivo tumor therapy using VPCaNPs was subse-
quently initiated. Prior to systematic administration test, we assessed
the anti-tumor effect intratumorally. 4T1 tumor-bearing mice were
randomly divided into 4 groups with different intravenous treatments:
saline (group 1), VPQDs (group 2), CaNPs (group 3), and VPQDs+CaNPs
(group 4). Until the tumor volume reached to 60 mm?’, the dose of P
and Ca were 4.5 and 10 mg/kg, respectively. As shown in Supplemen-
tary Figs. 13a, b, tumor volume of mice in group 4 showed the least
increase. After 14 days treatment, tumors were excised from eutha-
nized mice and stained with alizarin red. As depicted in Supplementary
Fig. 13¢c, tumor sections in groups 3 and 4 displayed significant dark red
staining, indicating tumor tissue calcification due to Ca0,.

The superior therapeutic efficacy and notable calcification
achieved by VPCaNPs intratumoral administration instill confidence in
the systemic drug delivery. Cy5-labeled VPCaNPs were used to mea-
sure in vivo distribution and tumor accumulation before assessing the
efficacy of systemic delivery. 4T1 xenograft tumor mice were iv.
administrated with cy5-VPCaNPs and the main organs and tumors were
dissected for fluorescence imaging 24 h or 48 h post injection. As
shown in Fig. 7a, b, nanoparticles could accumulate in tumor tissues
for at least 48 h, which ascribed to the tumor targeting property of HA
and EPR effect. Also, nanoparticles could accumulate in metabolic
organs (liver, spleen, and kidney) to be excreted from the body. The
highest fluorescence intensity of lungs could be attributed to the small
size of VPCaNPs to penetrate through pulmonary capillaries and the
nanoparticle-captured alveolar macrophages™. Next, 4T1 tumor-
bearing animals were randomly divided into four groups for tail vein
injection: saline (group 1), VPQDs (group 2), CaNPs (group 3), and
VPCaNPs (group 4). As anticipated, VPCaNPs showed significant anti-
tumor effects following a single intravenous dose (Fig. 7c, d). After
14 days of administration, all mice were euthanized and the tumors
were sectioned for TUNEL staining and alizarin red staining. Figure 7e
shows that the tumors in the VPCaNPs group were characterized with
significant green fluorescence of fitc-dUTP, indicating tumor cell
apoptosis. Additionally, the formation of red calcification points of
group 3 and 4 was evident on alizarin red stained sections (Fig. 7f).
Representative H&E staining slides revealed that the lungs of mice in
the saline group exhibited evidently vascular tumor metastasis with
inflammatory cell infiltration, whereas normal alveolar structure was
observed in the group 4, indicating that VPCaNPs can mitigate tumor
metastasis to a certain extent (Fig. 7i).

In vivo immune activation after VPCaNPs systematic
administration

The immune level will affect the therapeutic outcome and progression
of cancer patients. In addition to directly killing malignant cells,

indirectly eliminating tumors by activating immunity is another
choice®. ROS production is essential in immunogenic cell death of
cancer cells*® and Ca*" can regulate the activation of several immune
cells including T cells, natural killer (NK) cells, and dendritic cells
(DCs)”". Therefore, we investigated the immune activation ability of
VPCaNPs, both ROS generators and Ca** donors. Cells from the
draining lymph nodes were collected 14 days post different treat-
ments. Among them, the DCs was labeled with surface antibodies of
CD45 and CDllc, and the mature and activated DCs were labeled with
antibodies of CD80 and I-A® (a type of major histocompatibility com-
plex 1II), respectively. Obvious increase in CDS80* and I-A®* DCs
(CD45*CD11c") can be attributed to enhanced exposure of tumor
antigens induced by VPCaNPs-mediated ROS amplification (Fig. 8a, b).
Following the maturation of DCs, the main antigen presenting cells
(APCs), T cells can be activated. Tumor-infiltrating cytotoxic T lym-
phocyte (CTLs, CD45°CD3"CD8") can be activated by both APCs and
tumor cells followed by direct killing tumors with perforin, granzymes,
or receptor-ligand engagement (FAS or TRAIL) or secreting high-level
tumor-killing cytokines to indirect influence tumor fate®. A slight
increase in CD8" T cells was observed in tumor tissues of VPCaNPs
group (Fig. 8c). The secretion of proinflammatory cytokines, tumor
necrosis factor alpha (TNF-a) and interferon gamma (IFN-y), sig-
nificantly raised in VPCaNPs group compared to other groups
(Fig. 8d, e), indicating a strong proinflammatory effect. The polariza-
tion of tumor-associated macrophages (TAM) is also a hallmark of
immune level*°. As shown in Fig. 8f, the increased ratio of pro-
inflammatory M;-TAM (CD11b'F4/80"CD86") to anti-inflammatory M,-
TAM (CD11b*F4/80°CD206") indicated the destruction of immuno-
suppressive microenvironment. As the spleen is the primary site for
the proliferation of myeloid-derived suppressor cells (MDSCs),
another type of immune-suppressive cells, and a reservoir of Ly6G*
MDSCs®, we also measured the subpopulations of MDSCs (Fig. 8g and
supplementary Fig. 14). Polymorphonuclear myeloid-derived sup-
pressor cells (PMN-MDSCs, CD11b‘Ly6C Ly6G") showed significant
decreases in VPCaNPs group compared to other groups. And the
increase in non-MDSCs (CD11b*Ly6C Ly6G") revealed reduced immu-
nosuppression and decreased potential of MDSCs’ recirculation. Ki67
is the proliferation symbol of cells and the immunofluorescence ima-
ges (Fig. 8h) showed that CaNPs and VPCaNPs can significantly inhibit
tumor cell proliferation. Furthermore, matrix metalloproteinase 9
(MMP9), an enzyme related to angiogenesis and metastasis®>®*, was
reduced especially in CaNPs and VPCaNPs groups (Fig. 8i), explaining
the fewer lung metastases in these groups to some extent.

Metabolism and biosafety of VPCaNPs
The safety of a drug is another key factor in clinical translation in
addition to efficacy. After entering the body, nanoparticles may
accumulate in other places in addition to target tissues, and they may
produce toxic products during metabolism. To improve biosafety, we
used biocompatible carriers (HA and PAA) with certain tumor selec-
tivity. Upon contact with tumor cells, the HA within VPCaNPs can
selectively bind with the overexpressed CD44 receptors on the cell
surface, thereby prompting cellular uptake of the nanoparticles. The
acidic tumor microenvironment makes PAA swell and release Ca0O, and
VPQDs. Also, intracellular hyaluronidase can completely decompose
HA, resulting in collapse of nanoparticles, and subsequent release of
cargos. The reactions between CaO, and VPQDs have demonstrated
above. And the non-degradable PAA can be taken up by the mono-
nuclear phagocyte system and excreted through liver®. Additionally,
VPCaNPs can be excreted through gastrointestinal tract within 5 days,
which was confirmed by inductively coupled plasma mass spectro-
metry (ICP/MS) analysis of P (Supplementary Fig. 15).

Supplementary Fig. 16a illustrated that VPCaNPs administration
induced a transient decrease in body weight followed by a continuous
increase, indicating that VPCaNPs did not affect the quality of life for a
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Statistical differences were analyzed by a two-way ANOVA with Tukey’s multiple
comparisons test. e TUNEL staining and (f) alizarin red staining tumors, and (g) H&E
staining lungs of treated mice. The saline groups were control groups. Each
experiment was repeated three times independently with similar results.
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Fig. 8 | In vivo immune activated by VPCaNPs 14 days post i.v. administration.
a Denderitic cells maturation (CD45'CD11c'CD80") and (b) activation
(CD45'CD11c'I-A*") in draining lymph node. ¢ Scale of tumor infiltrated cytotoxic T
lymphocytes (CTL, CD45'CD3*CD8"). d TNF-a and (e) IFN-y contents in tumor tis-
sues measured by ELISA. f Ratio of tumor infiltrated M; (CD86") to M, (CD206")
tumor-associated macrophages (TAM, CD45'CD11b*F4/80). Data are presented as
the mean with SD (n = 3) independent samples in (a-c, f), n =4 independent

samples in (d, e). Statistical differences were analyzed by a one-way ANOVA with
Tukey’s multiple comparisons test. g Scatter diagram of myeloid-derived sup-
pressor cells (MDSCs, CD11b*Ly6C'Ly6G/CD11b* Ly6CLy6G") in spleen. Immuno-
fluorescence images of (h) Ki67 and (i) MMP9 of tumors. The saline groups were
control groups. Each experiment was repeated three times independently with
similar results.

long period of time. All groups exhibited normal results in blood
routine and biochemical function tests (Supplementary Fig. 16b, c).
Additionally, there was no significant difference in the concentrations
of calcium ions and phosphate in the serum among saline, CaNPs, and
VPCaNPs groups of mice while VPQDs group showing obvious higher P
content compared with CaNPs and VPCaNPs groups (Supplementary
Fig. 16d), suggesting that the nanoparticles did not remain in the

systemic circulation but the ultrasmall VPQDs cannot be excreted in
time. We also collected sections of major organs of mice 14 days after
administration for H&E staining. As shown in Supplementary Fig. 17,
the sections of heart, liver, spleen, and kidney from each group
appeared normal though several organs showed an accumulation of
nanoparticles (Fig. 7a, b). The results above indicate that intravenous
administration of VPCaNPs exhibits significant anti-tumor efficacy
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without causing notable systemic toxicity or side effects of functional
damage, thus providing guarantees of both efficacy and safety for
further drug research.

Discussion

Tumor nanocatalytic medicine relies on catalysts, substrates, and
energy sources to produce or consume molecules that affect tumor
survival. Catalytic generated-ROS can damage the structure and
function of tumor cells and induce apoptosis®. In our study, the latest
phosphorus allotrope, violet phosphorus, was prepared into quantum
dots for catalyzing ROS generation, which was verified by both theo-
retical and experimental studies. For further application of VPQDs
in vivo, Ca0; served as the source of catalytic substrate O, and H,0,
(lacking in the tumor site) for preparing VPQDs and Ca0,-containing
nanoparticles (VPCaNPs). VPCaNPs were capable of triggering ROS
bursts in tumor cells, leading to cell death. In addition, CaO, in
VPCaNPs can be rapidly decomposed into calcium ions under acidic
conditions, with the generated oxygen further degrading VPQDs into
phosphate, thereby facilitating tumor calcification. VPCaNPs can also
activate body immune characterized as DCs activation, CTLs increase,
TNF-a and IFN-y secretion as well as the decrease of immunosup-
pressive cells (M,-TAM and MDSCs) and proteins (Ki67 and MMP9). In
summary, we presented a nanosystem that can provide both catalyst
and substrate for a cytotoxic oxygen free radicals burst followed by
tumor calcification induced by metabolites of the nanoparticle, lead-
ing to tumor inhibition and immune activation.

We mechanistically analyzed the ability of VP as a catalyst to
generate ROS and observed its degradation in an oxygen-containing
environment. However, from the perspective of the continuity of the
reactions, the illustrated catalytic ability of VPQDs may only be the
initial step in its degradation, i.e., the catalytic reaction described in
this study may only occur in the initial stage of contact between VP
and O, or H,0,. It has been reported that few-layer black phosphorus
(BP) will degrade while generating ROS in the dark, oxygenated
solutions®. Although VP has higher thermal stability than BP, the as-
prepared VPQDs were ultrasmall and only 2-3 layers thick, leading to
several reaction sites exposure to oxygen. In addition, we observed
no ROS production in the aqueous solution, whereas -:OH production
in the H,0,-containing solution. Therefore, with the generation of P
vacancies, induced by contacting with O, or H,0,, the generated ROS
may also be converted into each other. The specific mechanism
should be different from the reported one and further research is
needed.

Methods

Animals and ethical statement

All animal experiments in this study were carried out in compliance
with all relevant ethical regulations and approved by the Experi-
mental Animal Ethics Committee of the Institute of Radiological
Medicine, Chinese Academy of Medical Sciences (Approval No. IRM-
DWLL-2023070). Balb/c mice (female, 6-8-week-old) were pur-
chased from SPF Biotechnology Co., Ltd. Beijing, China. All mice were
raised in specific pathogen-free animal experimental center and
allowed free access to food and water. All experimental/control ani-
mals were co-housed in a habitant under standard conditions
(23-26 °C, 40-60% humidity, 12 h light-dark cycle, and 5 mice/cage).
Animals with ulcerated tumors should receive immediate treatment
with analgesics or be euthanized. According to the guidelines of
ethics committee, the maximum tumor diameter should not exceed
20 mm in any dimension and the maximal tumor size permitted is
1500 mm?. The maximal tumor size in this study was not exceeded. At
the end point of the study, animal euthanasia was performed by CO,
inhalation followed by cervical dislocation. Female mice were chosen
because the primary population affected by breast cancer patients is
female clinically®’.

Preparation of violet phosphorus quantum (VPQDs)

The VPQDs were synthesized through a sequence of modified liquid
exfoliation and solvothermal reaction. In detail, the VP powder
(Nanjing MKNANO Tech. Co., Ltd.) was ultrasound sonicated in
deoxygenated N-Methyl-2-pyrrolidone (NMP) at the power of 600 W
after fully triturated. The ultrasonic power is 600 W and the interval is
2 on, 3s off, and the whole process is carried out on the ice. A cen-
trifugation process was carried out at 2775 x g for 10 min to get rid of
bulk VP. The VP nanosheets/NMP suspension was then removed to
Muffle furnace for solvothermal reaction for 16 h at 150 °C in a Teflon-
lined reactor. The supernatant was collected by centrifugation at
43,000 x g for 30 min and concentrated through distillation at 120 °C
in a decompression environment. NMP was removed by dialysis in
ultra-pure water to obtain VPQDs for subsequent use.

Preparation of Ca0, nanoparticles (CaNPs) and VP/Ca0, nano-
particles (VPCaNPs)

Sodium hyaluronate (HA), polyacrylic acid (PAA), calcium chloride
(CaCl,) and synthesized VPQDs was added and dispersed in sequence
into methanol. Afterwards, under ultrasonic bath, H,0, was added
dropwise into the mixture and then ammonia was added quickly.
VPCaNPs was obtained by centrifugation and washed with ddH,O.
CaNPs can be prepared without adding VPQDs in the above process.

Electron spin resonance (ESR) of VPQDs

Generation of specific oxygen radicals was determined by ESR detec-
tor with different substrate supply. Two samples were prepared: oxy-
genated VPQDs aqueous solution and deoxygenated VPQDs solution
with extra H,0,. VPQDs concentration is 20 pg/ml. Then 100 pl sample
solution was mixed with 100 pl 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO, 100 mM, a popular spin trap) and sealed with a capillary
tube to detect -OH. As for detecting -O,", another 100 pl methanol was
mixed with the sample and DMPO before sealing.

ROS generation in vitro

1,3-diphenylisobenzofuran (DPBF) is utilized as general a ROS probe.
The DPBF stock solution was prepared by dissolving in DMSO at the
concentration of 1 mg/ml. The total reaction volume was 1.5 ml con-
taining 100 pl DPBF stock. The oxygenated condition was prepared by
bubbling pure oxygen for 20 s and the H,0, concentration was 100 pM
in H,0,-sufficient solution. The testing concentration of VPQDs was at
20 pg/ml.

Calculation details

The first-principles calculations based on DFT were carried out using
Vienna ab initio simulation package (VASP, version 5.4) code®®°.
Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) was adopted to treat the electron exchange-correlation
functional”. Grimme’s DFT-D2 method was taken into consideration
to describe the van der Waals (VDW) forces’. The energy cut-off for
expansion of plane-wave expansion was set to be 500 eV. The Brillouin
zone was sampled by 2 x2 x1 Monkhorst-Pack k-point meshes. The
convergence threshold was set to be 1x107° Ha for total energy and
0.01 Ha/A for atomic forces, respectively. To prevent interlayer inter-
ference, a vacuum space of 20 A in c-direction was added to both
pristine and adsorbed VP models. The initial adsorption sites for cat-
alytic pathway were search by Monte Carlo (MC) annealing simula-
tions, which allow a rotatable molecule to randomly translate on the
surface of the substrate until the local energy minima reached®’°.
Although no simple a posteriori correction scheme is implemented in
VASP for slab calculations presently, the charged calculations were just
applied for qualitative prediction of the trends and mechanism of
catalytic reactions’”’. Considering that the charged computations
involved in this work are both single-component systems (positively
charged VP and -O,"). Here, charged calculations were accomplished
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by adjusting the NELECT parameter, which governs the total valence
electron count of the whole system.

Cytotoxicity test

Human embryonic kidney cells (HEK-293T, cat#GNHul7), mouse
fibroblasts cells (L929, cat#SCSP-5039), and mouse breast cancer cells
(4T1, cat#TCM32) obtained from the National Collection of Authenti-
cated Cell Cultures (NCACC) were selected for cytotoxicity test. No cell
line was contaminated with mycoplasma. HEK-293T and L929 cells
were cultured in basal DMEM medium (Gibco) supplemented with 10%
FBS (Pricella), 1% Penicillin-Streptomycin Solution (Gibco) at 37 °C in
5% CO,. The basal medium of the 4T1 cell line is RPMI 1640 (Gibco).
Logarithmic cells were collected and inoculated on 96-well cell culture
plate at a density of 5000 cells/well. After incubating for 24 h, culture
medium containing different concentrations of VPQDs (0, 2.5, 5, 10,
20 pg/ml, measured by P), CaNPs and VPCaNPs (O, 5, 10, 20, 40 pg/ml,
measured by Ca) was replaced. The cell activity was measured by CCK8
method with 4 parallel holes for each concentration.

Flow cytometry analysis
Logarithmic 4T1 cells were collected and inoculated into 6-well plates
at a density of 10%/well for 24 h. After loading with ROS probe (DCFH-
DA), O, probe ([Ru(dpp)s]Cl,), and specific probes of -:OH, H,0,, ‘0,7,
Ca”" and probes, respectively, medium containing VPQDs, CaNPs, and
VPCaNPs was replaced and incubated for 6 h. To measure lipid per-
oxidation level, C11-BODIPY*®**-Joaded cells were incubated with
nanomaterials for 12h before collecting cells. JC-1 and apoptosis
markers (Pl and Annexin V-FITC) were utilized after nanomaterials
incubation for 12 h. All cells were collected after administration and
dyeing for flow cytometry. Signals in FITC channel were recorded for
ROS, -OH, H,0,, Ca® and -0, and signal in PE channel was collected
for O,. Both FITC and PI signals were collected for JC-1, lipid perox-
idation, and apoptosis. All flow cytometry data was analyzed by FlowJo.
To evaluate the antitumor immune function, single-cell suspen-
sions were prepared 14 d post-administration. Tissues of the tumor,
spleen, and tumor-draining lymph node were dissociated and ground
through a cellular sieve. Collagenase and DNase incubation was
necessary before tumor tissue grinding. If desired, the red blood cells
can be lysed before dying. After incubation with an anti-mouse CD16/
CD32 antibody (Invitrogen, cat#14-0161-82, 93, dilution: 1:200) for
10 min to block Fcy receptors, surface staining was performed with
different combinations of antibodies against the following mouse
proteins: CD45 (Biolegend, cat#103115, 30-F11, dilution: 1:250), CD11c
(Biolegend, cat#117306, N418, dilution: 1:400), CD80 (Biolegend,
cat#104721, 16-10A1, dilution: 1:100), CD3 (Biolegend, cat#100204,
17A2, dilution: 1:200), CD8a (Biolegend, cat#100707, 53-6.7, dilution:
1:1000), CD11b (Biolegend, cat#101206, M1/70, dilution: 1:600), F4/80
(Biolegend, cat#123131, BMS, dilution: 1:200), CD206 (Biolegend,
cat#141708, C068C2, dilution: 1:500), Ly6C (Biolegend, cat#128008,
HK1.4, dilution: 1:200), Ly6G (Biolegend, cat#127614, 1A8, dilution:
1:500). The gating strategies were shown in Supplementary Figs. 18-21.

Cell calcification

4T1 cells were stained with DiD for general cell membrane labeling and
then plated onto glass bottom cell dishes. After cell adherent, cultures
containing saline, VPQDs, CaNPs, and VPCaNPs were added to the cell
dishes. After incubating for another 48 h, the cells were fixed with 4%
paraformaldehyde for 15 min at room temperature and then stained
with DAPI for 10 min. Afterward, the cells were washed with PBS, and
calcein (Ex. 495 nm, Em. 515 nm) was added for another 20 min before
the cells were washed with PBS again and subjected to CLSM.

To collect the cell secretions, cells were cultivated with saline,
VPQDs, CaNPs and VPCaNPs at 37 °C for 48 h. Afterwards, the cells and
medium were harvested and centrifuged at 2775 x g for 10 min, and the
product was washed twice with a chloroform/cyclohexane/ethanol

mixture. The centrifuged deposit was then dried at 60 °C in an oven,
and a white powder was obtained for XRD analysis.

Cell migration

First, 5 x 10* 4T1 cells were plated into transwell plates (Corning) with
RPMI 1640 medium containing saline, VPQDs, CaNPs, and VPCaNPs.
After 24 h, the cells were fixed with paraformaldehyde for 15 min.
Cells in the upper chambers were wiped away, and cells on the sub-
membrane surface were counted through optical microscope. In
total, 5 random views were chosen for each hole to represent the
total number of cells in each well. This experiment was repeated
3 times.

In vivo anti-tumor study

The 6-8-week-old female BALB/c mice were selected for sub-
cutaneous modeling in situ. The tumor-bearing mice were randomly
divided into saline, VPQDs, CaNPs, and VPQDs + CaNPs groups for
intratumoral administration and saline, VPQDs, CaNPs, and VPCaNPs
groups for intravenous administration. The tumor size and
body weight were measured every other day for total 14 days. The
tumor volume was calculated according to the formula V=L x W¥/2,
where L and W denoted the maximum tumor length and width.
Statistical analysis was performed in every group, and the error
bar represents the standard deviation of the relative tumor volume.
On the 14 day post systematic administration, blood of mice was
collected for routine and biochemical tests. All the tumor tissues
were dissected for alizarin red staining and TUNEL immuno-
fluorescent analysis, and the major organs were also dissected for
histological analysis.

Sample preparation of ICP/MS

On day 1, 3, 5, 7, 10 post i.v. administration with VPCaNPs, urine and
feces of mice were collected. The urine samples were centrifuged at
650 x g for 6 min and the supernatant was for detection. 50 mg of feces
were added into 450 pl saline for homogenate. Then centrifuge at
1000 x g for 10 min and take the supernatant for detection.

Statistical analysis

Graph Pad Prism 8.0 and Origin 9.0 were used for data statistics and
statistical significance calculation. Statistical analysis was performed
using the Student’s ¢ test and one/two-way ANOVA. The specific
method is indicated in the captions of figures. Asterisks (*) were used
as significant differences. P values less than 0.0001 were shown as
<0.0001 and summarized with four asterisks (****). P values less than
0.001, 0.01, 0.05 are summarized with three (**), two (**), and one (*)
asterisk(s), respectively.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that all data supporting the findings of this study
are available within the article and the Supplementary Information.
The fullimage dataset is available from the corresponding author upon
request. Source data are provided with this paper.
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