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ABSTRACT: Photodynamic therapy (PDT) has been widely used in
tumor therapy due to its high spatial-temporal control and
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weak efficacy, shallow tissue penetration, and phototoxicity. Herein, Nanoplatform Synergy therapy
a facile theranostic nanoplatform based on photoswitchable Tumor 2 gg:;'::;ﬁm
lanthanide-doped nanoparticles was designed. Typically, these S

nanoparticles had UV—blue and 1525 nm emission upon 980 nm = ;

excitation and 1525 nm emission upon 800 nm excitation. We " 9 1CD: Effector cells
further used these nanoparticles for achieving real-time near-infrared ~ 800/980 nm < G e 3

(NIR)-IIb imaging (800 nm) with a high signal-to-noise ratio and NIR-IIb/MR imaging

imaging-guided PDT (980 nm). Moreover, such a photoswitchable Dual modal imaging-guided photodynamic/Chemo/immuotherapy
nanoplatform capping with pH-sensitive calcium phosphate for

coloading doxorubicin (a chemotherapeutic immunogenic cell death [ICD] inducer) and paramagnetic Mn>* ions enhances
T,-magnetic resonance imaging in the tumor microenvironment. Our results suggest that this theranostic nanoplatform could
not only kill tumor cells directly through dual-modal image-guided PDT/chemotherapy but also inhibit distant tumor and
lung metastasis through ICD. Therefore, it has great potential for clinical application .
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accuracy can be improved by gathering in vivo imaging data,
which will guide subsequent treatments.”™"’
Lanthanide-doped nanoparticles (LnNPs), which can
harvest near-infrared (NIR) light to emit higher energy
photons (upconversion) or lower energy photons (down-
shifting), play an important role in photomediated tumor
theranostic approaches. Recently, NIR-activated LnNPs-based
PDT showing deep tissue penetration,''”" have attracted

adverse effects of current anticancer therapy is a huge

challenge. Photodynamic therapy (PDT) is one of the
most promising and widely used cancer therapeutic modalities
owing to its low systemic toxicity, high selectivity, and
noninvasiveness.”> This treatment approach involves trans-
forming oxygen into cytotoxic reactive oxygen species (ROS)
in cancer cells upon irradiating photosensitizers with a specific

Improving the therapeutic efficiency while reducing the

light. The generated ROS kills tumor cells via apoptosis or
necrosis. PDT-mediated cell death is also associated with an
antitumor immune response, termed as immunogenic cell
death (ICD),” which is mainly mediated by the surface
exposure of calreticulin (CRT), ATP secretion, and high
mobility group protein Bl (HMGB1) release.*”® Antitumor-
specific T-cell responses achieve distant tumor suppression.
Unfortunately, the therapeutic effect of PDT is confined by
shallow penetration,” inappropriate trigger timing, and
location, which compromises its therapeutic effects. Treatment
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notable interest for tumor therapy. However, PDT alone
cannot achieve satisfactory therapeutic outcomes'* due to the
inherent risks of recurrence and metastasis. Therefore, LnNPs-
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Scheme 1. Synthesis of Nanoplatform and Functioning Mechanism®
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?(a) Schematic illustration of the synthesis of nanoplatform. (b) The functioning mechanism, including circulation in blood vessels, imaging, and

tumor therapy.

PDT is combined with other therapeutic modalities, thereby
amplifying the advantages and offsetting the disadvantages, for
instance chemotherapy, chemodynamlc therapy, photothermal
therapy, and immunotherapy.'>'® The combination of PDT
with chemotherapeutic drugs has been explored, for example
doxorubicin (DOX)'”'® and paclitaxel (PTX). These chemo-
therapeutic drugs also can induce ICD. Such a combination
could elicit an immune response cascade to further enhance
the antitumor activity and reduce adverse effects.

Besides, LnNPs exhibit excellent magnetic properties and
strongly attenuate X-rays, making them useful for multiple
imaging methods, for instance optical, magnetic resonance
(MR), and computed tomography imaging.'”™*' Notably,
optical imaging is a type of nondestructive, highly sensitive,
and quick-responding imaging modality. To date, most PDT-
related optical imaging in previous reports only toward the
visible and NIR-I radiation, ignoring NIR-II (1000—1700 nm)
downshifting one.”” NIR-IIb (1500—1700 nm) effectively
reduces autofluorescence, absorption, and light scattering of
tissues, achieving deeper penetration and greater image
clarity.>*~* Therefore, it seems logical to conduct NIR-IIb
imaging-guided PDT.*

Nevertheless, the millimeter-level penetration depth of the
NIR-II region at micron- scale resolution hinders its application
in most clinical settings.”” Thus, it becomes necessary to
combine one or two other imaging modalities to obtain
Supporting Information, which can further improve the
accuracy of diagnosis/imaging.”® Gd**-based LnNPs act as
T -weighted MRI contrast agents by influencing the relaxation
ability of water, providing anatomical details with unlimited
penetration depth and superior spatial resolution.”” The

combination of optical imaging with MRI can comprehensively
increase diagnostic sensitivity and penetration depth, making it
easier to guide subsequent therapy. However, some surface
modification methods in fabricating the multifunctional
nanoplatform severely limit the exposed amount of Gd**
ions, which inevitably leads to low signal-to-noise ratios of
MRI. Although this issue can be overcome by increasing the
dose, high dose regimes increase the risk of Gd?* retention and
adverse effects in vivo. In addition, the exposure of Gd** ions
for better MR contrast can be increased by reducing the
nanoparticle size to obtain ideal longitudinal relaxation, but
this also decreases the luminescence efficiency. Therefore, to
achieve a certain level of MRI contrast for imaging guidance
and avoid the potential biological toxicity caused by the high
concentration of single paramagnetic ions, it is necessary to
introduce other paramagnetic ions (i.e, Mn** or Fe*"). This
will enhance the T,-MRI signal, especially by responding to the
tumor microenvironment (TME) to establish the enhanced-
MRI nanoplatform with a strong optical signal. Taken together,
developing an on-demand theranostic nanoplatform for tumor
therapy that combines diagnosis, therapeutics, and immunity
would greatly improve the antitumor efficiency while reducing
adverse effects.

Herein, we designed a multifunctional theranostic nanoplat-
form (LnNP-Ce6@CaP/Mn-DOX) for TME-enhanced MR
imaging and real-time NIR-IIb (1525 nm) dual-modal
imaging-guided synergistic therapy (Photodynamic/Chemo/
Immunotherapy), as illustrated in Scheme 1. In this nanoplat-
form, a stepwise imaging strategy was employed. First, T|-MRI
was carried out to determine the preliminary tumor positioning
using paramagnetic Gd** and Mn>". The idea is that T;-MRI
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Figure 1. Characterization of LnNPs and LnNP-Ce6@CaP: Mn/DOX. (a) TEM and (b) corresponding high-resolution TEM image of
LnNPs. (c) HAADF-STEM image of LnNPs. (d) TEM images of LnNP-Ce6@CaP:Mn/DOX. (e) EDX of LnNP-Ce6@CaP:Mn/DOX. (f)
XRD of LnNPs and LnNP-Ce6@CaP:Mn/DOX. (g) HAADF-STEM-EDS mapping image of LnNP-Ce6@CaP:Mn/DOX. (h) Line scans of

LnNP-Ce6@CaP:Mn/DOX.

performance would be enhanced once Mn>" ions are released
from the calcium phosphate (CaP) layer in the TME/cells,
which would increase the interaction between the protons and
Mn?* ions to affect water proton relaxation. Subsequently, the
tumor were exposed to an 800 nm laser for real-time imaging
in NIR-IIb region, which would allow deep tissue bioimaging.
After that, photoswitchable PDT was conducted by excitation
with 980 nm radiation, which was also guided by the NIR-IIb
imaging. Tumor-targeted chemotherapy was achieved when
the CaP layer decomposed in the mildly acidic TME/acidic
organelles, inducing DOX release, which synergized with PDT
to improve the treatment efficacy. The PDT/Chemo
synergistic therapy was also associated with an antitumor
ICD response. Our results showed significant antitumor and
metastasis inhibition effects in vitro and in vivo. Therefore, a
smart theranostic nanoplatform with dual-modal image-guided
PDT/chemo combination therapy and the subsequent
immune response has immense clinical application potential.

RESULTS AND DISCUSSION

Preparation and Characterization of the Theranostic
Nanoplatform. The preparation scheme of the multifunc-
tional theranostic nanoplatform is illustrated in Scheme 1. In
this design, the multiwavelength excited Er** and single-
wavelength excited Yb®* and Tm’" were partitioned in
multishelled LnNPs (NaErF,:0.5%Tm@ NaYF,@
NaYbF,:0.5%Tm@ NaYF,@NaGdF,), which were synthesized
through a successive coprecipitation approach for realizing the
light-controlled switch. The UV-blue upconversion emissions
for fluorescence resonance energy transfer (FRET)-based PDT

upon 980 nm excitation were achieved by codoping Tm>" and
Yb** ions in the second outer layer. A stronger NIR-IIb
emission of Er’* at 1525 nm under 800 nm excitation was
obtained by introducing 0.5% (mol) Tm>" ions in the NaErF,
core since Tm*" has been previously proven to enhance the
NIR-IIb emission of Er** through energy trapping.’® Figure la
presents the transmission electron microscopy (TEM) images
of LnNPs, which are regular spherical and uniform with a mean
particle diameter of 48 nm. High-resolution transmission
electron microscopy (HRTEM) showed that the d spacing was
0.501 nm, corresponding to the (100) crystal plane (Figure
1b). High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images showed the
core—multishell structured LnNPs (Figure 1c). The core
diameter was 16 nm, the thickness of S1 (Y inert shell) was
6.15 nm, the thickness of S2 (YbTm active shell) was 4.9 nm,
and the total thickness of S3 + S4 (Y and Gd inert shells) was
5.4 nm. X-ray diffraction (XRD) patterns indicated the pure f-
phase of the core—multishell structural LnNPs, consistent with
HRTEM observations (Figure 1f). Next, for theranostic
application, as-obtained oleate-capped LnNPs were first
treated with HCI to remove the oleic acid ligands and further
modified using a polyallylamine solution. The Ce6 photo-
sensitizers were attached to their surface to form the NIR-
activated nanophotosensitizer, and the attachment was
confirmed by Fourier transform infrared spectroscopy
(FTIR) (Figure S1). A new characteristic peak at 1660 cm™
indicated the chemical bond vibration resulting from the
carboxylic and amino condensation reactions.
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Subsequently, the as-obtained LnNP-Ce6 nanoparticles were
functionalized with CaP: Mn coating according to a previously
reported method.”’ DOX was further loaded into the matrix of
LnNP-Ce6@CaP: Mn, presenting pH-responsive Mn** ions
and DOX release in a mildly acidic environment. The TEM
image of the nanoplatform (Figure 1d) indicated a diameter of
56 nm and a thickness of 3 nm of the CaP layer. Elemental
mapping of a single nanoplatform was first explored to obtain
more details (Figure 1g). Energy-dispersive X-ray (EDX)
spectroscopy further revealed the elements in the nanoplat-
form as Na, Ca, Mn, and rare-earth elements; Mn*" was
present at a concentration of 7.8 mol % (Figure 1h). The XRD
patterns revealed the amorphous structure of CaP (Figure 1f).
Previous studies have demonstrated that CaP nanoparticles are
composed of smaller CaP particles, leading to pore structures
on their matrix for drug loading. The drug-loading capacity of
the nanoplatform was improved by increasing the thickness of
the CaP layer by adjusting the ratio of isopropyl alcohol to
water during the synthesis. TEM (Figure S2) revealed that the
thickness of the CaP layer was 86 nm, and EDX, HAADF-
STEM-EDS mapping, and linear scanning showed that the
loading capacity of Mn?>* was significantly increased to 51.1
mol %.

The photoluminescence properties of LnNPs depended
upon the excitation wavelength. Emission occurred in the red,
green, and UV-blue regions upon excitation at 980 nm,
because Er** in the core and Yb** in the shell were both excited
(Figure 2a). In addition, the red upconversion luminescence
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Figure 2. Spectral properties of LnNP-Ce6@CaP:Mn/DOX. (a)
Upconversion emission spectra of LnNPs and absorption spectra
of Ce6 and DOX. (b) Downshifting emission spectra of
NaErF,:0.5%Tm@ NaYF,@ NaYbF,:0.5%Tm@ NaYF,@NaGdF,
excited by 980 and 800 nm at 0.9 W/cm?. (c) Schematic of the
energy levels of LnNPs triggered by 980 and 800 nm, respectively.

(UCL) was almost 60-fold higher than the green emission at
540 nm because of the doping of a small amount of Tm>" into
the Er** lattice to effectively reduce the distribution at the high
energy state of Er’* through energy mediated by Tm?*. Energy
transfer (ET) from Tm’" to Er’* occurred by back-energy
transfer so that the NIR-IIb at 1525 nm and UCL at 655 nm of
Er’* have stronger emissions. Because of the inert shell, the
800 nm energy absorbed by Er’* could hardly be transferred by
Yb** ions to sensitize Tm>'. Importantly, no matter which
excitation wavelength was used, the 1525 nm emission was
always present, ensuring the subsequent imaging/diagnosis

application (Figure 2b). Furthermore, the full width at half-
maximum of the 1525 nm emission peak under 980 nm
excitation was wider than that of the 800 nm excitation peak
due to the downshifting emission of Tm®" ions at 1470 nm.
Thus, the monochromaticity of 800 nm excitation was better
than that of 980 nm excitation. The above-mentioned
luminescence process and the corresponding energy level
interpretation are shown in Figure 2c. Taken together, these
photoswitchable LnNPs can be employed as an outstanding
light transducer for deep tissue imaging and FRET-based
phototherapy, i.e, NIR-IIb emission generated upon 808 nm
excitation can be used for real-time optical imaging/diagnosis.
Once the tumor site is accurately located by imaging, the
excitation wavelength is switched to 980 nm, and the generated
additional UV-blue light is used for PDT.

Furthermore, for achieving the 980 nm mediated PDT, the
LnNPs-Ce6 nanophotosensitizer was prepared by coupling
Ce6 with LnNPs. The optimal concentration of Ce6 on the
surface of LnNPs was determined to be 4.8 ug/mL according
to the results of our previous report.”' After that, the energy
lifetime of the excitation states at 540 and 650 nm was
measured. The lifetimes of both energy states were shortened,
indicating ET between the LnNPs and the photosensitizer
(Figure S3). The level of ROS production in the solution
under different light excitations was investigated by employing
1,3-diphenylisobenzofuran (DPBF) as a ROS probe. Then, the
ROS yield of the sample was measured by monitoring changes
in the absorption intensity at 417 nm under 980 and 800 nm
irradiation (Figure S4a). The photosensitizer produced
abundant ROS upon 980 nm irradiation, but almost no ROS
was detected upon 800 nm excitation because of the energy
isolation layer, indicating negligible chances of phototoxicity
during real-time optical imaging. The phototoxicity that may
be caused by 800 nm excitation could be completely avoided
by coupling another photosensitizer that does not absorb light
at 650 nm or by increasing the thickness of the NaYF, middle
shell to enlarge the FRET distance.

Cytotoxicity and Cell Uptake Behavior of the Nano-
platform in Vitro. First, the cellular uptake behavior of the
nanoplatform in 4T1 breast cancer cells was analyzed using a
fluorescence microscope. DAPI (4',6-diamidino-2-phenylin-
dole) stains nucleic acids and exhibits blue fluorescence under
405 nm laser irradiation. The nanoplatform would emit red
luminescence upon 980 nm excitation. As expected, on
extending the incubation time from 3 to 12 h, the red
luminescence from LnNPs increased gradually under the same
excitation condition of 980 nm (Figure 3a), indicating that a
greater amount of the nanoplatform was internalized by cells
after incubation for 3 h. The transfection efficiency of the
designed nanoplatform was quantified by measuring the UCL
at 654 nm before and after incubating the cells with the
nanoplatform. Given the stable spectral properties of LnNPs
and the absence of payloads (DOX and Mn®") that could
otherwise have interfered with the analysis, the transfection
efficiency was calculated as 61.25% (Figure S7). The bio-TEM
results also confirmed the cellular uptake of the nanoplatform
(Figure 3b). Part of the nanoplatform was located in the
lysosome, indicating that the uptake of the nanoplatform
occurred by endocytosis.

The methylthiazolyldiphenyl-tetrazolium bromide (MTT)
assay was used to quantify the cytotoxicity of the nanoplatform
at different concentrations against 4T1 cells (Figures SSb and
3d). The cytotoxicity of LnNP-Ce6@CaP/Mn** was first
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Figure 3. Mechanism evaluation of the nanoplatform-induced cell death by photodynamic/chemo-/immunotherapy. (a) Fluorescence
photographs of 4T1 cells incubated with (1) PBS and (2) nanoplatform for different times. The blue and red fluorescence signals represent
the cell nucleus and the nanoplatform, respectively. Scale bar: 50 gm. (b) The bio-TEM of 4T1 after incubating with the nanoplatform for 2
and 6 h. Scale bar: 500 nm. (c) Oxidative stress of 4T1 cells was observed in different treatment groups, using DCFH-DA as a ROS probe.
Scale bar: 20 ym. JC-1 staining of cells in different treatment groups. Scale bar: 20 ym. (d) Cell viabilities of 4T1 cells with different
treatment (PBS, 980 nm irradiation, LnNP-Ce6@Ca:Mn**, nanoplatform, nanoplatform + 800 nm irradiation, and nanoplatform + 980 nm
irradiation) versus the incubated sample. The fluorescence intensity of (¢) DCFH-DA and (f) JC-1 was quantitatively analyzed using Image].

* P < 0.05; **, P < 0.01; **% P < 0.001, by Student’s t-test.

evaluated in the dark (Figure SSa). When treated with the
nanoplatform at concentrations below 48 pg/mL for 24 h, the
cell viability in the LnNP-Ce6@CaP/Mn*" without irradiation
group was more than 85%, indicating their good biocompat-
ibility. The cytotoxicity of the nanoplatform was slightly
increased due to DOX release. After exposure to 980 nm
irradiation at 0.6 W/cm? the nanoplatform exhibited
considerably high phototoxicity, and the cell viability was
only 19.6%, indicating the obvious effect of PDT. However,
upon 800 nm laser irradiation, a negligible PDT effect was
produced, ensuring that the real-time imaging did not cause
any damage to the cells. Furthermore, the ROS production in
4T1 cells was visualized by using 2',7’-dichlorodihydrofluor-

escein diacetate (DCFH-DA) as a cell-permeable probe.
Intracellular 'O, could then be observed by confocal laser
scanning microscopy (CLSM) after 980 nm PDT (Figure 3c).
Compared with the control group, the green fluorescence
intensity of cells treated with 980 nm irradiation, LaNP-Ce6@
Ca:Mn**, nanoplatform only, and nanoplatform + 800 nm
irradiation increased to a certain extent, while the fluorescence
intensity of the nanoplatform + 980 nm irradiation group
increased significantly, indicating the strongest PDT effect.
Figure 3e shows the quantitative analysis results of the ROS
production in different experimental groups. The fluorescence
intensity of ROS was 4 times higher in the group treated with
LnNP-Ce6@CaP/Mn>* loaded with DOX + 800 nm
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Figure 4. In vitro immune effect evaluation induced by the nanoplatform. (a) Expression of CRT and HMBGI was observed by
immunofluorescence staining. The green color indicates the CRT and HMBG1 flow from the endoplasmic reticulum. Scale bar: 100 gm. The
fluorescence intensities of (b) CRT and (c) HMBG1 were quantitatively analyzed using Image]. *, P < 0.0S; *¥, P < 0.01; ***, P < 0.001, by
Student’s t-test. (d) Detection of the secretion of ATP by cells 4T1. (e) Schematic diagram of DCs maturation stimulated in vitro. (f) CD80

and CD86 detection by flow cytometry.

irradiation than that in the control group and 14 times higher
in the nanoplatform + 980 nm irradiation group than that in
the control group, indicating that the PDT effect of
nanoplatform + 980 nm irradiation was stronger than that of
the nanoplatform + 800 nm irradiation. The destructive effect
of PDT on the mitochondrial membrane and apoptosis
induction was studied next. A JC-1 assay was carried out to
test the mitochondrial membrane potential after observation
under a fluorescence microscope. The ratio of green (low
potential, damage) to red (high potential, normal) fluores-
cence in the nanoplatform + 980 nm irradiation group reached
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the highest value (1.5), which reflected mitochondrial
dysfunction, and this was consistent with the trend seen in
the cytotoxicity assay (Figure 3c,f).

Considering the important role of PDT in causing ICD, we
investigated the CRT expression on 4T1 cells, a characteristic
biomarker of ICD, which would migrate to the membrane
surface from the endoplasmic reticulum under strong oxidative
stress. The strongest fluorescence intensity was observed in the
980 nm triggered PDT group after 24 h of incubation,
indicating the highest CRT migration (Figure 4a). The CRT
fluorescence of 4T1 cells treated only with 980 nm irradiation
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Figure 5. In vivo MR and NIR-IIb imaging. (a) T,-weight MR images of different concentration nanoplatform. (b) Relaxation rates of the
nanoplatform at different concentrations using a 1.2T MR scanner. (c) T -weight MR images of the nanoplatform against different pH
conditions over time. (d) Release profiles determined by ICP. (e) T,-weight MR images of tumor-bearing mice at different time points after
intravenous (i.v.) injection of the nanoplatform. (f) Relative signal intensity in the tumor site. (g) NIR-IIb imaging of blood vessels, livers,
and tumors upon 800 nm irradiation after i.v. injection. (h) Corresponding cross-sectional luminescence intensity curve and the Gaussian
fitting curve along the blue line in panel (f). (i) Luminescence photos at the tumor site. Filter: 1500 nm long-pass.

was almost the same as that of the control group, and the
fluorescence intensity was slightly increased after the
introduction of the nanoplatform, indicating that the nano-
platform could induce an immune response in the cells (Figure
4b). However, the fluorescence intensity of CRT in the
nanoplatform + 980 nm irradiation group was significantly
enhanced (6-fold), indicating the prominent PDT-induced
cellular immune response. Subsequently, the other two
important biomarkers of ICD were also detected. In the
presence of ATP, HMBGI binds to Toll-like receptor 4 on the
surface of dendritic cells (DCs), which promotes antigen
presentation to T cells. After 12 h of incubation with the
nanoplatform + 980 nm irradiation, the HMGBI1 release
increased 2-fold (Figure 4a,c). The amount of ATP secreted by
the cells after PDT was 187 nmol L™}, which was 5.8-fold
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higher than that in control group (Figure 4d). Taken together,
the results confirmed that treatment with the nanoplatform +
980 nm irradiation can induce ICD in tumor cells.

Due to the participation of HMDBI and ATP in the DC-
mediated immune response, we further tested the degree of
maturation by quantifying mature dendritic cells (mDCs). DCs
are special antigen-presenting cells, responsible for coordinat-
ing the immune response mediated by T cells. After
phagocytosis of the antigen, iDCs processes it into peptides.
iDCs mature as they pass through lymph nodes and display
peptides to T cells, which will differentiate into effector T cells
and destroy tumor cells. In this experiment, 4T1 cells and bone
marrow-derived iDCs were cocultured in a transwell system.
After different treatments of 4T1 cells in the upper wells, iDCs
were incubated in the lower wells for 24 h (Figure 4e). Then,
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iDCs were collected to analyze the amounts of CD86 and
CD80 proteins, which are biomarkers of mDCs, by flow
cytometry. 4T1 cells incubated with the nanoplatform + 980
nm irradiation exhibited significant maturation of iDCs
(76.9%) compared with that in the control group (0.48%)
(Figure 4f). The maturation of the nanoplatform-only group

20650

(without light irradiation) was 51.3%, which may be attributed
to the immune response induced by DOX.

Evaluation of DOX and Mn?* Release Profiles. The
realization of pH-triggered TME-enhanced MRI and drug
release for chemotherapy principally depends on the efficient
release of Mn®* and DOX from the matrix of nanoplatform.
Thus, we analyzed their release profiles separately against
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buffer solutions. At physiological pH (7.4, PBS solution), the
nanoplatform exhibited prominent chemical stability, and the
total Mn*" leakage was as low as 30% after incubation for 48 h
(Figure Sd) measured by inductively coupled plasma mass
spectrometry (ICP-MS). Due to the low toxicity of Mn®*, the
toxicity of 30% Mn*" leakage was almost negligible.”” In
contrast, the nanoplatform samples exhibited a fast release
pattern when incubated at pH 5.4, with a cumulative release
percentage of 75% at 48 h, apparently indicating the sensitivity
of the nanoplatform to an acidic environment (Figure 5d). The
DOX release curve was determined by absorption intensity
measurement, and the results were consistent with Mn?*
release behaviors. Specifically, after 24 h of incubation with
PBS solution, the leakage of DOX was limited (~30%), while
after 24 h of incubation in an acidic environment (pH 5.4), it
increased to over 80% in a burst-release manner (Figure S6a).
Furthermore, the color reaction between Mn** and NaBiO,
also confirmed the release profile of Mn** in the various
incubation solutions (Figure S6b). Afterward, the composite
nanostructure after incubation was studied by SEM, and severe
degradation of the CaP:Mn/DOX structure was observed at
pH 5.4 (Figure S6d). SEM images showed that CaP:Mn
coating was partially dissolved after incubation in pH 7.4 buffer
for 48 h (Figure S6c). The determination of the concentrations
of Ca’* and Mn*" ions by EDX (Figure S6e,f) also confirmed
that the nanostructure accelerated the decomposition at pH
S.4. Furthermore, intracellular degradation of the nanoplatform
was observed by bio-TEM analysis after coculture with 4T1
cells for 2 and 6 h (Figure 3b). Compared to 2 h of incubation,
the reduced size and morphology of the nanoplatform at 6 h
suggests the decomposition of CaP coating, which also
indicates the release of Mn** and DOX within the cells.

In Vivo MR and NIR-llb luminescence Imaging
Studies. Both Mn** and Gd** are paramagnetic which can
be carried out as excellent contrast agents for T,-weighted
MRI. The T1 signal intensity was directly proportional to the
concentration of the nanoplatform in vitro (Figure Sa), and the
relaxation rate reached 109.12 s™' mg™'/mL™" (Figure Sb).
The MRI effect of the sample released in vitro at pH 7.4 and
5.4 at different time points is shown in Figure Sc. With time,
the MRI signal was gradually enhanced and became
significantly stronger than that at 0 h, because the surface
modification of LnNPs hindered the interaction between water
and Gd*'. The concentrations of free Mn** and exposed Gd**
increased after CaP decomposition in an acidic TME.
Longitudinal comparison also showed a stronger signal at pH
5.4, which was consistent with the results of ICP-MS (Figure
5d). Furthermore, MRI signals were also tested at multiple
time points in mice. The MRI signal at the tumor area
gradually strengthened over time (Figure Se). The T;-MR
signal intensity increased to the maximum at 4 h postinjection
(Figure Sf), i.e., the enrichment of nanoplatforms reached the
maximum, indicating that it is the optimal treatment timing.
The above results indicated that this nanoplatform can
accumulate in the tumor region, facilitating preliminary
tumor identification.

After identifying the initial location of the tumor by MRI,
NIR-IIb imaging was carried out to accurately locate the
tumor. Almost no luminescence signal was detected at the
tumor site because of the low self-luminescence background
radiation in the NIR-IIb window, while blood vessel, liver, and
tumor tissues could be observed after intravenous injection
(Figure Sg). The yellow circle shows an enlarged part of the

blood vessel. The fluorescence intensity of the cross section of
the blue line was analyzed by Gauss fitting (Figure Sh). The
narrowest blood vessel in the back of the mouse was 52 ym in
diameter. Figure 5i shows the NIR-IIb imaging results at the
tumor site over time. A 4 h after injection, the nanoplatforms
were significantly enriched at the tumor site. Then, the
luminous signals began to decrease after 6 h. The fluorescence
signal could still be detected 24 h after injection; furthermore,
the attenuation of the fluorescence with time was consistent
with the MRI signal. Taken together, the in vivo imaging results
suggest that the nanoplatform can act as an excellent NIR-IIb
imaging probe.

In Vivo Antitumor Effect. Given the superior antitumor
effect in vitro, the antitumor effect of the nanoplatform was
investigated in vivo (Figure 6a). First, the pharmacokinetics of
the nanoplatform was studied. The nanoplatform was injected
intravenously into tumor-bearing mice, and the major organs
and tumors of mice were collected at different times to
determine the content of Er by ICP-MS. The nanoplatform
accumulated at the tumor site; the concentration reached the
maximum within 4 h and gradually decreased (Figure S8). The
nanoplatform was also gradually metabolized from other major
organs within 48 h.

Next, tumor-bearing mice were randomly divided into five
groups and provided various treatments (control, 980 nm
irradiation, nanoplatform, nanoplatform + 800 nm irradiation,
and nanoplatform + 980 nm irradiation). The body weights of
the mice showed no significant fluctuations over 20 days
(Figure 6d), indicating little biotoxicity of the nanoplatform in
mice. The photographs of tumor-bearing mice before and after
treatment are shown in Figure S9. The primary and distant
tumors of mice were collected after treatment (Figure 6b,c,
respectively). The tumor volume changed significantly (Figure
6e) in the group treated with the nanoplatform + 980 nm
irradiation (0.6 W/cm?), and it was the most effective among
all five treatment groups, demonstrating an excellent
synergistic therapeutic effect. By contrast, the tumor volume
change in the nanoplatform + 800 nm irradiation (0.6 W/cm?)
group was not obvious, indicating that 800 nm laser irradiation
did not produce the PDT effect, consistent with the in vitro
results. The tumors treated only with 980 nm irradiation or
PBS also showed no significant inhibition, suggesting that
irradiation and PBS had no therapeutic effect on tumors.
Furthermore, the major organs (Figure 6f), primary tumor, and
distant tumor (Figure 6g) were extracted and sectioned for
staining with hematoxylin and eosin (H&E). The tumor cells
in the 980 nm irradiation group were closely arranged, similar
to the cells in the control group. The tumor cells in the
nanoplatform group were slightly loosened due to the release
of DOX at the tumor site. The primary tumor and distant
tumor cells in the nanoplatform + 980 nm irradiation group
exhibited extensively died, indicating the excellent therapeutic
ability coupled with the ICD effect. Additionally, no noticeable
histological damage or inflammation was observed in the main
organs (heart, liver, spleen, lung, and kidney) of the treated
mice.

Considering the easy metastasis of 4T1 tumor cells, we
preliminarily studied the antitumor immune function of the
nanoplatform. After recognizing the peptides processed by
mature DCs, T cells in lymph nodes will differentiate into
effector T cells, i.e., CD8" cytotoxic T cells and CD4" helper T
cells. Immunofluorescence staining was carried out on the
distant tumors of the nanoplatform + 980 nm irradiation and
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PBS groups, and it was found that the numbers of CRT, CD8"
T cells, and CD4* T cells in the treatment group were
significantly increased (Figure 6h), indicating that the therapy
consisting of nanoplatform + 980 nm irradiation can cause an
antitumor immune response. After 21 days of treatment, 4T1
cells were intravenously injected, and the mice were euthanized
35 days later to observe pulmonary lesions. Lung metastases in
the treatment group were less severe than those in the control
group due to the autoimmune response (Figure 6i). Several
lumps were observed in the control group; furthermore, the
H&E staining images indicated vascularized tumor thrombus
in the lung (blue arrows), and tumor cells infiltrated the
pulmonary septum (red arrows). In the treatment group,
healthy lungs with normal alveolar structure could be seen in
the H&E staining images of the lung, indicating an obvious
ICD response to 4T1 cells after treatment with nanoplatform +
980 nm irradiation. In short, the nanoplatform has superior
biological safety and potent tumor therapeutic effect in vivo.

CONCLUSION

We established a dual-modal image-guided multifunctional
theranostic nanoplatform for tumor therapy that combines
diagnosis, therapeutics, and immunity. Tumor-targeted imag-
ing and therapy are achieved by using pH-sensitive CaPs-
capped photoswitched LnNP-Ce6 nanophotosensitizers as
Mn**/DOX carriers. Importantly, after the nanoplatform
accumulated at the tumor site, the decomposition of CaP in
the mildly acidic TME led to the release of Mn**/DOX, which
boosted their relaxation. Thus, the enhanced T;-MRI allowed
the preliminary identification of the tumor. Meanwhile, NIR-
IIb emission of the nanoplatform stimulated by 800 nm light
achieved accurate tumor location. Then, PDT was simulated
by 980 nm irradiation along with guidance from the spatial
high-resolution NIR-IIb imaging. Importantly, PDT combined
with chemotherapy induced a potent ICD effect, thereby
activating the antitumor immune response. As a result, effective
inhibition of primary and distant tumor growth, as well as lung
metastasis was achieved by the multifunctional nanoplatform.
Consequently, it provides a potential strategy for dual-modal
image-guided PDT/chemotherapy through direct tumoricidal
effects and induction of ICD with immune response activation.

EXPERIMENTAL SECTION

Materials. Erbium(III) acetate hydrate (>99.9%), thulium(III)
acetate hydrate (>99.9%), Ln,O; (Ln: Y, Yb, and Tm > 99%), oleic
acid (OA, 90%), 1-octadecene (ODE, 90%), sodium oleate (>99%),
sodium trifluoroacetate (98%), trifluoroacetic acid (99%), Ca(OH),,
Na,HPO,, MnCl,, Chlorin e6 (Ce6), PAAm (Poly allylamine
solution, 20 wt %), MTT, and 1,3-diphenylisobenzofuran (DPBF)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Ammonium fluoride (>98%), methanol, acetone, ethanol, cyclo-
hexane, isopropanol (IPA), and N,N-dimethylformamide (DMF)
were purchased from GFS Chemical. All materials were used without
further purification. DCFH-DA ROS Assay Kit, Mitochondrial
Membrane Potential Assay Kit with JC-1, Calreticulin Rabbit
Monoclonal Antibody, HMBG1 Rabbit Monoclonal Antibody,
Alexa Fluor 488-labeled Goat Anti-Rabbit IgG, ATP Assay Kit,
CD4 Rabbit Monoclonal Antibody, and CD8 Rabbit Monoclonal
Antibody was purchased from Beyotime Biotechnology Co., Ltd.
(Shanghai, China). Doxorubicin was purchased from Solarbio
(Beijing, China). CD80 Monoclonal Antibody FITC and CD86
Monoclonal Antibody PE were purchased from BioLegend (USA).

pH-Triggered Release of Mn?* lons from the Nanoplatform.
First, 8 mL of the nanoplatform solution was added to a dialysis bag
(MW cutoff = 3500) and placed in a beaker containing 20 mL of

buffer solutions with different pH values (pH 5.4 and 7.4) under
vigorous stirring. Then, 1 mL of the solution in the beaker was
removed to detect the concentration of Mn** by ICP-MS at different
time points. Furthermore, the release of Mn>* ions can be visualized
by the color reaction. Briefly, 0.5 mL of solutions were taken from the
beaker and added to 4 mg/mL NaBiO; solution (5 mol/L, HNO;) to
observe the color change from colorless to violet. The detection
principle is that NaBiO; and Mn** can form MnO,” under acidic
conditions, resulting in an absorption peak of MnO,~ at 530 nm by
the following reaction.

2Mn** + SNaBiO, + 14H*
— 2MnO,” + SBi** + SNa* + 7H,0

DOX Release Rate Analysis. The as-obtained nanoplatform
solution (4 mL) was centrifuged and redispersed into 4 mL of buffer
solutions with different pH values (pH 5.4 and 7.4). Then, 200 uL of
the incubation liquid was centrifuged to remove the nanoplatform,
and the DOX absorption of the supernatant value at 492 nm was
detected at regular intervals. After each measurement, 200 yL of the
supernatant and the nanoplatform was poured back into the
incubation solution.

MTT Assay for Evaluating the Cytotoxicity of the Nano-
platform. The cytotoxicity of the nanoplatform was evaluated using
4T1 tumor cells, which were cultured in RPMI medium 1640
containing 10% fetal bovine serum in 5% CO, at 37 °C. The cells
were seeded on 96-well plates, then incubated overnight. After
adherent growth, 10 uL of the nanoplatform at different
concentrations were added to the wells and further incubated for
12 h. The three groups were treated with no irradiation, 980 nm
irradiation, and 800 nm irradiation. After another 12 h of incubation,
10 uL of MTT solution (S mg/mL) was added to each well. After 4 h
of incubation, the above solution was replaced with 100 yL of DMSO.
Finally, the absorbance at 492 nm was detected using a microplate
reader (BioTek808, USA).

Cellular Uptake Behaviors of the Nanoplatform via UCL
Imaging and Bio-TEM. 4T1 cells (10° cells per dish) were cultured
in glass-bottomed dishes for 12 h to obtain monolayer cells, and
incubated with the samples for 3, 6, and 12 h. Then, DAPI staining
was carried out, and to eliminate the residual substances clearly, the
cells were washed three times with PBS. UCL imaging was detected
on a Nikon C2si microscope unit equipped with a 980 and 800 nm
continuous wave laser.

Monolayer 4T1 cells were seeded in a 6-well plate, and the
nanoplatform (0.1 mg mL™, 100 yL) was added to the culture
medium. After incubating for 2 and 6 h, the cells were washed,
collected, and finally fixed with 2% glutaraldehyde and observed by
bio-TEM.

Detection of the Transfection Efficiency of the Nanoplat-
form. 4T1 cells were incubated in a 6-well plate at a density of 2 X
10° for 24 b, and then the nanoplatform (100 uL, 0.1 mg mL™") was
added into the culture medium. After incubation for 1, 4, and 10 h,
the cells were washed with PBS. Then, the cells were lysed and
dispersed in 1 mL of water to record the emission spectrum of the
nanoplatform upon 980 nm excitation. The transfection efficiency was
calculated according to the integral area at 650 nm as follows: E% =
Lipake/To X 100% or E% = (1 = Ipegium/To)X 100%.

In Vitro Detection of ROS Production. The 4T1 cells were
incubated in a glass-bottomed dish at a density of 2 X 10° cells/dish
for 24 h and were subjected to different treatments: (1) PBS, (2) 980
nm irradiation, (3) LnNP-Ce6@Ca:Mn?**, (4) nanoplatform, (5)
nanoplatform + 800 nm irradiation (0.6 W/cm?), and (6)
nanoplatform + 980 nm irradiation (0.6 W/cm?). After 20 h, the
cells were washed thrice with PBS, and DCFH-DA was then added to
incubate for 20 min. After that, the cells were washed, and the green
luminescence was recorded by CLSM.

Detection of Mitochondrial Membrane Potential. The 4T1
cells were incubated in a glass-bottom dish at a density of 2 X 10°
cells/dish for 24 h, and then the cells were subjected to different
treatments: (1) PBS, (2) 980 nm irradiation, (3) LnNP-Ce6@
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Ca:Mn?*, (4) nanoplatform, (§) nanoplatform + 800 nm laser, and
(6) nanoplatform + 980 nm laser. After 20 h, the culture medium was
replaced, and the cells were incubated with JC-1 (S yg/mL) at 37 °C
for 20 min. Then, the cells were washed three times with PBS. After
that, the cells were imaged by CLSM.

Detection of CRT and HMBG1 Expression. The 4T1 cells were
seeded in a glass-bottom dish for 24 h, then the cells were subjected
to different treatments: (1) PBS, (2) 980 nm irradiation, (3) LnNP-
Ce6@Ca:Mn?*, (4) nanoplatform, (5) nanoplatform + 800 nm laser,
and (6) nanoplatform + 980 nm laser. After 20 h, the cells were
washed with PBS and fixed with 4% paraformaldehyde for 15 min at
37 °C. Then, the cells were incubated with 0.3% Triton X-100 for 5
min at room temperature and washed. Subsequently, the cells were
incubated with CRT rabbit monoclonal antibody at 37 °C for 1 h and
1% bovine serum albumin (BSA) for another 1 h at 37 °C, then
incubated with Alexa Fluor 488-labeled secondary antibody for 1 h
after washing thrice with PBS. Finally, the cell nuclei were stained
with DAPI and observed by CLSM. The detection method of
HMBGI was similar to that of CRT.

Detection of ATP Secretion in Vitro. The 4T1 cells were seeded
6-well plates at a density of 2 X 10° cells/well for 24 h, and then the
cells were treated with different methods: (1) PBS, (2) 980 nm
irradiation, (3) nanoplatform, (4) nanoplatform + 800 nm irradiation,
and (S) nanoplatform + 980 nm irradiation. The cells were lysed and
centrifuged after 20 h incubating. The content of ATP was detected
according to the instruction of the ATP Assay Kit.

In Vitro Stimulation of DCs. DC differentiation experiments
were carried out using a 6-well transwell system with 0.4 pm
polycarbonate porous membranes. First, bone marrow-derived DCs
were extracted from 6—8 week old BALB/c female mice and then
cultured for 7 days. Then, 1 X 10* 4T1 cells were seeded into the
upper well and treated with PBS, 980 nm irradiation, nanoplatform,
and nanoplatform + 980 nm irradiation. The above-mentioned
cultured DCs were seeded in the lower well and further cocultured for
another 24 h. Finally, DCs were collected and stained with 3 yL of
anti-CD86 PE (0.2 mg mL™") and 3 yL of anti-CD80 FITC (0.2 mg
mL™"). After 20 min, DCs were centrifuged, washed three times, and
detected by flow cytometry.

MRI and NIR-llb Imaging. First, T;-weight MR images of the
nanoplatform diluted 1, 2, 4, 6, 8, 10 times with PBS were carried out.
T,-weight MR images tests were obtained on a 1.2 T MRI scanner
(Shanghai, China). Then, the relaxation rate of r, was determined
through the curve fitting of 1/T; with the concentration of the
nanoplatform. Finally, to observe the release of Mn?* at different pH
values, the nanoplatform was added to the dialysis bags and incubated
in pH 54 and 7.4 buffer solutions for 48 h, respectively. The
supernatant was sampled at different time points for MRI imaging.

All animal experiments were treated in line with the animal
experiments ethical committee for care and use of research animals.
Female BALB/c mice (6—8 weeks, body weight: ~20 g) were
purchased from Vital River Company in Beijing. All animal
experiments were observed in the Animal care and Use Committee
of Northeastern University. For tumor-bearing studies, the xenograft
tumor model was established by subcutaneously injecting 1 X 10°4T1
cells into the flanks of mice. When the inoculated tumor reached 50—
100 cm® in volume, the mice were intravenously injected the
nanoplatform (0.2 mg/mL, 200 yL) and then anesthetized through
intraperitoneal injection of 5% chloral hydrate (PBS, 100 uL).
Afterward, the mice were imaged with an InGaAs camera (NIRvana-
HS, Princeton Instruments, USA) (with 1500 nm long-pass filter) and
a 1.2 T MRI scanner (Shanghai, China), respectively, at different time
points (3, 6,12, and 48 h).

Detection Pharmacokinetics of the Nanoplatform. Three
tumor-bearing mice were euthanized at 4 h, 12 and 48 h respectively,
after injecting intravenously the nanoplatform (0.2 mg mL™’, 0.2 mL).
The main organs and tumors were taken to measure the content of Er
by ICP-MS.

Evaluation of Antitumor Efficacy in Vivo. For the combination
antitumor therapy, tumor-bearing mice were randomly divided into
five groups (n = S) and treated with PBS (control group), 980 nm
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irradiation, nanoplatform, nanoplatform + 800 nm irradiation, and
nanoplatform + 980 nm irradiation. The mice were intravenously
injected with the nanoplatform (0.2 mg mL™", 200 uL). After 4 and
12 h postinjection, the tumor site of each mouse in the irradiation
groups was exposed to the corresponding laser for 15 min (980 or 800
nm, 0.6 W/cm?). The body weights and tumor volumes of mice were
recorded every 2 days. Tumor volume (V) was determined by
measuring the length (L) and width (W) and calculated as V = L X
W?/2. After 14 days, half of the mice in each group were randomly
selected for euthanasia. Then the tumors and major organs were
harvested for subsequent analysis. The tissues were fixed with
formalin and then paraffin-embedded. Furthermore, the paraffin-
embedded tissues were sectioned and stained with H&E to determine
tissue damage after observing under a microscope.

Evaluation of the Antitumor Immune Response. On day 14,
the mice in the control and nanoplatform + 980 nm irradiation groups
were intravenously injected with 2 X 10° 4T1 cells per mouse to
establish a lung metastatic breast cancer model. After 14 days, the
mice were euthanized to collect the distant tumors for immuno-
fluorescence staining. The tissues were fixed with formalin and
dewatered twice with 30% sucrose solution for 24 h and then stored at
—80 °C in OCT. The frozen tumor sections were treated with 0.1%
Triton X-100 (PBS) for 45 min and incubated with CRT, CD4, and
CD8 primary antibodies overnight at 4 °C, then incubated with 2%
BSA for another 1 h. After PBS washing, the sections were incubated
with Alexa Fluor 488-labeled secondary antibody for 1 h at room
temperature. After DAPI staining, the cells were observed by CLSM.
The lungs of the corresponding groups of mice were collected, fixed
with paraformaldehyde, embedded in paraffin, and finally observed by
CLSM after H&E staining.
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