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With multiple emissions ranging from NIR-IIb to visible lights, near-infrared light-excited lanthanide nano-
particle (LnNP) is an ideal in-vivo theranostic platform to achieve imaging guided phototherapy. However,
current reported LnNPs typically demonstrate simultaneous up and downconversion emissions with fixed single
excitation light, which impairs therapeutic efficiency and generates side effect during navigation. Here we
develop a lanthanide-based conversion switching nanoparticle (CSNP) with independent activation of 1550 nm
NIR-IIb downconversion emission under 808 nm excitation and 345/450 nm upconversion emission under 980
nm excitation. CSNP is modified with Cy-GSH to quench NIR-IIb emission and photosensitizer hypocrellin A. In
vivo delivery of CSNP is traced via 808 nm irradiation, and Cy-GSH changes structure in response to glutathione
to activate NIR-IIb imaging. This indicates the tumor position and timing to switch for 980 nm irradiation to
activate hypocrellin A for photodynamic therapy. Orthogonal activation of CSNP up/down conversion emissions
demonstrates high tumor-to-normal tissue ratio in vivo and good therapeutic result, would have promising po-

tential as a theranostics platform.

1. Introduction

In-vivo theranostics combines imaging and therapy into a single en-
tity [1-3]. It offers prior diagnostic imaging on lesion areas, providing
precise timing and location for the execution of therapy [4,5]. Second
near-infrared (NIR-II) imaging at 1000-1700 nm offers deeper pene-
tration and higher spatial resolution [6,7]. NIR-IIb (1500-1700 nm) is
especially the gifted region with suppressed photon scattering [8-12].
Optical treatments, such as photodynamic therapy (PDT), rely on visible
lights to perform non-invasive tumor killing [7,13-15]. Therefore,
developing in vivo theranostics platform with on-demand activation of
multi-luminance from NIR-IIb to visible region is very important.

By manipulating upconversion and downconversion energy transfer
processes, near infrared (NIR) excited lanthanide-based nanoparticles
(LnNPs) are capable of generating multiple emissions with narrow
bandwidths in wide region from UV/visible to NIR-IIb [16,17]. This
makes them appropriate materials for in-vivo theranostics. However,
current reported up/down conversion LnNPs usually share single NIR

excitation light and the same activator for both downconversion emis-
sion in NIR-IIb region and upconversion emission in UV /visible region
[5,18,19], which results in the competitions of two energy transfer
processes [18]. The lack of LnNPs luminescence control generates side
effect during navigation process [20]. Techniques to improve NIR-IIb
imaging quality are usually at the cost of suppressing upconversion
luminescence, which impairs phototherapy efficiency and requires
combined application with other therapeutic approaches to get satis-
factory results [1,21-25]. An ideal in-vivo theranostics nanoplatform
should have independent activations of NIR-IIb downconversion lumi-
nescence and UV/visible upconversion luminescence to achieve imaging
guided precise execution of phototherapy. Approaches to orthogonally
activating lanthanide nanoparticle up/down conversion emissions via
switchable excitation lights are highly desired.

Though programmable activation of LnNPs multiple emissions have
been achieved with different NIR excitations [20,26], the spectral
manipulation is only limited in upconversion emission UV/visible re-
gion [27-34], rarely extended to downconversion emission NIR-IIb
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region. Here we develop a lanthanide-based conversion switching
nanoparticle (CSNP) with independent activations of downconversion
NIR-IIb emission and upconversion UV/blue emission by switching
808/980 nm NIR irradiations, thus achieves in-vivo NIR-IIb imaging
guided PDT. CSNP is composed of upconversion core NaGdF4:Yb,Tm,
downconversion zone NaGdF4:Yb,Er,Ce@NaYbF4:Nd, and inert layer
NaGdF4. Upconverion core generates upconversion emissions in
UV/blue region at 345/450 nm upon 980 nm excitation, and down-
converion zone generates downconversion emission in NIR-IIb region at
1550 nm upon 808 nm excitation (Scheme 1a). cRGD functionalized
DSPE-PEG (DSPE-PEG-cRGD) and DSPE-PEG are modified on CSNPs
surface to target cancer cells surface receptor oyf3 integrin [35] and
increase aqueous dispersion of nanoparticle. Cy-GSH, a non-emissive
dye which recovers fluorescence in response to glutathione (GSH) is
synthesized [36] and loaded on CSNPs surface via
hydrophobic-hydrophobic interaction with DSPE. This endows CSNPs
the capability of tumor cell activatable NIR-IIb imaging. Photosensitizer
hypocrellin A (HA) is also loaded in CSNPs surface modified DSPE-PEG
for ROS generation (Scheme 1b). The as-obtained CSNPs-Cy-GSH--
HA-cRGD is intravenously injected to tumor bearing mice model and
exposed under 808 nm excitation for imaging during systematic circu-
lation process. Cy-GSH competes with CSNPs downconversion zone for
absorbing 808 nm light energy, which suppresses CSNPs NIR-IIb
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emission and keeps it as “off” state during in vivo circulation (Scheme
1c, NIR-IIb “OFF”). Cy-GSH reacts with tumor cell over expressed GSH,
and changes to F-SH that has intensive emission at 820 nm [36], which
turns on CSNPs NIR-IIb luminance (Scheme 1c¢, NIR-IIb “ON”). This
activatable NIR-IIb imaging yields a high tumor-to-normal tissue (T/N)
ratio of 26.9, clearly indicating the location and timing to perform PDT.
Subsequently the excitation light is switched to 980 nm, which activates
CSNPs upconversion core for emission at 345-475 nm to generate ROS
for PDT (Scheme 1c, NIR-IIb imaging-guided PDT), and results in
prominent suppression for cell proliferation and tumor growth. This
approach of orthogonally activating CSNPs NIR-IIb downconversion and
upconversion luminance via switching NIR excitations would have
promising potential in clinical application.

2. Experimental section
2.1. Materials

Rare-earth (III) anhydrous chloride (Yb, Gd, Nd, Ce, Tm, Er) were
purchased from Alfa Asea and used as received. Sodium hydroxide
(NaOH), ammonium fluoride (NH4F), cyclohexene, 1-octadecene (ODE),
oleic acid (OA), ethanol, chloroform, dimethyl sulfoxide (DMSO),
dimethyl formamide (DMF),1,3-diphenylisobenzofuran (DPBF), 2,3,3-
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Scheme 1. Schematic illustration of orthogonal excitations of CSNPs up/down conversion emissions via due NIR lights for in-vivo theranostics. (a) CSNPs con-
struction and up/down conversion emissions corresponding to dual NIR excitations. (b) Synthesis of CSNPs-Cy-GSH-HA-cRGD and (c) its application in activatable

NIR-IIb imaging guided PDT.
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Trimethylindolenine, 11-bromoundecanoic acid, acetonitrile, phos-
phorus oxychloride, cyclohexanone, 4-Nitroaniline, NaH, phenol, N-
methylmaleimide (NMM), glutathione (GSH) were purchased from
Aladin Ltd (Shanghai, China). Dichloromethane (CH»Cly), trichloro-
methane (CHCl3), methanol (MeOH), ethyl acetate and petroleum ether
were supplied by Sinopharm Chemical Reagent Co., Ltd. (Shanghali,
China). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)] (DSPE-PEG, Mw = 2000) and cRGD functional-
ized DSPE-PEG (DSPE-PEG-cRGD) were purchased from Xi’an Rui Xi
Biological Technology Co., Ltd. Hypocrellin A (HA) was purchased from
Biopurify (Chengdu, China) Dulbecco’s modified Eagle’s medium
(DMEM), 2',7" -dichlorofluorescein diacetate (DCFH-DA), medium3-
(4,5-dimethylthiazol-2-yl)-2-diphenyltetrazolium (MTT) and annexin V-
FITC apoptosis detection kit were purchased from Keygen Biotech
(Nanjing, China). Fetal bovine serum (FBS) was purchased from
(Thermo Fisher Scientific, USA). All chemicals were analytical grade and
used without further purifications.

2.2. Apparatus

Transmission electron microscopic (TEM) images were acquired on
JEM-2100 transmission electron microscope (JEOL Ltd., Japan). Powder
X-ray diffraction (XRD) analysis was performed on ARL X’TRA XRD
system (Thermo Fisher Scientific, USA). Dynamic light scattering (DLS)
analysis was performed on ZetaPlus 90 Plus/BI-MAS (Brook haven,
USA). Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker DPX 400 MHz spectrometer. Ultraviolet visible-near infrared
light (UV-Vis-NIR) absorption spectra were recorded with UV-3600
UV-vis-NIR spectrophotometer (Shimadzu Company, Japan). The cell
images were captured on TCS SP5 confocal laser scanning microscope
(CLSM) (Leica, Germany). MTT assays were conducted on Hitachi/
Roche System Cobas 6000 (Bio-Rad, USA). Flow cytometric analysis was
performed with CytoFLEX Flow Cytometer (Beckman-Coulter, USA).
Upconversion luminescence (UCL) spectra and NIR-II fluorescence
spectra were detected by a FL spectrometer F980 (Edinburgh In-
struments, UK) under external 808 nm laser and 980 nm laser excita-
tions. In vivo NIR-II fluorescence imaging was carried out by using NIR-
II In Vivo Imaging System (Series III 900/1700, Suzhou NIR-Optics
Technologies Co., Ltd., China) equipped with an 808-nm diode laser
(100 mW/cm2) and 1350 nm long-pass (LP 1350) filter. In vitro NIR-II
FL imaging was performed under a home-build microscope equipped
with a 790 nm laser diode (Changchun New Industries Optoelectronics),
a thermoelectric cooling two-dimensional InGaAs camera (NIRvana
640, 640 x 512 pixels; Princeton Instruments, detecting range
900-1700 nm), and 1350 nm long-pass filters (Thorlabs).

2.3. Synthesis of lanthanide-based conversion switching nanoparticle

2.3.1. Preparation of shell precursors for inert shell NaGdF4 (S1, S4), and
downconversion zone NaGdF4:Yb,Er,Ce (S2), NaYbF4Nd (S3)

GdCl3 (1.2 mmol) was mixed with 4 mL of OA and 12 mL of ODE,
heated to 150 °C for 90 min in vacuum. The reaction solution was then
cooled down to 45 °C. A solution of NaOH (3 mmol) and NH4F (4.8
mmol) in methanol (12 mL) was added and the resultant mixture was
stirred for half an hour. The reaction mixture was heated to 110 °C for
15 min to completely remove methanol and obtain inert shell precursor
NaGdF, (S1, S4).

Downconversion zone shell precursors NaGdF4:Yb,Er,Ce (S2) and
NaYbF4:Nd (S3) were prepared according to the above procedure with
YbCl3:GdCl3:ErCls:CeCls molar ratio of 40:18:2:40 and YbCl3:NdCls
molar ratio of 50:50.

2.3.2. Synthesis of upconversion core NaGdF4:Yb, 1%Tm

The synthesis of upconversion core was referred to our previous work
[37]. GdCl3 (0.5 mmol), YbCl3 (0.49 mmol), and TmCl3 (0.01 mmol)
were mixed with 9 mL OA and 15 mL ODE, and stirred at 150 °C for 90
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min under vacuum. After the solution was cooled down to 45 °C, 10 mL
methanol solution containing 4 mmol NH4F and 2.5 mmol NaOH was
added dropwise and stirred at 45 °C for 30 min. Subsequently, methanol
was removed by keeping the solution at 110 °C for 15 min and the re-
action mixture was heated to 290 °C and kept for 90 min under nitrogen.
After cooling down to room temperature, the nanoparticle products
were centrifuged and washed twice with acetone and ethanol. The
as-obtained upconversion core NaGdF4:Yb, Tm was finally dispersed in
10 mL of cyclohexane for further use.

2.3.3. Synthesis of core-shell structured NaGdF4:Yb, Tm@NaGdF4 (CS1)

Core-shell structured lanthanide-based nanoparticle was prepared
with one-pot successive layer-by-layer (SLBL) protocol [38]. 2.85 mL of
the above-obtained upconversion core NaGdF4:Yb, Tm was mixed with
3.0 mL of OA and 9.0 mL of ODE. Cyclohexane was removed by keeping
the solution at 85 °C for 30 min. The reaction mixture was then switched
to N flow and further heated to 300 °C. Subsequently, 4 mL of the above
prepared inert shell precursor NaGdF4 (S1, 1.2 mmol) was injected into
the reaction mixture and kept at 300 °C for 30 min for the shell growth.
The above shell coating step was repeated 2 times to get a satisfactory
thickness of S1. The as-obtained NaGdF4:Yb,Tm@NaGdF, (CS1) was
precipitated and washed with acetone and ethanol and re-dispersed in
cyclohexane for future use.

2.3.4. Synthesis of core-shell structured NaGdF4:Yb,
Tm@NaGdF4@NaGdF 4 Yb,Er,Ce (CS2)

The above-obtained CS1 was mixed with 3.0 mL of OA and 9.0 mL of
ODE, kept at 85 °C for 30 min, and heated to 300 °C in Ny flow. 4 mL of
the above prepared down conversion zone shell precursor NaGdF4:Yb,
Er,Ce (S2, 1.0 mmol) was injected into the reaction mixture and kept at
300 °C for 30 min to grow the first layer of down conversion zone. The
above shell coating step was repeated 2 times to get a satisfactory
thickness of S2. NaGdF4:Yb,Tm@NaGdF4@NaGdF4:Yb,Er,Ce (CS2) was
precipitated with acetone, washed twice with acetone and ethanol, and
re-dispersed in cyclohexane for future use.

2.3.5. Synthesis of core-shell structured NaGdF4:Yb,
Tm@NaGdFs@NaGdF 4 Yb,Er,Ce@NaYbF4Nd (CS3)

The above-obtained CS2 was mixed with 3.0 mL of OA and 9.0 mL of
ODE, kept at 85 °C for 30 min, and heated to 300 °C in Ny flow. 8 mL of
the above prepared down conversion zone shell precursor NaYbF4:Nd
(S3, 1.0 mmol) was injected into the reaction mixture and kept at 300 °C
for 30 min to grow the second layer of down conversion zone. The above
shell coating step was repeated 2 times to get a satisfactory thickness of
S3. The as-obtained NaGdF4:Yb,Tm@NaGdFs@NaGdF,:Yb,Er,Ce@N-
aGdF4:Nd (CS3) was precipitated with acetone, washed twice with
acetone and ethanol, and re-dispersed in cyclohexane for future use.

2.3.6. Synthesis of NaGdF4Yb,Tm@NaGdF;@NaGdF 4 Yb,Er,
Ce@NaYbFy:Nd@NaGdF4 (CSNPs)

The above-obtained CS3 was mixed with 3.0 mL of OA and 9.0 mL of
ODE, kept at 85 °C for 30 min, and heated to 300 °C in Ny flow. 4 mL of
the above prepared inert shell precursor NaGdF4 (S4, 1.0 mmol) was
injected into the reaction mixture and kept at 300 °C for 30 min to
complete the synthesis of NaGdF4:Yb,Tm@NaGdF4@NaGdF4:Yb,Er,
Ce@NaGdF4Nd@NaGdF, (CSNPs). The as obtained CSNPs were
precipitated with acetone, washed twice with acetone and ethanol, and
re-dispersed in cyclohexane for future use.

2.4. Preparation of Cy-GSH functionalized CSNPs (CSNPs-Cy-GSH)

10 mg of the above-obtained CSNPs and 10 mg amphiphilic polymer
DSPE-PEG were dispersed in chloroform, mixed in a 10 mL flask, and
continuously stirred overnight. Chloroform solvent was then slowly
evaporated under nitrogen atmosphere. The residue was dispersed in
ultrapure water with 5 min ultra-sonication. The as-obtained PEG
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functionalized CSNPs were centrifuged, washed with ultrapure water
three times, and dispersed into HEPES buffer (pH 7.2) for future use.

Cy-GSH was synthesized according to a previously reported
approach [36]. 1 NMR (400 MHz, DMSO-dg) & 8.43 (d, J = 9.0 Hz, 2H),
8.08 (dd, J = 17.3, 8.8 Hz, 4H), 7.80 (d, J = 14.1 Hz, 2H), 7.51 (d, J =
7.4 Hz, 2H), 7.45 (d, J = 8.6 Hz, 2H), 7.38 (d, J = 7.0 Hz, 4H), 7.20 (td, J
=7.1, 1.7 Hz, 2H), 6.25 (d, J = 14.2 Hz, 2H), 4.16 (d, J = 7.6 Hz, 4H),
3.99 (t,J = 6.6 Hz, 4H), 2.77 (t, J = 6.1 Hz, 4H), 2.26 (t, J = 7.3 Hz, 4H),
1.92 (s, 2H), 1.70 (s, 4H), 1.51 (dd, J = 10.0, 8.0, 5.2 Hz, 8H), 1.31 (d, J
= 7.5 Hz, 24H), 1.23 (s, 16H), 0.87 (s, 6H) (Fig. S1). 13CNMR (101 MHz,
DMSO) 6 173.37, 172.17, 163.04, 161.79, 155.53, 148.77, 147.63,
142.47, 141.38, 140.64, 128.99, 126.51, 125.57, 125.42, 123.85,
122.93, 121.37, 116.13, 111.82, 101.02, 63.78, 49.13, 49.02, 44.07,
33.97, 30.68, 29.23, 29.20, 29.07, 28.88, 27.63, 27.27, 26.45, 24.93,
24.18, 21.10, 19.09, 13.99 (Fig. S2). HPLC-MS (m/2): [M]+ calculated
for [C7oHoeN50711 1142.73, found 1142.65 (Fig. S3).

Cy-GSH was dissolved in DMSO, and slowly added into PEG func-
tionalized CSNPs dispersed HEPES buffer (100 mM, pH 7.2). The
mixture was kept shaking overnight to load Cy-GSH into DSPE-PEG
layer, and subsequently centrifuged to remove the excess Cy-GSH. The
as-obtained CSNPs-Cy-GSH was washed with ultrapure water and
redispersed in water to a final concentration of 1 mg/mL. The loading
concentration of Cy-GSH was optimized to get the maximum suppress of
CSNPs luminance in 1550 nm.

2.5. Preparation of Cy-GSH/HA /targeting molecule cRGD functionalized
CSNPs (CSNPs-Cy-GSH-HA-cRGD)

HA was dissolved in DMSO, mixed with 1 mg of above-obtained
CSNPs-Cy-GSH in 1 mL water, and stirred overnight in dark. The prod-
uct was centrifuged, washed with ultrapure water, and the as-obtained
CSNPs-Cy-GSH-HA-cRGD was re-dispersed in PBS for future use. The
loading concentration of HA was optimized to get the efficient genera-
tion of ROS.

To endow CSNPs tumor cell targeting capability, CSNPs-Cy-GSH-HA-
cRGD was prepared by using DSPE-PEG/DSPE-PEG-cRGD (mass ratio =
90:10, in total 10 mg) mixture instead of DSPE-PEG in the first surface
modification step, and the as-obtained CSNPs-PEG-cRGD was continu-
ously functionalized according to the same procedure as described
above.

2.6. In vitro response of CSNPs-Cy-GSH-HA-cRGD to GSH

1 mg/mL CSNPs-Cy-GSH-HA-cRGD dispersed HEPES buffer (pH 7.2)
was mixed with various concentrations of GSH, respectively. The mix-
tures were incubated at 37 °C for 10 min. NIR-II fluorescence spectra
were measured subsequently with a continuous wave laser excitation at
808 nm and a power density of about 1 W/cm?.

To verify the reaction selectivity of CSNPs-Cy-GSH-HA-cRGD to GSH,
1 mg/mL CSNPs-Cy-GSH-HA-cRGD dispersed HEPES buffer (pH 7.2)
was mixed with 10 mM interfering substance Ala, Thr, Val, Asn, Phe,
Glu, Cys, Lys, His, Ser, Pro, MgCly, KCI, NaCl, Glucose and GSH,
respectively. The mixtures were incubated at 37 °C for 1 h, and NIR-II
fluorescence spectra were measured according to the same procedure
above.

2.7. Stability of CSNPs-Cy-GSH-HA-cRGD

To study thermal stability, 1 mg/mL CSNPs-Cy-GSH-HA-cRGD were
dispersed in PBS (pH 7.4), incubated at 37 °C, and NIR-II fluorescence
spectra were measured at different intervals time. To study pH stability,
1 mg/mL CSNPs-Cy-GSH-HA-cRGD were dispersed in PBS with different
pH, incubated at 37 °C for 1 h, and NIR-II fluorescence spectra were
measured at different intervals time. In addition, the hydration size of
CSNPs-Cy-GSH-HA-cRGD was also monitored during 72 h incubation in
PBS, saline, and DMEM containing 10% FBS.
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2.8. Cell culture

MDA-MB-231 and MCF-10A cells were cultured in DMEM cell cul-
ture medium complemented with 10% FBS, streptomycin (100 mg/mL)
and penicillin (100 mg/mL) at 37 °C in a humidified atmosphere con-
taining 5% CO3. Cell numbers were counted by a Petroff-Hausser cell
counter (USA).

2.9. Invitro ROS generation

1 mL CSNPs-Cy-GSH-HA-cRGD dispersed ethanol solution (5 mg/
mL) was mixed with 20 pL DPBF ethanol solution (2.5 mg/mL), and
irradiated with a 980 nm laser at 1 W/cm? for 70 min. DPBF absorbance
was monitored at 412 nm from supernatant every 10 min.

The intracellular ROS generation was measured by incubating MDA-
MB-231 cells with 200 pg/mL CSNPs-Cy-GSH-HA-cRGD for 4 h and 50
pM DCFH-DA diacetate for 30 min at 37 °C. The treated cells were then
exposed under 980 nm laser at 1 W/cm? for 30 min (with 5 min break
after each 10 min exposure) to take the CLSM fluorescence images.
Control experiments were also performed for CSNPs-Cy-GSH-HA-cRGD
treated MDA-MB-231 cells in the absence of NIR irradiation and under
808 nm laser irradiation.

2.10. Mitochondrial membrane assay

MDA-MB-231 cells (2 x 10° per well) were seeded into a 12-well
plate and incubated with CSNPs-Cy-GSH-HA or CSNPs-Cy-GSH-HA-
c¢RGD (200 pg/mL) in the cell incubator for 4 h, respectively, irradi-
ated with 980 nm laser at 1 W/cm? for 30 min (with 5 min break after
each 10 min exposure), and continuously incubated for 12 h. MDA-MB-
231 cells treated with PBS in the absence of NIR irradiation were tested
as controls. The cells were then collected and washed twice with PBS,
0.5 mL of freshly prepared JC-1 working solution was added and incu-
bated in a CO5 incubator at 37 °C for 10-15 min. After incubation, cells
were washed twice with 1X assay buffer and then centrifuged for 5 min
at 2000 rpm. After centrifugation, cells were resuspended in 0.5 mL of
1X assay buffer and analyzed by flow cytometry.

2.11. NIR-IIb imaging of MDA-MB-231 and MCF-10A cells

MDA-MB-231 or MCF-10A cells were rinsed with PBS thrice, incu-
bated with 200 pg/mL CSNPs-Cy-GSH-HA-cRGD in DMEM under 5%
CO4 at 37 °C for 4 h, respectively. The cells were rinsed with PBS thrice
and imaged in the region of 1400-1700 nm under 790 nm laser exci-
tation. For negative control experiments, MDA-MB-231 cells were pre-
treated with 1, 3 and 5 mM NMM for 0.5 h to suppress the intracellular
GSH expression, incubated with CSNPs-Cy-GSH-HA-cRGD and imaged
under the same conditions.

2.12. Cell cytotoxicity

The cytotoxicity of CSNPs-PEG-cRGD, CSNPs-Cy-GSH-HA-cRGD and
NMM to MDA-MB-231 cells was evaluated by MTT assay. MDA-MB-231
cells were cultured in a 96-well plate (1 x 10* per well) for 24 h. The cell
culture medium was then replaced with fresh DMEM containing serial
concentrations of CSNPs-PEG-cRGD, CSNPs-Cy-GSH-HA-cRGD (0, 25,
50, 100, 200, 400 pg/mL) and NMM (5 mM), respectively, and contin-
uously incubated for 24 h. Subsequently, 20 pL of 0.5 mg/mL MTT so-
lution was added into each well. After additional incubation of 4 h, the
medium was carefully aspirated and replaced with 150 pL of DMSO.
After brief shaking for 15 min, the absorbance was measured with Bio-
Rad microplate reader at 490 nm. The relative cell viability was calcu-
lated using the following equation: cell viability rate (%) = OD¢reatment/
ODcontrol X 100%.

To evaluate the therapeutic effect of CSNPs-Cy-GSH-HA-cRGD to
MDA-MB-231 cells. The cells were treated with different concentrations
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of CSNPs-Cy-GSH-HA-cRGD for 4 h, washed with PBS two times, and
exposed under 980 nm light with a power density of 1 W/cm? for 30 min
(with 5 min break after each 10 min exposure). The above treated cells
were then continuously cultured for 24 h to analyze the cell viability
with MTT assay. The same treated MDA-MB-231 cells were exposed
under 808 nm laser or in the absence of NIR irradiation as controls.

2.13. Cell apoptosis assay

MDA-MB-231 cells (2x10° per well) were seeded into a 12-well plate
and incubated with CSNPs-Cy-GSH-HA-cRGD (200 pg/mL) in the cell
incubator for 4 h, irradiated with 980 nm laser at 1 W/cm? for 30 min
(with 5 min break after each 10 min exposure) and continuously incu-
bated for 28 h. The same treated MDA-MB-231 cells under 808 nm laser
irradiation or in the absence of NIR irradiation were also tested as
controls. The cells were then collected and washed with PBS thrice,
stained with the mixture of 5.0 pL Annexin V-FITC and 5.0 pL propidium
iodide for 15 min, and measured with flow cytometry.

2.14. In vivo NIR-II imaging

BALB/c Nude mice bearing orthotopic breast cancer tumor were
purchased from GemPharmatech (Nanjing, China), and all procedures
were performed in accordance with the NIH guidelines for the care and
use of laboratory animals (NIH Publication no. 85-23 Rev. 1985) and
approved by the Animal Ethical and Welfare Committee of Nanjing
University with approval No of IACUC-2202004. The tumor-bearing
mice for NIR-IIb imaging were randomly divided into three groups (n
= 3): (i) “always-on’’ nanoprobe CSNPs-PEG-cRGD (2 mg/mL, 200 pL)
injected group, (ii) CSNPs-Cy-GSH-HA-cRGD (2 mg/mL, 200 pL) injec-
ted group, and (iii) CSNPs-Cy-GSH-HA-cRGD injected group with GSH
expression inhibited. Mice in GSH inhibited group were injected with
200 pL NMM (1 mg/kg) and incubated for 1 h to suppress GSH
expression. Healthy mice were also injected with CSNPs-Cy-GSH-HA-
cRGD as (iv) control group (n = 3). The mice were imaged at different
time points post injection, and 2 L/min oxygen flow with 1.5% iso-
flurane was used for mice anesthesia during injection and imaging.

2.15. In vivo photodynamic therapy (PDT) effect

The tumor-bearing mice for in vivo PDT were randomly divided into
four groups (n = 3): (i) saline injected group, (ii) CSNPs-Cy-GSH-HA-
cRGD (2 mg/mL, 200 pL) injected group that in the absence of NIR
irradiation (iii) CSNPs-Cy-GSH-HA-cRGD (2 mg/mL, 200 pL) injected
group under 808 nm laser irradiation, and (iv) CSNPs-Cy-GSH-HA-cRGD
(2 mg/mL, 200 pL) injected group under 980 nm laser irradiation. When
NIR-IIb imaging reached maximum intensity under 808 nm irradiation,
the irradiation light was switched to therapeutic irradiation to perform
PDT. Groups (iii) and (iv) were irradiated with 808 nm and 980 nm (1
W/ cm2) respectively for 30 min (5 min break for each 10 min exposure).
The laser exposure was repeated at day 3 and day 6, and the tumor
volumes along with the weight of the mice were recorded every 2 days.
All the animals were sacrificed at day 14. The tumor volumes were
calculated as V = (L x W?)/ 2, where L and W are the length and width of
the tumor, respectively. The tumor and major organs including heart,
spleen, kidney, liver, and lung were harvest for the histopathological
analysis. The organs were fixed with 4% paraformaldehyde, embedded
in paraffin blocks, sliced to sections with 5 pm thickness, and stained
with hematoxylin and eosin for histopathological analysis.

2.16. In vivo circulation and excretion of nanoprobe

Healthy BALB/c nude mice (n = 3) were intravenously injected with
“always-on” nanoprobe CSNPs-PEG-cRGD (2 mg/mL, 200 pL) to study
its in vivo circulation and excretion. The mice were imaged under 808
nm to monitor the circulation of CSNPs-PEG-cRGD for 24 h. Mice feces
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were collected at predetermined time points during a period of 6 days.
The major organs of mice were collected at day 6, weighted and dis-
solved in 2 mL nitric acid at 70 °C for 12 h. Each sample was diluted with
deionized water and the corresponding Gd>* concentration was deter-
mined by ICP-AES.

3. Results and discussion

3.1. Design and characterization of conversion switching nanoparticles
(CSNPs)

NaGdF4:Yb,Tm@NaGdF4s@NaGdF4:Yb,Er,Ce@NaYbF4:Nd@NaGdF4
(CSNPs) was composed of upconversion core, downconversion zone,
and inert layer (Scheme 1a). The upconversion core NaGdF4:Yb, Tm has
B-NaGdF, crystalline structure co-doped with Yb®** and Tm3t with
diameter of 14.4 4+ 0.48 nm (Fig. 1a, core). The upconversion core was
coated with NaGdF, inert shell (S1) to prevent energy transfer and
restrain cross-relaxation between upconversion core and down-
conversion zone [28]. The as-obtained core-shell structured nano-
particle NaGdF4:Yb,Tm@NaGdF,4 (CS1) demonstrated diameter of 23.5
+ 1.01 nm (Fig. 1a, CS1). The downconversion zone contained two
shells, NaGdF4:Yb,Er, Ce for NIR-IIb emission (S2), which increased
particle diameter to 30.5 + 0.85 nm (Fig. 1a, CS2), and NaYbF4:Nd for
NIR excitation lights absorption (S3), which increased particle diameter
to 32.5 + 1.05 nm (Fig. 1a, CS3). Another inert shell of NaGdF, (S4) was
subsequently grown on CS3 to eliminate the surface-related quenching
of luminescence, and completed CSNPs with particle diameter of 36.3 +
0.77 nm (Fig. 1a, CS4). Upconversion core and all the core-shell struc-
tured nanoparticles demonstrated uniform sizes (Fig. 1a, Fig. S4a). X-ray
diffraction (XRD) patterns of CSNPs showed a highly crystalline hex-
agonal phase consistent with p-NaGdF4 standard pattern (JCPDS:
27-0699) (Fig. S4b). The distribution of lanthanide ions in different
layers of CSNPs was confirmed by energy dispersive spectroscopy (EDS)
mapping, which indicated the continuous distribution of Yb%", Gd3*
over multi-layers, as well as the distributions of Ce>* and Nd*" in outer
shells (Fig. S4c).

Orthogonal excitation of CSNPs downconversion and upconversion
luminances via alternate 980/808 nm excitations were achieved by
separating lanthanide activator Er’* and Tm>" in different shells of
CSNPs and manipulating corresponding energy transfer. Nd>* in 3 of
downconversion zone harvested photons from 808 nm light. The
absorbed excitation light energy migrated over Yb sublattice through
interionic cross-relaxation, and finally entrapped by activator Er>* (2%)
embedded in S2 to generate NIR-II emission at 1550 nm due to non-
radiative relax from 4111 2 = 4113/2 state and continuous radiative
relax to 4115/2 state [39]. Ce3t (40%) was co-doped in S2, which accel-
erated non-radiative relax from 4111 /2 = 4113/2, thereby boosted the
downconversion luminance of Er®* and suppressed its upconversion
emission at 550 nm (453/2 g 4115/2) and 650 nm (4F9/2 bd 4[15/2) [18]
(Fig. 1b and c). The thickness of S2 was also optimized as 3.5 nm to
achieve high NIR-II emission intensity. Sensitizer Yb>* in upconversion
core absorbed energy from 980 nm excitation, which was then trans-
ferred to activator Tm>" through classical energy upconversion transfer
process and generated UV/Vis emission at 345 and 365 nm corre-
sponding to 16 — 3F4 and D, — 3H transitions, and at 455 and 475 nm
corresponding to 1D2 - 3F4 and 1G4 - 3H6 transitions [40] (Fig. 1b and
¢, 980 nm). Inert shell NaGdF, (S1) with thickness of 4.5 nm successfully
inhibited energy transfer from Yb3* in the S2 layer to Tm®" in upcon-
version core, which prevented upconversion emission from 808 nm
excitation (Fig. 1c, 808 nm). Downconversion luminance peaks were
also observed at 1550 nm and 1475 nm under 980 nm excitation, which
were corresponding to energy transition from Yb®* to Er®* in $2 and
Yb3* to Tm®* (®Hy — 3F4) in core respectively (Fig. 1c, 980 nm).
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Fig. 1. Characterizations of CSNPs up/down conversion emissions. (a) TEM images of upconversion core and layered structure CS1, CS2, CS3, CS4 (CSNPs. Scale bars
are 50 nm). (b) Energy-transfer mechanisms and (c) luminance spectra of CSNPs under 808 nm and 980 nm irradiations.

3.2. Synthesis and characterization of CSNPs-Cy-GSH-HA-cRGD

Cy-GSH, which converts structure in response to GSH, was synthe-
sized according to a previously reported approach [36], and acted as
cancer cells indicator dye. Cy-GSH presented strong absorption around
808 nm (Fig. 2a, Cy-GSH absorption) with molar absorption coefficients
10* times that of Nd**, but no emission due to intramolecular photo
induced electron transfer (PET) [36] (Fig. 2a, Cy-GSH emission).
Reacting with GSH invalidated the intramolecular PET process, therefor
the product F-SH showed strongly enhanced emission at 820 nm with
unchanged absorption peak (Fig. 2a, F-SH emission and absorption). The
large emission difference in 820 nm for Cy-GSH in response to GSH
makes it an appropriate switcher molecule for CSNPs activatable NIR-IIb
emission. CSNPs with oleic acid (OA) as surface ligand was modified
with amphiphilic polymer DSPE-PEG. Hydrophobic DSPE was immobi-
lized on CSNPs surface via hydrophobic-hydrophobic interaction with
OA, and hydrophilic PEG was stretched out to extend system circulation
[41].

The as-obtained PEG functionalized CSNPs demonstrated DSPE-PEG
characteristic peaks at 1730 cm ™! in Fourier transform infrared (FTIR)
spectrum corresponding to C=O0 stretching of ester groups (Fig. S5a).
TEM image also showed a uniform coating layer on CSNPs with DSPE-
PEG modification (Fig. S5b). Cy-GSH was loaded in the hydrophobic
cavity formed between ligand OA and DSPE, and the as-obtained CSNPs-
Cy-GSH demonstrated Cy-GSH characteristic absorption peaks at 790
nm and 342 nm (Fig. 2b, CSNPs-Cy-GSH). Cy-GSH competed with Nd>*
for absorbing 808 nm excitation light, and demonstrated concentration
dependent suppression of CSNPs NIR-IIb emission under 808 nm exci-
tation (Fig. S5¢). After reacting with GSH, Cy-GSH was converted to F-
SH, whose emission matched well with Nd®>' absorption (Fig. 2a).
Therefore, F-SH acted as antenna molecule to improve 808 nm light
absorption and amplify NIR-IIb emission under 808 nm excitation [36],
which exceeded the NIR-IIb emission intensity under 980 nm excitation
(Fig. S5d). The enhancement effect was affected by the loading amount
of Cy-GSH on CSNPs surface, and it even suppressed NIR-IIb emission
with loading concentration above 50 pmol/mg due to ACQ effect [42]
(Fig. S5d). The emission intensity of CSNPs-Cy-GSH at 1550 nm after
GSH reaction was higher than that before GSH reaction, and achieved
25 pmol/mg as the optimal concentration of Cy-GSH loading on CSNPs

(Fig. S5e). The loading of Cy-GSH increased the hydrodynamic diameter
of PEG functionalized CSNPs from 41.34 + 4.46 to 59.68 + 4.26 nm and
zeta potential from —1.09 + 0.18 to 2.55 + 0.29 mV due to the positive
charge of Cy-GSH (Fig. 2c).

Photosensitizer HA, with its maximum absorption overlapped with
CSNPs upconversion emission peak at 450 and 475 nm under 980 nm
excitation (Fig. S6a), was subsequently loaded on CSNPs-Cy-GSH sur-
face via hydrophobic-hydrophobic interaction with DSPE. The as-
obtained CSNPs-Cy-GSH-HA demonstrated decreased intensity for
upconversion emission peaks at 345/365 nm and 455/475 nm, indi-
cating the successful loading of HA on CSNPs surface (Fig. S6b). CSNPs-
Cy-GSH-HA with different HA loading concentrations all demonstrated
complete suppression for 1550 nm NIR-IIb luminance under 808 nm
excitation (Fig. S7a) with efficient recovery in response to GSH
(Fig. S7b). The recovered NIR-IIb luminance intensity was slightly
decreased with higher HA loading concentrations (Fig. S7b). The effect
of HA loading concentration on ROS generation efficiency was evaluated
by 1,3-diphenylisobenzofuran (DPBF), which reacts with ROS and de-
creases characteristic absorbance at 410 nm [43]. DPBF characteristic
absorbance continuously decreased according to time under 980 nm
irradiation for all CSNPs-Cy-GSH-HA with different HA loading con-
centrations (Fig. S7c). The loading concentration of HA on
CSNPs-Cy-GSH was optimized by evaluating ROS generation efficiency
and NIR-IIb luminance intensity, and 50 pmol/mg was determined as
the optimal loading concentration (Fig. S7d). The as-obtained
CSNPs-Cy-GSH-HA showed a series of HA characteristic absorption
peaks at 472, 541, and 583 nm (Fig. 2b, CSNPs-Cy-GSH-HA), and
increased hydrodynamic diameter to 63.29 + 6.60 nm and zeta poten-
tial to 2.95 + 0.27 mV (Fig. 2c).

To facilitate tumor cell targeting, DSPE-PEG-cRGD, which specif-
ically targets /33 integrin overexpressed on tumor cell membrane [35],
was mixed with DSPE-PEG in surface modification step. The as-obtained
CSNPs-Cy-GSH-HA-cRGD showed sphere shape (Fig. 2d) with hydro-
dynamic diameter of 69.29 + 3.12 nm and zeta potential of 3.73 + 0.32
mV (Fig. 2¢). Under 808 nm excitation, CSNPs-Cy-GSH-HA-cRGD barely
showed NIR-IIb downconversion emission in the absence of GSH
(Fig. 2e, inset, GSH(—)), and the NIR-IIb downconversion emission
increased according to GSH concentration (Fig. 2e). In response to 10
mM GSH, as the common GSH concentration in tumor cells [44,45],
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Fig. 2. Characterizations of CSNPs surface functionalization process. (a) Absorption spectra of Cy-GSH, F-SH, Nd** and emission spectra of Cy-GSH and F-SH. (b)
Absorption spectra of HA, CSNPs, Cy-GSH, CSNPs-Cy-GSH, and CSNPs-Cy-GSH-HA. (c) Hydrodynamic diameter and zeta potential of (1) PEG functionalized CSNPs,
(2) CSNPs-Cy-GSH, (3) CSNPs-Cy-GSH-HA, and (4) CSNPs-Cy-GSH-HA-cRGD. (d) TEM image of CSNPs-Cy-GSH-HA-cRGD. Scale bar indicates 100 nm. (e) NIR-II
luminance spectra of CSNPs-Cy-GSH-HA-cRGD under 808 nm excitation in response to GSH (0.1-10 mM). (f) Time dependent relative absorption percentages of
DPBF at 410 nm for CSNPs-Cy-GSH-HA-cRGD under 980 nm, 808 nm excitations and in the absence of NIR excitation. The error bars indicate means + S.D. (n = 3).

CSNPs-Cy-GSH-HA-cRGD demonstrated bright NIR-IIb fluorescence
(Fig. 2e, inset, GSH(+)), indicating the efficient tumor cell activatable
NIR-IIb emission. The fluorescence intensity was similar to
CSNP-HA-cRGD and CSNPs-Cy-GSH-HA-cRGD under 980 nm excitation,
probably because the co-immobilized HA affected reaction efficiency of
Cy-GSH with GSH (Fig. S8). To further evaluate the response specificity
of CSNPs-Cy-GSH-HA-cRGD to GSH, it was challenged with usual ions
and molecules, which barely demonstrated NIR-IIb emission recovery
(Fig. S9a). Downconversion NIR-IIb luminance of
CSNPs-Cy-GSH-HA-cRGD and its response to GSH remained stable at
different pH (Fig. S9b) and during 24 h incubation at 37 °C (Fig. S9c).
Under 980 nm excitation, the wupconversion emission of
CSNPs-Cy-GSH-HA-cRGD at 450 and 475 nm activated HA for ROS
generation, and demonstrated time dependent decrease of DPBF char-
acteristic absorbance at 410 nm (Fig. S10a, Fig. 2f, 980 nm).
CSNPs-Cy-GSH-HA-cRGD demonstrated similar decrease percentage of
DPBF absorption peak in 70 min compared with that of
CSNPs-Cy-GSH-HA (Fig. S7c¢), indicating that cRGD didn’t affect ROS
generation efficiency. There was no DPBF characteristic absorption peak
decrease observed under 808 nm excitation (Figs. 2f, 808 nm),

demonstrating the good manipulation of ROS generation with excitation
light switching. CSNPs-Cy-GSH-HA-cRGD showed stable size in PBS,
saline and cell culture medium DMEM + FBS(10%) without obvious
aggregation (Fig. S10b).

3.3. Orthogonal activation of cellular NIR-IIb imaging and PDT via 808/
980 nm excitation lights switching

Breast cancer cell MDA-MB-231 was chosen as the model cell to
verify the capability of CSNPs-Cy-GSH-HA-cRGD for sequential acti-
vating NIR-IIb imaging and therapy. CSNPs-Cy-GSH-HA-cRGD treated
MDA-MB-231 cells demonstrated obvious intracellular distribution of
nanoparticles in bio-TEM (Fig. S11), indicating efficient endocytosis of
CSNPs-Cy-GSH-HA-cRGD.

The feasibility of CSNPs-Cy-GSH-HA-cRGD for activatable NIR-IIb
imaging of tumor cells was verified under 808 nm excitation, which
demonstrated intense intracellular luminance in the long-wavelength
region (1400-1700 nm) (Fig. 3a, No NMM). NIR-IIb fluorescence
signal was barely observed from CSNPs-Cy-GSH-HA-cRGD incubated
normal MCF-10A cells due to the low expression of oyf3 integrin at cell
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Fig. 3. Activation of cellular NIR-IIb imaging and PDT via 808/980 nm excitation lights switching. (a) NIR-IIb fluorescence images of CSNPs-Cy-GSH-HA-cRGD
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various concentrations CSNPs-Cy-GSH-HA-cRGD (0-400 pg/mL) treated MDA-MB-231 cells under 980 nm, 808 nm excitations and in the absence of NIR irradiation.
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808 nm excitations and in the absence of NIR irradiation. The error bars indicate means + S.D. (n = 3).
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membrane and low expression of intracellular GSH (Fig. S12). To further
show GSH expression dependent NIR-IIb luminance intensity, MDA-MB-
231 cells were pretreated with N-methylmaleimide (NMM) that sup-
presses intracellular GSH [46]. NMM pretreatment barely affected cell
viability (Fig. S13). NMM pretreated MDA-MB-231 cells demonstrated
decreased NIR-IIb luminance corresponding to NMM concentrations
(Fig. 3a and b 1,3,5 mM NMM). Upon switching excitation light from
808 nm to 980 nm, ROS production in MDA-MB-231 cells was investi-
gated with 2',7’ -dichlorofluorescein diacetate (DCFH-DA) as detection
probe. CSNPs-Cy-GSH-HA-cRGD incubated MDA-MB-231 cells demon-
strated bright intracellular fluorescence under 980 nm excitation, indi-
cating efficient ROS generation (Figs. 3¢, 980 nm). On the contrary,
DCFH-DA fluorescence was barely observed from the same treated
MDA-MB-231 cells under 808 nm excitation (Figs. 3¢, 808 nm), similar
to the situations of CSNPs-Cy-GSH-HA-cRGD incubated MDA-MB-231
cells in the absence of NIR irradiation (Fig. 3c, No NIR). The indepen-
dent manipulation of ROS generation with dual NIR excitation lights
guarantees the sequential activations of NIR-IIb imaging and PDT.
CSNPs-Cy-GSH-HA-cRGD and CSNPs-PEG-cRGD demonstrated good
biocompatibility of with little effect on MDA-MB-231 cells viability in
the absence of NIR irradiation (Fig. 3d, No NIR, Fig. S13). Under 980 nm
excitation, the cell viability was gradually decreased with
CSNPs-Cy-GSH-HA-cRGD concentration increase, and reached 16.2%
for 400 pg/mL CSNPs-Cy-GSH-HA-cRGD incubated MDA-MB-231 cell
(Figs. 3d, 980 nm). 808 nm irradiation had little effect on cell viability
(Figs. 3d, 808 nm). Flow cytometry assay using the Annexin V-fluores-
cein isothiocyanate (FITC)/PI apoptotic kit showed similar result. 200
pg/mL  CSNPs-Cy-GSH-HA-cRGD did not induce apoptosis of
MDA-MB-231 cells in the absence of NIR irradiation or under 808 nm
excitation (Fig. 3e, No NIR, 808 nm). 980 nm irradiation caused 72.1%
of cells in apoptosis and even cell necrosis (Figs. 3e, 980nm). This result
further confirmed that the separation of navigation and photo-therapy
excitation lights could avoid side effect and guarantee efficient ther-
apy. JC-1 assay was performed to verify the specific therapeutic effect of
CSNPs-Cy-GSH-HA-cRGD. It demonstrated much lower red fluorescence
with higher depolarization of mitochondrial membrane potential for
CSNPs-Cy-GSH-HA-cRGD treated MDA-MB-231 cells compared with
CSNPs-Cy-GSH-HA treated MDA-MB-231 cells (Fig. S14).

3.4. Activatable NIR-IIb imaging guided PDT in vivo

CSNPs-PEG-cRGD, which has “always on” NIR-IIb luminance in the
absence of Cy-GSH and no toxicity in the absence of HA, was prepared
and intravenously injected into healthy mice to evaluate the biocom-
patibility of nanoprobe, as well as its in vivo distribution and excretion.
NIR-IIb imaging at 1550 nm provided deeper tissue penetration, there-
fore the major organs and multistage blood vessels of mice were clearly
visible within 4 h of injection (Fig. S15a). NIR-IIb fluorescence signal in
liver gradually increased in 9 h after injection, and kept decreased until
barely observed after 4 days (Fig. S15a and Fig. S15b). Organ distribu-
tion results also demonstrated high NIR-IIb fluorescence in liver and
spleen at 9 h post-injection, with little retention in other organs
including heart, lung, kidney (Fig. S16). And about 78.9% of the injected
CSNPs-PEG-cRGD excreted in feces at 6 days post-injection measured by
ICP-MS (Fig. S17a) with very little amount remained in main organs at
6th day (Fig. S17b), indicating a rapid biliary excretion pathway. The
hematoxylin and eosin (H&E) staining results of the major organs
including heart, liver, spleen, lung, and kidney demonstrated little
damage (Fig. S18), further confirmed good biocompatibility of CSNPs-
PEG-cRGD.

The sequential activations of CSNPs up/down conversion for acti-
vatable NIR-IIb imaging guided cancer therapy was evaluated with
orthotopic MDA-MB-231 breast cancer mice model. CSNPs-Cy-GSH-HA-
cRGD was intravenously injected into the tumor bearing mice, which
started to show NIR-IIb downconversion emission at tumor grown site at
10 min post-injection under 808 nm excitation. NIR-IIb fluorescence
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intensity increased with time, and reached maximum at 4 h post-
injection (Fig. 4a, Tumor mice, CSNPs-Cy-GSH-HA-cRGD), precisely
indicating the time to switch for upconversion emission with 980 nm
excitation to perform phototherapy. Activatable NIR-IIb luminance
signal was observed in tumor grown area due to the high expression
level of GSH in tumor cells, which clearly indicate the position to
perform 980 nm irradiation for PDT. NIR-II luminescence signal was also
observed in liver considering the higher concentration of GSH in liver
than in blood vessels [45,47]. CSNPs-Cy-GSH-HA-cRGD also demon-
strated similar NIR-IIb fluorescence intensity throughout the mice body
under 980 nm excitation (Fig. S19). In comparison, “always on” NIR-ITb
nanoprobe CSNPs-PEG-cRGD demonstrated extensively distributed
NIR-IIb signal throughout the mice body (Fig. 4a, Tumor mice,
CSNPs-PEG-cRGD). It was not until 4 h post-injection that tumor grown
site showed distinguishable NIR-IIb fluorescence intensity from back-
ground, but the borders between tumors and normal tissues were still
too fuzzy to tell apart. CSNPs-PEG-cRGD also showed higher NIR-IIb
fluorescence intensity in liver compared with activatable probe
CSNPs-Cy-GSH-HA-cRGD, since CSNPs-Cy-GSH-HA-cRGD was not fully
activated by GSH in liver position. Organ distribution results also
demonstrated  high ~ NIR-IIb  fluorescence intensity  from
CSNPs-PEG-cRGD in liver, spleen and tumor grown position at 4 h
post-injection with little retention in other organs (Fig. S20). To further
verify the activation of NIR-IIb fluorescence by GSH in tumor cell, tumor
bearing mice were pretreated with NMM to suppress GSH expression
and intravenously injected with CSNPs-Cy-GSH-HA-cRGD, it demon-
strated very weak NIR-IIb fluorescence at tumor grown position under
808 nm excitation (Fig. 4a, Tumor mice, CSNPs-Cy-GSH-HA-cRGD +
NMM). Healthy mice group that injected with CSNPs-Cy-GSH-HA-cRGD
didn’t show in vivo NIR-IIb fluorescence either (Fig. 4a, Healthy mice,
CSNPs-Cy-GSH-HA-cRGD). Numbers 1,2,3 were assigned for the tumor
region, tissue adjacent to tumor, and background respectively. The
tumor-to-normal tissue (T/N) ratios were calculated according to time
following the equation: [(mean fluorescence intensity of 1) - (mean
fluorescence intensity of 3)]/[(mean fluorescence intensity of 2) - (mean
fluorescence intensity of 3)]. It reached 26.9 for
CSNPs-Cy-GSH-HA-cRGD injected mice group and only 0.72 for
CSNPs-PEG-cRGD injected mice group at 4 h (Fig. 4b, 4hr). The acti-
vatable NIR-IIb imaging resulted in high T/N ratio, which identified the
location of lesion areas sharply and indicated the precise location and
optimal timing to perform therapy.

With the precise navigation of activatable downconversion NIR-IIb
imaging, 4 h post intravenous injection was chosen as the time point
for switching excitation light from 808 nm to 980 nm to perform PDT.
The activatable NIR-IIb imaging guided PDT resulted in satisfactory
inhibition on tumor growth for CSNPs-Cy-GSH-HA-cRGD injected tumor
bearing mice under 980 nm irradiation, while the CSNPs-Cy-GSH-HA-
cRGD injected tumor bearing mice in the absence of NIR irradiation or
CSNPs-Cy-GSH-HA-cRGD injected tumor bearing mice under 808 nm
irradiation showed a continuous increase of tumor volume similar to
saline-treated tumor bearing mice group (Fig. 4c). Photographs of
tumor-bearing mice also demonstrated strongest inhibition of tumor
growth with CSNPs-Cy-GSH-HA-cRGD injection under 980 nm exposure
(Fig. S21). There was no discernible decrease in body weight observed
for all experiment groups (Fig. 4d). The successful tumor growth inhi-
bition was further confirmed by H&E and TUNEL, which showed highest
level of apoptosis or necrosis for tumor cells from CSNPs-Cy-GSH-HA-
cRGD treated mice group under 980 nm irradiation (Fig. 4e). Major
organs (heart, liver, spleen, lung, and kidney) showed no obvious
damage or significant abnormalities for all treated mice via H&E
staining (Fig. S22). These results showed the sequential activation of
downconversion and upconversion of CSNPs for NIR-IIb imaging-guid-
ing precision phototherapy, which would have potential advantages in
imaging navigated tumor therapy.
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Fig. 4. Activatable NIR-IIb imaging guided PDT in vivo. (a) Timespan of NIR-IIb fluorescence imaging in MDA-MB-231 tumor bearing mice after injection of CSNPs-
Cy-GSH-HA-cRGD, CSNPs-PEG-cRGD, NMM pretreated tumor bearing mice after injection of CSNPs-Cy-GSH-HA-cRGD (CSNPs-Cy-GSH-HA-cRGD + NMM), and
healthy mice after injection of CSNPs-Cy-GSH-HA-cRGD under 808 nm irradiation, and (b) corresponding tumor-to-normal tissue (T/N) ratios for tumor bearing mice
injected with CSNPs-Cy-GSH-HA-cRGD or CSNPs-PEG-cRGD. Error bars indicated means + SD (n = 3). (c¢) Relative tumor growth, (d) body weight and (e) histo-
logical observations of tumor tissues stained with H&E and TUNEL for tumor bearing mice injected with saline, CSNPs-Cy-GSH-HA-cRGD in the absence of NIR
irradiation (No NIR), under 808 nm irradiation (808 nm) and 980 nm irradiation (980 nm). Scale bar in (e): 100 pm. Error bars in (b), (c), (d) indicate means + SD (n

=3).
4. Conclusion

In conclusion, CSNPs with orthogonally regulated 1550 nm NIR-IIb
downconversion emission and 345/450 nm UV/blue upconversion
emission by switching 808/980 nm excitations was presented in this
manuscript. CSNPs were also modified with Cy-GSH for tumor cell
activatable NIR-IIb imaging, and HA for PDT. The activatable NIR-IIb
imaging under 808 nm irradiation yielded a high T/N ratio, which
clearly indicated the timing to switch for 980 nm irradiation and posi-
tion of tumor grown to perform PDT. Both in vitro and in vivo experi-
ments showed prominent suppression for cell proliferation and tumor
growth. The CSNPs with orthogonally regulated downconversion/
upconversion emissions via switching dual NIR excitations would have
promising potential in NIR-IIb imaging navigated tumor therapy.
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