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Abstract

The exploration of stimuli-responsive nano-theranostics provides powerful tools for
simultaneously enhancing the accuracy and efficiency of cancer therapies. Herein, we develop
mono-dispersed CaCO3; nanoparticles modified with polyethylene glycol (PEG) as a multifunctional
nano-carrier for efficient loading of both Mn®*-chelated chlorin 6 (Ce6(Mn)) as a photosensitizer,
and doxorubicin (DOX) as a chemotherapy drug. Our CaCO;@Ce6(Mn)-PEG(DOX) nanoparticles,
while being stable under physiological pH at 7.4, appear to be highly sensitive to reduced pH and
would be rapidly degraded under dlightly acidic environment, effectively releasing loaded
therapeutic agents. Interestingly, owing to released Ce6(Mn), those nanoparticles show an
interesting pH-dependent T1 signal enhancement under magnetic resonance (MR) imaging, which
could be utilized for real-time monitoring of drug release. As discovered by MR and fluorescence
imaging, intravenoudly (i.v.) injected CaCO;@Ce6(Mn)/DOX-PEG could gradually accumulate in
the tumor, contributing to a superior synergistic anti-tumor effect in the combined photodynamic &
chemotherapy. In conclusion, we have developed a tumor-pH-activated nanocarrier based on
biodegradable CaCO3; nanoparticles, which may be an ideal cancer theranostic nanoplatform with

substantial potential for future clinical trandlation.



I ntroduction

The unknown effective drug dose, that is the amaidiriberapeutic agents reaching diseased
regions such as tumors in their activated form, éach individual patient is an important
uncertainty towards accurate medicine, and oftadddo over-dosing or insufficient dosing during
treatment. To this end, the development of stimedponsive theranostic nano-platforms by
integrating imaging and therapeutic functions heax®ived a great deal of attention in recent years
[1-3]. On one hand, imaging is able to guide thanping of therapies, particularly for those
employing external stimuli (e.g. radiotherapy [4, phototherapy[6-8], etc.), so as to selectively
and efficiently destroy tumors while sparing norriasues [9-11]. On the other hand, by visual
imaging monitoring, the drug release profile instle tumor in response to external or internal
stimuli may also be monitored in the real time|lfating the optimization of therapeutic doses and
treatment time-windows[12-15]. Therefore, develgpibiocompatible / biodegradable smart
theranostic nano-platforms to realize imaging-mareid therapy has become an attractive direction
in the areas of nanomedicine and cancer therapy.

Over the past decade, the emergence of calciundbd@aemineralized nanomaterials, such as
calcium carbonate (CaGPp [16-18], calcium phosphate (Caffy),), hydroxy apatite
(Cas(PO4)}0H) and tri-calcium phosphate (§8804)) [19, 20], has brought new opportunities to
build theranostic nano-platforms owing to the ebergl biocompatibility and biodegradability of
those materials. In particular, nanoscale Ca@aich is stable under neutral pH and would be
decomposed into Gaand CQ under acidic pH has been proposed as pH-respodsigedelivery
systems for delivery of chemotherapeutics or nacktids[21-24]. For example, Zhao et al.
presented a mild approach to prepare porous GagDospheres, which after loading with
doxorubicin (DOX) exhibited greatly enhanced thexam effects over the free drug towards tumor
cells [25]. In another work, Su and co-workers gesd an efficient method to produce
well-dispersed polyacrylic acid/CaGOhanoparticles with high DOX loading for in vivovdr
cancer chemotherapy [23]. In a more recent worlyilafu et al. prepared monodispersed CaCO
nanoparticles and found them to be capable of nabidigl the tumor acidic environment to offer
potential therapeutic benefits [26]. Despite thosijue features of nanoscale CaGd@noparticles
as drug delivery systems, their applications asrsstamulus-responsive theranostic platforms by

integrating imaging agents and therapeutic funstifor precise disease treatment at the in vivo
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level has been rarely reported to our best knovdedg

In this work, we develop mono-dispersed polyethgleglycol (PEG)-modified CaC{
nanoparticles with excellent colloidal stabilityy buch nanoparticles, Mhchelated chlorin e6
(Ce6(Mn)), a photosensitizer for photodynamic tpgr§27], is loaded into nanoscale Cagky
co-precipitation during the formulation of Cag®@anoparticles. Interestingly, the as-synthesized
Ce6(Mn)@CaC@-PEG nanoparticles appear to be highly sensitivpHoand would be rapidly
degraded under slightly acidic solutions, leadingefficient release of Ce6(Mn) and thereby
significantly enhanced T1-contrast under magnedgsonance (MR) imaging (with the rl value
increased by one order of magnitude to 11.48 M. Additionally, the mesoporous structure of
Ce6(Mn)@CaC@-PEG could enable efficient loading of chemotheuipeagent, doxorubicin
(DOX), whose release is also pH dependent and shmgstive correlation with T1-signal
enhancement under MR imaging, allowing real-timenitawing of drug release. Importantly,
utilizing such multifunctional biodegradable nandjudes, we realize a synergistic photodynamic
& chemotherapy of cancer in vivo under a precisdtimodal-imaging guidance by MR and
fluorescence imaging [28]. Thus, our results hgli CaCQ nanoparticles with great
biocompatibility and biodegradability as a smarhtu-pH-responsive drug delivery platform useful

for applications in cancer theranostics.

Experimental section

Materials. Calcium chloride dihydrade (CafdH,O) and ammonia bicarbonate (NHCOs)
were purchased from Sinopharm Chemical Reagent lG®, China. Doxorubicin (DOX) was
bought from Beijing Hua Feng United Technology Qad. Cholesterol, manganese chloride
(MnCly) and Chlorine e6 (Ce6) ware from J&K Chemical Co2-dioleoyl-sn-glycero-3-phosphate
(sodium salt) (DOPA), and 1,2-distearoyl-sn-glyedrphosphoethanolamine-N-
(methoxy(polyethylene glycol)-5000) DSPE-PEG5k wasurchased from Avanti. 1,
2-dihexadecanoyl-sn-glycero-3-phosphocholine (DP®R&Y purchased from xi'an ruixi biological
technology Co., Ltd. Fetal bovine serum (FBS) ang3in-EDTA were purchased from Invitrogen
(USA). RPMI 1640 medium was purchased from Nanfmy Gen Biotech. Co., Ltd., China. All
agueous solutions used in experiment were prephayedsing deionized water (18.2 (Mcm)

obtained from Milli-Q water purification system.
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Synthesis of porous Ce6(Mn)@CaCO3; nanoparticles

Ce6(Mn)@CaC@ particles were synthesized by a gas diffusion treac Briefly, 150 mg
CaCb-H,O, 10 mg Ceb6 (pre-dissolved in DMSO) and 3 mg Mn@ére dissolved in 100 mL
ethanol in a glass bottle covered by an aluminuifioich was punctured with several pores. Then,
the bottle was put into a vacuum drying chambertaiomg 5 g dry ammonia bicarbonate
(NH4HCO;). After keeping the whole system in a vacuum emment for 24 h, Ce6(Mn)-loaded
CaCQ nanoparticles were obtained and could be sepalstezentrifugation at 8000 rpm. Those

nanoparticles were re-dispersed in anhydrous etli@anfurther modification.

PEGylation of Ce6(Mn)@CaCO3 hanoparticles

A two-step approach was conducted to modify thevabpanoparticles. Firstly, 20 mg
Ce6(Mn)@CaC@in ethanol solution and 1 ml DOPA solution ( 2 mgin chloroform) was mixed
under ultrasonication for 20 min. The obtained idirisolution was centrifuged to remove
unbounded free DOPA and redispersed in chlorofddaGylation of nanoparticles was then
conducted by mixing a chloroform solution of DPRB8olesterol and DSPE-PEG at the 4:4:2 molar
ratio with Ce6(Mn)@CaC@DOPA under vigorously stirring overnight. Aftervds; chloroform
was evaporated and the obtained Ce6(Mn)@GaREG nanoparticles were dissolved in aqueous

solution for further use.

Characterization

The transmission electron microscopy (TEM) imagetuiding bright field (BF) and high angle
annular dark field (HAADF) images of the Ce6(Mn)@Z3Lx nanoparticles were taken by using a
FEI Tecnai F20 transmission electron microscopearatacceleration voltage of 200 kV (FEI
company). Scanning Electron Microscopy (SEM) imagese taken by a FEI Quanta 200F
scanning electron microscope. UV-Vis-NIR spectraeascquired by using a PerkinElmer Lambda
750 UV-Vis-NIR spectrophotometddynamic light scattering (DLS) measurement was cectet
on ZEN3690 zetasizer (Malvern, USA). Nitrogen sorptgindies by the Brunauer-Emmett-Teller
(BET) method were performed with Micromeritics AS2620 HD88.



Doxorubicin loading

Ce6(Mn)@CaC@PEG was firstly mixed with different concentratioaf DOX in phosphate
buffer at pH 8.0 (20 mM). After stirring in darkrf@4 h, DOX loaded Ce6(Mn)@CaGPEG
nanoparticles were collected by the ultra-filtratidters (Millipore, MWCO = 100 kDa) to remove
unloaded DOX. The DOX loading capacity was detettgdJV-Vis-NIR spectra with absorption
peak at 490 nm.

In vitro drug release

Ce6(Mn)@CaC@PEG(DOX) was dissolved in phosphate buffered sa{lPBS) at different
pH values (pH=5.5, 6.5 and 7.4) under %7. At different time points, the solutions were
centrifuged to collect the supernatants. The rel@d30X in the supernatant was measured by
UV-Vis-NIR spectra. The releasing behavior of CefMmas also conducted by measuring the Ce6

characteristic peak with UV-Vis-NIR spectra.

pH-dependent singlet oxygen generation (SOG) measurement

The SOG measurement was based on the protocoltedppreviously[29]. In brief, 1Ql
SOSG ( 0.5 mM in methanol) was mixed with 1980@ree Ce6 or Ce6(Mn)@CaGPEG(DOX)
at different pH values (pH=5.5, 6.8 and 7.4) ([Gd@]). The SOG of different samples was
induced by irradiation with a 660 nm LED light soerat a power density of 5 mW/€rfor
different time periods (0 min, 10 min, 20 min, 30nM40 min and 50 min). The fluorescence

intensity of SOSG was detectégx = 494 nm) after irradiation.

In vitro pH-sensitive MR imaging
For in vitro MR imaging, nanoparticles in PBS aketh pH values (pH=5.5, 6.5 and 7.4) with a
series of MA" concentrations were scanned by a 3 T clinical MR&nner (BrukerBiospin

Corporation, Billerica, MA, USA).

Cdlular experiments
4T1 cells were purchased from American Type Culo#lection (ATCC) and cultured under

standard conditions (3T, 5% CQ). Firstly, for confocal imaging, 4T1 cells wereeded in 35 mm
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culture dishes and treated with Ce6(Mn)@Cga®BG(DOX) or free Ceb with the same Ceb
concentration for 4 h. After washing with PBS (pHA4) for several times, the cells were labeled
with 4, 6-diamino-2-phenylindole (DAPI) and thenaged by a confocal fluorescence microscope
(Leica SP5II laser scanning confocal microscope).

To test the chemotherapy efficacy of DOX loadedigas, 4T1 cells were seeded in 96-well
plates with 1 x 1P cells / well and incubated until adherent. Theariaus concentrations of
Ce6(Mn)@CaC@PEG(DOX) or free DOX were added and incubated wéhs for another 24 h.
Afterwards, the cells were washed with free celtwe medium for several times and then a
standard MTT assay was carried out to determinedetative cell viabilities.

To test the PDT effect, 4T1 cells seeded in 96-vpidites were incubated with various
concentrations of Ce6(Mn)@CaG®EG and free Ce6. After 4 h of incubation, the gasiwere
irradiated by 660-nm light at a power density ofnBV/cnt for 0.5 h. Afterwards the cells were
incubated for another 24 h. Then, the standard M3Say was carried out to determine the relative
cell viabilities.

For in vitro combination therapy, 4T1 cells in 9&lis plate were incubated with various
concentrations of Ce6(MNn)@CaG®EG or Ce6(Mn)@CaCLPEG(DOX). After 4 h of
incubation, the cells were irradiated by 660-nnhiigt a power density of 5 mW/énfor 0.5 h.
After another 24 h of incubation, the MTT assay wasried out to determine the relative cell

viabilities compared with the untreated group.

Mouse tumor model

In our experiments, female Balb/c mice were puretidsom Nanjing Peng Sheng Biological
Technology Co, Ltd. Animal experiments were perfednfollowing protocols approved by
Soochow University Laboratory Animal Center. To elep the tumor model, 1 x 1@T1 cells
suspended in 50L PBS were subcutaneously injected into the badach mouse. After about one

week, the average tumor sizes would reach to auin?.

In vivo imaging
For in vivo fluorescence imaging, 200 of Ce6(Mn)@CaC@PEG(DOX) ([Ce6]=0.45

mg/ml) was intravenously injected into each modsen, in vivo fluorescence imaging at different
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time points (1 h, 2 h, 4 h, 8 h, 12 h and 24 h) easied out using a Maestro EX in vivo optical
imaging system (Cambridge Research and Instrumentdnc.). The autofluorescence background
was removed by the spectrum unmixing software. ilee were sacrificed after 24 h of injection,
with and their major organs (liver, spleen, kidnbgart, lung and tumor) collected for ex vivo
imaging. The in vivo T1l-weighted MR animal imagimgs performed under a 3-T clinical MR

scanner with a special coil designed for small-ahimmaging.

In vivo combination therapy

For in vivo combination therapy, 4T1 tumor-bearmge were divided into five groups (n=5
each group): (1) PBS, (2) Free Ce6 + Free DOX (w@#0-nm light exposure), (3)
Ce6(Mn)@CaC@PEG(DOX), (4) Ce6(Mn)@CaCEPEG (with 660-nm light exposure) and (5)
Ce6(Mn)@CaC@PEG(DOX) (with 660-nm light exposure). In each ypp200uL of agent with
the same Ce6 or DOX equivalent concentration (dé¥8X: 5 mg/kg, Ce6 4.5 mg/kg) were
intravenously injected into each mouse. After 23f mjection, the mice were irradiated by 660-nm
light at a power density of 5 mW/érfor 1 h. After treatment, the tumor sizes were itwad by a
digital caliper to record the lengths and widthergvwo days. The tumor volumes were calculated

by “volume = length x widtfi2".

Result and discussion

The fabrication of photosensitizer Ce6 loaded Ca@&hoparticles and the subsequently
modification with PEG is illustrated ifrigure la. Nano-sized amorphous Cag@anoparticles
were firstly synthesized by a gas diffusion reat@ecording to the literature report [30] with some
modifications. MA*-chelated Ce6 (Ce6(Mn)) was prepared by simply mgjxZe6 and MnGlat the
1:1 molar ratio to allow the chelation of Kfrat the center of the porphyrin structure in CeB, [3
32]. In the process of CaG@rowth, such Ce6(Mn) was pre-added in the gaGlution, into
which NH; decomposed from NJHHCO; was slowly dissolved. As shown under SEMgUre 1b)
and TEM Figure 1c), as-synthesized Ce6(Mn)@ Cagi@anoparticles were monodispersed with an
average diameter of around 100 nm. The surface aardahe average size of those nanoparticles
were measured by BET to be 20F it and 3.5 nm, respectivelyFigure S1, Supporting

information), indicating their mesoporous structure which rbayhelpful for the subsequent drug
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loading and controllable release. The strong Ceasdteristic absorption peaks appeared at 404
nm and 660 nm in the UV-VIS-NIR spectrum of ourabed Ce6(Mn)@CaCOnanoparticles
(Figure le), suggesting the successful encapsulation of Wi#tin those nanopatrticles, likely
owing to the strong interaction between carboxydugs in Ce6 and Gaions. An elemental
mapping in the high-angle annular dark fields scapd@EM (HAADF-STEM) image Kigure 1d)
further illustrated the homogenous distributiorMof element in those Ce6(Mn)@ Cag&dmposite
nanoparticles.

Next, PEGylation was conducted to modify those aslenCe6(Mn)@ CaCémanoparticles by
a two-step approach to improve their water soltybaind colloidal stability. Firstly, hydrophobic
DOPA-coated Ce6(Mn)@CaGO nanoparticles were prepared by mixing DOPA and
Ce6(Mn)@CaC® under ultrasonication. The coordination of°Can the surface of CaGO
nanoparticles with the phosphate group in DOPA waallow stable anchoring of hydrophobic
aliphatic chains onto those nanopatrticles, offeringm highly lipophilic surfaces. Subsequent
PEGylation was performed by mixing a chloroform usin of cholesterol, DPPC and
DSPE-PEGypat a 4:4:2 molar ratio [33] with Ce6(Mn)@Cag&DOPA under stirring overnight.
After evaporating the chloroform solvent, a lipidalger would form on the nanoparticle surface,
obtaining Ce6(Mn)@CaC4&PEG nanoparticles with great water solubilfygure S2, Supporting
information). The dynamic light scattering (DLS) data showdd thydrodynamic size of
Ce6(Mn)@CaC@PEG to be around ~150 nm in the aqueous solukayufe 1f). Besides, those
PEGylated nanoparticles exhibited excellent dispiity in water, phosphate buffered saline (PBS)
and cell medium without any precipitatiofigure 1g), allowing their further applications in
biological systems.

It is known that CaC@can be dissolved in the acidic media intd"Cand CQ. We thus
tested the pH sensitivity of our Ce6(Mn)@Ca&REG nanoparticles by immersing them in buffers
with various pH values (5.5, 6.5 and 7.4). TEM imnggwvas conducted to observe the morphology
of those particles at different time point&idure 2b). Our Ce6(Mn)@CaCOPEG nanoparticles
appeared to be quite stable under pH 7.4 withoawsty any notable change in their sizes and
structures. In contrast, within a mild acidic buffat pH 6.5, those Ce6(Mn)@CagPEG
nanoparticles were gradually dissociated and lgrigdt their sphere morphology after 2 hours.

More amazingly, we observed that Ce6(Mn)@Cg®8G nanoparticles under pH 5.5 would be
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rapidly decomposed, leaving no visible particleuctinre under TEM within as short as 5 min,
indicating the ultra-sensitive pH responsibility efich Ce6(Mn)@CaC£PEG nanoparticles.
Meanwhile, the time-dependent changes of hydrodymasizes of those nanoparticles under
different pH values were monitored by DLS. As shawifrigure 2c, at pH 6.5, our nanopatrticles
would be slowly dissociated, presenting a time-delpat decrease in particle sizes. Amazingly, the
process of dissociation was dramatically acceldratgoH 5.5. In contrast, the hydrodynamic sizes
of Ce6(Mn)@CaC@PEG nanoparticles dispersed under neutral pHhowesd no obvious change,
consistent to the TEM observation. Particularly twomentioning is that the property of
acid-triggered structure transformation could bigasle for long and stable blood circulation under
the physiological pH, as well as quick cargo reteasthin the tumor microenvironment with
reduced pH.

Based on the fact that the spin-lattice (rl) pratelaxivity is proportional to the number of
water molecules that coordinates with unpaired tedas in the MR contrast agent, we then
investigated whether the pH-responsive dissociattbnCe6(Mn)@CaC@PEG nanoparticles
would lead to pH-dependent release of Ce6(Mn) dmaleby enhanced T1-contrast under MR
imaging (Figure 2a) [34]. Firstly, we measured the release profileCet(Mn) under different
pH values Figure 3a) based on the characteristic absorbance peak 6f Censistent with the
pH-dependent decomposition behaviors of Ca@@noparticles, the release of Ce(Mn) from
Ce6(Mn)@CaC@PEG appeared to be ultra-fast under pH 5.5, andoobly slower under
increased pHs. Correspondingly, under T1-weightedR Mnaging Figure 3b), obvious
concentration-dependent brightening effects coukl dibserved for Ce6(Mn)@CaG®EG
incubated at different pH values for 4 h. Interggiy, the longitudinal relaxation (rl) dramatically
increased from 1.156 mMs* at pH 7.4 to 11.48 mM s’ at pH 5.5, by nearly one order of
magnitude igure 3c, Figure S3, Supporting information). In contrast, free Ce6@ Mowed no
significant change in its MR contrasting ability @te variation of pH valuesF{gure S4a-b,
Supporting information). Considering the weak acidic environment insidkdstumors, our MA'
encapsulated nano-agents would offer a powerfuldenefited from its pH-responsive longitudinal
relaxivity for the noninvasive detection of tumalistinguished from normal tissues.

Next, we measured the light-triggered production'®$ from Ce6(Mn)@CaC®PEG by
singlet oxygen sensor green (SOSG), a SO speagiéc uhder the irradiation of 660-nm light. As
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shown in Figure S5, Supporting information, the efficiency of SO production from
Ce6(Mn)@CaC@PEG determined by the recovered SOSG fluorescaraz found to be pH
dependent. For Ce6(Mn)@CagPEG nanoparticles under pH 7.4, the light-triggerSO
generation appeared to be less efficient compardidat of free Ce6(Mn). In contrast, owing to the
dissociation of nanoparticles under acid conditiopH 5.5, more efficietO, generation from the
Ce6(Mn)@CaC@PEG sample was observed, reaching to a levelairtol that of free Ce6(Mn).
This pH-activated photosensitizing performance ddad valuable for tumor-specific photodynamic
cancer treatment owing to the unique acidic tum@raenvironment.

As mentioned above, Ce6(Mn)@Ca&RPEG nanoparticles exhibited mesoporous structure,
which could be suitable for drug loading. Doxorui¢DOX), a commonly used chemotherapy
drug, was chosen as the model drug. By mixing Ced@CaCQ-PEG with DOX solutions at
different concentrations under pH 8.0 overnight @hdn washing to remove free DOX, a
DOX-characteristic absorption peak at 490 nm apgukar the obtained nanoparticldsdure 3d),
suggesting the successful DOX loading into Ce6(M@g@Q-PEG. Besides, the drug loading
efficiency on Ce6(Mn)@CaC&£PEG(DOX) increased with the increasing amountsfeafding
DOX, showing a saturated loading capacity to bénigh as 22 % (with a loading efficiency of
~11% at this condition)Higure S6, Supporting infor mation).

Owing to the pH-dependent decomposition of Ca@@noparticles, we would thus expect a
pH-responsive DOX release behavior, which in turyrbe real-time monitored by T1-weighted
MR imaging. The DOX release from Ce6(Mn)@ CatREG(DOX) under various pH values (5.5,
6.5, 7.4) was then measurdéidure S7, Supporting information). As expected, the release of
DOX was obviously pH-dependent, presenting a smbdadency to that of Ce6(Mn). To figure out
the correlation between the percentage of DOX seleand the T1-MR signal enhancement, we
further recorded the MR signal changes under @iffepH values over time. As shownkigure 3e,
an obvious pH-dependent brightening effect couldobserved. Beside, by recording the MR
intensity enhancement, we then built the corretabetween the time-dependent DOX release and
enhanced MR intensitiegiQure 3f). Excitingly, great correlations were presenteclathree pH
values, indicating that MR imaging could be utitizier real time monitoring of DOX release from
Ce6(Mn)@CaC@PEG(DOX) based on the enhanced T1 MR signals.

Based on this multifunctional nanoplatform, nexte wstudied the interactions of



Ce6(Mn)@CaC@PEG(DOX) nanopatrticles in vitro with cells. To gyucellular uptake ability of
our nanoparticles, 4T1 murine breast cancer cellserew incubated with
Ceb6(Mn)@CaC@PEG(DOX) for 4 h at 37C, and then imaged by a fluorescence laser scanning
confocal microscope. As shown kgure 4a, strong Ce6 and DOX fluorescence signals emerged
inside cells after incubation with Ce6(Mn)@ Ca&REG(DOX), suggesting the efficient cellular
uptake of our nanoparticles. Notably, while Ce6ofescence was found mostly in cytoplasm,
strong DOX fluorescence appeared inside cell nucleidicating the dissociation of
Ce6(Mn)@CaC@PEG(DOX) nanoparticles inside cells (e.g. insié#l tysosomes with reduced
pH).

We then evaluated the cell killing efficacy by deaghemo- or photodynamic therapy. Firstly,
4T1 cells were incubated with free DOX or Ce6(Mn)@IX;-PEG(DOX) at the equivalent DOX
concentrations. After 24 h. the relative cell vidieis were determined by the
methylthiazolyltetrazolium (MTT) assayFigure 4b). Ce6(Mn)@CaC@PEG(DOX) showed a
comparable cell toxicity to that of free DOX. Fdrgtodynamic therapy, 4T1 cells were incubated
with various concentrations of Ce6(Mn)@CafREG or free Ce6 and then irradiated under
660-nm light (5 mM/crf) for 0.5 h. After further incubation for 24 h, thelative cell viabilities
were also determined by the MTT assd&yg(re 4c), which uncovered that the nanoparticle
formulation of Ce6 showed similar photodynamic &éling efficiency compared to its free form.

For in vitro combination chemo-& photodynamic cantteerapy, 4T1 cells were treated with
different concentrations of the following agents:1) ( Ce6(MN)@CaC@PEG, (2)
Ce6(Mn)@CaC@PEG (with 660-nm light exposure), (3) Ce6(Mn)@Ca®EG(DOX), (4)
Ce6(Mn)@CaC@PEG(DOX)( with 660-nm light exposure). After inatlon for 4 h, the groups
(2) and (4) were irradiated under 660-nm LED lighimM/cnf) for 0.5 h. After further incubation
for 24 h, the relative cell viabilities were detemed by the MTT assayF{gure 4d).
Ce6(Mn)@CaC@PEG without light irradiation showed negligiblelldexicity, demonstrating the
good biocompatibility of our nano-agents. Meanwhitee combination of photodynamic &
chemotherapy showed greatly improved cancer céihdgiability compared with any mono-therapy
at the same respective nanoparticle concentrations.

The in vivo behaviors of Ce6(Mn)@Cag®EG(DOX) nanoparticles were then evaluated in
animal model experiments. Firstly, Ce6(Mn)@Cad&G(DOX) (dose: 4.5 mg/kg for Ce6) was
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intravenously (i.v.) injected into each female Balmouse (n=3) with blood extracted at certain
time intervals. As shown iRigure S8, Supporting information, the Ce6 signals in blood samples
declined over time following a two-compartment mipeath the first (t1/2¢)) and second (t1/8J)
phases of circulation half-lives determined to 91t 0.84 and 14.15 + 0.77 h, respectively. The
long blood circulation is favorable for tumor passtargeting via the enhanced permeability and
retention (EPR) effect.

Then, in vivo fluorescence imaging was performedteraf i.v. injection of
Ce6(Mn)@CaC@PEG(DOX) into mice bearing 4T1 murine breast tusnékt the different time
points, the mice were imaged under the MaestrorEXvo optical imaging system (CRI, Inc.) by
recording the fluorescence of Cdadure 5a). Strong Ce6 fluorescence gradually showed upeat t
tumor site, suggesting the time-dependent increase the tumor uptake of
Ce6(Mn)@CaC@PEG(DOX) nanoparticles by the EPR effedfigure S9, Supporting
information). At 24 h post injection of Ce6(Mn)@CaG®EG(DOX), those mice were sacrificed
and their major organs together with tumors werkkected for ex vivo imaging. As shown in
Figure 5b, the tumor was the brightest among all other aganggesting the high tumor passive
accumulation of those nanoparticles. To quantiédyiv analyze the biodistribution of
Ce6(Mn)@CaC@PEG(DOX), the organs were homogenized within &lpsiffer to obtain tissue
lysates, which were diluted and measured by adimber to determine the concentration of Ce6 in
different organs Kigure 5c). Interestingly, at 24 h post i.v. injection ofode nanoparticles, the
tumor uptake reached as high as 25 percent-oftagedose-per-gram-tissue (%ID/g), which was
even higher than that in reticuloendothelial sys{&&S) such as liver and spleen responsible for
the clearance of exogenous nanoparticles [35]. éids another organ with relatively high Ce6
signals, suggesting the possible in vivo degradatfoCe6(Mn)@CaC@PEG(DOX) nanopatrticles
and then the excretion of Ce6(Mn) in its free form.

It has been widely accepted that multimodal tummaging by combining at least two kinds of
imaging techniques could compensate for the shmitugs of a single imaging modality and may
improve the accuracy of tumor diagnosis [36-40JerEfore, in our system, apart from fluorescence
imaging, in vivo T1l-weighted MR imaging was alsandacted for tumor-bearing mice after i.v.
injection of Ce6(Mn)@CaCOPEG(DOX) Figure 5d). An obviously brightening effect could be
found in the tumor region 24 h post injection. Mehile, through region-of-interest (ROI)
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quantified analysis, the quantitative MR imagingowkd as high as 8-fold of T1-signal
enhancement, demonstrating the high tumor uptdlaegicy of those nanoparticleBigure 5e).

Next we would like to further demonstrate the plodisy of in vivo drug release monitoring by
MR imaging. Balb/c mice bearing murine breast caddel tumors were used in our experiments.
The equivalent amounts of Ce6(Mn)@CacREG(DOX) solutions were separately injected into
the tumor and the muscle on two opposite sides sfrae mouse. As expected, strong T1 MR
signals appeared in the tumor after injection aflsthnanoparticles, and gradually increased over
time within 2 h Figure 5f). In contrast, the enhancement of T1 MR signalhé&muscle with the
same amount of Ce6(Mn)@CagPEG(DOX) injected was found to be much less sigaift. The
guantitative measurement was conducted by caloglaiumor : Muscle (T/M) T1-MR signal
intensities at different time intervals post injent of Ce6(Mn)@CaC@PEG(DOX) Figure 5g).
Such a T/M ratio showed gradual enhancement owex &ind reached a rather high level (T/M =
2.32 £ 0.23) at 1 h post-treatment. Our in vivo MMRaging results evidenced that such
Ce6(Mn)@CaC@PEG(DOX) nanoparticles, while being stable insidemal tissues (pH 7.4),
would be dissociated inside the tumor with redusldd6.0-6.6 for 4T1 tumors) [18], leading to the
efficient release of loaded imaging and therapeuidecules. Therefore, we would be able to use
MR imaging to real-time monitor in vivo drug releaisiside the tumor, potentially meaningful for
optimization of therapeutic doses and predictiothefapeutic outcomes [13, 41]. Our observation
here also explains the dramatically enhanced T1diyRals in the tumor after i.v. injection of
Ce6(Mn)@CaC@PEG(DOX) nanoparticled=(gure 5d& €), which after entering tumors via blood
circulation may gradually decompose inside theiadidnor microenvironment.

Encouraged by the high tumor uptake of Ce6(Mn)@GCaRBEG(DOX) after systemic
administration, in vivo combined chemo-& photodynaroancer treatment was then performed.
Female Balb/c mice bearing 4T1 tumors were randaiiigled into five groups for the following
treatments: (1) PBS, (2) Free Ce6 + Free DOX (w8BO-nm light exposure), (3)
Ce6(Mn)@CaC@PEG(DOX), (4) Ce6(Mn)@CaC£PEG (with 660-nm light exposure) and (5)
Ce6(Mn)@CaC@PEG(DOX) (with 660-nm light exposurelll agents were i.v. injected into
those mice (dose: Ce6=4.5 mg/kg, DOX=5 mg/kg). Ahost injection, the corresponding groups
by PDT-treatment (group 2, 4, 5) were irradiatethi60-nm light at a power density of 5 mW/fm

for 1 h. Later, the tumor volumes and body weightse monitored every the other d&ydure 6a).
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It was found that the tumor growth in group 2 (fi2®@X + free Ce6, with light exposure) was only
slightly inhibited, likely owing to the inefficientumor retention of those small molecules (DOX
and Ceb). Tumors in Ce6(Mn)@Cag&PEG(DOX) treated group (group 3) and
Ce6(Mn)@CaC@PEG (with light exposure) treated group (groupbéth showed moderately
delayed growth in the first few days, but grew dhpilater on, indicating that the tumor growth
could not be effectively inhibited by single chemaiapy or photodynamic treatment at the tested
dsoes. Remarkably, the tumor growth on mice trebye@e6(Mn)@CaC@PEG(DOX) (with light
exposure) was greatly inhibited after combined ptighamic & chemotherapy, demonstrating the
superior synergistic antitumor effect by those tirds of therapies. Moreover, the average body
weights of different groups showed no significaatriation Eigure 6b), indicating no obvious
acuteside effect to the treated mice. After treatmehg tumors in different groups were also
harvested and photographed. As Iillustrated Hkingure 6¢c & d, tumors treated by
Ce6(Mn)@CaC@PEG(DOX) (with 660-nm light exposure) were muchadier both in their
weights and visible sizes, consistent to the atborer growth curve data.

Afterwards, slices of tumors with hematoxylin armbi@ (H&E) staining were examined to
further verify the therapeutic effects after vasomeatmentsHigure 6e). As expected, a much
higher level of tumor damage appeared in the coation therapy group (group 5), whereas the
other four groups showed little or no damage onatupells, which exhibited normal membrane
morphology and nuclear structures. Correspondirdggxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) staining of tumor slicedso uncovered the highest level of cell
apoptosis for tumors after the combined photodyna& chemotherapy treatment with
Ce6(Mn)@CaC@PEG(DOX). Furthermore, histological examination &E stained slices of
major organs illustrated no appreciable organ damaggroup 5 after our nanoparticle-based
combination therapy compared to untreated nfeguf e S10, Supporting infor mation).

The CaCQ@nanopatrticle-based theranostic platform developa@ Ihas a number of unique
features potentially superior to many other presipudeveloped theranostic nanoparticles. (1)
Unlike many other inorganic nanostructures, Cga@®hibits inherent biocompatibility and
biodegradability without long-term safety concermgéien used in vivo. (2) Such CagO
nanoparticles are ultra-sensitive to pH, effectiveleasing therapeutic and imaging payloads under

slightly acidic tumor pH. (3) The capability of ngi MR imaging to in vivo real-time monitor drug
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release within our system would have great potefadrafuture precision medicine, to facilitate the
treatment planning and therapeutic response predidd) The excellent therapeutic effect realized
by our tumor pH-responsive combination therapyhertpromises future clinical translation of our

nanoparticles in cancer theranostics.

Conclusion

In summary, we have successfully developed a nassabf stimuli-responsive nanoplatform
based on mono-dispersed PEG-modified Ca@&noparticleswhich then are exploited as a
multifunctional nano-carrier for efficient loadingf different types of therapeutic and imaging
molecules. While being stable under physiologiddl g¢ 7.4, our CaC¢Ce6(Mn)-PEG(DOX)
nanoparticles would be rapidly degraded under 8ligitidic solutions, leading to efficient release
of both Ce6(Mn) and DOX, the former of which wouesult in significantly enhanced T1-contrast
under MR imaging (with the rl value increased by @nder of magnitude at pH 5.5). Efficient
tumor uptake of those nanoparticles is then redebjein vivo multimodal imaging after systemic
injection of CaCQ@Ce6(Mn)-PEG(DOX). Moreover, utilizing such multiictional biodegradable
nanoparticles, we are able to realize a superiarergystic anti-tumor effect by combined
photodynamic & chemotherapy. Therefore, this wor&spnts a tumor-pH-activated nanocarrier
based on CaCg{hanoparticles for imaging-monitored cancer therapgnsidering the inherent
biocompatibility and biodegradability of CaGCas well as its ultra-sensitive response to tumora
pH, CaCQ nanoparticles may indeed be a promising type ofrisoiraig delivery nano-platform

with significant potential in clinical translation.
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Figure 1. Synthesis and characterization of Ce6(Mn)@CaBG nanoparticles. (a) A scheme
showing the synthesis and structure of Ce6(Mn)@ GaREI5 nanoparticles. (b&c) SEM (b) and
TEM (c) images of as-synthesized Ce6(Mn)@Ca®@@noparticle§d) Scanning TEM (STEM)
images of Ce6(Mn)@CaCGGhowing the calcium K edge (yellow), oxygen L edged) and
manganese L edge (green). (e) UV-Vis-NIR spectrafree Ce6, Ce6(Mn)@CaGQCand
Ce6(MN)@CaC@PEG solutions. (f) Dynamic light scattering (DLS)data of
Ce6(Mn)@CaC@PEG in the aqueous solution. (g) A photograph e6@®@In)@CaC@PEG
nanoparticles in water, PBS and cell medium sahstiafter incubation for 24 h.

Figure 2. (a) Schematic illustration showing the pH-respamslecomposition of
Ce6(Mn)@CaC@PEG nanoparticles. (b) Representative TEM imafj€e6(Mn)@CaC@PEG
after being immersed in PBS buffers with differphtvalues (5.5, 7.4 and 6.5) for different periods
of time. Scale bar = 200 nm. (c) Time-dependent dieasured size changes of
Ce6(Mn)@CaC@PEG in PBS with the different pH values (5.5, &l 7.4).

Figure 3. pH-triggered MR enhancement and MR-imaging maoado drug release. (a)
Time-dependent Ce6(Mn) release from Ce6(Mn)@CaREG in PBS with the different pH values.
(b) T1-weighted MR images of Ce6(Mn)@Cas&PEG with various concentrations taken 4 h after
incubation in PBS at three different pH values. T&) relaxivities of Ce6(Mn)@CaGEPEG at
different pH values corresponding to figure (b)) (dV-Vis-NIR spectra of DOX loaded
Ce6(Mn)@CaC@PEG with different feeding concentration of Dd&) Time-dependent T1-MR
images of Ce6(Mn)@CaGIPEG(DOX) after incubation in PBS with different pklues. (f)
Correlation between the percentage of released @K enhanced T1-MR signals over time at
three pH values. Error bars were based on at tepktated measurements. It is feasible to monitor
drug release from those nanoparticles by MR imadiggT1-weighted MR image of tumor-bearing
mouse before and after administration of Ce6(Mn)@QGaAPEG within tumor and normal
subcutaneous tissue. (RJot of MR signal intensity enhancement (Tumor /sple) versus time
after injection of Ce6(Mn)@CaCGAPEG. Error bars were based on at least triplicated
measurements.

Figure 4. In vitro cell culture experiments. (a) Confodaldrescence images of 4T1 cells incubated
with Ce6(Mn)@CaC@PEG for 4 h. (b) Relative viabilities of 4T1 cedifier being incubated with
free DOX or Ce6(Mn)@CaC&PEG(DOX) at various DOX concentrations for 24 hderk. (c)
Relative viabilities of 4T1 cells after incubationith different concentrations of Ce6 and
Ce6(Mn)@CaC@PEG 24 h post 660-nm light irradiation at 5 mWdir 0.5h (+L). (d) Relative
viabilities of 4T1 cells after being treated witle&Mn)@CaC@PEG, Ce6(Mn)@CaC&PEG +
Light irradiation (+L), Ce6(Mn)@CaC&PEG(DOX), and Ce6(Mn)@CaG®PEG(DOX) + L.P
values in figure d was calculated by Tukey's pest-(***p<0.001, **p < 0.01, or *p < 0.05).

Figure 5. In vivo imaging. (a) Time-dependent in vivo fluotesce imaging of mice post i.v.
injection of CaCQ@Ce6(Mn)-PEG(DOX) nanoparticles by recording Ceafbrescence. (b) Ex
vivo fluorescence imaging of the tumor and othegaos taken at 24 h post-injection. (c)
Distribution of CaCQ@Ce6(Mn)-PEG(DOX) in 4T1 tumor-bearing mice detered by
fluorescence of Ce6 (n = 3). (d) T1-weighted MR ges of the same mouse taken before injection
(left) and 24 h post i.v. injection (right) with C&;@Ce6(Mn)-PEG(DOX). (e) Region-of-interest
analysis of T1l-weighted MR signals intensity in tluenor before injection and 24 h post i.v.



injection with nanoparticles. (f) T1-weighted MRage of a tumor-bearing mouse before and after
local injection of Ce6(Mn)@CaCGEPEG within tumor and normal subcutaneous tisy)eRIpt of

MR signal intensity enhancement (Tumor / muscle)rswe time after injection of
Ce6(Mn)@CaC@PEG. Error bars were based on at least triplicatedsurements.

Figure6. In vivo combination therapy. (a) Tumor growthees of different groups of mice after
various treatments (5 mice for each group). (b) Bdey weight variation of 4T1 tumor-bearing
mice during different treatments. (c) Average wesgtf tumors collected from mice at day 12 after
various treatments indicated. (d) A photo of themaus collected from all different groups of mice at
the end of treatments. (e) Micrographs of H&E (upp@d TUNEL (bottom) stained slices of
tumors collected from mice one day after varioeatiments were given. Note: groups 1-5 refer to
PBS (1), free Ce6 and DOX + L (2), Ce6(Mn)@ Cad&EG(DOX) (3), Ce6(Mn)@CaC£PEG +

L (4) and Ce6(Mn)@CaC&PEG(DOX) + L (5)P values in (a&c) were calculated by Tukey's
post-test (***p<0.001, **p < 0.01, or *p < 0.05).
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Figure 1. Synthesis and characterization of Ce6(Mn)@CaBG nanoparticles. (a) A scheme
showing the synthesis and structure of Ce6(Mn)@GaREIG nanoparticles. (b&c) SEM (b) and
TEM (c) images of as-synthesized Ce6(Mn)@Ca@@noparticlegd) Scanning TEM (STEM)
images of Ce6(Mn)@CaGGhowing the calcium K edge (yellow), oxygen L edged) and
manganese L edge (green). (e) UV-Vis-NIR spectrafree Ce6, Ce6(Mn)@CaGQCand
Ce6(MN)@CaC@PEG solutions. (f) Dynamic light scattering (DLS)data of
Ce6(MN)@CaC@PEG in the aqueous solution. (g) A photograph e6@®n)@CaC@PEG
nanoparticles in water, PBS and cell medium sahstiafter incubation for 24 h.
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Figure 2. (a) Schematic illustration showing the pH-respams decomposition of
Ce6(Mn)@CaC@PEG nanopatrticles. (b) Representative TEM imadeSe®(Mn)@CaC@PEG
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Figure 3. pH-triggered MR enhancement and MR-imaging maoado drug release. (a)
Time-dependent Ce6(Mn) release from Ce6(Mn)@CaREG in PBS with the different pH values.
(b) T1-weighted MR images of Ce6(Mn)@Cas&PEG with various concentrations taken 4 h after
incubation in PBS at three different pH values. T&) relaxivities of Ce6(Mn)@CaGEPEG at
different pH values corresponding to figure (b)) (dV-Vis-NIR spectra of DOX loaded
Ce6(Mn)@CaC@PEG with different feeding concentration of DO) Time-dependent T1-MR
images of Ce6(Mn)@CaGIPEG(DOX) after incubation in PBS with different pkalues. (f)
Correlation between the percentage of released @K enhanced T1-MR signals over time at
three pH values. Error bars were based on at tieplstated measurements. It is feasible to monitor

drug release from those nanoparticles by MR imaging
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irradiation (+L), Ce6(Mn)@CaCE£PEG(DOX), and Ce6(Mn)@CaG®PEG(DOX) + L.P values
in figure d was calculated by Tukey's post-test|(&0.001, **p < 0.01, or *p < 0.05).
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Figure 5. In vivo dual-modal imaging of 4T1 tumor-bearing migost i.v. injection of
CaCQ@Ce6(Mn)-PEG(DOX) nanoparticles. (a) Time-dependentivo fluorescence imaging of
mice post i.v. injection of those nanoparticles t®cording Ce6 fluorescence. (b) Ex vivo
fluorescence imaging of the tumor and other orgeolkected taken at 24 h post-injection. (c)
Distribution of CaC@@Ce6(Mn)-PEG(DOX) in 4T1 tumor-bearing mice detered by
fluorescence of Ce6 in tumors and normal tissues 3h (d) T1-weighted MR images of the same
mouse taken before injection (left) and 24 h posv. iinjection (right) with



CaCQ@Ceb(Mn)-PEG(DOX). (e) Region-of-interest analy#ig 1-weighted MR signals intensity
in the tumor before injection and 24 h post i.ye@tion with nanoparticles. (f) T1-weighted MR
image of tumor-bearing mouse before and after adin@tion of Ce6(Mn)@CaC&PEG within
tumor and normal subcutaneous tissue.Rigt of MR signal intensity enhancement (Tumor /
muscle) versus time after injection of Ce6(Mn)@Ca®E8G. Error bars were based on at least
triplicated measurements.
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Figure 6. In vivo combination therapy. (a) Tumor growth wes of different groups of mice after
various treatments (5 mice for each group). (b) Hbdy weight variation of 4T1 tumor-bearing
mice during treatment. (c) Average weights of tusncollected from mice at day 12 after various
treatments indicated. (d) A photo of the tumordeméd from all different groups of mice at the end
of treatments. (e) Histological analysis of tumfieravarious treatments indicated. TUNEL (upper)
and H&E (bottom) stained slices of tumors were estibd from mice one day after various
treatments indicated. Note: group (1), (2), (3),d4d (5) were used to represent PBS (1), free Ce6
and DOX + L (2), Ce6(Mn)@CaCPEG(DOX) (3), Ce6(Mn)@CaCL£PEG + L (4) and



Ce6(Mn)@CaC@PEG(DOX) + L (5).P values in (a& c) were calculated by Tukey's pest-
(***p<0.001, **p < 0.01, or *p < 0.05).



