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tic benefits and diagnostic functions simultaneously. Here we report the synthesis of photosensitising
and acriflavine-carrying amorphous porous manganese phosphate (PMP) nanoparticles with ultra-
sensitive pH-responsive degradability and their application for a photoactivable synergistic nanosystem
that imparts reactive oxygen species (ROS) induced cytotoxicity in synchrony with hypoxia-inducible fac-
tor lay/vascular endothelial growth factor (HIF1a/VEGF) inhibitor that suppresses tumor growth and
Amorphous porous manganese phosphate . . . X
Photodynamic therapy treatment escape signalling pathway. Carboxymgthyl dextran (CMD) is chemically a.nchored on the sur-
Magnetic resonance imaging face of porous manganese phosphate theranostic system through the pH-responsive boronate esters.
Upon the stimulus of the tumor acid microenvironment, manganese phosphate disintegrates and releases
Mn?" ions rapidly, which are responsible for the magnetic resonance imaging (MRI) effect. Meanwhile,
the released photosensitizer chlorin e6 (Ce6) produces ROS under irradiation while acriflavine (ACF) inhi-
bits the HIF-1o/VEGF pathway during the burst release of VEGF in tumour induced by photodynamic
therapy (PDT), resulting in increased therapeutic efficacy. Considering the strong pH responsivity, MRI
signal amplification and drug release profile, the PMP nanoparticles offer new prospects for tumor
acidity-activatable theranostic application by amplifying the PDT through inhibiting the HIF-1o. /VEGF
pathway timely while enhancing the MRI effect.
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Statement of Significance

In this study, we report the synthesis of the tumor acidity-activatable amorphous porous manganese
phosphate nanoparticles and their application for a photoactivable synergistic nanosystem that imparts
reactive oxygen species (ROS) induced cytotoxicity in synchrony with hypoxia-inducible factor 1o/vascu-
lar endothelial growth factor (HIF-1at/VEGF) inhibitor that suppresses tumor growth and treatment
escape signalling pathway. Besides, upon the stimulus of the tumor acid microenvironment, the man-
ganese phosphate nanoparticles finally disintegrate and release Mn?* ions rapidly, which are responsible
for the magnetic resonance imaging (MRI) effect. This nanoplatform is featured with distinctive advan-
tages such as ultra pH-responsive drug release, MRI function and rational drug combination exploiting
the blockage of the treatment escape signalling pathway.
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photosensitizer (PS), an appropriate exciting light and oxygen (O,)
molecules through generation of cytotoxic reactive oxygen species
(ROS) to attack biomolecules (e.g., DNA, biological membrane)
inside cancer cells [3]. However, a fundamental challenge in oncol-
ogy is that many resistance mechanisms and escape pathways ulti-
mately limited the treatment efficacy. Due to the consumption of
0, induced by PDT as well as the inherent inadequate O, supply
for the solid tumors, the PDT would aggravate the hypoxia phe-
nomenon [4-6]. Under hypoxia, stabilization of HIF-1or occurs
through inhibition of 4-prolyl hydroxylase activity, an enzyme that
requires oxygen to be functional. Upon stabilization, HIF-1a pro-
tein was transported into the nucleus where it heterodimerizes
with HIF-1 B, forming the active HIF-1 transcription complex [7].
This process finally increased the level of vascular endothelial
growth factor (VEGF) because HIF-1a plays a pivotal role in phys-
iological and pathophysiological angiogenesis by directly regulat-
ing VEGF, a master regulator of angiogenesis in endothelial cells
[8-11]. One previous research has demonstrated that burst release
of VEGF following PDT is within 6 h [12]. Therefore, co-packing
interactive therapeutic agents into one system with spatiotempo-
rally synchronized release would make it to synergize within the
critical time window for PDT-mediated therapy and vascular
regrowth inhibition during the burst of VEGF in tumour.

The benefits of co-encapsulation of photodynamic agent and
additional agent in one single carrier have been confirmed by
many research groups in vitro and in vivo [13-16]. Porous nanoma-
terials, particularly porous silicon based nanosystems, have been
paid great attention because of their large surface area, tunable
pore size and volume as well as high loading capacity for drugs,
dye agents and photosensitizers (PS) [17,18]. With the rapid devel-
opment of imaging approaches, such as magnetic resonance imag-
ing, there is a pressing need for the development of nanomedicine
of synergistic drug combination as well as diagnostic application
[19,20]. Very recently, biodegradable manganese-based nanomate-
rials have been successfully developed for anticancer delivery
[21-23]. Manganese was introduced to the therapeutic systems
since Mn is one of the necessary elements in human body for meta-
bolism and the biological system can efficiently control its uptake
and excretion, showing low toxicity and high biosafety [24,25].
Moreover, our previous work also demonstrated that MnO, based
nanocarriers with tumor microenvironment-responsive MRI func-
tion can be used for anticancer drug delivery [26,27]. However,
the relaxivity of these systems was not high enough owing to the
absence of water molecules coordinated with Mn?*. In order to
enlarge the water-accessible surface, hollow nanostructures were
introduced, which possess a higher r; relaxivity [28,29]. Besides,
a hollow pH-responsive manganese phosphate nanosystem for
cancer cells targeted MRI and therapeutic agent delivery was
investigated in vitro [30]. Despite these efforts, their applications
as pH-responsive theranostic platforms by combing imaging func-
tions and therapeutic agents in vivo application also require con-
siderable improvement. Importantly, it was reported that the
decomposition of the pH-responsive materials in the amorphous
form under the acid environment was accelerated without the lat-
tice energy limitation [31]. Lattice energy is a key parameter for
the predication of the stability of ionic compounds [32]. In other
words, the separation of manganese ions from phosphate ions if
the material was in the crystal form would be difficult due to the
lattice energy. Alternatively, the amorphous porous manganese
phosphate nanoplatform would be a superior candidate as a ther-
anostic nanosystem for MRI and synergistic drug combination.

Here, we report the synthesis of amorphous porous manganese
phosphate nanoparticles and their application for synergistic drug
combination in the pursuit of amplification of photodynamic can-
cer therapy. As shown in Scheme 1, in such nanoparticles, chlorin
e6 (Ce6), a photosensitizer, was loaded for photodynamic therapy

[33]. Additionally, the nanoparticles could also enable efficient
loading of acriflavine (ACF) for inhibition of HIF-1o/VEGF pathway,
therefore increasing the PDT efficacy induced by Ce6 when it was
exposed to the 660 nm laser irradiation [34,35]. In order to mini-
mize the premature drug release, it was highly desired to explore
the on-demand drug release strategies through capping the
nanoparticles with an intelligent gatekeeper [36]. Carboxymethyl
dextran (CMD), a hydrophilic polymer, was chemically anchored
on the surface of porous manganese phosphate through the pH-
responsive boronate esters because it has been widely used for
many biomedical applications [37-39]. The CMD modification is
expected to endow photosensitising and ACF-carrying amorphous
porous manganese phosphate (PMP) nanoparticles with some mer-
its. On one hand, it could act as a gatekeeper by forming a dense
layer around the nanoparticles, which is favorable for minimizing
premature drug release. On the other hand, with hydrophilic char-
acter, CMD coating would improve the stability and biocompatibil-
ity of the system. The enhanced permeability and retention (EPR)
effect is a unique phenomenon of solid tumors, which is relating
to their anatomical and pathophysiological differences from nor-
mal tissues. The reticuloendothelial system (RES), which is
enriched in the liver and spleen, can be a major obstacle to tumor
delivery of macromolecular drugs relying one EPR effect [40]. Just
as PEGylation reduced the rate of RES uptake and increased the cir-
culation half-life of various types of nanoparticles, CMDylation was
able to reduce nanomaterials accumulation in reticuloendothelial
system (RES) and prolong their blood circulation time, resulting
in increased chance of accumulation in the region of interest
(ROI) through the EPR effect. Therefore, CMDylation thus benefits
EPR-based targeting of drugs to tumors.

2. Materials and methods
2.1. Materials

Oleic acid and manganese (II) 2, 4-pentanedionate were
obtained from Alfa Aesar (USA). Oleylamine and Acriflavine (ACF)
were purchased from Xiya Reagent (Shandong, China).
(3-Aminopropyl) trimethoxysilane (APTMS) was ordered from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Carboxymethyl dextran sodium salt (CMD) and triethyl phosphate
were obtained from Tokyo Chemical Industry (Tokyo, Japan).
4-Formylphenyboronic acid was purchased from Aladdin
Industrial Corporation (Shanghai, China). Ce6 was ordered from
J&K Scientific Ltd. (Beijing, Chian). Sodium borohydride was
obtained from Sigma-Aldrich, Inc. (St Louis, MO, USA).

2.2. Synthesis and modification of PMP

The preparation of porous manganese phosphate (PMP) was
achieved by following a literature procedure with a minor modifi-
cation [30]. First, oleic acid (2 mL), oleylamine (3 mL) and methyl-
benzene (12 mL) were placed into a stainless steel autoclave, then
deionized water (0.2 mL), manganese (II) 2,4-pentanedionate
(1 mmol) and triethyl phosphate (0.4 mL) were added into the
above reaction system. The temperature was kept at 180 °C for
9 h, and the stainless steel autoclave was cooled down rapidly to
room temperature with the help of cold water, and then the light
brown mixture was added into anhydrous ethanol (10 mL). The
suspension was centrifuged at 12,000g for 15 min and the precip-
itate was washed with anhydrous ethanol for three times. The final
product (PMP) was dried in a vacuum drying oven for further use.

NH,-PMP was synthesized by dispersing 34 mg of PMP in
n-hexane (90 mL) with the help of sonication. APTMS (100 pL)
and acetic acid (9 pL) were added into the above solution and
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Scheme 1. (A) Synthesis scheme for C-PMP/Ce6/ACF nanoparticles. (B) Schematic illustration of proposed mechanism of the multifunctional PMP nanoparticles for

amplification of photodynamic cancer therapy and magnetic resonance imaging.

the solution was stirred for 5 min. The product was obtained by
centrifugation at 12,000g for 10 min and washed with anhydrous
ethanol for three times and dried in air at room temperature. For
the preparation of PBA-PMP, NH,-PMP (100 mg) in methanol
(25 mL) was added with 4-formylphenyboronic acid (2.0 mg).
The mixture was stirred at room temperature for 4 h. Then sodium
borohydride (2.3 mg) in cold methanol was added into the reaction
system in an ice bath. After the reaction for 30 min under the ice
bath, the solution was stirred for another 24 h at room tempera-
ture. The solution was centrifuged at 12,000g for 10 min and
washed three times with anhydrous ethanol. The final product
was dried at room temperature for further use. Besides, a model
system, in which the starting APTMS alone was used to follow each
step reaction by '"H NMR spectroscopy.

2.3. Preparation of Drug-loaded PMP NPs and CMD modification

Firstly, ACF (10 mg) in deionized water (3 mL) and Ce6 (10 mg)
in ethanol were dispersed into PBA-PMP aqueous solution (4 mL)
with a concentration of 10 mg/mL under magnetic stirring for 4 h
in the dark. Then, CMD (40 mg) dissolved in deionized water
(1 mL) was added into the above reaction system. The resultant
solution was then stirred for another 4 h. In order to remove the
free ACF and Ce6, the mixture was dialyzed for 6 h.

2.4. Characterization

A zetasizer Nano ZS-90 instrument (Malvern, UK) relying on the
dynamic light scattering (DLS) technology and a transmission elec-
tron microscope (TEM, FEI Tecnai G2 20, USA) were used for char-
acterizing the nanoparticle size distribution, zeta potential and
morphology of the as-prepared nanoparticles. Powder X-ray
diffraction (XRD) was carried out by using an X-ray diffractometer
(X'Pert PRO MPD, PANalytical, Almelo, Netherlands). X-ray photo-
electron spectroscopy (XPS) was applied for the verification of
the Mn and P elements (Thermo ESCALAB 250XI, USA). Nitrogen
adsorption-desorption isotherms were recorded on a NOVA Touch
apparatus (Quantachrome Instruments, Florida, USA). A MicroMR

apparatus (0.5 T; Shanghai Niumag Electronic Technology Co.,
Ltd., Shanghai, China) was employed for evaluating the imaging
property and the longitudinal (T;) relaxivity values. The concentra-
tion of ACF was measured by an HPLC. HPLC separation was carried
out on an Acclaim™ 120 C18 column (4.6 mm x 250 mm, 5 pm)
maintained at 30 °C. The isocratic mobile phase was composed of
water, methanol and acetonitrile with a ratio of 10:85:5, which
was delivered at a flow rate of 1 mL min~!. The measuring wave-
length was set at 456 nm, and the injection volume was 20 pL.
The concentration of Ce6 was determined at 660 nm by an UV-
Vis spectrophotometer (Shimadzu, Tokyo, Japan). The 'H NMR
spectra of the APTMS derivative and CMD derivative were deter-
mined by using a Bruker Avance-III-HD 400 MHz NMR Spectrome-
ter (Bruker BioSpin Corp., Billerica, MA, USA).

The release measurements were carried out in phosphate-
buffered saline (PBS) pH 7.4 and acetic buffer solution pH 6.0.
The formulation was diluted with the release medium, and was
then placed into pre-treated dialysis bags (MW cutoff = 8000 KDa).
Each brown bottle was added with the release medium and the
dialysis bags were placed into them completely. These bottles were
agitated in a shaker at 37 °C in the darkness. The samples were
taken out at predetermined intervals and replaced with an equal
volume of fresh medium. The concentrations of Ce6 and ACF were
determined as described before. The cumulative release% was
calculated by using the following formula: Cumulative release’ =
F1/Fo x 100%, where Fy was the drug content in the formulation
placed in the dialysis bag, and F; was the cumulative released drug
amount in the release medium.

2.5. Cell experiment

2.5.1. Cellular uptake

Given the fluorescent nature of ACF, we employed the fluores-
cence of ACF to determine the internalization of the free ACF and
C-PMP/Ce6/ACF NPs. Briefly, SMMC-7721 cells were seeded in 6-
well plates at 3 x 10° cells per well and incubated for 12 h at
37 °C. Then, the free ACF and C-PMP/Ce6/ACF NPs dispersed in cell
culture medium were added at an equivalent ACF concentration of
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3.3 uM. At the end of incubation, the drug-contained medium was
abandoned and each well was rinsed with PBS. Similarly, the par-
allel wells in need of irradiation were subjected to a 660 nm laser
(UltraFire, China) for 20 s at 3 W/cm? after being stained with Lyso-
Tracker Red (Beyotime Biotechnology, Shanghai, China) per the
manufacturer’s instruction. After the treatment, a fluorescence
microscope was used to observe the fluorescence.

2.5.2. Cytotoxicity assay

In order to evaluate the cytotoxicity of PMP-based formulations,
SMMC-7721 cells were seeded into a 96-well plate (5 x 10 cells/
well) in medium (100 pL) and cultured for 12 h to allow cell adhe-
sion. The cells were then treated with the tested NPs. The concen-
trations of ACF and Ce6 were 1.0 uM and 1.58 pM, respectively.
After incubation, the cell viability was evaluated by the methylth-
iazolyldiphenyl tetrazolium bromide (MTT) assay. Each experi-
ment was conducted for three independent measurements.

2.5.3. qRT-PCR and ELISA assay

SMMC-7721 cells were seeded in 6-well plates at 3 x 10° cells
per well. After incubation for 12 h, the cells were then added with
the tested NPs at the relevant concentrations. After incubation for
4 h, the cells in the irradiation groups were irradiated with a
660 nm laser for 20 s at 3 W/cm?®. After 24 h of incubation, total
RNA from cells samples was extracted by TRIzol reagent (CoWin
Biosciences, Beijing, China). cDNA was synthesized with Oligo
(dT)18 primer and the RT Easy™ [ Reverse Transcription Kit
(World’s Foregene, Chengdu, China). In order to quantify VEGF
expression, qRT-PCR analysis was performed by using Real time
PCR Easy™-SYBR Green I (World’s Foregene, Chengdu, China), and
B-actin was used as the endogenous control. PCR primers for VEGF
were as follows: forward, 5 GAAGGAGGAGGGCAGAATCATCAC3';
reverse, 5CACAGGATGGCTTGAAGATGTACTC 3’; for B-actin were:
forward, 5’AGAGCTACGAGCTGCCTGAC3'; reverse, 5’AGCACTGTGT
TGGCGTACAG3'. qRT-PCR was performed with a LightCycler® 96
instrument (Roche, Switzerland). The results were calculated by
using the 2-22¢T methods.

On the other hand, the parallel cells were seeded and subjected
to PDT as described above. The cell medium was collected for eval-
uating the VEGF level by using a VEGF ELISA Kit (MEIMIAN, Jiangsu,
China) per the manufacturer’s instruction.

2.5.4. Apoptosis determination

SMMC-7721 cells were seeded in 6-well plates at 3 x 10° cells
per well. After incubation for 12 h, the cells were then added with
the tested NPs at the relevant concentrations. The concentrations
for ACF and Ce6 were 1.0 uM and 1.58 pM, respectively. After incu-
bation for 4 h, the cells were irradiated with a 660 nm laser for 20 s
at 3 W/cm?. After incubation for 24 h, the cells were collected for
subsequent staining by Annexin-FITC/PI per the manufacturer’s
instruction. Finally, the collected cell samples were analyzed by a
flow cytometry (BD Bioscience, Franklin lakes, NJ, USA).

2.5.5. ROS determination

Cells were seeded and subjected to PDT as described in Sec-
tion 2.5.4. Alkaline comet assay was carried out for evaluating
the damage to cells by the ROS. The collected cells were combined
with molten agarose (at 37 °C) and added on the clean glass slides.
After being placed in a refrigerator at 4 °C for 2 h in darkness, slides
were then immersed in pre-chilled fresh lysis solution for 2 h in
darkness. Slides were then placed in a horizontal electrophoresis
apparatus reservoir, which was filled with alkaline electrophoresis
buffer. The electrophoresis was carried out at 60 V for 20 min. Then
the slides were washed twice with pure water. Finally the air-dried
slides were added with PI and a fluorescence microscopy was used
to capture the images. The results were processed by using Comet

Score™ software (TriTek, Annandale, VA, USA) to evaluate DNA
damage by calculating the % DNA tail [41].

2.5.6. Western blotting

Cells were seeded and subjected to PDT as described in Sec-
tion 2.5.4. Treated cells were collected for lysis in RIPA buffer con-
taining protease and phosphatase inhibitors. The total protein
concentrations were measured by using the BCA Protein Assay
Kit (Beyotime Biotechnology, China). For each group, 20 g of pro-
tein was loaded onto 10% SDS-PAGE gel and was electro-
transferred from the gel onto the PVDF membrane. Afterwards,
the membranes were incubated with a blocking buffer (5%
skimmed milk in TBST) and incubated with the primary antibody
at 4 °C for 12 h. Antibodies were measured with horseradish perox-
idase (HRP)-conjugated secondary antibody. Finally, an UVP imag-
ing system (Ultra violet Products Ltd., CA, USA) was used to take
the images.

2.6. In vivo imaging and antitumor efficacy

BALB/c nude mice (four weeks) were purchased from the SJA
Laboratory Animal Co., Ltd. (Changsha, China) and all the mice
received care in compliance with the criteria of the national
Regulation on the Management of Laboratory Animals. The
SMMC-7721-bearing mice models were established according to
the following method. SMMC-7721 cells (1 x 107) were injected
on the right axilla of the five week-old Balb/c nude mice. After
implantation for one week, in order to assess the distribution
behaviour in vivo after PMP-based NPs injection to the SMMC-
7721-bearing mice, NIR fluorescence in vivo imaging (Carestream
Health, Inc., USA) was carried out. The instrument was employed
to record the NIR emission spectra of mice administrated with
two formulations, respectively. The captured images and the
corresponding X-ray images were analyzed by the Bruker
Molecular Imaging Software. At the scheduled time points, MRI
was conducted on a 3.0T clinical scanner (Siemens Healthcare
Sector, Erlangen, Germany).

When the tumor volume reached about 100 mm?, the mice
were divided into eight groups randomly. All formulations were
intravenously injected into mice via the tail every two days,
respectively. The dosage of Ce6 and ACF was 5 mg/kg and
2.5 mg/kg, respectively. At the predetermined time point, the
tumors of the PDT groups were irradiated with a 660 nm laser
(3 W/cm?, 2 min). The mice were weighted by an electronic bal-
ance and their tumor volumes were measured by a vernier caliper.
The tumor volumes were calculated as V=0.5 x a? x b, where a
and b represent the shortest and longest diameter of the tumor,
respectively. After five times of treatment were completed, major
organs were subjected to the hematoxylin and eosin (H&E) stain-
ing. The collected tumors were rapidly frozen at —80 °C. Then,
the collected tumor samples were sliced with a cryostat micro-
tome. The tumor sections were incubated with a 1:250 dilution
of CD-31 primary antibody (Proteintech, Wuhan, China) at 4 °C
overnight, and then they were incubated with Alexa Fluor 488-
labelled secondary antibody (1:200) for 1 h at ambient tempera-
ture. Images were captured by a Nikon microscope.

2.7. Statistical analysis

The data were presented as the mean + standard deviation (SD).
The differences between two groups and multiple groups were
analyzed by Student’s t test and one-way ANOVA, respectively.
The level of significance was set at probabilities of *p < 0.05,
**p <0.01, and **p < 0.001.
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3. Results and discussion
3.1. Preparation and characterization of PMP NPs

Amorphous porous manganese phosphate (PMP) materials with
designable porosity and functionality have promising applications
in drug delivery. The successful synthesis was validated by a series
of methods. As shown in Fig. 1A, the TEM image showed the pre-
pared uniform nanoparticles were round with a size of about
168 nm. TEM image of the PMP NPs at a higher magnification indi-
cated some faint dots dispersed on each particle, indicating the for-
mation of porous structure (Fig. 1B). Besides, the EDS also
demonstrated the existence of Mn and P elements (Fig. 1C). As
shown in Fig. 1D, the X-ray diffraction (XRD) pattern of the PMP
NPs demonstrated that the crystal form of them was amorphous
due to the observed broad peaks in the entire tested range. This
phenomenon was beneficial because amorphous nanoparticles
exhibited good biodegradability, which is also found among the
analogous calcium phosphate nanomaterials [42-44]. Generally,
Mn 2p states are used to distinguish the difference between
Mn?* and Mn*. The Mn 2p peaked at binding energies of
641.85 kev and 653.67 kev, corresponding to the Mn 2p*? and
Mn 2p'/? spin-orbit peaks, respectively (Fig. S1). These data sug-
gested that the Mn atoms have +2 oxidation state, which matched
the reported values of Mn (II) oxidation states [45]. As shown in
Fig. 1E, PMP exhibited a type of V in the International Union of Pure
and Applied Chemistry (IUPAC) classification, and its surface area
was about 20.58 m?/g. Its pore size was about 3.34 nm (Fig. 1F),
which is enough to load the small drug molecules because the esti-
mated molecular size of ACF and Ce6 through the ChemDraw Soft-
ware12.0 is about 1.25 nm and 1.53 nm, respectively.

3.2. Characterization of PMP-based theranostic NPs

The success of one drug delivery system in vivo depends largely
upon the stability of the nanoparticles. For this purpose, the CMD
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was employed to functionalize the surface of the drug-loaded
NPs [46]. As shown in the FT-IR spectra in Fig. 2A, the characteristic
peaks at 2924.5 cm~! and 2853.6 cm™! corresponding to the —-C-H
stretching vibration of oleic acid decreased obviously after modifi-
cation with (3-Aminopropyl) trimethoxysilane (APTMS). In addi-
tion, new peaks at 1053 cm™! and 1636 cm™' were ascribed to
the -C-N stretching vibration and the N-H deformation vibration,
respectively, further supporting the successful APTMS modifica-
tion. Consistent with the phenomenon observed in the inset in
Fig. 2A, the PMP NPs with hydrophobic surface property could only
be suspended in hexane phase, whereas the amine PMP NPs could
be well-dispersed in water. After the PBA modification, one new
peak at 1384 cm™! corresponding to the -B-OH stretching vibra-
tion further demonstrated the introduction of PBA. Besides, we
used a model system, in which the starting APTMS alone was used
to follow each step reaction by '"H NMR spectroscopy (Fig. S2). For
APTMS derivative, final product was vacuum dried to obtain a yel-
lowish solid. "H NMR spectroscopy was performed with the follow-
ing parameters: '"H NMR (400 MHz, DMSO-dg) & 8.38 (s, 2H), 7.99
(d, J=7.4Hz, 2H), 7.86 (d, J=7.4Hz, 2H), 4.22 (s, 2H), 3.68
(s, 9H), 2.18 (t, J = 7.4 Hz, 2H),1.9 (s, 1H), 1.12-1.41 (m, 2H), 0.85
(t, J=6.4Hz, 2H). Compared to the '"H NMR spectrum of CMD
(Fig. S3), the new peaks at 2.94 ppm, 1.70 ppm and 0.60 ppm of
CMD derivative were attributed to the protons of the APTMS
derivative. Besides, new peaks at 7.86 ppm and 7.96 ppm were
the characteristic resonances of benzene ring. Moreover, the disap-
pearance of the characteristic peaks of -B—(OH), and 1,2-diols
further confirmed the formation of the boronate esters. Therefore,
these results indicated that APTMS derivative was successfully
conjugated to the CMD.

Subsequently, Ce6 and ACF were introduced into PMP NPs by
soaking. Although the surface area of the PMP NPs was not big
enough, the loading efficiency of Ce6 was more than 90% when
the ratio of the carrier and Ce6 was set at 1:1. This high efficiency
of Ce6 may be due to the electrostatic interaction between the Ce6
and the unreacted APTMS on the inner pores of the nanoparticles.
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Fig. 2. Characterization of the derivatives of PMP and the drug-loaded PMP NPs. (A) FT-IR spectra of PMP and its derivatives. Insets are the photographs of hexane soluble PMP
NPs (a) and water soluble PMP-NH, NPs (b), respectively. (B) N,-adsorption-desorption curves of the C-PMP/Ce6/ACF NPs and the pore diameter distribution. (C) TEM image
of C-PMP/Ce6/ACF NPs. (D) Size distribution of C-PMP/Ce6/ACF NPs. (E) Zeta potential of C-PMP/Ce6/ACF NPs. (F) Macroscopic aspect of C-PMP/Ce6 NPs (a), C-PMP/Ce6/ACF

NPs (b), C-PMP/ACF NPs (c) dispersion in PBS.

In contrast, the loading efficiency of ACF was low. When the ratio
of the carrier and ACF was set at 1:1, the loading efficiency of
ACF was less than 50%, which may be due to the repulsion from
the above mentioned unreacted APTMS. The loading efficiency of
Ce6 and ACF reached up to 85.6% and 46.0% respectively when
the ratio of carrier/Ce6/ACF was set at a weight ratio of 4:1:1.
Recently, the hollow mesoporous nanoparticles have emerged as
the drug delivery vehicles because the hollow counterparts proved
to be the drug molecules reservoir [36]. However, the weak inter-
actions between the loaded drug molecules and the material
matrix made on-demand release difficult. For our system, this high
drug loading efficiency may be related to the special feature of the
PMP NPs. When these PMP NPs were immediately incubated in the
PS/drug solution, the PS/drug molecules were surely to be
imported and entrapped in the pores instead of the huge cavity.
After being capped with CMD, the surface area decreased from
20.58 m?/g to 10.18 m?/g, and the pore size distribution also
decreased to 1.46 nm (Fig. 2B), indicating the existence of CMD.
As shown in Fig. 2C, the TEM image of C-PMP/Ce6/ACF showed that
the drug loaded NPs were evidently wrapped around by the high
molecular CMD as well as the entrapment of drug molecules. These
data indicated that the pores were blocked to some extent due to

the PS/drug loading as well as the capping of the gatekeeper
CMD. The DLS data showed that hydrodynamic size of C-PMP/
Ce6/ACF NPs was around 180.7 nm in the aqueous solution
(Fig. 2D), and its PDI was about 0.21. The zeta potential was around
-22.6 mv (Fig. 2E), which is beneficial to make the NPs having good
stability in vitro and in vivo. As shown in Fig. 2F, those CMDylated
nanoparticles exhibited excellent dispersibility in PBS without any
precipitation, allowing their further applications in biological sys-
tems. Thus, the CMD played a critical role in our nanoplatform,
which is consistent with the Resovist (ferucarbotran), a commer-
cialized iron oxide nanoparticles (IONP) formulation modified with
CMD [47].

3.3. In vitro release and MRI evaluation

The release behaviours of the drug-loaded PMP NPs were inves-
tigated by the dialysis method. As shown in Fig. 3A, the release per-
centages of ACF and Ce6 for C-PMP/Ce6/ACF NPs after incubation
for 8 h at pH 7.4 were 49.2% and 47.8%, respectively. We inferred
that the CMD modification on the surface partially blocked the
pores containing drug molecules, leading to the release of Ce6
and ACF in a slow manner. However, the NPs showed a more rapid
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release profile at pH 6.0 in comparison to that at pH 7.4, indicating
the highly pH-responsive release property. Therefore, the key fac-
tors including crystalline form and type of surface functional
groups may contribute to the rapid drug release. On one hand,
the CMD was easily detached from the nanoparticles because it
was introduced through the borate ester bonds between boronic
acids and idols, which are easily to break under the acid environ-
ment [48,49]. On the other hand, the amorphization of the PMP

NPs was also critical for the separation of manganese ions and
phosphate ions without the limitation of the lattice energy, which
further promoted the drug release. According to our prior
researches, manganese ions could be used as the T;-weighted con-
trast agents [50]. It is expected that the imaging property would be
improved when the acid triggered the manganese ions release. As
shown in Fig. 3B, the r; relativity value was measured to be
1.9mM 's'and 48 mM~!s ! at pH 7.4 and pH 6.0, respectively.
At pH 7.4, it was inevitable for the water molecules to access the
exposed Mn?* on the surface of the nanoparticles due to the incom-
pletely coating as well as the large surface of the nanoparticles,
which lead to the self-imaging property. However, at pH 6.0, the
r; relativity value was measured to be 4.8 mM~' s~! because of a
lot of released Mn?* ions, which enlarged the water-accessible sur-
face [51]. The r; relativity of free Mn?* was determined with a
value of 5.2 mM~'s~!, Therefore, the r; value of our system at
pH 6.0 was comparable to that of free Mn?*, indicating our system
under in vitro mimic microenvironment still showed the potential
for positive MRI. Besides, the T;-weighted MRI images in Fig. 3C
also demonstrated the enhanced imaging function of our system
in pH 6.0 PBS compared to that in pH 7.4 PBS. In order to test
our hypothesis, the TEM image of the C-PMP/Ce6/ACF was further
captured as shown in Fig. 3D. As expected, fewer nanoparticles and
some dissolved PMP matrix/fragments could be traced at pH 6.0.
Thus, these data indicated that low pH stimulus could cause the
dissolution of PMP NPs, which not only promoted the drug release,
but also rendered the amplification of the imaging signal relying on
manganese ions.

3.4. Cellular uptake and in vitro efficiency

In order to explore the intracellular drug release behaviour of
C-PMP/Ce6/ACF NPs, its drug localization was investigated by fluo-
rescence microscopy. As shown in Fig. 4A, green fluorescence signal
was observed in the SMMC-7721 cells in both the free ACF group
and C-PMP/Ce6/ACF NPs group. However, the fluorescence of free
ACF group was stronger than that of C-PMP/Ce6/ACF NPs at 1 h.
One possibility was that ACF is a small molecule that diffuses into
cells easily while C-PMP/Ce6/ACF NPs entered in the cells through
the energy-dependent endocytosis. As the incubation time
increased to 4 h, the fluorescence of C-PMP/Ce6/ACF was stronger
than that of free ACF group. Previous study of the interaction
between CMD and cancer cells had revealed that CMDylated
nanoparticles selectively attached to cancer cells to some extent,
which is associated with the fact that the three-dimensional dex-
tran hydroxyl network shell pointed to the endocytotic mecha-
nisms of uptake [52]. Thus, the CMD may also affect the
interaction between the drug-loaded nanoparticles and tumor cells.
The cellular fluorescence after a 660 nm laser irradiation was fur-
ther studied. As shown in Fig. 4B, the green fluorescence decreased
to some extent for both groups due to the quenching effect induced
by the light treatment. Moreover, the green ACF fluorescence was
separated from the endosomes/lysosomes, suggesting the success-
ful endosomal/lysosomal escape. This phenomenon could be
explained by the increased inner osmotic pressure due to a lot of
fresh manganese ions and phosphate ions as well as the ROS gener-
ation by Ce6 under the irradiation. The survival rate of cells incu-
bated with the C-PMP was almost 100% when the particle
concentration was less than 50 pg/ml (Fig. S4). Therefore, the
C-PMP had no obvious cytotoxicity and was suitable as drug carri-
ers. Fig. 4C showed the cell inhibition rates of SMMC-7721 cells
after treatment with different formulations. As expected, the
C-PMP/Ce6/ACF plus irradiation showed the strongest anticancer
effect compared to any other drug-loaded PMP NPs. Photodynamic
therapy (PDT) is believed to aggravate hypoxic conditions to tumor
cells, resulting in the overexpression of angiogenic markers such as
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vascular endothelial growth factor (VEGF) [53]. The levels of VEGF
were determined by using qRT-PCR and ELISA assay, respectively.
Compared to other groups, C-PMP/Ce6/ACF NPs plus irradiation
could significantly decrease VEGF mRNA by about 40% and effec-
tively inhibited the expression of the VEGF protein in SMMC-7721
cells. These results were attributed to the intracellular fate of
C-PMP/Ce6/ACF NPs, which possessed high cellular uptake and
rapid lysomal escape, as well as synergistic effect of ACF and ROS.

On the basis of the excellent results of the cell inhibition, the cell
apoptosis was determined. As shown in Fig. 5A, the C-PMP/Ce6 NPs
in the dark have lower toxicity to SMMC-7721 cells compared with
the irradiation group. However, cells apoptosis was induced in
more and more cells by the C-PMP/Ce6/ACF NPs plus laser group.
Comet assay was further carried out for evaluating the DNA damage
induced by the ROS. As shown in Fig. 5B and Fig. S5, only natural
DNA retained round shape, while damaged DNA migrated away
from the nucleus, depending on the molecular weight of its frag-
ments. For the groups without irradiation, such as C-PMP/Ce6 NPs
and C-PMP/Ce6/ACF NPs, a little damage was observed since most
of the DNA remained round. After irradiation, obvious tail could
be observed, indicating the damaged DNA migration. These results
further confirmed that the enhanced photocytotoxicity of C-PMP/
Ce6/ACF NPs resulted from DNA damage by singlet oxygen genera-
tion as well as the effect of ACF. In order to better understand the
apoptotic signalling pathway, the main apoptotic regulators such
as anti-apoptotic protein Bcl-2 and apoptotic protein Bax were
evaluated by Western blotting. As shown in Fig. 5C, the C-PMP/
Ce6 NPs and C-PMP/Ce6/ACF NPs plus the 660 nm irradiation led
to the lower Bcl-2/Bax ratios. Overall, there was enough potency
for the C-PMP/Ce6/ACF NPs to achieve the enhanced PDT effect in
the presence of the 660 nm laser irradiation.

3.5. In vivo NIR imaging and MRI

The biodistribution of C-PMP/Ce6/ACF NPs was monitored by a
near-infrared fluorescence imaging system. As shown in Fig. 6A, no
significant fluorescent signals were detected at the tumor site in
the free Ce6 group because of the lack of targetability. In contrast,
strong fluorescence signals were observed in the tumors of mice
treated with C-PMP/Ce6/ACF NPs. The nanoparticles accumulation
at the tumor site increased with the time extended, indicating that
the nanoparticles remained in circulation and could accumulate
into the tumor effectively. This feature might be attributed to the
hydrophilic CMD, which could potentially escape macrophage
capture to some extent. Importantly, after 24 h, C-PMP/Ce6/ACF
NPs were still retained in the tumor tissue, which may be due to
the special interaction of CMD and the tumor cells. Among all
the observed time points, the fluorescence intensity at the tumor
site reached the maximum level after 8 h injection. Thus, the
T,-weighted MRI image was obtained at the same time point. As
shown in Fig. 6B and C, the appreciable whitening phenomenon
could be easily observed at the tumor site compared to that of
the control mice. Consequently, the C-PMP/Ce6/ACF NPs could
accumulate at the tumor site to some extent and could provide
information about the tumor when it was used as a T; MRI contrast
agent.

3.6. In vivo antitumor efficacy

Encouraged by the promising results of combination therapy
in vitro, we studied the in vivo antitumor efficiency of the C-PMP/
Ce6/ACF system. As shown in Fig. 7A, the body weights of mice
treated with all the PMP-based formulations barely changed
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during the duration of the study. Besides, the histopathological
analysis of major organs sections stained with H&E (Fig. S6)
showed there was no pathological variation in the major organs,
confirming excellent biocompatibility of all the tested nanoparti-
cles. On one hand, the good biocompatibility might be attributed
to the confinement and retention of Mn?* ions in the nanoparticles
at pH 7.4. On the other hand, the flexible CMD coating on the sur-
face of PMP NPs could hinder the capture of the nanoparticles by
phagocytotic cells, which further attributed to the excellent bio-
compatibility. Manganese neurotoxicity could occur in humans fol-
lowing exposure to high levels of manganese in the air or water.

Manganese neurotoxicity is associated with elevated brain levels
of manganese, especially in the human caudate-putamen, globus
pallidus, substantia nigra, and subthalamic nuclei [54]. One earlier
study showed that the loss of cells in globus pallidus and caudate
putamen as well as in frontal cortex of rats was significantly higher
(p <0.05) for manganese phosphate exposure group [55]. More-
over, old age and gender influence the pharmacokinetics of inhaled
manganese sulfate and manganese phosphate in rats [56]. How-
ever, the disturbance and impairments of biological functions
induced by nanoparticles are closely relating to the particle size
and surface chemistry [57]. Therefore, despite the inspiring
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therapeutic performance of C-PMP/Ce6/ACF, its potential long-
term toxicity in vivo should be well evaluated prior to finding its
way into clinical applications.

In order to evaluate the therapeutic efficiency of various groups,
the volumes of the SMMC-7721 tumors were measured over the
therapeutic period. As shown in Fig. 7B, the tumors in the control
group grew rapidly with a V/V, value of 8.2 + 0.6 at the end of the
study. When the tumor-bearing mice were treated with C-PMP
plus irridiation or C-PMP/Ce6, no obvious tumor inhibition was
observed. However, the tumor volumes of all the laser irradiation
groups decreased after five times injections, which mainly attribu-
ted to the effect of the PDT effect. Remarkably, the tumors from the
C-PMP/Ce6/ACF plus irradiation group were inhibited continuously
and showed the smallest average tumor volume with a V/Vq value
of 2.7 + 0.4, indicating the strongest antitumor effect of the com-
bined therapy. The enhanced efficacy of the C-PMP/Ce6/ACF plus

irradiation highlighted the critical function of co-packaging inter-
active therapeutic agents into one system. The requirement for
co-loading to get optimal efficacy is most likely owing to the rapid
microvessel damage and shutdown by both ROS and ACF simulta-
neously. In order to test our hypothesis, microvessel formation was
evaluated by immunostaining with anti-CD31 antibody. Represen-
tative tumor microvessel densities in each group are shown in
Fig. 7C. ACF-based formulations significantly impaired the
microvessels formation, especially for the C-PMP/Ce6/ACF group.
The results suggested that the altered tumor growth was directly
correlated with altered microvessel formation apart from the PDT
effect. In addition, in order to further evaluate the effect of differ-
ent therapeutic formulations, hematoxylin-eosin (H&E) staining
was carried out to observe the tumor cell morphologies (Fig. 7D).
As expected, the shrinkage of nuclei, nuclear fragmentation, and
decrease of the tumor cells density was observed after the
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therapeutic process, suggesting the occurrence of cell apoptosis.
Among all the therapeutic groups, such phenomena were obvious
for the C-PMP/Ce6/ACF plus laser group. These histological assays
further demonstrated the superiority of our combination therapeu-
tic nanosystem.

4. Conclusions

In summary, this organic-inorganic hybrid theranostic
nanoplatform for tumor combination therapy was constructed
with the entrapment of photosensitizer Ce6 and ACF in the porous
pores of PMP NPs. The resultant C-PMP/Ce6/ACF NPs were featured
with distinctive advantages such as ultra pH-responsive drug
release, MRI function and rational drug combination exploiting
the blockage of the treatment escape signalling pathway. The com-
plementarity and superiority of the combination were confirmed
in vitro and in vivo. The present work provides new strategies for

the design and construction of the tumor acidity-activatable ther-
anostic platforms for amplification of the photodynamic cancer
therapy and magnetic resonance imaging simultaneously.
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