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ABSTRACT:

This study reports a multifunctional nanoparticle (NP) with function of amplified magnetic
resonance image (MRI)-guided photothermal therapy (PTT) by the surface coating of
polydopamine (PDA) shell. Importantly, by means of introducing the surface coating of PDA, it
helps entrap large quantities of water around NPs and allow more efficient water exchange,
leading to greatly improved MR contrast signals compared with the one without PDA coating.
Besides, the distinct photothermal effect can be obtained arising from the strong absorption of
PDA in the near-infrared (NIR) region. By synthesizing the multifunctional MnCO3;@PDA NPs
as example, we found that the longitudinal relaxivity (r;) of MnCO3 NPs might improve from 5.7
to 8.3 mM's”. Subsequently, In vitro MRI and PTT results verified that MnCO;@PDA could
serve well as an excellent MRI/PTT theranostic agent. Furthermore, the MnCO;@PDA
nanoparticles were applied as MRI/PTT theranostic agent for in vivo MRI-guided photothermal
ablation of tumors by intratumorally injection in 4T1 tumor bearing-mice. The MR imaging
result shows a significantly bright MR image in the tumor site. The MnCOs;@PDA-mediated
PTT result shows high therapy efficiency as a result of their high photothermal conversion
efficiency. The present strategy of amplified MRI-guided PTT based on PDA coating on NPs

will be widely applicable to other multifunctional nanoparticles.

KEYWORDS: Manganese carbonate, Polydopamine, Multifunctional, Magnetic resonance

imaging, Photothermal therapy

1. INTRODUCTION
It is well-known that multifunctional nanocomplexes have attracted great attention in the

biomedical fields because of their combined features of diagnostic sensing and therapeutic
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functions within a single platform."™ The simple synthesis procedures and commercially
available raw materials for various nanocomplexes, including Janus particles, core/shell
nanoparticles and element doped nanoparticles (NPs), further stimulated the development of
theranostic nanomedicine due to facilitated clinical translation.”® To date, a large number of
theranostic agents have been created by combining diagnostic functions such as magnetic
resonance imaging (MRI), photoacoustic imaging (PA) and X-ray computed tomography (CT)
with therapeutic roles such as radiotherapy, chemotherapy and photothermal therapy (PTT), for
potential applications in cancer or other diseases.”"* The nanocomplex with MRI and PTT
functions has especially drawn much attention for its intrinsic characteristics that combine the
high spatial resolution, noninvasiveness and three-dimensional images of MRI and the
noninvasiveness, low side effects, high efficiency and selectivity of PTT.'*"'¢

Manganese-based nanoparticulate systems (such as MnO, MnSiO;, Mn3;O;4 etc.), have been
extensively studied as candidates for MRI T;-weighted contrast agents due to their efficient
positive contrast enhancement effects.'” ' It is also established that these multifunctional
theranostic agents are exploited from manganese-based particles through hybridization or
integration. For instance, manganese oxide and small molecules, such as doxorubicin,
protoporphyrin and gene agents, have been successfully integrated into a nanoplatform to
establish T; MRI-guided tumor chemotherapy and photodynamic therapy (PDT).?*** In addition,
Mn-based MR contrast agents could be combined with photothermal materials (e.g. carbon, iron
oxide or copper sulfide) for theranostic applications.”*> However, Mn-based nanoparticles
usually suffer from a poor relaxation rate and low-efficiency MRI performance. Especially, the
relaxation rate will further decrease when these nanoparticles are functionalized with most types

26-27

of materials (e.g. mesoporous silica and gold NPs). Until now, several strategies have been
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suggested to improve the relaxation rate of manganese-based nanoparticles. An effective way is
to modulate the morphology of the manganese-based nanoparticles and provide large water-
accessible surface areas. For instance, MnO nanoparticles with hollow structure and plate-like
morphology exhibit r; (relaxation rate) values of 1.417 mM™'s” and 5.5 mM's” respectively,
which are more than 6-fold and 21-fold higher than that of their spherical counterparts.®®?’
Alternatively, Chen et al. reported that the surface coating of human serum albumin (HSA) could
enhance the r; relaxivity of MnO NPs to 1.97 mM'ls'l, which makes HSA-MnO nanoparticles
perform prominently in MRI/PET dual imaging.3 % Nonetheless, these relaxivities are still far
smaller than that of clinical T, contrast agents such as Gadolinium-DTPA. Although Ye et al.
obtained a higher r; relaxivity of 6.81 mM"'s" by doping Gadolinium (Gd) in MnCO; and
achieved multifunctional MR/fluorescence imaging of tiny brain gliomas, translating their
findings in practice has been hampered by the serious toxic side effects, such as nephrogenic
systemic fibrosis, caused by the liberation of Gd ions from nanoparticles.”® *' Therefore, it
remains a great challenge to acquire biocompatible manganese-based theranostic agents with a
high MR contrast effect.

Polydopamine (PDA) has been widely applied in the biomedical fields due to its outstanding
biocompatibility and good biodegradability.’*>> Besides the distinct photothermal therapeutic

properties arising from its strong absorption in the near-infrared (NIR) region,** ***° the

32,4041 gtable m-electron free radical species3 % and high hydrophilicity32

inherently loose structure,
of PDA make it a suitable material for entrapping large quantities of water around NPs and allow
more efficient water exchange. Thus, due to the excellent advantages of PDA coating, it is

possible to enhance the MR contrast of manganese-based nanoparticles, as well as additional

functions for PTT. On the other hand, MnCOj offers fascinating properties such as being more
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sensitive to acidic conditions for their inherent nature of composition with Mn*" and COs> as
well as no long-term toxicity caused by accumulation of NPs compared to other manganese-
based MR contrast agents.*” Therefore, we designed and manufactured multifunctional
MnCO;@PDA core-shell nanocomposites for potential MRI/PTT theranostic agent. Benefiting
from surface coating with PDA, the prepared MnCO3;@PDA core/shell nanocomposites showed
low cell toxicity, and the longitudinal relaxivity was enhanced from 5.7 mM's™ to 6.3 mM's™
at pH 7.4 using the 7T MRI system. Furthermore, in acidic conditions (pH 6.0), the longitudinal
relaxivity further increased to 8.3 mM™'s™. Subsequently, /n vitro MRI and PTT results verified
that MnCO3;@PDA could serve well as an excellent MRI/PTT theranostic agent. Moreover, the
MnCO;3;@PDA nanoparticles were applied as MRI/PTT theranostic agent for in vivo MRI-guided
photothermal ablation of tumors by intratumorally injection in 4T1 tumor bearing-mice. This
nanoformulation enables high-resolution tumor imaging of small animals by MRI. The
MnCO;@PDA-mediated PTT result shows high therapy efficiency as a result of their high
photothermal conversion efficiency. Our proposed strategy suggests an amplified MRI-guided
PTT based on PDA coating on NPs, which can be potentially applied in early tumor diagnosis
and therapy.
2. EXPERIMENTAL SECTION
2.1. Materials

Manganese chloride tetrahydrate (MnCl,-4H,O), ammonium carbonate ((NHy),CO3),
hydrochloric acid, nitric acid, ethanol, sodium carbonate (Na,COs) and tris(hydroxymethyl)
aminomethane (Tris) were purchased from Shantou Xilong Chemical Factory (Guangdong,
China). Cyltrimethylammonium bromide (CTAB), cyclohexane, pentanol, poly (acrylic acid)

(PAA, mw = 3000) and dimethylsulfoxide (DMSO) were obtained from Sinopharm Chemical
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Reagent Co. Ltd. (Shanghai, China). Dopamine hydrochloride (98 %), Polyetherimide (PEI, mw
= 600) was purchased from Aladdin Industrial Corporation. Dulbecco’s modified eagle medium
(DMEM), Roswell Park Memorial Institute (RPMI) 1640, penicillin-streptomycin and phosphate
buffered saline (PBS) were purchased from Biological Industries (Beit Ahemeq, Israel). Fetal
bovine serum (FBS) and trypsin were purchased from Invitrogen (USA). Calcein-acetoxymethyl
(calcein-AM), propidium iodide (PI), fluorescein isothiocyanate (FITC) and 3-(4, 5-
Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) were purchased from Nanjing
KeyGen Biotech Co. Ltd. (Nanjing, China). All chemicals were used without further
purification. Ultrapure water (18.2 MQ-cm) were obtained from Milli-Q Water Purification
System.
2.2. Synthesis of MnCO3; NPs

The MnCOj3 NPs were prepared using microemulsion mediated route reported by Hu's group™.
In a typical procedure, 0.792 g of MnCl,-4H,0O was dissolved in 8 mL of water named as
solution A, and 0.384 g of (NH4),CO; was dissolved in 8 mL of water named as solution B.
Then, 4 g of CTAB was added into a 250 mL beakerflask containing 50 mL of cyclohexane, 4
mL of pentanol and 0.6 mL of solution A. The mixture was stirred at room temperature until it
become transparent. At last, 0.6 mL of solution B was added dropwise into the beaker flask
under magnetic stirring for an hour. Finally, the MnCO3; NPs were separated by centrifugation
(8000 rpm, 5 min), washed with ethanol for twice and water for three times. The as-synthesized
35 mg of MnCO3 NPs was re-dispersed in 3.5 mL water and stored at 4 °C with a concentration
of 10 mg/mL for further use.

2.3 Preparation of PAA Modified MnCQO3 NPs
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A certain amount of PAA (0.03 mmol) was added into 90 mL water and Na,COs (0.5 M) was
used to adjust pH to 8.0 to obtain PAA-Na. The prepared PAA-Na (2.5 mL) solution was added
into 80 mL water containing 20 mg MnCO;3; NPs. And the mixture was stirred for 4 h at room
temperature. After centrifugation (12000 rpm, 5 min), the product was washed with water for
three times and the obtained 15 mg of MnCOs-PAA NPs were re-dispersed in 3 mL water with a
concentration of 5 mg/mL for further use.

2.4 Preparation of MnCO3;@PDA NPs

2.5 mg of PAA modified MnCO; NPs were dispersed in 30 mL Tris-HCl buffer solution (pH ~
8.5) and then 2.0 mg of dopamine hydrochloride was added into the reaction system under
sonication for 30 min followed by an additional shaking for 4 h. To get rid of the unreacted
material, the solution was centrifuged for 5 min at 12000 rpm and the obtained MnCO3;@PDA
NPs were washed with water for three times. The obtained 3 mg of MnCO3;@PDA NPs were
dispersed in 5 mL water with a concentration of 0.6 mg/mL for the following characterization.
2.5 Characterization

Powder X-ray diffraction (XRD) patterns were recorded on powder XRD system (Philips P
analytical X'pert PRO) equipped with Cu K, radiation (A = 1.542 nm) over the 26 range of 20-
60°. Morphological characterizations were performed using scanning electron microscopy (SEM,
SU70, Japan) and transmission electron microscopy (TEM, JEOL JEM-2100, Japan). High-
resolution TEM, selected area electron diffraction (SAED), high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM), energy-dispersive X-ray
spectroscopy (EDS) elemental mapping and line-profile elemental analysis were performed using
a Talos F200 S/TEM microscope (FEI Company) operated at 200 kV. The surface compositions

of the samples were further determined by X-ray photoelectron spectra (XPS) performed on a
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Qtac-100 LEISSXPS Instrument. Thermogravimetric (TG) analysis was performed with a
Netzsch TG 209F1 instrument both in an N, and air atmosphere at a heating rate of 10 °C/min.
The hydrodynamic radius and zeta potential distribution of NPs dispersed in water were
measured on a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., Worchestershire, U.K.).
The Fourier Transform Infrared (FTIR) spectra were recorded on a Nicolet iS10 (Thermo
Scientific, USA) with KBr pellet technique. UV/Vis absorption spectra were acquired with a UV
spectrophotometer (UV-1750, Shimadzu, Japan). T; relaxation time and in vivo MR images
measurements were recorded at 25 °C using a 7T Bruker Biospec small animal MRI system
(Bruker, Inc., Billerica, MA). The concentration of Mn®" was determined by inductively coupled
plasma mass spectrometry (ICP-MS, Perkin-Elmer, USA).
2.6. Manganese Ion Release Behavior of MnCO3;@PDA

MnCO;@PDA NPs (100 puL, 500 pg/mL) were dispersed in 3 mL PBS (pH 7.4 / 6.0) at
different time intervals and followed by centrifugation (12000 rpm, 3 min). The supernatants
were harvested and diluted with 3 % of nitric acid for ICP test.
2.7. MR Contrast Measurements

MnCO; and MnCO;@PDA NPs (in pH 7.4 / 6.0 for 2 h) were dispersed in 1 % agarose with
different Mn®" concentrations (by ICP-MS measurement) in the range of 0-0.2 mM. By using the
T, RARE sequence to acquire T;-weighed MR images and T; relaxation time: TR (repetition
time) = 800 ms, TE (echo time) = 10 ms, average times = 4, slice thickness = 0.5 mm, FOV (field
of view) = 2.5x2.5, matrix = 256x256. T, relaxation rates were plotted against the Mn”"
concentrations and the relaxivity was determined by a linear fit.

2.8. Photothermal Effect Measurements of MnCO3;@PDA
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MnCO;@PDA NPs with different mass concentrations (0.1, 0.2, 0.3 mg/mL) were irradiated
by NIR laser exposure (808 nm, 2 W/cm?) in 2 mL test tube. 0.3 mg/mL of MnCOs; NPs were
also irradiated by the same NIR laser for comparison with water as control. IR thermal camera
(FLIR-Systems A35, Sweden) was used to obtain images and record the data of temperatures. In
addition, photothermal stability of MnCO;@PDA NPs was also investigated by continuously 10
min irradiation, dropping to room temperature, followed by another 10 min irradiation for total
three cycles.

2.9. Cell and Animal Models

Human cervical carcinoma cells (HeLa) and 4T1 murine breast cancer cells (4T1) were
originally obtained from American Type Culture Collection (ATCC) and cultured under
recommended medium (DMEM / 1640 supplemented with 1 % penicillin / streptomycin and 10
% FBS) at 37 °C within 5 % CO, atmosphere. Female BALB/c mice were obtained from Beijing
Vital River Laboratories Animal Technology Co. Ltd. and used under protocols approved by
Institutional Animal Care and Use Committee of Xiamen University. The 4T1 tumor models
were obtained by subcutaneous injection of 2x10° cells into the right abdomen of each female
BALB/c mouse.

2.10. Cell Viability Assay of MnCQO3; and MnCO;@PDA NPs

The standard MTT assay was carried out to evaluate the in vitro cytoviability of MnCO; and
MnCO;@PDA NPs. Namely, Both HeLa cells and 4T1 cells (1x10* cells per well) were allowed
to adhere for 12 h before adding NPs (MnCO3; or MnCO3;@PDA). After that, six different grade
concentrations (0, 0.01, 0.05, 0.10, 0.20, 0.30 mg/mL) of the NPs dispersed in fresh medium
were added into the cells and incubated at 37 °C for another 24 h. After that, cells were washed

with PBS for three times, followed by addition of fresh medium with aliquots of MTT (20 uL, 5
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mg/mL) and incubated for another 4 h. After removing the medium, 150 pL DMSO was added
into each well and the plate was shook gently for 15 min. The absorbance of purple formazan
was measured at 570 nm by using a spectrophotometric microplate reader (BioRad 680,
Hercules, CA, USA). For the study of toxicity caused by Mn®" and CTAB, HeLa cells (1x10*
cells per well) were allowed to adhere for 12 h and then incubated with fresh medium contained
MnCl, (0, 30, 150, 300 and 600 uM) and CTAB (0, 0.04, 0.08, 0.8, 1.6 and 2.4 uM) for another
24 h and then examined the cell viability by standard MTT assay.
2.11. Cell Uptake of MnCO3; and MnCO;@PDA NPs

HeLa cells were seeded into 12-well plates (1x10° cells per well) until adhesion for 12 h. For
cell uptake of MnCO; NPs, MnCO; NPs were modified with PEI and then connected with FITC
for further use.'” Afterwards, 1 mL fresh medium containing 100 pg FITC labeled MnCOs-PEI
NPs was added into the plate and incubated with HeLa cells for 12 h. After that, the cells were
photographed on a Zeiss LSM 5 exciter (Carl Zeiss AG, Jena, Germany) confocal laser scanning
microscope. For cell uptake of MnCO3;@PDA NPs, 1 mL fresh medium containing 100 pg FITC
labeled MnCOs;@PDA NPs was added into each plate at different time intervals (1, 2, 4, 8, 12 h).
Cells treated with fresh medium were served as a negative control group. Cells were digested
with trypsin for 3 min and suspended in 100 pL PBS. The fluorescence intensity of cells was
measured on a Beckman Coulter Cell Lab Quanta SC with excitation wavelengths of 488 nm.
2.12. In Vitro Photothermal Effect

The photothermal treatment effect of MnCO3;@PDA NPs was determined by using a standard
MTT assay and live/dead dual staining assay. For MTT assay, HeLa cells and 4T1 cells were
seeded in 96-well plates at a density of 1x10" cells per well and cultured at 37 °C for 12 h. Then,

the cells were incubated with different grade concentrations of NPs for another 12 h before being
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exposed to an 808 nm laser (2 W/cm?, 10 min). Afterward, the standard MTT assay was carried
out to evaluate the cell viability.

For live/dead dual staining, HeLa cells were seeded in 24-well plates at a density of 1x10°
cells per well and cultured at 37 °C for 12 h. Then, the cells were divided into four groups as
control, NIR laser, MnCO3;@PDA and MnCO;@PDA +NIR. HeLa cells were incubated with
and without MnCO3;@PDA (0.1 mg/mL) for 8 h and then irradiated with 808 nm laser for 10 min
at 2 W/em® followed by incubating for another 30 min. Finally, fresh mediums containing
calcein-AM and PI were applied to stain the cells before being photographed by an inverted
fluorescence microscope (Axiovert 200, Zeiss).

2.13. In Vivo MR imaging

In vivo MR imaging was performed on an anesthetized healthy BALB/c white mouse bearing
4T, tumors after intratumorally injection of 50 uL (100 ng/mL) MnCOs;@PDA NPs using a T;-
weighted sequence (MESE): TR = 400 ms, TE = 15 ms, average times = 1, slice thickness = 2
mm, FOV (field of view) = 4x4, matrix = 256x256. The MR images were obtained at pre-
injection and post-injection of MnCO3;@PDA NPs at 15 min, 30 min, 50 min, 70 min, 90 min
and 120 min.

2.14. In Vivo Photothermal Therapy

In vivo photothermal ablation experiment was carried out on 4T1 tumor-bearing BALB/c mice
by intratumoral injection of 50 pL (500 pg/mL) of MnCO3;@PDA NPs. The mice had been
randomly distributed into four groups (4 mice in each group) named as PBS; PBS + NIR;
MnCO3;@PDA and MnCO;@PDA + NIR. The tumor volume was calculated by the formula of
V = LxW?%2, where V, L and W represent the volume, length and width of the tumor,

respectively. The laser irradiation was performed using an 808 nm NIR laser with a power
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density of 1.4 W/cm? for 6 min. During the treatment, an IR thermal camera was used to obtain
pictures of all mice and record their real-time temperature change at tumor site. The tumor sizes
and body weights were measured every 2 days. Relative tumor volumes were obtained by
dividing the initial tumor size before laser treatment. After treatment on 14th day, the mice were
euthanized and tissues including heart, liver, spleen, lung, kidneys and tumor were harvested for
further histological examinations by the hematoxylin and eosin (H & E) staining.
3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of MnCQO3; and MnCO;@PDA NPs

The synthetic process of MnCOs;@PDA NPs was illustrated in scheme 1. Firstly, MnCO;
nanoparticles were fabricated through microemulsion mediated method, as reported by Hu's
group with a slight modification®. Second, PAA bound to the surface of MnCO; NPs through
the strong affinity between the carboxy group and metal ions. Finally, dopamine adsorbed onto
the surface of MnCO3-PAA NPs via electrostatic interactions between -COO and -NH, groups™,

and then self-polymerized to form MnCOs@ PDA.

MnCO;-PAA Mn(:()3 PDA
Scheme 1. Schematic illustration of the synthesis of of MnCO;@PDA nanocomposites.
Powder XRD tests were employed to confirm the crystalline structures of the as-prepared
MnCO; NPs. Figure 1A showed that all peaks of the NPs matched well with the pure
rhombohedral phase of MnCO; powder (JCPDS No. 44-1472). There were no other peaks of
impurities originating from manganese oxides in XRD data, demonstrating the homogeneous

MnCOj; nanocrystals obtained in the experiment. The morphology and intrinsic crystal structures
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of the as-synthesized MnCO; NPs were also confirmed by SEM and TEM/HRTEM. As shown in
Figure 1B (Figure S1 and Figure S2a), the as-prepared MnCO3s NPs exhibited a tridimensional
rhomboid shape with relative uniform size and the side length was about 100 nm. Close
inspection of an individual MnCOs particle (Figure 1D) revealed the lattice fringe spacing to be
0.287 nm, matching the (104) diffraction plane of the rhombohedral structure of MnCOs;.
Moreover, the diffraction dots in the selected area electron diffraction (SAED) pattern (Figure S3)
showed a single crystalline property as well as the highly crystalline nature of NPs, which was
corresponding to the XRD results. The atomic compositions of as synthesized MnCO3; NPs were
confirmed by STEM EDS elemental mapping and line-profile elemental (Mn, C, O, N) analysis
(Figure 1E and 1F). The surface atomic composition of MnCO; NPs had also been further
confirmed by XPS analysis (Figure S4a and S4b) with only a weak peak appeared at a binding
energy of 398.2 eV for MnCOj; NPs. These results showed that in the progress of synthesizing
MnCOj; NPs, the CTAB molecules had absorbed on the surface of NPs with a low content.
Additionally, the quantification of CTAB was determined by TG analysis under N, atmosphere.
As shown in Figure S5a, the weight loss of CTAB molecules was 100 wt% when the temperature
increased from 35 °C to 750 °C, indicating that CTAB decomposed completely. During the same
period of temperature, the weight loss of pure MnCOs NPs (synthesized by mixing MnCl, and
(NH4),COs3 solutions) and MnCO3;-CTAB NPs (as-prepared MnCO; NPs) were 56.8 wt%and
55.9 wt% respectively, indicating that about 0.9 wt% of CTAB remaining on the NPs.

The zeta potential of as-prepared MnCOs; NPs was measured at +28.7 mV, attributed to the
coexistence of Mn>" and CTAB on the surface of particles (Figure 1G). However, the mean
hydrodynamic radius of the MnCO3; NPs was 498 nm (Figure 1H), five times larger than the size

measured by TEM (100 nm) result. This was ascribed to the aggregation of positively charged
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MnCOs; NPs. The stability of MnCOs; NPs was further recorded by dynamic light scattering
(DLS) and zeta potential (Figure S6a). The hydrodynamic radius of the MnCO3; NPs increased as
time went on, while the final Zeta potential trend to arrive at 0 mV. This result showed the
MnCO; NPs without much CTAB were not stable in water. Therefore, based on the high affinity
between -COO and Mn”*, PAA ligands were applied to modify MnCOs; NPs to improve the
dispersibility. After being modified with PAA molecules, the morphology of MnCO; NPs
seemed to be etched and the surface became smooth without sharp corner (Figure S2b).
Meanwhile, the conjunction of PAA and MnCOj; had been verified by the zeta potential analysis
with a negative value of -13.4 mV (Figure 1G). Finally, MnCO3;@PDA core/shell NPs were
obtained by self-polymerization of dopamine on the surface of PAA-modified MnCO; NPs. The
irregular PDA shell could be observed on the surface of MnCO; NPs, leading to a size increase
of nanocomplex (about 140 nm) determined by TEM image (Figure 1C and Figure S2c).
Attributed to the existence of catechol groups in PDA, the final zeta potential value arrived at -
18.1 mV, ensuring an excellent colloidal stability of nanoparticles. And the hydrodynamic
diameter of MnCO;3;@PDA decreased to 173 nm (Figure 1H), which was a little larger than the
TEM results for the reason that the size of NPs determined by DLS was the sum of the core size
and the thickness of surrounded water molecules”. Compared with MnCO; NPs, both the
hydrodynamic radius and Zeta potential showed no much change within 48 h (Figure S6b),
indicating a high colloidal stability and dispersibility.

Furthermore, the surface coating of MnCOs; NPs with PDA was investigated by FT-IR
absorption spectroscopy and XPS spectra. As shown in Figure 1G, all MnCOs;-based
nanomaterials had a main absorption band around 1440 cm™ (vs), 860 cm™ (m), 720 cm™ (w)

which were assigned to the CO3>.*® The weakened absorption peaks at 2917 cm™ and 2849 cm’
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were the stretching vibration of -C-H in -CH,- and -CHj, further indicating that only a few
CTAB remained on the surface of MnCOs. The successful modification of PDA was the

appearance of the variations of the characteristic functional groups at 1577 cm™ (the benzene
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skeleton vibration of PDA).*”** Additionally, XPS analysis MnCO;@PDA (Figure S4a and
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S4b), showed an obvious peak of the element N on the spectra, indicating the successful coating
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of PDA on the surface of MnCOs. And the amount of PDA shell was about 20 wt% which was
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determined by TG analysis (Figure S5b).
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elemental mapping (E) and line-profile elemental analysis (F) of MnCOs NPs; (G) The Zeta
potential change of MnCO;, MnCOs3;-PAA and MnCO;@PDA NPs dispersed in water. (H)
Hydrodynamic particle size of MnCO; and MnCO3;@PDA NPs in water. (I) FT-IR spectra of

MnCO; and MnCO3;@PDA nanocomplex.

3.2. Manganese lon Release Behavior and MR Contrast Capabilities of NPs

With the intention of imitating the Mn”" release behavior of MnCO;@PDA in the
microenvironment inside and outside of cells, we conducted the following experiment by
measuring Mn”" release at pH 7.4 and 6.0, which stand for the physiological environments and
the low pH endosome, respectively.* " The released Mn*" from MnCO3@PDA nanocomposites
under different pH (6.0 and 7.4) were determined using ICP analysis (Figure 2A). Obviously,
acidic aqueous (pH 6.0) could promote the release of Mn®" up to 70 %, comparing with only 8 %
for NPs under pH 7.4. The small quantity of Mn*" release in neutral environment (pH 7.4) is
possibly due to the hydrolysis of MnCOs; at room temperature. While the large amount of
released Mn®" can be explained by the accelerated ionization of MnCOj in acidic condition.**>!

It has been proved that Mn>" with five unpaired electrons is an effective T, contrast agent in
MR imaging. In order to confirm MR contrast capabilities and reveal the effect of PDA on the
MR performance of MnCO3 NPs, T, signal of MnCO; and MnCOs;@PDA NPs at pH 7.4 and 6.0
were carried out using on 7T small animal MR scanner (Figure 2B). The r; value of the MnCO;
in near neutral solutions (pH 7.4) was calculated to be 5.7 mM's™, and it became 6.3 mM's™
after coating with PDA shell, showing a r; value increased by 0.6 mM"'s”. Meanwhile, the r,
value of MnCO3; and MnCO3;@PDA NPs was further increased in the presence acidic buffer (pH

6.0). However, the r; was enhanced from 6.9 mM s to 8.3 mM'ls'l, indicating that PDA shell

can exhibit a positive MR contrast enhancement. These were attributed to the following reasons:
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(1) high hydrophilicity of PDA shell prevent the aggregation of MnCO; NPs and provide a
water-accessible surface areas;”® (2) the inherently loose structures and stable m-electron free

radical species of PDA accelerate the exchange rate between water protons and Mn*", resulting
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the enhancement of r,.”> Additionally, the bright intensity of their T,-weighted images (Figure
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2C) was increased with an increase in Mn*>" ion concentration, showing a Mn concentration
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dependent manner. Compared with MnCQOs, the T;-weighted images of MnCO;@PDA NPs were
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brighter both in pH 7.4 and 6.0. These results demonstrate that MnCOs itself is an effective T,
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when they were immersed in pH 7.4 and 6.0. (C) T, weighted MR images of different Mn*"

concentrations in MnCO; and MnCO3;@PDA in pH 7.4 and 6.0.

3.3 Photothermal Conversion of NPs

Owing to the series of oxidation-reduction reaction happened in the process of self-
polymerization of dopamine, the synthesized PDA appears to be a dark color in water.>* Figure
S8 showed the colorless solution of MnCOj dispersed in water (the left one), while once coated
with PDA, the color of solution became yellow-brown (the right one). Importantly, UV/Vis
spectra of MnCO3s and MnCO3;@PDA NPs in Figure 3A revealed a broad absorption from visible
to near-infrared light range (550~900 nm). Nevertheless, due to the coating of PDA, the
absorption value of MnCO3;@PDA was higher than MnCOj; at same concentration, indicating
that MnCOs;@PDA could be applied as a potential candidate for photothermal therapy. Next we
investigated the photothermal effect by monitoring the temperature of 0.5 mL water containing
MnCO;@PDA or MnCOs NPs under 808 nm NIR light irradiation. As shown in Figure 3B,
temperature of MnCO3@PDA solution (0.3 mg/mL) could reach up to 60 °C when irradiate with
808 nm (2 W/cm?) laser device for 10 min while water and MnCO;3 NPs solution (0.3 mg/mL)
showed little temperature change. Such excellent photothermal efficiency of MnCO;@PDA
mainly attributed to the coating of PDA. And the photothermal efficiency showed a great
dependence on concentration of MnCO3;@PDA NPs. Furthermore, all the final temperature could
reach to 60 °C after continuous irradiations with 808 nm lasers for three cycles, indicating a good
photostability of MnCO3;@PDA NPs (Figure 3C). Figure 3D showed the infrared thermal images
of water, MnCO3 (0.3 mg/mL) and different concentrations (0.1-0.3 mg/mL) of MnCO;@PDA
NPs under continuous irradiation by an 808 nm laser for 10 min. It intuitively revealed the

excellent photothermal performance of MnCO;@PDA compared with MnCO; NPs, which
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1
2
i mainly attributed to the PDA coatings. And the photothermal efficiency of MnCO3;@PDA was
5
6 dependent on the variation of concentration of MnCO3;@PDA NPs. Therefore, MnCO3;@PDA
7
g with high photothermal effect and good photostability is superior candidate for PTT.
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gg Figure 3. (A) Visible-NIR absorption spectra of MnCO3 and MnCO;@PDA NPs dispersion in
36
37 water. (B) Temperature elevation of water, MnCOj3 (0.3 mg/mL) and different concentrations of
38
ig MnCO;3;@PDA NPs suspensions under continuous irradiation by an 808 nm laser with a power
41 . . o
42 density of 2 W/em?® for 10 min. (C) Temperature variations of MnCO;@PDA NPs under the
43
44 continuous irradiations of 808 nm laser (2 W/cm?) for three cycles. (D) Infrared thermal images
45
33 of pure water, MnCO; (0.3 mg/mL) and different concentrations of MnCO;@PDA NPs
48
49 suspensions under continuous irradiation by an 808 nm laser.
50
51
52 3.4. In Vitro Cellular Uptake and Photothermal Cytotoxicity Evaluation
53
gg Before exploring the performance of MnCO;@PDA NPs in vivo, bio-related experiment
56 . . . . .
57 included cellular uptake and cellular toxicity had been investigated as follows. For cellular
58
59
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uptake, FITC was used to fabricate a MnCO3-PEI-FITC and MnCO3;@PDA-FITC fluorescence
nanoprobe through the strong bond coupling between thiourea and amine group.” The confocal
laser scanning microscopy (CLSM) imaging showed the successful endocytosis of FITC labeled
MnCOs;-PEI NPs for the green fluorescence of FITC observed in HeLa cells (Figure S9).
Additionally, the intracellular uptake of MnCO;@PDA-FITC had also been investigated by
increasing the incubation time from 1 to 8 h. After 8 h of incubation, the strongest fluorescence
intensity of HeLa cells could be detected (Figure 4A.), while the fluorescence intensity at 12 h
showed no obvious change, demonstrating that the highest cellular uptake of MnCO3;@PDA NPs
may be arrived at 8 h after incubation with Hela cells.

For cellular toxicity, MTT assay was firstly used to examine the cytotoxicity of Mn>" and
CTAB before evaluating the biocompatibility of MnCO; and MnCO3;@PDA NPs. There were
above 80 % HeLa cells alive when the concentration of Mn®" was at 600 uM (Figure S10a),
indicated that Mn®" was relatively biocompatible when the concentration was below 600 pM,
while CTAB exhibited a strong cytotoxicity even at a low concentration of 0.8 uM (Figure
S10b). The biocompatible result of MnCO3; and MnCO3;@PDA NPs had shown in Figure 4B.
Obviously, only about 70 % HeLa cells alive at low the concentration (100 pg/mL), showing an
obvious toxicity of MnCOs; NPs. However, when coated with PDA shell, the cytotoxicity against
HeLa cells was sharply dropped and there were about 85 % HeLa cells still alive even under the
maximal experimental concentration of 300 pg/mL. Meanwhile, compared with MnCO3; NPs,
MnCOs;@PDA NPs also exhibited a relative lower toxicity to 4T1 cells (Figure S11).
Additionally, the timescale toxicity of MnCO;@PDA NPs had also been carried out by
increasing the incubation time of MnCO3;@PDA NPs and HeLa cells (Figure S11). The cell

viability of HeLa cells were more than 80% at the concentration range from 0 to 0.2 mg/mL
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during the incubation time of 24-72 h, demonstrated a good biocompatibility of the
MnCO;@PDA NPs. Next, we investigated the photothermal ablation of cells with the existence
of MnCO3;@PDA NPs by using laser irradiation (2 W/cm?) for 10 min (Figure 4B and Figure
S11). As expected, the cell viabilities decreased remarkably in a concentration-dependent
manner after being dealt with MnCO3;@PDA NPs and laser irradiation. Furthermore, the
fluorescence images of live/dead cell were obtained in figure 4C. A good growth state of HelLa
cells was confirmed by the appearance of total vivid green fluorescence when they were cultured
with medium only. Meanwhile, no obvious cell death was observed in the presence of laser
irradiation, demonstrating the safety of 808 nm laser irradiation (2 W/cm?) in our experiment.
And the cells cultured with MnCOs;@PDA NPs showed a feeble red fluorescence, indicating a
low cytotoxicity of MnCO3;@PDA NPs. In contrast, with the aid of the laser irradiation, the
HeLa cells incubate with MnCO;@PDA NPs showed almost complete red fluorescence,
indicative of cell death. Such results were consistent with MTT test, and also suggested that the

MnCO;@PDA nanocomplex is an effective photothermal ablation agent to kill cancer cells.
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Figure 4. (A) Cellular uptake of MnCO3;@PDA at different time intervals. (B) Cell viability of

HeLa cells incubated with MnCO3;, MnCO3;@PDA, and MnCO;@PDA+NIR. (C) Fluorescence
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images of HeLa cells stained with live/dead kit after in vitro photothermal ablation by 808 nm

laser irradiation with and without the addition of MnCO3;@PDA NPs. Scale bar, 100 um.

3.5. In Vivo MRI and Photothermal Ablation of MnCO3;@PDA NPs

To further verify the MR imaging results of MnCO;@PDA in vivo, 4T1 xenograft tumor-
bearing mouse was used to collect MR signals. As shown in Figure 5(A-G), a significantly bright
MR image was obviously observed in the tumor site. And the images brighten gradually as time
goes on. Similarity, it can be found that in the time course of post-injection, the relative T)-
weighted MRI signal value at tumor site was also increased and reached to a platform at about 70
minutes (Figure 5H), attributed to the dissolving and releasing out of free Mn>" from
MnCO3;@PDA in acidic environment. Such findings indicate that the pH-sensitive

MnCO;@PDA NPs could be used as effective contrast agents for MRI applications.
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Figure 5. (A-G) In vivo Ti-weighed MR imaging of 4T1 tumor bearing-mouse at different time

intervals after the intratumoral injection of MnCO3;@PDA NPs and the bottom one are their
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respective color coded images. The red circles indicate tumor issues. (H) Corresponding

normalized signal intensity of T-weighted MR signals from the tumor at different time.

Inspired by the excellent in vitro photothermal efficiency of MnCO3;@PDA NPs concluded by
the above results, the in vivo photothermal ablation of cancer cells was next carried out on 4T1
tumor bearing-mice. In the process of experiment, mice had been randomly distributed into four
groups (4 mice in each group) named as PBS; PBS + NIR; MnCO;@PDA and MnCOs;@PDA +
NIR. The temperature of mice at tumor site injected with PBS did not change too much. The
highest temperature arrived at 40.8 °C, which would not hurt the tissue of tumor.”* While the
treatment group showed an evident temperature change, and the final temperature at tumor site
was 55.8 °C after irradiation (1.4 W/cm?) for 6 min (Figure 6A and 6B). The change in tumor
size of mice was shown in Figure 6C and 6D, the groups treated with PBS, MnCO3;@PDA NPs
and PBS + NIR showed rapid tumor growth, indicating that the MnCO3;@PDA NPs and laser
irradiation did not affect the growth of tumor cells. However, the MnCO3;@PDA + NIR group
caused complete ablation of the tumor. Besides, during the two weeks of treatment, no
significant body weight change was observed in all groups (Figure 6E), showing that

MnCO;@PDA nanocomplex had no significant side effects on the treated mice.
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cell shrinkage, tumor necrosis and destroyed blood vessels was observed in the group treated

NPs and NIR were harmless to cancer cells. Meanwhile, the H&E images of major organs from
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laser, MnCO3@PDA NPs or the PTT treatment compared with PBS group. These results further
confirm that the MnCO;@PDA NPs with excellent biocompatibility could be applied as a

nanotheranostic agent for the future imaging guided PTT of cancer.

PBS

PBS+NIR

MnCO,@PDA =~

Figure 7. H&E stained images of heart, liver, spleen, lung, kidney and tumor collected from mice

of various groups with different treatments after 14 days. Scale bar, 100 pm.

4. CONCLUSION

In summary, we have successfully designed and fabricated a biocompatible multifunctional
core/shell MnCO;@PDA nanotheranostic agent applied for MRI guided PTT. The as-
synthesized MnCO3;@PDA NPs not only show excellent biocompatibility, high photothermal
conversion efficiency but also exhibit outstanding MR contrast capabilities. Benefiting from
PDA shell, the longitudinal relaxivity of MnCO3; NPs was increased both in pH 7.4 and 6.0. The
ultrahigh relaxivity (8.3 mM™'s™) in the acidic condition ensures the nanoparticle an excellent
contrast agent for MRI. Meanwhile, in vitro and in vivo experiment showed that the PDA shell
not only plays an important role in photothermal conversion for PTT but also endows the

nanoparticle with excellent biosecurity. These results demonstrate that the multifunctional
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MnCO;@PDA nanocomposite is expected to be used as a powerful theranostic agent for

amplified magnetic resonance imaging guided photothermal therapy.
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incubation with FITC labeled MnCOs-PEI NPs; Cell viability of HeLa cells incubated with
different concentration of MnCl, and CTAB for 24 h; Cell viability of 4T1 cells incubated with
MnCO3;, MnCO3@PDA, and MnCO;@PDA + NIR; The Cell viability of HeLa cells incubated

with MnCO;@PDA NPs for 24, 36, 48 and 72 h.
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