Nano Res. 2012, 5(10): 679-694
DOI 10.1007/s12274-012-0252-z
Research Article

ISSN 1998-0124
CN 11-5974/04

Hollow Manganese Phosphate Nanoparticles as Smart
Multifunctional Probes for Cancer Cell Targeted Magnetic
Resonance Imaging and Drug Delivery

Jing Yu', Rui Hao', Fugeng Sheng® (5x)), Lili Xu?, Gongjie Li%, and Yanglong Hou' (5<1)

! Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing 100871, China
2 Department of Radiology, Affiliated Hospital of the Academy of Military Medical Sciences, Beijing 100071, China

Received: 24 May 2012 / Revised: 18 July 2012 / Accepted: 13 August 2012
© Tsinghua University Press and Springer-Verlag Berlin Heidelberg 2012

ABSTRACT

Multifunctional probes for simultaneous magnetic resonance imaging (MRI) and drug delivery have attracted
considerable interest due to their promising potential applications in the early-stage diagnosis and therapy of
the diseases. In this study, hollow manganese phosphate nanoparticles (HMP NPs) with an average diameter
of 18 nm were synthesized and aminated through silanization, which enabled the covalent conjugation of
biocompatible poly(ethylene glycol) (PEG) on their surfaces. The anti-tumor drug doxorubicin (DOX) could be
loaded into the hollow cavities. Under physiological conditions (pH 7.4), the NPs showed low MRI T; contrast
(r1=1.19 L-mmol™s™), whereas high T; enhancement (r; = 5.22 L-mmol™:s™) was achieved after dissolving them
in endosome/lysosome mimetic conditions (pH 5.4). This is due to the fact that the NPs were easily eroded,
which resulted in the release of Mn?*" at low pH. To use this interesting phenomenon for targeted DOX drug
delivery, we conjugated the tumor-targeting ligand folic acid (FA) on HMP NPs and investigated their drug
delivery capacity and cytotoxicity to cell lines expressing different amount of folate receptor (FR). KB cells
showed more significant cellular uptake than HeLa cells and A549 cells, as confirmed by confocal laser scanning
microscopy (CLSM), flow cytometry and cellular T;-weighted MRI. Furthermore, the drug-loaded HMP NPs
exhibited greater cytotoxicity to KB cells. Our results suggest that functionalized HMP NPs can act as an effective
multifunctional probe for selective diagnosis with MRI, as well as giving efficient targeted drug delivery.
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1. Introduction

Magnetic resonance imaging (MRI) is one of the most
powerful and versatile imaging techniques in both
clinical and research settings, and has provided high
spatial resolution combined with excellent anatomical
details of soft tissues without usage of radioisotopes

[1, 2]. The introduction of contrast agents accelerates
the relaxivity of water, and thereby, greatly improves
the MRI sensitivity and contrast effect. The most com-
monly employed MRI contrast agent in the clinic is a
paramagnetic gadolinium-based complex, however, its
extensive application is limited by the toxicity of Gd*
and the short circulation half-life time. Considering
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their lower toxicity and presence of five unpaired
electrons, manganese-based contrast agents have been
approved as a clinical agent.

In recent years, nanoparticles (NPs) with controlled
phase, shape, and size have been extensively used in
biomedical applications for imaging, drug delivery,
and gene therapy [3-7]. Although magnetic NPs
such as MFe,O, (M =Fe, Co, Mn) NPs have attracted
considerable research interest due to their unique
magnetic and electrical properties [8-10], they are
negative imaging agents which provide dark signal
and may lead to misdiagnosis, as the signal is often
confused with bleeding, calcification or metal deposits
[11, 12]. Very recently, other manganese-based NPs have
shown great potential due to their positive contrast
ability and relatively low toxicity [11, 13-16].

For an ideal MRI contrast agent, high relaxivity
is essential in order to reduce the amount of agent
required, resulting in lower toxicity [17]. However,
compared with Mn?" or Gd* chelates, the r, relaxivity
of manganese-based NDPs is relatively low, owing to
the absence of water coordinated with Mn*. To enlarge
the water-accessible surface, hollow structures have
been introduced, which increased the ry relaxivity
from 0.209 L-mmol™s™ to 1.417 L-mmol-s™ [18, 19].
In addition, the hollow cavities in NPs are available
for drug or gene delivery [20-22]. Therefore, hollow
manganese-based NPs would be a good candidate as
a multifunctional probe for MRI and drug delivery.

One of the biggest remaining challenges in tumor
diagnosis and treatment is how to distinguish the
tumor from normal cellular tissue and selectively
release drugs at the target site. One of the effective
ways to solve this problem is pH-sensitive release. It
has been reported that the tumor extracellular environ-
ment is more acidic (pH 6.5) than blood or normal
tissues (pH 7.4), and the pH values of endosomes and
lysosomes are even lower at 5.0-5.5 [23, 24]. Therefore,
targeted drug delivery has been realized by using
pH-sensitive materials [25-27]. In addition, it has
been shown that manganese oxides or manganese
carbonates will gradually dissolve in an acidic environ-
ment and release Mn?", which results in a dramatic
enhancement of the brightness in T;-weighed MRI
compared with that under normal conditions [28, 29].

Thus, MRI-based cell tracking for diagnosis can be
achieved by taking advantage of the pH difference
between intracellular and extracellular environments.
However, the manganese-based materials reported
for MRI have usually been in a crystalline form, and
therefore, show reduced sensitivity to pH. In contrast,
we have previously synthesized hollow manganese
phosphate nanoparticles (HMP NPs) which are
amorphous, and can therefore respond to the pH
value much faster and release more Mn*" than other
manganese-based materials. Therefore the goal of
rapid tumor diagnosis and therapy can be easily
accomplished as long as the probe can specifically
bind to the tumor site. Fortunately, cancer cell targeting
can be achieved by means of conjugation of specific
ligands to the probe. Folic acid (FA) has been widely
used as a ligand because the folate receptor (FR) is
overexpressed in many types of cancer cells but
is absent in normal tissues [30, 31]. Therefore,
FA-mediated delivery should be an effective way for
tumor-only theranostics.

Here, we design a novel multifunctional probe
utilizing amorphous HMP NPs modified with
3-aminopropyltriethoxysilane (APS), polyethylene
glycol (PEG) and FA for MRI-based targeted diagnosis
and drug delivery, as schematically depicted in
Scheme 1. Functionalized pH-sensitive HMP NPs
possess the following advantages: (1) Extremely high
MRI T, enhancement at tumor sites compared with
traditional manganese-based NPs based on the high
sensitivity of HMP NPs to pH value and high relaxivity
arising from rapidly released Mn?*; (2) low MRI signal
at normal sites resulting from the stability of HMP
NPs under physiological conditions; (3) tumor-targeted
drug delivery capacity for tumor treatment with
fewer side effects due to the targeting modification.
As a result of the hollow structure and dissolution of
HMP NPs releasing Mn*" under acid conditions, this
probe exhibits high drug loading efficiency, and
pH-selective MR imaging and drug release capacities.
The T;- and T>-weighted images showed much higher
performance than traditional manganese-based NPs,
and FA conjugation enabled them to be selectively
recognized by target cells, which enhanced the local
cytotoxicity and T;-based MRI signal at sites of interest.
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Scheme 1 Schematic illustration of the concept for FR-mediated intracellular uptake of DOX-loaded HMP NPs for selective MRI and

drug delivery

2. Experimental
2.1 Materials

Triethyl phosphate (97%, Alfa Aesar), manganese( )
acetylacetonate (Mn(acac), Alfa Aesar), oleylamine
(OAm, 99%, China Resources (Boxing) Oleochemicals
Co. Ltd.), oleic acid (OA, 90%, Alfa Aesar), N,N’-
dicyclohexylcarbodiimide (DCC, 99%, Alfa Aesar),
N-hydroxysuccinimide (NHS, 98+%, Alfa Aesar), APS
(97%, Beijing Xindingpengfei Science and Technology
Co. Ltd), polyethylene glycol diacid (PEG diacid, M,,.
2000, 97%, Beijing Kaizheng Biotech Development
Co. Ltd), folic acid (FA, 96%, J&K Scientific), phosphate
buffer solution (PBS, Beijing Solarbio Science and
Technology Co. Ltd), doxorubicin hydrochloride
(DOX-HCI, 98%, Beijing Huafeng United Technology
Co. Ltd) were used as supplied. All other chemicals
were purchased from China National Medicines Co.
Ltd. and were of analytical purity and used without
further purification. Deionized water was employed
in all experiments.

2.2 Synthesis of HMP NPs

The HMP NPs were prepared following our pre-

viously reported method [32] with slight modifications.
Briefly, 1 mL of OA and 4 mL of OAm were dissolved
in 15 mL of toluene in a 25 mL Teflon-lined autoclave,
and then 0.2 mL of deionized water, 0.4 mL of triethyl
phosphate, and 1 mmol of Mn(acac), were added into
the solution under stirring. The autoclave was sealed
and placed in an oven at 180 °C for 9 h. The dispersion
was precipitated with ethanol and separated by
centrifugation, followed by re-dispersing in hexane
and standing overnight. The upper solution containing
the product was collected for further use. To synthesize
solid manganese phosphate nanoparticles (SMP NPs),
the reaction time was changed to 5 h with the other
conditions remaining unchanged.

2.3 Preparation of silane-modified HMP NPs
(HMP-APS NPs)

To transfer HMP NPs into water, APS was introduced
with a ligand exchange method following a literature
procedure [33]. 100 pL of APS was added to a dis-
persion of hydrophobic HMP NPs in hexane (10 mg in
30 mL) containing 0.01% (v/v) acetic acid. The mixture
was shaken for 72 h at room temperature, during which

the solution became milky. The white colored product
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was collected using centrifugation (20 000 r/min) and
washed twice with hexane, ethanol and water to
remove unmodified NPs and extra APS, and then
lyophilized and stored at 4 °C for further use.

2.4 Synthesis of PEGylated APS (APS-PEG-COOH)

To inhibit plasma coating on NPs and allow escape
from the reticuloendothelial system (RES) for longer
circulation times, PEG was introduced through a
covalent bond via DCC/NHS chemistry. 100 mg of
PEG diacid, 6.5 mg of NHS and 4.2 mg of DCC were
dissolved in a mixture of 7.5 mL of dimethyl sulfoxide
(DMSO) and 2.5 mL of CHCl;, containing 40 mg of
anhydrous Na,CO;. The solution was stirred at room
temperature for 2 h before 12 uL of APS in 5 mL of
CHCI; were added, and the mixture was further stirred
at room temperature under Ar protection for 24 h.
The product was collected by centrifugation, washed
with DMSO and dialyzed (molecular weight cutoff
(MWCO) =2000), followed by lyophilization before
further modification.

2.5 Synthesis of FA conjugated APS-PEG-COOH
(APS-PEG-FA)

To improve the targeting of the NPs, FA was con-
jugated on APS-PEG-COOH via DCC/NHS chemistry.
50 mg of APS-PEG-COOQOH, 6.5 mg of DCC, 4.2 mg
of NHS, and 40 mg of Na,CO; were dissolved in a
mixture of 10 mL of DMSO and 5 mL of CHCl,, and
stirred under Ar at room temperature for 2 h. 12 mg
of FA dissolved in 15 mL of DMSO were added to the
activated APS-PEG-COOH solution, and the mixture
was stirred gently for another 24 h at room tem-
perature under Ar protection. APS-PEG-FA was
purified by centrifugation, washed with DMSO and
dialyzed (MWCO = 2000), then lyophilized and stored
at 4 °C before using.

2.6 Preparation of PEGylated HMP NPs (HMP-
PEG NPs)/FA modified HMP NPs (HMP-FA NPs)

10 mg of HMP-APS NPs and 20 mg of APS-PEG-
COOH/APS-PEG-FA were mixed in 10 mL of DMSO,
and stirred under Ar protection for 24 h. The products
were collected by centrifugation followed by washing
with DMSO and water, and then dispersed in water

and remove free PEG diacid or APS-PEG-FA by
dialysis (MWCO =10 000) for 24 h in water. The
product was then lyophilized and stored at 4 °C for
further use.

2.7 Loading DOX in HMP-PEG/HMP-FA NPs
(HMP-DOX/HMP-FA-DOX NPs)

Loading of the anti-tumor drug DOX into HMP-PEG
NPs was achieved by mixing DOX (with varying
concentrations from 0.25 mmol/L to 3 mmol/L) with
HMP-PEG NPs (with a manganese concentration of
90 pg'mL™) in PBS (with pH of 7.0 or 8.0) overnight.
Free DOX was removed by centrifugation at 20 000
r/min and washing three times with PBS. Loading of
DOX on HMP-FA NPs and PEGylated SMP NPs
(SMP-PEG NPs) was carried out by the same process
with the same amount of initial DOX and Mn*". The
amount of DOX incorporated into HMP NPs was
determined by the absorbance at about 500 nm after
subtracting the absorbance contributed by HMP NPs
at the same wavelength, similar to the measurement
of DOX loading on functionalized single walled carbon
nanotubes [34, 35].

2.8 DOXreleasing efficiency of HMP-DOX/HMP-
FA-DOX NPs

HMP-DOX was re-dispersed in NaHCO;/Na,CO;
buffer at pH 5.4 or PBS at pH 7.4, and shaken gently
at room temperature in the dark for different periods
of time. HMP-DOX was centrifuged at 15000 r/min
for 10 min. The amount of released DOX in the super-
natant solution was measured by UV-vis absorbance
spectroscopy.

2.9 Characterization techniques

Electron micrographs were obtained using a trans-
mission electron microscope (TEM, Tecnai G2 T20,
FEI, USA, at 200 kV). X-ray diffraction (XRD) patterns
were recorded on a Philips X'Pert Pro diffractometer
with Cu Ko (4 = 1.5405 A) radiation. IR spectra were
measured using a KBr disk in a Fourier transform
infrared (FTIR) spectrometer (Vector 22, Nicolet, USA).
Thermogravimetric analysis (TGA) was recorded
on Q50TGA instrument (Thermal Analysis, USA).
Dynamic light scattering (DLS) was measured using
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a particle size analyzer (ZetaPALS, Brookhaven
Instruments, Holtsville, NY). Loading and release of
DOX from HMP-DOX were quantified using a UV—-vis
spectrophotometer (UV2550, Shimadzu, Japan) using
the absorbance peak at 4 =480 nm. The concentrations
of Mn?" were quantified using an inductively coupled
plasma-atomic emission spectrometer (ICP-AES,
Profile, Leeman, USA).

210 Measurement of MRI relaxation properties

T, and T, relaxation of the HMP NPs in pH 5.4 and
pH 7.4 were measured in test tubes with a 1.5T
clinical MRI scanner (Signa EXCITE HD 1.5T TwinSpeed
system, General Electric Company, USA). HMP NPs
at pH 5.4 with various concentrations of manganese
(0-1.00 mmol/L) were dispersed in NaAc/HAc buffer
solution, and pH 7.4 PBS. MR images were acquired
using a T;-weighted sequence with the following
parameters: Repetition time (TR) = 300, 350, 400, 450,
500, 550, 600, 650 ms, echo time (TE) = 11 ms, matrix
size = 256 x 256, field of view (FOV) =120 x 120 mm?,

slice thickness = 2 mm, number of excitations (NEX) = 1.

The parameters of a Tr-weighted sequence were as
follows: TR = 3000 ms, TE = 0, 30, 40, 60, 80, 100, 120,
140 ms, matrix size = 256 x 256, FOV =120 x 120 mm?,
slice thickness = 2 mm, NEX = 1. All post-processings
were performed on the GE ADW 4.3 workstation.
T;-mapping and T,-mapping images were acquired
by using the post-processing software in Functool,
and the selected region of interests (ROIs) in the
Ti-mapping and T,-mapping were measured with
the same size to obtain the signal intensities for each
concentration. Based on the inverse relaxation time
(1/Ty) and (1/T,), the resulting r; and r, values were
measured as a function of Mn** concentration.

211 Cell culture

A human nasopharyngeal epidermal carcinoma cell
line (KB cells), a human cervical carcinoma cell line
(HeLa cells), and a human lung adenocarcinoma
epithelial cell line (A549 cells) were obtained from
Cancer Institute and Hospital Chinese Academy of
Medical Science. All cell culture related reagents were
purchased from Invitrogen. Cells were cultured in

normal RPMI-1640 culture medium supplemented

with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37 °C under 5% CO,. Cells
were plated in tissue culture flasks under 100%
humidity. All NPs were sterilized by filtration through
a 0.22 pm filter before incubation with cells.

2.12 Cytotoxicity by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay

The in vitro cytotoxicity of HMP and HMP-FA NPs
was evaluated using a standard MTT assay on KB
cells, HeLa cells, and A549 cells. All cells were seeded
into 96-well cell culture plates at 5 x 10° per well and
incubated overnight at 37 °C under 5% CO,. After
removing the culture medium, various concentrations
of HMP-PEG and HMP-FA in culture medium were
added, followed by further incubation for 24 h. The
OD570 value (Abs.) of each well was measured by a
luminescence microplate reader (SpectraMax M2,
Molecular Device, USA). The cytotoxicity of drug-
loaded NPs to KB cells, HelLa cells, and A549 cells was
carried out for free DOX, HMP-DOX, and HMP-FA-
DOX (with the same amount of DOX) in the same
way with the maximum manganese concentration of
0.3 mmol/L. To evaluate the targeting ability, cells were
pretreated with excess free FA for 1 h before incubation
with HMP-FA-DOX.

213 Cellular uptake measured by confocal laser
scanning microscopy

KB cells were seeded at a density of 1 x 10° cells per
well on a glass cover in a 24-well cell culture plate.
After incubation at 37 °C under 5% CO, overnight,
the medium was carefully aspirated, and replaced by
culture medium with HMP-DOX and HMP-FA-DOX,
at a DOX concentration of 10 pmol/L for 2 h. In a free
FA competition study, FA was added to the culture
medium at a concentration of 4 mmol/L and the
mixture subjected to a pre-incubation for 1 h before
adding HMP-FA-DOX. After incubation, cells were
washed three times with 1 mL of Dulbecco’s phosphate
buffered saline (DPBS) and fixed with 1 mL of 4%
paraformaldehyde for 15 min. Nuclei were stained
using 4’,6-diamidino-2-phenylindole (DAPI). To inves-
tigate the colocalization of DOX and lysosomes, cells
were stained with 1 mmol/L Hoechst 33342 (Invitrogen)
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for 20 min and 1 mmol/L LysoTracker Green DND-26
(Invitrogen) for 5 min after incubation with HMP-
FA-DOX NPs for 2 h, then washed three times with
DPBS and transferred to the culture medium. Cells were
imaged by using confocal laser scanning microscopy
(Zeiss Axio Observer Al, Germany) under laser
excitation at 488 nm (for DOX), 364 nm (for DAPI or
Hoechst 33342), and 515 nm (for LysoTracker). HeLa
cells and A549 cells incubated with HMP-FA-DOX
were carried out under the same conditions.

214 Flow cytometry

Flow cytometry was used to further quantify the
FA-receptor specificity of NPs phagocytosed by KB
cells. KB cells were plated at a density of 1 x 10° cells
per well in a 24-well cell culture plate (A; to E;) and
incubated overnight. After removing the supernatant
and washing three times with DPBS, HMP-DOX and
HMP-FA-DOX NPs (1 mL in culture medium, con-
taining 10 pmol/L DOX) was added to four of the wells
(A; to A, and B: to By, respectively) and incubated for
2 h. For a comparative study of FA competition, free
FA (200 pL in DPBS, 4 mmol/L) was previously added
to four of the wells (C; to C;) and incubated for 1 h,
followed by washing three times with DPBS. Then,
HMP-FA-DOX with the same amount of DOX was
added to the wells and incubated for another 2 h.
10 pmol/L of free DOX was used as a contrast (D, to D)
and KB cells treated with DOX-free HMP-FA NPs
were used as a control (E; to E;). After incubation,
cells were washed three times with DPBS, trypsinized
and re-suspended in DPBS. Finally, a total of 10 000
cells per sample were analyzed using a flow cytometer
(MoFlo, Cytomation, USA). For detection of DOX-
derived fluorescence, excitation was conducted with
a 488 nm argon laser, and fluorescence emission at
575 nm was measured.

215 Invitro MR imaging

KB cells, HeLa cells, A549 cells and FA-saturated KB
cells with a density of 1x10° cells per well were
cultured in 6-well culture plates overnight before
being treated with HMP-FA-DOX NPs, with varying
Mn?* concentration (from 25.4 pg-mL™ to 5.08 pg-mL™).
After washing three times with DPBS, cells were

trypsinized and suspended in 1 mL of DPBS before
measuring MRI at 1.5 T. Inductively coupled plasma
atomic emission spectroscopy (ICP-AES) was used to
measure the manganese concentration in cells.

3. Results and discussion
3.1 Preparation of HMP NPs

HMP NPs were prepared by our previously reported
procedure [32] with a slight modification. The average
size of the as-prepared HMP NPs was about 18 nm
with a 10 nm core, as characterized by TEM (Fig. 1(a)),
and further confirmed by DLS (Fig. 1(c)). With the
aid of OA and OAm, HMP NPs can be well dispersed
in hexane, as shown in the inset of Fig.1(a). XRD
analysis showed that the NPs were amorphous but
were transformed into crystalline monoclinic Mny(PO,),
(JCPDS 31-0827) after annealing at 500 °C for 2 h
(Fig. S-1(a) in the Electronic Supplementary Material
(ESM)). After annealing, the hollow structures of HMP
NPs collapsed, and particles aggregated, as shown in
Fig. S-1(b) (in the ESM). To make full use of the hollow
structure, the as-prepared HMP NPs without annealing
were selected for further application.

APS was introduced to transform the hydrophobic
NPs into water soluble ones. After surfactant exchange,
HMP NPs could be well-dispersed in water and the
dispersion remained stable for at least 1 month
(Fig. 1(b)) without any change of particle morphology.
Figure 1(d) shows DLS measurements for HMP-APS
NPs. The hydrodynamic size increased to 40-60 nm,
which may indicate the tendency of NPs to aggregate
into dimers or trimers. In order to give longer cir-
culation times and enhance the FA-targeting effect,
PEG modification and FA conjugation were introduced.
The successful modification was confirmed by FTIR
and TGA (Figs. S-2 and S-3 (in the ESM)).

3.2 Drugloading and release efficiency

Due to the hollow structure of HMP NPs, we
hypothesized that drugs could be loaded in the
hollow parts for potential drug delivery with high
efficiency. To prove this point, HMP-APS NPs and
APS-modified solid manganese phosphate NPs
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monitored by DLS

(SMP-APS NPs) were stirred with various amounts of
hydrophilic DOX-HCl in the dark overnight at pH 7.
The method used to determine the amount of DOX
in HMP-DOX NPs and SMP-DOX NPs was similar
to that used to measure the DOX loading on carbon
nanotubes [34], i.e. measuring the absorbance at
about 500 nm (Fig. 2(a), red and blue lines). The
slight change of the peak position compared to free
DOX (Fig. 2(c), blue line, about 480 nm) was attributed
to the interaction of DOX with NPs, which provides
preliminarily evidence of the loading of DOX into
NPs. Based on the concentration of Mn?, the loading
capacity of HMP NPs at pH 7 was about 20% (Fig. 2(b),
red), close to double that of SMP NPs (Fig. 2(b), blue),
due to the larger surface area resulting from the hollow
structure. However, when HMP-APS and SMP-APS
NPs were mixed with various amounts of DOX-HCI
at pH 8, under which condition DOX-HCI was

deprotonated to become hydrophobic [35], the loading
capacity of HMP-APS NPs reached 30% (Fig. 2(b),
black), almost three times that of SMP-APS NPs
(Fig. 2(b), magenta) at the same pH, and 1.5 times
that of HMP-APS NPs at pH 7.0. The increase in the
loading capacity of HMP-APS may be attributed to
the hydrophobic interactions between DOX and OA
or OAm remaining in the inner cavity [19], as well
as the influence of the larger surface area, further
suggesting that DOX was loaded into the hollow part
under these conditions. The loading capacities of SMP-
APS NPs at pH 7 and 8 (Fig. 2(b), blue and magenta)
were almost the same, suggesting a similar interaction
under these two conditions due to the equivalent
available surface areas. Furthermore, if the HMP NPs
were annealed at 500 °C, the loading capacity decreased
severely at pH values of both 7 and 8 (Fig. S-4 (in the
ESM), red and blue lines), and became even lower
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Figure 2 (a) UV—vis absorbance spectra of HMP NPs and SMP NPs loaded with 1.5 mmol/L DOX at pH 7 and pH 8 with the same
manganese concentration (1.2 mmol/L). Solutions were diluted eight times before testing. (b) Quantification of DOX loading capacity of
HMP NPs and SMP NPs at different DOX concentrations at pH 7 and pH 8. Error bars are based on standard deviations of triplicated
samples. (c) UV—vis absorbance spectra of 10 pgrmL™" free DOX and DOX released from HMP-DOX NPs at pH 7.4 and pH 5.4 for 1 h.
HMP-DOX NPs were loaded with 0.24 mmol/L DOX and DOX released was diluted ten times before testing. (d) Quantification of
DOX releasing efficiency of HMP NPs at different times at pH 5.4 and pH 7.4. Error bars are based on standard deviations of triplicated

samples

than that of SMP NPs. This can be ascribed to the
hollow structure of HMP NPs being broken down
followed by aggregation during the annealing process,
resulting in a dramatic decrease in the surface area.
Therefore, we can conclude that the as-synthesized
HMP NPs may be a good candidate for drug delivery,
especially for hydrophobic drugs.

Drugs loaded in NPs should be released under
specific conditions for an ideal drug delivery system.
For tumor-targeting delivery, some specific release
mechanisms have been considered due to the specific
environment of tumors, such as pH [23, 36], enzymatic
interactions [37, 38], and reducing environment [39, 40].
Of these, pH-controlled release is one of most
promising routes because of its manipulability and

wide applicability. The pH-sensitive drug release
behavior of HMP-DOX was demonstrated under
various pH conditions (Figs. 2(c) and 2(d)). At pH 5.4,
a saturated DOX release efficiency of almost 90% was
achieved within 72 h, while only 15% was reached at
pH 7.4. Compared to some traditional pH-sensitive
materials [21, 41], the susceptibility to pH of
HMP-DOX is superior, making it more accurate in
pH-selective drug release systems. This is because
traditional pH-sensitive drug release properties are
affected by the protonation of DOX in acid conditions,
which weakens the interactions of DOX with the
surfactant, triggering release of the drug [35]. However,
in the DOX-loaded HMP NPs system, the rapid
response of HMP NPs in acid conditions may also
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greatly contribute to the controlled release of the drug
by causing cracking of the hollow structure. To confirm
this hypothesis, TEM and DLS characterization were
carried out by dispersing HMP NPs in pH 5.4 and
pH 7.4 buffer. HMP NPs cracked into small pieces
with particle sizes much smaller than 10 nm at pH 5.4
(Fig. S-5(a) in the ESM), while the morphology was
well-maintained at pH 7.4 (Fig. S-5(b) in the ESM).
DLS analysis further confirmed this result, as the
diameter distribution shifted to 3-5nm at pH 5.4
(Fig. S-5(c) in the ESM), lower than that at pH 7.4
(Fig. S-5(d) in the ESM). From these observations, we
can conclude that this pH susceptibility can accelerate
drug release at the tumor site, which highlights the
potential of HMP NPs as a vehicle for drug delivery.

3.3 Measurement of MR relaxation properties

To examine the MR relaxation properties of HMP
NPs as a contrast agent, the longitudinal relaxation
rate (r; = 1/T;) and transverse relaxation rate (1, = 1/T5)

arising from the concentration of Mn* released in pH

25 -
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5.4 and pH 7.4 buffer were assayed using a 1.5 T
human clinical scanner. Interestingly, the HMP NPs
dispersed in pH 5.4 buffer displayed a much stronger
enhancement in both T;- and T,-weighted MRI than
in pH 7.4 buffer (Fig. 3). The r; and r, values at pH 5.4
were 5.52 L-mmol s and 23.40 L-mmol"s!, which
are respectively 3.70 and 1.47 times higher than the
values at pH 7.4. At pH 5.4, both r; and r, relaxivity
are significantly higher than those previously reported
for manganese-based contrast agents [11, 13-16]. The
pH-sensitivity of HMP NPs should be the critical cause
of this interesting phenomenon. It can be assumed
that when HMP NPs were eroded, the released Mn?
will improve the contrast ability [28, 29]. To confirm
this assumption, the HMP NPs were dispersed in
buffer solutions of pH 7.4 and pH 5.4, followed
by centrifugation at 15000 r/min for 30 min. The
manganese concentrations in the supernatant and
sediment were measured. As shown in Fig. S-6(a) (in
the ESM), 97% of Mn?*" ions remained in the supernatant
at pH 5.4, while only 4% of Mn*" ions remained at pH
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Figure 3 Plots of 7, and 7,
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(d)

versus manganese concentration for HMP NPs at (a) pH 5.4 and (b) pH 7.4. T}- (top) and T>-weighted

(bottom) images of HMP NPs at (c¢) pH 5.4 and (d) pH 7.4 ina 1.5 T MRI system
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7.4, suggesting that HMP NPs were mostly dissolved
giving Mn** at low pH, but very stable at high pH. In
addition, the stability of HMP NPs at neutral pH pro-
hibited Mn* from dissociating allowing the suspension
to be stable for at least for 1 month (Fig. S-6(b) in the
ESM), which demonstrates that the probe is stable in
a physiological environment. The relaxation properties
of MnCl, were evaluated under the same conditions
(Fig. S-7 in the ESM) and showed both similar T;
enhancement and T, contrast effect to that of HMP
NPs at pH 5.4. Remarkably, the r; and r, values of
MnCl,, 5.73 L-mmol*-s™ and 27.20 L-mmol"s™!, were
only slightly larger than the values for HMP NPs at
pH 5.4, which provides further evidence that ~95% of
HMP NPs dissolved to give Mn* at pH 5.4. When
HMP NPs were annealed at 500 °C, as the crystallinity
increased, the pH-sensitivity decreased. As demons-
trated in Fig. 5-8 (in the ESM), only 60% of the
annealed NPs were eroded into Mn* at pH 5.4, and it
took at least 12 h to reach the maximum releasing point,
compared with 97% Mn?*" release from non-annealed
NPs within 2h. As discussed above, the ability of
pH-selective MRI contrast is related to the pH-
responsive property of HMP NPs, and consequently,
the lower amount of Mn?** released and longer release
time required for annealed HMP NPs would result in
lower contrast in MRI. As a result, the pH-convertible
MRI contrast property for HMP NPs enabled the
probe to be a better MRI contrast agent for cellular
tracking with high sensitivity, especially at tumor sites
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with lower pH value.
3.4 Targeting drug delivery and cytotoxicity assay

The toxicity of a probe without any drug loading is
an important consideration for a delivery system. To
evaluate the cytotoxicity of HMP NPs, KB cells, HeLa
cells, and A549 cells incubated with HMP NPs were
subjected to MTT assay. As shown in Fig. 4(a), relatively
high cell viability (more than 75%) was achieved in
all cell lines after incubation for 24 h with HMP-PEG
NPs, even at very high manganese concentrations
of 2.40 mmol/L. Furthermore, the cell viability of
FA-targeted HMP-FA NPs on these three cell lines
was assessed (Fig. 4(b)), since it is well known that
KB cells strongly overexpress FR (FR++), HeLa cells
are FR positive (FR+) and A549 cells are FR negative
(FR-) [42, 43]. As expected, the HMP-FA NPs were
more cytotoxic to KB cells than HeLa cells, and least
cytotoxic to A549 cells. Moreover, compared to the
non-targeted HMP-PEG NPs, the HMP-FA NPs had
a similar cytotoxicity to A549 cells, but gave much
lower cell viability in KB cells. This suggests that the
delivery of HMP-FA NPs is through a FR-mediated
cellular uptake, and the cytotoxicity arises from free
Mn? released from the HMP NPs [44-46]. Upon
entering cells, it is trafficked into endosomes, followed
by fusing with lysosomes. The acid conditions in
endosomes (pH 5-6) or lysosomes (pH 4-5) cracked
the HMP NPs releasing Mn?** [47, 48]. In addition, the
action of HMP-FA NPs on FR-passive cells mimics
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Figure 4 MTT assay of (a) HMP-PEG NPs and (b) HMP-FA NPs on KB cells, HeLa cells, and A549 cells. Error bars are based on

standard deviations of six parallel samples
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the interaction with normal cells. Despite the risk of
cytotoxicity from Mn?*, low uptake efficiency can
reduce the toxicity to normal cells. As shown, at
low manganese concentrations of HMP-FA NPs, low
cytotoxicity was observed in A549 cells. When the
manganese concentration was reduced to less than
0.30 mmol/L, little cytotoxicity was observed, indicating
high biocompatibility to normal cells. Additionally,
HMP NPs were very stable at neutral pH, and did not
dissociate into Mn*" at pH 7.4 for at least one month.
Therefore, the targeted HMP-FA NPs show great

DAPI DOX

KB cells
HMP-FA-DOX

KB cells
HMP-DOX

KB cells
FA (free)
HMP-FA-DOX

Hel a cells
HMP-FA-DOX

A549 cells
HMP-FA-DOX

potential for fabricating a probe with high viability
to normal cells and toxicity to tumor cells, i.e. high
selective release ability of drugs.

Upon loading the anti-tumor drug DOX into NPs,
the DOX fluorescence of the HMP-DOX NPs and
HMP-FA-DOX NPs allowed the direct visualization of
cellular uptake. To confirm the FR-mediated targeted
drug delivery, confocal laser scanning microscopy
(CLSM) was employed to investigate the cellular
uptake of HMP-FA-DOX on KB cells, HeLa cells, and
Ab549 cells. As depicted in Fig. 5, after incubation with

Merged

Bright field

(b)

5 pum
-

(e)

Figure 5 Confocal laser scanning microscopy images of (a) HMP-FA-DOX in KB cells, (b) HMP-DOX in KB cells, (c¢) HMP-FA-DOX
in FA-saturated KB cells, (d) HMP-FA-DOX in HeLa cells, and (¢) HMP-FA-DOX in A549 cells. Blue parts are nuclei, stained with DAPI
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cells for 2 h, the red fluorescence, which is associated
with DOX, was absent in A549 cells, but was visible in
HeLa cells and showed considerably higher intensity
in KB cells. The fluorescence indicated that the DOX
was surrounded closely around the nuclei, implying
that DOX was released as the free form, which tends
to diffuse towards the nuclei [49]. In contrast, the
strong fluorescence in KB cells almost disappeared
when it was pre-saturated with a large amount of
free FA (4 mmol/L), and negligible fluorescence was
observed for HMP-DOX incubated KB cells due to
non-specific binding. Moreover, as indicated in Fig. 6,
when cells were stained with green fluorescent
LysoTracker, the yellow dots, which are a colocalization
of a portion of DOX in lysosomes in KB cells, were
significantly higher in number and intensity than
in A549 cells. When focusing on KB cells, the red
fluorescence for DOX in lysosomes was much brighter
than that in other organelles in the cytoplasm,
suggesting the NPs were mostly in lysosomes. These
results confirmed that HMP-FA-DOX NPs were
taken up by an FR-mediated mechanism, and the
drugs loaded can be mostly released in low pH value
lysosomes.

The results of flow cytometry on KB cells (Fig. 7(a))
were in accordance with those of CLSM. HMP-DOX
and HMP-FA-DOX with equivalent amounts of DOX
(10 pmol/L) were incubated with KB cells for the
same time. The cells treated with HMP-FA without

Dox

Lysotracker

KB cells

A549 cells

10 wm

10 um

Hoechst

10 pm

DOX were used as a negative control. The mean
fluorescence intensity of cells treated with HMP-FA-
DOX was 102, while that with the non-targeting HMP—
DOX was only 59, thus showing an approximately
two-fold improvement in cellular uptake after FA
functionalization. When treating KB cells in the
presence of excess FA, the fluorescence intensity
decreased to 41. The fluorescence intensity of free
DOX-treated cells was 191, higher than that for
HMP-FA-DOX or HMP-DOX. This can be ascribed
to the diffusion of small molecules in the in vitro
assay being faster than that of NPs [50]. These results
directly confirm that the highly FR-specific targeting
of HMP-FA-DOX NPs to KB cells involved an FR-
mediated endocytosis.

The therapeutic effect of the released drugs on a
tumor is another critical factor for a drug delivery
system. The anticancer efficacy of HMP-FA-DOX was
investigated by the in vitro MTT assay against KB
cells, HeLa cells, and A549 cells for 24 h, as compared
with HMP-DOX, free DOX, and FA-saturated HMP-
FA-DOX. To minimize the cytotoxic effect from Mn*,
the drugs were loaded on HMP NPs with the highest
manganese concentration of 0.30 mmol/L (with
21.6 umol/L DOX). As illustrated in Fig. 7(b), compared
to HMP-DOX, HMP-FA-DOX exhibited significantly
higher growth inhibition levels in KB cells, comparable
to free DOX. When HMP-FA-DOX was incubated
with FA-containing medium, a much higher cellular

Merged Magnifiied

10 um

Figure 6 Confocal laser scanning microscopy images of HMP-FA-DOX in KB cells and A549 cells. Blue parts are nuclei, stained
with Hoechst 33342, and green parts are lysosomes, stained with LysoTracker Green DND-26. Magnified figures are the enlargements

of cells within rectangles in merged figures
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survival was observed. In contrast, the differences bet-
ween HMP-FA-DOX, HMP-DOX and FA-pretreated
HMP-FA-DOX with HeLa cells were smaller (Fig. 7(c)),
and negligible with A549 cells (Fig. 7(d)). Additionally,
for the same drug concentration and exposure time,
the viability of HMP-FA-DOX treated cells decreased
in the order A549 cells > HelLa cells > KB cells, which
reveals the enhanced cytotoxicity stems from the high
cellular uptake of HMP-FA-DOX in a FR-mediated
endocyctosis mechanism and efficient drug release
upon engulfing, as discussed before. It should be
mentioned that the viability of free DOX-treated cells
were low in all three cell lines, however, in HMP-FA-
DOX NPs, the viability in normal cells (FR-negative
cells) remained high. These characteristics of targeted
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DOX delivery and selective inhibition of cell pro-
liferation are crucial in a drug delivery system, and
makes HMP-FA-DOX an ideal carrier for effective
drug delivery.

3.5 Invitro MR imaging

Finally, to evaluate the feasibility of using MRI to
track the delivery of HMP NPs, MRI signal intensities
of HMP-FA-DOX treated KB cells, HeLa cells, and
A549 cells were examined using a 1.5 T MRI system.
As shown in Fig. 8(a), the T;-weighted MRI of KB
cells treated with NPs showed the brightest signal,
followed by HeLa cells, and little appreciable signal
enhancement was observed with A549 cells. In
contrast, the brightness dropped severely when FR

140
A I Free DOX
120 - B HMP-FA-DOX
4 [ 1HMP-DOX
100 - B FA (free)+ HMP-FA-DOX
80 -

60
40 4

20 1

0 -
0.68 1.35 2.69 5.39 10.8  21.6
Doxorubicin (umol/L)
(b)
140 -
| I Free DOX
120 - Bl HMP-FA-DOX
1 [ HMP-DOX
1wod 5 I FA (free)+ HMP-FA-DOX
80 4

(=)
=
acd

=Y
=
P |

Viable cell percentage (%)

[
=
—l

=
1

0.68

135 269 539 108

Doxorubicin (umol/L)

(d)

21.6

Figure 7 (a) Flow cytometry profiles of fluorescence from DOX in KB cells. Cells were incubated with free DOX, HMP-FA-DOX,
HMP-DOX, and FA-saturated HMP-FA-DOX NPs. Background of KB cells were attained by treating cells with HMP-FA without
DOX. MTT assay of free DOX, HMP-FA-DOX, HMP-DOX, and FA-saturated HMP-FA-DOX with (b) KB cells, (c) HeLa cells, and
(d) A549 cells containing the same amount of DOX. Error bars are based on standard deviations of six parallel samples
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Figure 8 (a) I'}-weighted MRI of HMP-FA-DOX after incubation with (a;) KB cells, (a;) HeLa cells, (a;) A549 cells, and (as) FA
pre-saturated KB cells. (b) Cellular uptake of HMP-FA-DOX examined by ICP-AES against manganese concentration. Error bars are
based on standard deviations of triplicated samples. The manganese concentrations in untreated cells are magnified ten times

pre-saturated KB cells were internalized with NPs.
This result implies that the targeted manganese cellular
uptake could be examined by MR imaging. To verify
this result, ICP-AES was also employed (Fig. 8(b)). As
expected, the cellular uptake of manganese decreased
in of the order KB cells > HeLa cells > FA pre-treated KB
cells > A549 cells, in agreement with what was observed
by MRI. These results suggest that HMP-FA-DOX can
not only give effectively targeted delivery of DOX, but
can also be used to track the delivery effect through
T;-weighted MRI. Consequently, HMP-FA-DOX can
act as a multifunctional probe for cancer cell targeted
MRI and pH-triggered drug delivery.

4. Conclusion

We have successfully synthesized neoteric FA-targeted
hollow manganese phosphate nanoparticles loaded
with the anti-tumor drug DOX, which showed
pH-triggered drug delivery and pH-convertible MRI
contrast effects. Our results suggest that DOX is mostly
loaded into the hollow part, and released through a
pH-controlled pathway, i.e. more drug is released at
low pH. A remarkable improvement in MR relaxivity
(both in 7, and ;) at low pH (pH 5.4) compared to
that in a neutral environment (pH 7.4) was achieved,
because HMP NPs dissolved giving Mn*" at low pH.
After conjugation of FA with HMP NPs, the FA-HMP

NPs could be recognized by the FA-positive cells
through FR-mediated endocyctosis. The MTT assay
suggested that HMP-FA-DOX could inhibit KB cells
more severely than HeLa cells and A549 cells, making
it possible minimize the side effects on normal cells.
The delivery process could also be tracked by MRI,
which highlights the potential of this material to form
a multifunctional probe for MRI and pH-triggered
drug delivery.
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