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Controllable Synthesis of Metal-Organic Frameworks Mn-Fluorescein
in One Pot for Magnetic Resonance/Optical Imaging
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Abstract: Through the one-pot method, for the first time, the NMR imaging reagent Mn>* and the fluorescence imag-
ing reagent fluorescein (FSD) were self-assembled on a simple metal organic framework (Mn-FSD). Fortunately, the
particle size of as-obtained Mn-FSD can be controlled to the micro-nano level for bioimaging. The in vitro and in

vivo outcomes confirm that Mn-FSD can show strong green fluorescence in cells and in nude mice. Simultaneously,

Mn-FSD exhibited high relaxivity values (r,=4.95 L.-mmol '+s™).
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0 Introduction from these intriguing properties, metal - organic frame-
works (MOFs) have been widely used in various fields,

Metal -organic frameworks (MOF's) are fascinating such as luminescence, sensing, batteries, supercapaci-

porous materials self-assembled from inorganic nodes
and organic ligands, which attracted extensive atten-
tions owing to their tunable porous structures, design-
able structure, large surface area, customizable chemis-

try, biodegradable and biocompatibility'”. Benefiting
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tors, gas storage, gas separation, catalysis, drug deliv-
ery and bioimaging®'”. For bioimaging, several MOF's
have been constructed and explored for optical imaging
(OI) and magnetic resonance imaging (MRI). For exam-

ple, Chen group fabricated a novel core-shell PB@MIL-
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100 (Fe) with magnetic resonance and optical dual -
model imaging capabilities'"". Tang group designed and
UCNP@Fe-MIL-101-NH,@PEG@FA

core-shell structure that are certainly capable of fluo-

introduced an

rescent/magnetic dual - modal imaging”

also fabricated a smart MOF platform (Fe-MIL-53-NH,-
FA-5-FAM/5-FU) for magnetic resonance/optical imag-

. Our group

ing and targeted drug delivery'”. However, such materi-
als usually have complicated structure and require
multi-step synthesis. Combining MRI and Ol into one
MOFs via one-pot method remains challenging and rel-
atively unexplored.

In this study, micro-nano Mn-FSD was achieved
successfully by one-pot method using glucose and poly-
vinyl pyrrolidone (PVP) as modulators. It is important
to note that MRI and OI capacities are integrated into a
simple MOFs firstly in this work, which is self-assem-
bled from Mn® and fluorescein (FSD). As we know,
Mn* based contrast agents are commonly used T, con-
trast agents, which are able to increase the longitudinal
water proton relaxation rates, producing brighter image

19 FSD can emit strong green fluorescence

signals'
with high fluorescence quantum yield in aqueous
media and has been widely used as a fluorescent
probe! ", Based on this, the Mn-FSD has the potential
for MRI and OI. In the presence of PVP and glucose,
the size of Mn-FSD can be adjusted into micro-nano
range for biological application. As expected, Mn-FSD
exhibited excellent fluorescence imaging capabilities
in the cell and in vivo. Besides, Mn-FSD also displayed
ideal magnetic resonance imaging abilities with high
relaxivity values. All in all, this work integrated MRI
and OL in one MOF's for the first time.

1 Experimental

1.1 Material and methods
All the

acquired from commercial sources and used directly

starting reagents and solvents were
without further purification. Powder X-ray diffraction
(XRD) patterns over the 26 range from 5° to 80° were
performed on an EMPYREAN PANALYTICAL appara-
tus using the Cu Ka radiation (A=0.154 059 8 nm) at a

scanning rate of 2 (°) *min~". The voltage was 60 kV

and the current was 55 mA. The morphology of the
products was obtained using HITACHI-SU8220 scan-
ning electron microscope (SEM) and FEI Tecnai G’
F20 high - resolution transmission electron microscope
(HRTEM). The accelerating voltage during testing is
20 and 200 kV, respectively. Energy-dispersive X-ray
(EDX) mapping analysis was carried out on TEM.
Photoluminescence (PL) spectra were collected on a
Hitachi F-7000 fluorescence spectrophotometer. NEX-
US-670 Fourier transform infrared spectrophotometer
was used to record fourier transform infrared spectros-
copy (FTIR)
(TGA) was performed from 0 to 800 °C using STA 449F*
- QMS 402D -1S50 thermal analyser under N, atmo-

sphere. A laser scanning confocal microscope (Zeiss

spectra. Thermogravimetric analysis

LSM 710) was used to bioimaging. UV-Vis spectra
were recorded on a UV-3150 UV-visible spectropho-
tometer.
1.2 Construction of Mn-FSD with different sizes

and morphologies

The Mn-FSD were prepared according to the pre-
vious work with some modifications™. In a normal pro-
cedure, 0.122 5 ¢ Mn(OAc),-4H,0, 0.8 g PVP and 0.8
g glucose were dissolved in 5 mL H,0 to obtain solu-
tion A, and 0.188 g fluorescein sodium salt (Na,FSD)
was dissolved in 4 mL methanol to obtain solution B.
Subsequently, solution B was added to solution A and
the mixture was heated at 90 °C for 24 h under hydro-
thermal condition. After that the mixture was cooled to
room temperature and the product was collected and
washed by centrifugation for several times as well as
dried at 60 “C. The obtained product was marked as
Mn-FSD-1. 0.122 5 ¢ Mn(OAc),-4H,0 and 0.15 g PVP
were dissolved in 5 mL H,O to obtain solution A, and
0.188 g Na,F'SD and 0.15 g glucose were dissolved in 4
mL methanol to obtain solution B. Subsequently, solu-
tion B was added to solution A and the mixture was
heated at 90 °C for 24 h under oil bath condition. The
obtained product was marked as Mn-FSD-2. 0.122 5 ¢
Mn(OAc),-4H,0, 0.2 g PVP and 0.2 g glucose were dis-
solved in 5 mL. H,0 to obtain solution A, and 0.188 ¢
Na,F'SD was dissolved in 4 mI. methanol to obtain solu-

tion B. Subsequently, solution B was added to solution
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A and 4 mLL DMF was added to the mixture. The mix-
ture was heated at 90 °C for 24 h under hydrothermal
condition. The obtained product was marked as
Mn-FSD-3. 0.122 5 g Mn(OAc),*4H,0 and 0.15 g PVP
were dissolved in 5 mL H,0O to obtain solution A, and
0.188 g Na,F'SD and 0.15 ¢ glucose were dissolved in 4
ml, methanol to obtain solution B. Subsequently, solu-
tion B was added to solution A and the mixture was
heated at 90 °C for 24 h under hydrothermal condition.
The obtained product was marked as Mn-FSD-4.
1.3 Cytotoxicity study

MTT method was used to evaluate the cell cytotox-
icities of Mn-FSD-4. Briefly, HL-7702 cells and A549
cells were added to a 96-well plate for adherent growth.
Mn-FSD-4 with different concentrations (0, 1.562,
3.125, 6.25 and 12.5 pg-mL") were added to the
wells. After incubating for 24 h, staining HIL-7702
cells and A549 cells with MTT. At last, the absorbance
(A) of each well was monitored at 570 nm on a micro-
plate reader. The cell viability was expressed as fol-
JA 0 X100%. All experiments

were performed in triplicate.

lows: cell viability=A_,, /A .

1.4 Cellular uptake study

In the experiment, HL-7702 cells and A549 cells
were seeded into a 6 - well plate and cultured with
Mn-FSD-4 (4 mg-mL™) for 4 h. Before the confocal
imaging, the cells were washed with phosphate-
buffered saline (PBS) for three times. Confocal fluores-
cence imaging was performed on a laser scanning con-
focal microscope (Zeiss LSM 710).
1.5 Fluorescence imaging in mice

Nude mice were purchased from Charles River
Laboratories in Beijing. All animals were kept in a con-
stant temperature environment of 22 °C and keep plen-
ty of food and water. The nude mice were injected with
Mn-FSD-4 solution (total dose=100 wL, ¢y, ysp =4 mg:*
mL™") via intratumoral injection. After treatment for 1
h, in vivo fluorescence imaging was performed on an
IVIS imaging system (Ilumina II')
1.6 In vivo biodistribution studies

Shortly, athymic nude mice were injected with
Mn-FSD-4 (4 mg-mL™") by intraperitoneal and sacri-
ficed at time intervals of 0, 15 and 30 h. Lastly, the flu-

orescence signal intensities of the tissues were collect-
ed and imaged on an IVIS imaging system (lumina II)
1.7 Invitro and in vivo T1 MRI measurements

In vitro and in vivo MRI was performed on a Sie-
mens Prisma 3.0 T MR scanner (Erlangen, Germany)
with gradient strength up to 80 mT+m™. For in wvitro
measurements, solutions with different Mn** concentra-
tions (0, 0.062 5, 0.125, 0.25, 0.5 mmol - L") were test-
ed. For in vivo MRI, all mice were kept in a constant
temperature environment of 22 °C and kept plenty of
food and water. The nude mice were injected with Mn-
FSD - 4 solution (total dose=200 wl, cy,pspa=5 mg+
mL™") via intratumoral injection. After treatment for 4
h, in vivo MRI was performed.
1.8 Ethics statement

This study was performed in strict accordance
with the Helsinki Declaration of 1975, as revised in
2008 (5) concerning Human and Animal Rights. All
animal experiments were carried out according to the
Ethical Committee of Inner Mongolia Medical Universi-
ty. All animal experiments were approved by Inner

Mongolia Medical University.
2 Results and discussion

In general, the particle size can be adjusted via al-
tering the reaction conditions. In this study, Mn-FSD
with different sizes and morphologies were achieved
under different reaction conditions. PVP and glucose
was applied to control over the size and morphology of
Mn-FSD. Apparently, the morphology was tuned from
rodlike to irregular sphere and the sizes of Mn-FSD
decreased from 10 wm to 500 nm (Fig.1). As we know,
PVP and glucose are able to cover the surface of
Mn-FSD. Additionally, the attachment of PVP and
glucose can be acted as a structure - directing agent,
inducing Mn-FSD to grow in different directions and
resulting in Mn - FSD with different morphologies™ .
Meanwhile, XRD patterns of Mn-FSD-1, Mn-FSD-2,
Mn-FSD-3 and Mn-FSD-4 were matched well with the
simulated one and the sharp peaks of all the products
indicate they have excellent crystallinity, as shown in
Fig.2. Thus, the decrease of the particle size did not
cause the change of the Mn-FSD. The FTIR spectra of
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Fig.1 SEM images of Mn-FSD with different sizes and morphologies: (A) Mn-FSD-1, (B) Mn-FSD-2, (C) Mn-FSD-3, (D) Mn-FSD-4

Na,F'SD and Mn-FSD-1~Mn-FSD-4 are displayed in Fig.
S1 (Supporting information). Apparently, Mn-FSD-1
~Mn-FSD-4 exhibited almost consistent characteristic
bands. Compared with Na,FSD, the absorption bands at
1 610~1 560 cm™ and 1 440~1 360 cm™ attributed
to —COO™ became sharp, which may be due to coordi-
nation between Mn** and —COO™ in FSD. Besides, the
TGA curves of Mn-FSD-1~Mn-FSD-4 were similar. As
depicted in Fig.S2, the weight loss (about 3%) occur-
ring at 45~157 °C originates from the loss of solvent

molecules. The significant weight loss around 330 °C

®)

D)

j ‘.] N . @)
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20/()

Fig.2  XRD patterns of Mn-FSD with different sizes and
morphologies: (A) simulated, (B) Mn-FSD-1,
(C) Mn-FSD-2, (D) Mn-FSD-3, (E) Mn-FSD-4

corresponds to the collapse of frameworks of Mn-FSD-1
~Mn-FSD-4. The solid-state UV-Vis absorption spectra
are also shown in Fig.S3. Mn-FSD-1~Mn-FSD-4 exhib-
ited an absorption maximum at 440 nm with a few
shoulder peaks at 336, 500 and 613 nm. Meanwhile,
fluorescence spectra are depcited in Fig. S5 and S6.
Clearly, Mn-FSD - 1~Mn - FSD -4 displayed emission
with a maximum at 520 nm upon excitation at 445 nm,
respectively. Na,F'SD exhibited a broad emission band
with a maximum at 529 nm when the excitation was
361 nm as shown in Fig. S4. Obviously, the fluores-
cence properties of Mn-FSD-1~Mn-FSD-4 are mostly
attributed to FSD. Meanwhile, the quantum efficiency
of Mn - FSD -4 was 3.55%, which was higher than
Na,FSD (2.28%) due to the charge transfer interaction
between Mn>* and FSD"".,

Besides, it is well known that the Mn** is able to
serve as T, contrast agent and the micro-nanoscale
Mn-FSD-4 was selected to confirm the MRI ability. 7'-
weighted MRI of the fabricated Mn-FSD-4 are shown
in inset of Fig.3. With the concentration of Mn-FSD-1
increasing, the MRI of Mn-FSD -1 gradually became
brighter, demonstrating concentration-dependent signal
enhancement effects. Further, the transverse relaxivity
(r;) for Mn-FSD -1 can be calculated to be 4.95 L-

mmol ' +s™" according to the linear concentration-depen-
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dent effect in Fig.3. This value was relatively high com-
pared with the relaxivities for most Mn - based MRI
agents shown in Table S1. This may be attributed to the
2D network structure of as-prepared Mn-FSD-4, which
allows the direct interaction between the Mn®* and
surrounding water protons and is beneficial to T, relaxiv-
ity. The result indicates that Mn-FSD-4 is a good T,-
weighted contrast agent for MRI. Inspired by these
properties, the cell viability of Mn-FSD-4 was further
explored. As shown in Fig.S7, Mn-FSD-4 displayed low
cytotoxicity to HL-7702 cells and A549 cells. When
the concentration was 12.5 pg-mL™, the cell viability

3.0

y = 4955 +0.58
2.5

0.25 T T T T T
0.0 0.1 0.2 0.3 0.4

a2+ | (mmol - L)

0.5 0.55

Inset: T'|-weighted MRI of Mn-FSD-4 with diverse Mn

concentrations in vitro

Fig.3 Relaxation rate 1/T) vs concentration of Mn-FSD-4
at 3.0 T and 25 C

100 pm

100 pm
—

of A549 cells and HL-7702 cells was over 80% and
70%, respectively.

Given their favorable in vitro cytotoxicity, we car-
ried out fluorescence imaging tests on HL-7702 cells
and A549 cells. As shown in Fig.4, bright green fluo-
rescence can be observed in both HL-7702 cells and
A549 cells after incubating with Mn-FSD -4 for 4 h,
confirming that Mn-FSD -4 can enter into HL-7702
cells and A549 cells for fluorescence imaging. The bio-
imaging capability of Mn-FSD-4 was further investigat-
ed on the tumor bearing mice. As expected, after intra-
tumoral injection, the tumor exhibited strong fluores-
cence (Fig.5). Furthermore, in vivo MRI is shown in
Fig. 6. Apparently, after intratumoral injection, T, -
weighted MRI displayed intense contrast enhancement
and the tumor became brighter. Briefly, Mn-FSD-4 dis-
plays good OI and T,-weighted MRI ability.

The biodistribution of Mn-FSD-4 in major organs
were also investigated and are shown in Fig.7, which
have a decisive influence on the possible side effects.
Apparently, Mn-FSD-4 were heavily distributed in
liver and kidney after intraperitoneal injection for 15 h.
It is worth noting that the fluorescence intensity at liver
and kidney site significantly decreased after 30 h, indi-
cating that almost all Mn-FSD-4 were metabolized.
Thus, Mn-FSD has good dispersion and fast metabo-

The left panels show dark-field fluorescence images, the middle panels show the corresponding bright-field images and the right panels

are overlays of the left and middle panels

Fig.4 Fluorescence imaging of HL-7702 cells (A~C) and A549 cells (D~F) after being incubated with Mn-FSD-4 for 4 h
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Fig.5 Fluorescence imaging of tumor-bearing athymic nude mice without Mn-FSD-4 (A) and with Mn-FSD-4

after intratumoral injection for 1 h (B)

Area: 768 355.9 pm? (W: 10 850.7 pm H: 9 016.0 pm) Area: 1.345 mm? (W: 1552 mm H: 1.103 mm)

Mean: 6 507.495 SDev: 722.160 Sum: 618 212 Mean: 8 387.276 SDev: 610.844 Sum: 1 333 577
Min: 5 118.000 Max: 8 119.000 Min: 5 037.000 Max: 9 705.000

Fig.6  T,-weighted MRI of tumor-bearing athymic nude mice without Mn-FSD-4 (A) and with Mn-FSD-4

after intratumoral injection for 4 h (B)
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Inset: ex vivo fluorescence imaging of different organs at 15 and 30 h point post-injection

Fig.7 Biodistribution of Mn-FSD-4 in major organs after 15 and 30 h post-injection



8

1o T A« — i L P B T A FLHEZR A M- O 3R T T A% RESL RO LS 1481

lism in wvivo applications. And the XRD of Mn-FSD
after soaking for 24 h in PBS with different pH values
are shown in Fig.S8. Clearly, XRD patterns of Mn-FSD
after soaking in PBS with different pH values (3, 5, 7
and 8) for 24 h agreed well with the original Mn-FSD,
suggesting that Mn-FSD is stable under physiological

conditions.
3 Conclusions

In summary, this work shows that a novel MRI
and OI bimodal probe can be developed via a simple
one-pot method through the combination of metal ions
with ligand for the first time. The size of Mn-FSD can
be controlled to 100 nm for biological application. As
expected, micro-nanoscale Mn-FSD displayed good bio-
compatibility. More importantly, the Mn-FSD showed
high fluorescence emission at around 520 nm under
the excitation of about 445 nm, effectively realizing flu-
orescence imaging in cell and in vivo. Additionally,
micro-nanoscale Mn-FSD also showed high relaxivity
values, exhibiting good performance in MRI. Overall,
this work integrated a MOF as a novel MRI and OI dual
-mode imaging reagent via a simple and gentle process.
It is also expected that the methods in this work paves
the way for self-assembly of multifunctional MOFs
based on metal ions and organic ligands for using in

biomedicine.
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