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Luminescent Metal-Organic Frameworks for Selectively
Sensing Nitric Oxide in an Aqueous Solution and

in Living Cells

Pengyan Wu, Jian Wang, Cheng He, Xiaolin Zhang, Yanting Wang, Tao Liu,*

and Chunying Duan*

Cu?"-based metal-organic framework (Cu—TCA) (H;TCA = tricarboxytriphenyl
amine) having triphenylamine emitters was assembled and structurally
characterized. Cu—TCA features a three-dimensional porous structure
consolidated by the well-established Cu,(O,CR), paddlewheel units with
volume of the cavities approximately 4000 nm3. Having paramagnetic Cu?*
ions to quench the luminescence of triphenylamine, Cu—TCA only exhibited
very weak emission at 430 nm; upon the addition of NO up to 0.1 mm, the
luminescence was recovered directly and provided about 700-fold fluorescent
enhancement. The luminescence detection exhibited high selectivity — other

hybrid materials comprising ordered net-
works formed from organic electron donor
linkers and metal cations.?! Their tunable
pore size and characteristic functionality
that are similar to active sites in proteins
suggests they may act as bright promising
host matrices for molecular recognition,
because the inherent confinement effect
within their pores serves as preconcen-
trator to enhance the host-guest interac-
tions and the pore surface designability
enables the incorporation of appropriate
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reactive species present in biological systems, including H,0,, NO3;~, NO,,
ONOO-, ClO™ and '0,, did not interfere with the NO detection. The bright-
ness of the emission of Cu—TCA also led to its successful application in the
biological imaging of NO in living cells. As a comparison, lanthanide metal-
organic framework Eu—TCA having triphenylamine emitters and characteristic
europium emitters was also assembled. Eu—TCA exhibited ratiometric fluo-
rescent responses towards NO with the europium luminescence maintained
as the internal standard and the triphenylamine emission exhibited more

than 1000-fold enhancement.

1. Introduction

Molecular recognition is one of the most important processes
in biological and chemical systems and governs the diverse
functions and unique properties of a variety enzymes and
synthetic receptors.l!l Since molecular recognition is operated
through non-covalent interaction algorithms between receptors
and substrates, the design and assembly of synthetic recep-
tors mimicking biological systems to discriminate different
substrates with high efficiency and selectivity is a critical and
challenging task.l?! Porous metal-organic frameworks (PMOFs)
represents a new class of inorganic-organic supramolecular
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specific interaction sites into a scaffold
through the use of strategic organic chem-
istry.”] Recent investigations also suggest
that the specific, unique molecular recog-
nition between porous MOFs and guest
substrates is the design criteria to con-
struct porous MOFs with functional pores
to direct the functions and applications.[®!
In this case, the combination of signal
transduction pathways and accessible
porosity within these MOFs materials will
impart them with the capability of trans-
ducing the host—guest behavior to detect-
able changes, porous MOFs thus are postulated as excellent
candidates for chemical sensing applications.”! And the gen-
eral strategy for increasing selectivity and sensitivity of porous
MOFs not only includes enhancing the level of sophistication
in the recognition unit for a target molecule by optimizing the
host-guest interactions, but also involves improving the signal
transduction mechanism that directly visualizes the host-guest
interaction.®!

On the other hand, nitric oxide (NO) is an important medi-
ator of both physiological and patho-physiological processes
and a key player in numerous mammalian functions, including
vasodilation, immune responses, and neurotransmission, and
has also been recognized as an atmospheric pollutant and a
potential health hazard.] Due to its large diffusivity and high
reactivity with other radicals and metal-containing proteins
in biological systems, the development of methods capable of
detecting NO in biology has been an intriguing challenge for
chemists, biologists and engineers.'? It has also been postu-
lated that various biological and physiological reactivities of
nitric oxide are attributed to the formation of nitrosyl com-
plexes of metalloproteins, mostly iron or copper protein;!!!
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the chemistry of NO coordination thus provides a mechanism
by which metal complexes react with NO and has also been
employed as a powerful strategy for NO sensing.[?l These tran-
sition metal based sensors permit the identification of NO from
both inducible and constitutive forms of nitric oxide synthase
and facilitate the investigation of different NO functions in
response to external stimuli.'3! Recently, a number of metal-
organic frameworks materials have been proposed as delivery
agents for exogenous NO.Yl The whole adsorption—storage-
delivery cycle indicates that MOFs reported can deliver pure
gaseous NO in high quantities, confirming their applicability
as potential gas storage materials for energy, environmental,
and Dbiological applications. Herein, through incorporating
triphenylamine moiety as an efficient emitter,’>] we report
Cu?"-based metal-organic framework Cu-TCA (H;TCA = tri-
carboxytriphenyl amine), to realize the applications of MOFs in
the luminescent detection of NO. We reasoned that the para-
magnetic characteristics of Cu?* ions would quench the ligand-
based fluorescence completely, while the coordination of NO
to the metal ions exposed on the surface of the MOF would
thus reduce Cu®" centers to Cu* to recover the luminescence
directly.['8]

2. Results and Discussion

2.1. Synthesis and Characterization of Cu-TCA

Solvothermal reaction of H;TCA and Cu(NO3),-6H,0 in mixed
solvents of DMF and methanol gave compound Cu—TCA in
a high yield (70%). Elemental analyses (EA) along with the
powder X-ray analysis indicated the pure phase of its bulky
sample (Figure S1, Supporting Information). Single crystal
structure analysis revealed that topology of Cu-TCA framework
was similar to that of the porous metal-organic framework
HKUST-1.""] It was composed of paddle wheel dinuclear Cu,
units with a short Cu—Cu internuclear separation of 2.063(4)
A, bridged by four TCA*". Moreover, each TCA?" ligand con-
nected three dinuclear Cu, units to form a non-interpene-
trating 3D network. Each copper ion in the paddlewheel SBU
was coordinated with four symmetric-related oxygen atoms
from four respective carboxylates and one axial water mol-
ecule opposite to the Cu—Cu vector. The overall framework of
Cu-TCA consists of large truncated cubic “cages” delimited by
8 TCA?~ ligands and 12 Cu,(O,CR), paddlewheel SBUs. Using
the central N atoms as the points of the cage, its radii is about
1.0 nm. (Figure 1)

The free volume in fully desolvated Cu—-TCA was estimated to
be approximately 79.7% by PLATON software, and TGA analyses
also showed that the Cu-TCA exhibited an impressive solvent
weight loss of 52.5 weight percent (wt%) in the temperature range
25-200 °C (Figure S2, Supporting Information), which confirmed
the highly open framework structure. Simultaneously, dye-uptake
studies by soaking the Cu—TCA in a solution of Brilliant Blue R-250
(BBR-250) dye in methanol for 24 hours,!'¥ the dye uptake, which
was approximately 34% of the framework weight, was examined
(Figure S3, Supporting Information). Experimental results demon-
strated conclusively the accessibility of the small molecular to the
MOF through the open channels.
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Figure 1. View of the crystal packing of Cu-TCA along a direction
showing the rhombus channels with the coordinated unsaturated metal
ions and nitrogen atoms exposed within the channels and coordination
configuration of the metal center, and the truncated cubic consisted unit
in Cu-TCA.

2.2. Fluorescence and Mechanism Studies of Cu—TCA with NO

Cu—TCA exhibited absorption bands centered at 350 nm assign-
able to the 7+ transition of the triphenylamine group.') The
ligand exhibited photoluminescence at about 430 nm when excited
at 350 nm, whereas the emission of the ligand reduced in the
Cu(II)-based MOF due to the quenching of paramagnetic center.
As can be expected, the introduction of excess NO to the suspen-
sion of Cu-TCA caused a significant increase in fluorescence,
since reduction of Cu(II) to form a diamagnetic species Cu(I) can
alleviate quenching caused by paramagnetic metal ions during
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Figure 2. Family of Cu-TCA emission spectra treated with NO con-
centration: 0.0 mwm (short dot line), 0.3 mwm (short dash line), 0.5 mm
(dash dot dot line), 0.6 mm (dash dot line), 0.7 mm (dot line), 0.8 mm
(dash line), 1 mm (solid line) at room temperature in CH3CN/Tris buffer
(7/3, v/v, pH = 7.4, Tris = trishydroxy methyl aminomethan). The insert
shows the luminescence intensities of the products of Cu-=TCA treated with
various ROS and RNS in CH;CN/Tris buffer. NO: 1 mm; H,0,: 5 mm; NO3™:
5 mm NaNO3z; NO,: 5 mm NaNO,; ONOO™ 5 mm NaONOO; OCl:
5 mm NaOCl; '05: 5 mm H,0, + 5 mm NaOCl.

this process. Consequently, A 700-fold increase in fluorescence
was observed when Cu—TCA was allowed to react with 1 mM NO
(Figure 2), indicating the potential of Cu-TCA for NO sensing. In
a control experiment, a free ligand solution treated with excess NO
only showed a small increase (10%) in fluorescence.

To evaluate the reaction specificity of Cu-TCA with NO
under physiological conditions, a wide array of possible com-
petitive reactive oxygen and nitrogen species and other analytes
up to five-fold excess were screened. As depicted in Figure 2, no
detectable responses appeared upon the addition of 5 equiv. of
ClO~, NO,~, NO;~, H,0,, ONOO™ and '0,, whereas the lumi-
nescence intensity was increased significantly after treatment
with NO solution. This result demonstrated that the fluores-
cence response of Cu—TCA was specific for NO.

The electron paramagnetic resonance (EPR), Fourier trans-
form infrared (FT-IR) spectroscopy and fluorescence life-
time experiment were carried out to investigate the mecha-
nism of the emission turn-on of Cu—TCA by NO. The EPR
spectra of Cu-TCA exhibited the characteristic signal of
Cu(II) at 3000 and 3296 Gauss. Subsequently, the addition
of NO led to the suppression of EPR features for Cu—TCA
in the solution confirming the formation of a Cu(l) species
(Figure S4, Supporting Information).?% The formation of a dia-
magnetic Cu(I) complex during the reaction between NO and
Cu(II) complexes can recover the quenched fluorescence of a
triphenylamine coordinated to the paramagnetic metal. More-
over, putting Cu—TCA into the DMF saturated solution of NO
for 3 hours afforded new crystalline solids. The IR spectrum dis-
played two new bands at 1683 cm™ and 1763 cm™! indicating the
presence of the antisymmetric and symmetric N-O stretching
of Cu(I)-NO adducts (Figure S5, Supporting Information).l!!
Time-resolved emission measurements were used to fur-
ther probe the interaction between Cu-TCA and NO, and
emission decay curves are shown in Figure S6, Supporting
Information. Emission decays for Cu-TCA were best fit
by a monoexponential function with 0.23 ns, attributed to

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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emission from tricarboxytriphenyl amine in the presence
of Cu?*. Putting Cu-TCA into the DMF saturated solution of
NO for 3 hours afforded new crystalline solids of which emis-
sion decays were fit best by a biexponential function. The
faster component has 1 = 0.47 ns, was similar to the original
one, likely due to Cu?* quenched emission from tricarbox-
ytriphenyl amine units. And the presence of a new relative
longer-lived species, with a lifetime of 2.61 ns, suggested part
of the Cu(II) centers were reduced to Cu(l) in the presence
of NO, resulting in the quenching of the ligand excited state
being blocked.’2 The experimental results demonstrated
that Cu-TCA was capable of fluorescent NO detection via
NO-induced metal reduction accompanied by concomitant
fluorescence enhancement.

2.3. Luminescence Imaging of Cu-TCA

The high selectivity coupled with the solubility in aqueous
media of Cu-TCA made it a superior probe for NO detec-
tion via biological imaging. Remarkably, MOFs need to be
scaled down to the nanoregime to form nanoscale metal-
organic frameworks (NMOFs) to be used as delivery vehi-
cles for imaging agents and drug molecules.?’! The dark
green, crystalline nanoparticles of Cu-TCA (NCu-TCA)
were synthesized in 30% yield by microwave heating of a
solution of H3TCA and Cu(NOs), in DMF/CH;0H at 100° for
5 min. The SEM images showed that NCu—TCA forms block-
like particles with dimensions of approximately 100 nm X
100 nm x 100 nm (Figure S7, Supporting Information). PXRD
studies indicate that the Cu-TCA particles are crystalline
and share the same phase as the bulk crystals of Cu-TCA.
(Figure S1, Supporting Information) MCF-7 cells were
incubated for 30 min with 5 ppm NCu-TCA at 37° to allow
the probe to permeate into the cells. The cells gave no intrac-
ellular fluorescence under selective excitation with blue light
(350—400 nm) (Figure 3a). Subsequently, a significant blue flu-
orescence in the live cells was observed after the cells stained
with suspension containing NCu-TCA were washed three
times with Tris buffer, and then incubated with sodium nitro-
prusside (2.0 mM) for another 20 minutes (Figure 3c). Bright-
field measurement confirmed that the cells after treatment
with the probes solution and NO were viable throughout the
imaging experiments (Figure 3d). These experiments indicate
that our system could be used to monitor intracellular nitric
oxide. In addition, we believe our results with Cu—TCA were
the first example of metal-organic frameworks implicated
biological imaging of NO in the living cells.

2.4. Ratiometric Luminescence Responses Towards NO by
Eu—TCA: Synthesis, Characterization and Sensing Studies

The interesting imaging behavior of Cu—TCA encouraged us
to further investigate the recognition behavior of the MOFs
assembled by the triphenylamine moiety, compound Eu-TCA
was produced by the hydrothermal reaction by using europium
nitrate and H;TCA. X-ray crystallography reveals that Eu-TCA
crystallizes in the space group P2(1)/c. The asymmetry unit of

Adv. Funct. Mater. 2012, 22, 16981703
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beside the emission of the triphenylamine
group centered at about 430 nm. A fluores-
cence titration with the DMF saturated solu-
tion of NO was conducted on a suspension
of Eu-TCA (4 ppm) in acetonitrile. Upon
addition of NO solution, the luminescence
intensity of Eu—TCA at 430 nm increased
gradually with the enhanced efficiency up
to 1620-fold. Interestingly, the intensity
of emission at 610 nm remained virtually
unchanged.

Thus, Eu?* emission could act as internal
standard to determine the concentration
fraction of the host-guest species since no
significant spectral changes were found cor-
responding to the characteristic Eu®*" emis-
sion.?®] The ratio of the emission intensities
at 430 nm and 610 nm (I 30/Ig0) became
constant when the amount of the added NO
reached 140 um (Figure 5a). Moreover, the
emerged ratiometric chemosensor is quite
significant since it can eliminate most or all
ambiguities by self-calibration between two
emission bands.?”) Accordingly, the spec-
tral responses upon addition of NO could be
assigned to the formation of coordination
bonds between the europium and NO, due to
the new peak of the mononitrosyl (Eu-NO) at
1927 cm™! observed in the FT-IR spectrum
(Figure S8).1%8!

Figure 3. Fluorescence imaging response of Cu—TCA (5 ppm, suspended in Tris buffer)
induced by sodium nitroprusside (2.0 mm). a) Fluorescence image of MCF-7 cells incubated
with Cu—TCA. b) Brightfield image of cells shown in panel (a). c) Cells incubated with sodium
nitroprusside. d) Brightfield image of cells shown in panel (c). Excited with blue light.

The fluorescence response of the Eu—-TCA
probe is also specific for NO over other reac-

Eu-TCA contains three europium centers, three TCA3~ ligands
and three coordinated H,O molecules. Two of the Eu atoms
adopt distorted dodecagonal coordination geometries with
eight oxygen atoms from six carboxylate groups of TCA3~ or
seven oxygen atoms from six carboxylate groups of TCA3~ and
one H,0. The third Eu center is coordinated by seven oxygen
atoms from six carboxylate groups of TCA3~ and two terminal
H,O0 ligands. Each TCA?" ligand coordinates to five different
Eu?* ions through two different coordination modes: biden-
tate and chelating/bisbridging bidentate. The eight- and nine-
coordinate Eu®* ions are linked together by carboxylate groups
of TCA* to construct 1D Eu-O-C chains running along the
[001] direction. These Eu—O-C chains, as rod-shaped SBUs,
are interconnected through triphenylamine groups of TCA3"
to generate a 3D noninterpenetrating extended network with
1D rhombus channels of 7.5 x 8.5 A? (measured between
opposite atoms) viewed along the [001] direction (Figure 4).
The metal centers have removable solvent molecules that are
also well-positioned in the channels to interact with guest
molecules that enter the framework pores to recognize small
molecules.?

Given that triphenylamine emitter is an efficient sensitizer
to prompt the corresponding luminescence, Eu-TCA exhibits
characteristic Eu** emissions assignable to the transitions of
>Dy—’F;, °Dy—’F, and *Dy—’F, when excited at 350 nm, %’

Adv. Funct. Mater. 2012, 22, 1698-1703
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tive species present in biological systems,
including H,0,, NO;~, NO,~, ONOO~, ClO-
and '0,. However, since Eu—TCA is very sensitive to water,%’]
that is, fluorescence quenching in the presence of water, its
application on fluorescence imaging in biological system is fur-
ther limited.

Figure 4. View of Eu—TCA crystal packing along ¢ direction showing the
rhombus channels with the coordinated unsaturated metal ions and
nitrogen atoms exposed within the channels and coordination configura-
tion of the metal center. The metal, oxygen, nitrogen and carbon atoms
are drawn in shades of grey.
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Figure 5. The family of Eu—TCA emission spectra with NO concentration:
0.00 mm (short dot line), 0.03 mm (short dash line), 0.05 mM (dash dot
dot line), 0.07 mm (dash dot line), 0.09 mm (dot line), 0.11 mm (dash
line), 0.13 mwm (solid line) at room temperature in CH3CN. Insert: Emis-
sion spectra of Eu—TCA without NO. Excitation at 350 nm.

3. Conclusions

In summary, two new MOF-based NO chemosensors Cu-TCA
and Eu-TCA are developed through incorporating triphe-
nylamine moiety as a bright blue emitter. The coordination of
NO to the Cu(Il) ions of the MOF reduces Cu?* centers to Cu*
and recover the luminescence in aqueous solution directly. Excel-
lent selectivity and high sensitivity enables Cu—TCA to realize the
applications of the bioimaging in living cells. Eu—-TCA exhibited
lanthanide-based emission (610 nm) and triphenylamine emis-
sion (430 nm) and worked as a ratiomeric luminescent chemo-
sensor towards NO. We are now exploring some more selective
and sensitive ratiometic luminescent MOFs, and developing the
strategies to construct such microporous luminescent MOF nano-
particles, disperse them into a biological system and make use of
optical fluorescent imaging technology for the sensing of NO.

4. Experimental Section

Material and Methods: Unless otherwise stated, all chemical materials
were purchased from commercial sources and used without further
purification. 4,4’,4”-tricarboxytriphenylamine was synthesized according
to the published procedure.S!l The saturated dimethylformamide solution
of NO was prepared by passing NO gas through a argon-deoxidized
DMF for 3 h. The NO concentration was measured by using the Griess
method.®1 TH NMR spectra were measured on a Varian INOVA 400M
spectrometer. The powder XRD diffractograms were obtained on a Riguku
D/Max-2400 X-ray Diffractometer with Cu sealed tube (A = 1.54178 A).
Elemental analyses were obtained on Elemental Analyzer Vario EL iii.
Thermogravimetric analysis (TGA) was carried out at a ramp rate of
5°/min in a nitrogen flow with a Mettler-Toledo TGA/SDTA851 instrument.
FT-IR spectra were recorded as KBr pellets on JASCO FT/IR-430.

X-band EPR spectra were recorded on a Bruker EMX EPR spectrometer
(9.45 GHz). Temperature control was performed with an Oxford
Instruments ESR900 liquid-helium cryostat and ITC503 controller. Cu—TCA
(10 mg) set in the DMF saturated solution of NO for 3 hours, was directly
placed in an EPR tube for EPR determination at the room temperature.

Fluorescence spectra of the solution were obtained using the FLS920
spectrometer (Edinburgh Instruments). Both excitation and emission slit
were 3 nm wide. Fluorescence measurements were carried outina 1 cm
quartz cuvette on a suspension of Cu—TCA in acetonitrile/Tris buffer

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(pH = 7.4) excited at 350 nm with cuvette solutions protected by argon
atmosphere. The luminescence of Eu—TCA was examined in acetonitrile
under argon atmosphere, and the intensity was recorded at 430 nm and
610 nm, excited at 350 nm.

Cells images were captured using the Nikon eclipase TE2000-5 inverted
fluorescence microscopy. MCF-7 cells were cultured in 1640 supplemented
with 10% FCS. MCF-7 cells were seeded in 24-well flat-bottomed plates.
Then they were maintained at 37° in a 5% CO,/95% air incubator for 12 h.

Synthesis  and ~ Crystal ~ Growth:  Cu-TCA: A mixture of
4,4’ 4"tricarboxytriphenylamine  (H;TCA) (94 mg, 0.25 mmol) and
Cu(NO3),-6H,0 (242 mg, 1 mmol) were dissolved in 15 mL mixed solvents
of DMF and methanol in a screw-capped vial. The resulting mixture was
kept in an oven at 120 °C for 3 days. Green block-shaped crystals were
obtained after filtration. Yield: 70%. Anal. calcd. for Cuz(Cy1H;,NOg),(H,0)3
(dried vacuum%): C, 50.78; H, 3.04; N, 2.82; Found: C, 49.77; H 3.45, N
2.08. FTIR (KBr pellet): v = 3427 (w), 1656 (m), 1596 (m), 1531 (m), 1507
(m), 1316 (m), 1276 (m), 1176 (m), 1102 (s), 1014 (s) cm™".

Eu-TCA: A mixture of 4,4’,4”-tricarboxytriphenylamine (H;TCA)
(94 mg, 0.25 mmol) and Eu(NOj3);-6H,0 (446 mg, 1 mmol) were
dissolved in 15 mL mixed solvents of dimethyl formamide (DMF) and
ethanol in a screw-capped vial. The resulting mixture was kept in an
oven at 100° for 3 days. Yellow block-shaped crystals were obtained after
filtration. Yield: 75%. Anal. calcd. for Euz(CyH;;NOg)3(H,0); (dried
vacuum%): C, 46.34; H, 2.59; N, 2.57; Found: C, 45.48; H 3.36, N 3.23.
FTIR (KBr pellet): v=3431 (w), 1657 (m), 1592 (m), 1529 (m), 1507 (m),
1315 (m), 1175 (m), 1143 (s), 1102 (s), 1014 (s) cm .

Crystallography: Crytallography intensities were collected on a Bruker
SMART APEX CCD diffractometer with graphite monochromated Mo-Ka.
(A =0.71073 A) using the SMART and SAINT programs. The structure
was solved by direct methods and refined on F? by full-matrix least-
squares methods with SHELXTL version 5.1.

Crystal data of Cu-TCA: CssHgoCu3N,O3; [Cusz(CyH12NOg),(H,0)s5:
13CH;0H-4H,0], M = 1481.91, Cubic, space group Pm-3n, a = 23.211(3)
A, v=12505(3) A}, Z =4, Dc = 0.774 g cm™3, u(Mo-Ko) = 0.553 mm™",
T=180(2) K. 1980 unique reflections [R;,;=0.1286]. Final R; [with I>20(l)] =
0.0792, wR, (all data) = 0.2031, GOOF = 1.020. CCDC number: 841879.

Crystal data of Eu-TCA: Cyps50Hes5EUsNs 50026 [Eus(Ca1H12NOg)s3-
(H20)3-2.5C3H;NO-2.5H,0], M = 1860.66, Monoclinic, space group
P2,/c, a=14.576(1) A, b=23.245(2) A, c=24.815(2) A, B=102.90 (1)°,
V=28195 (1) A®, Z =4, Dc = 1515 g cm™3, u(Mo-Ka) = 2.344 mm~",
T = 298(2) K. 14359 unique reflections [Ri,; = 0.1127]. Final R; [with
I > 20())] = 0.0738, wR, (all data) = 0.2153, GOOF = 0.962. CCDC
number: 841880.

For both two data, non-hydrogen atoms of the ligand backbones were
refined anisotropically. Hydrogen atoms within the ligand backbones
were fixed geometrically at calculated positions and were allowed to ride
on the parent non-hydrogen atoms.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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