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Switching On Luminescence in Nucleotide/Lanthanide Coordination
Nanoparticles via Synergistic Interactions with a Cofactor Ligand
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Amorphous coordination nanoparticles (CNPs) formed
from metal ions and synthetic ligand molecules have been
emerging as a new family of functional nanomaterials.!!
They are made up of polymeric networks of ligands and
metal ions®? and have been applied in many fields including
catalysis,”"! bioimaging™ and drug delivery.”! The majority of
CNPs reported to date contain hydrophobic ligand mole-
cules and consequently they have mostly been prepared in
organic media. Meanwhile, we have recently reported that
water-soluble nucleotides serve as bidentate ligands.!! Upon
mixing nucleotides and lanthanide ions in water, coordina-
tion networks consisting of phosphate, nucleobase units and
lanthanide ions form spontaneously and give amorphous
nanoparticle structures as determined by X-ray diffraction
analysis.® These nucleotide/lanthanide CNPs enjoy the full
benefits of using biomolecules and lanthanide ions in water.
For example, the large coordination number of lanthanide
ions allows formation of amorphous coordination networks,
in which densely accumulated nucleotides and lanthanide
ions reveal efficient energy transfer and remarkable magnet-
ic resonance imaging (MRI) properties.® Moreover, they
exhibit surprisingly adaptive self-assembly properties, that is,
amorphous coordination networks are formed around a vari-
ety of water-soluble guest materials during the course of as-
sembly.®™] The design of adaptive self assembly is consid-
ered to be one of the forthcoming issues in supramolecular
chemistry.”

We herein report a novel approach to bring out the latent
photofunctionality of nucleotide/lanthanide complexes by
inclusion of guest cofactor molecules. Synergistic interac-
tions that operate between the cofactor ligands and host co-
ordination networks confer the nucleotide/lanthanide CNPs
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signal-responsive characteristics. A combination of 2'-deoxy-
adenosine 5'-monophosphate (d{AMP, Scheme 1) and terbi-
um (Tb*>*) ions were selected for use in this study. We re-
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Scheme 1. Molecular structures of dAMP, hydroxypicolinic acid (1), and
schematic representation of CNPs formed in the absence (top) and pres-
ence (bottom) of 1.

cently reported that CNPs consisting of guanine mononu-
cleotides and Tb** ions show green luminescence upon pho-
toexcitation of the guanine chromophore. This is ascribed to
energy transfer from the guanine group to the emissive D,
state of Tb*>" ion (antenna effect), which is secured by the
coordination between two adjacent electron-density-rich
atoms (O and N).®) On the other hand, such a sensitization
effect was highly specific for guanine-containing nucleotides
and it was not observed for the other nucleotides. In the
case of dAMP, the adenine nucleobase lacks the carbonyl
group required for the coordination to lanthanide ions. The
lower coordination ability of the adenine unit allows water
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molecules to compete for the coordination sphere of Tb*;
this makes the complex increasingly nonradiative and signif-
icantly weakens its luminescence properties.

The disadvantage caused by employing an adenine nu-
cleotide as one of the components, however, is surmounta-
ble by introducing guest cofactor molecules that coordinate
to Tb?* ions as ancillary ligands. Replacement of the coordi-
nating water molecules by suitable cofactor ligands leads to
conversion of the nonluminescent AAMP/Tb** complex into
luminescent CNPs (Scheme 1). 3-Hydroxypicolinic acid (1,
Scheme 1) was employed as a cofactor ligand because pyri-
dine derivatives have been used as efficient sensitizers for
lanthanide ions.”)

Upon mixing dAMP and Tb** in water ([dAMP]=
0.75mm, [Tb’*]=0.25mm), colourless precipitates were
formed that appeared as aggregated CNPs (average diame-
ter ~30nm) in transmission electron microscopy (TEM,
Figure 1b) images. When the adenine chromophore in the

Figure 1. (a) Irradiation of CNPs formed upon mixing: (1) dAMP/Tb**,
(2) (dAMP+1)/Tb**, (3) (AAMP/Tb’* +1) using a UV lamp (A
~365 nm). (b—c) TEM micrographs of dAMP/Tb’* and (dAMP +1)/Tb**
CNPs, respectively.

resulting aqueous dispersion was photoexcited at 260 nm,
emission from Tb** ions was not observed (sample 1 in Fig-
ure 1a and Figure S1 in the Supporting Information). This
confirms that energy transfer from the adenine base to Tb**
does not occur in dAMP/Tb** CNPs.™™ The ligand 1 was
then introduced to the coordination sphere of the Tb** ion
by adding aqueous TbCl; to the aqueous mixture of dAMP
and 1 (denoted as (dAMP +1)/Tb**, dAMP/1=15).

The free ligand 1 in water gives a strong m—m* transition
absorption maximum around 299 nm (Figure S2 in the Sup-
porting Information). Mixing Tb*>* ions with aqueous 1 led
to a small redshift of the mw—a* transition to 302 nm and ap-
pearance of a shoulder component around 338 nm (Fig-
ure S2 in the Supporting Information). This reflects com-
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plexation between 1 and Tb?*, as will be discussed later. In
the case of ternary aqueous mixture (dAMP +1)/Tb**+, small
shoulder components are noticeable around at 300 nm and
340 nm (Figure S4 in the Supporting Information). As
dAMP and Tb’" ions do not display absorption bands at
these wavelengths, the shoulder components indicate coordi-
nation of 1 to Tb** ions in the aqueous mixture. Upon irra-
diation of the ternary aqueous mixture with a UV lamp (A,
~2365 nm), bright green emission was observed by the naked
eye (sample 2 in Figure 1a). In the emission spectrum, lumi-
nescence peaks of the Tb** ion are observed at 489 (°D,—
Fe), 545 (°D,—"Fs), 586 (°D,—"F,) and 621 nm (°D,—F;).
Of these, the 545 nm band has the highest intensity (Fig-
ure 2b, solid line). These observations indicate that the lu-
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Figure 2. (a) Excitation and (b) emission spectra of (dAMP+1)/Tb**
(solid line), (AAMP/Tb** +1) (dashed line), and dAMP/Tb** (open cir-
cles) ([1]=50 um). (c) Emission spectra of ({AAMP +1)/Tb*" with increas-
ing concentration of 1 (10-160 um), and (d) emission intensity evolution
(Aen=489 nm, filled star Figure2c) as a function of [1] ([dAMP]=
0.75 mm, [Tb>T]=0.25 mM, A, =545 nm, 1, =338 nm).

minescence of Tb*T is sensitized by 1 with high efficiency
considering the low concentration of 1 employed (AMP/1=
15). The introduction of ligand 1 into the coordination net-
works did not affect the morphology of nanoparticles, as
confirmed by TEM observation (Figure 1c¢). The inclusion
of guest molecules without impairing morphology of host as-
semblies is a key feature of adaptive self assembly. In the
present case, coordination networks seem to flexibly rear-
range themselves to follow the molecular shape of guest
molecules.

Very interestingly, even when ligand 1 was successively
added to an aqueous dispersion of preformed, nonlumines-
cent dAMP/Tb*>* CNPs (dAMP/Tb** +1), it switched on
the luminescence (sample 3 in Figure 1a). When the excita-
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tion spectrum of this aqueous dispersion was monitored at
Aem=>545 nm, an intense peak was observed at 338 nm (Fig-
ure 2a, dashed line). This peak at 338 nm is distinct from
the excitation peak of 300 nm observed for the aqueous so-
lution of 1/Tb** (without dAMP, Figure 3c, crosses and Fig-
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Figure 3. Luminescence properties of (d{AMP+1)/Tb** CNPs in water:
(a) irradiation of centrifuged specimen with a UV lamp (4., ~365 nm),
(b) TEM micrograph of the precipitate (c) Excitation and (d) emission
spectra of (dAAMP+1)/Tb** precipitate (solid line), and supernatant
(dashed line). Luminescence and excitation spectra of 1-Tb** in water
(crosses) are also shown ([dAMP]=0.75mm, [Tb**]=0.25mm,[1]=
50 puM, Aep =545 nm, 1.,,=338 nm).

ure S5 in the Supporting Information). It indicates that
ligand 1 is bound to dAMP/Tb** CNPs, and photoexcitation
of 1 caused energy transfer to the emissive °D, state of Tb**
ion; this resulted in the cofactor-sensitized luminescence
(Figure 2b, dashed line). In the absence of 1, naturally no
excitation band was observed around 338 nm (open circles
in Figure 2a). In Figure 2a and 2b the emission intensity at
545 nm is weaker for JAMP/Tb** +1 (dashed line) com-
pared to that observed for (dAMP41)/Tb** (solid line).
This suggests that, if successively added to aqueous CNPs of
dAMP/Tb**, ligand 1 preferentially coordinates to Tb**
ions present on the outer shell region of CNPs, because dif-
fusion of 1 into the interior of CNPs could be limited by the
existing dense coordination networks of dAMP/Tb**. We
have recently reported that the coordination networks of
nucleotide/lanthanide ions display barrier properties.®
Figure 2c and d show the dependence of Tb*>* lumines-
cence intensity on the concentration of 1 in (dAMP+1)/
Tb**. The emission intensity of Tb** increases with the con-
centration of 1, whereas it levels off in cases in which the
concentration of 1 reaches around 120 um (Figure 2d). As
the increase in Tb*>* luminescence intensity is conspicuous
even at a concentration of 1 as low as 10 uym (AMP/1=75),
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the binding of 1 to dAMP/Tb** CNPs and concomitant pho-
tosensitization process appear to be efficient.

To gain more insight into the ternary complexation phe-
nomena, the CNPs were separated from the bulk aqueous
solution by using centrifugation. UV irradiation of the cen-
trifuged specimen with a UV light showed strongly sensi-
tized luminescence of Tb** from the precipitate but not
from the supernatant (Figure 3a). TEM observations show
that this luminescent fraction consists of aggregated CNPs
(Figure 3b). The excitation spectra of the precipitated CNPs
exhibited a maximum at 338 nm after removal of the super-
natant and redispersion in ultrapure water. This peak is dis-
tinct from that observed for the supernatant fraction (excita-
tion maximum at 300 nm, Figure 3¢). As described previous-
ly, an excitation peak at 300 nm is typically observed for
aqueous mixtures of 1 and Tb** (Figure 3c, crosses), and
therefore the supernatant seems to contain the complex
formed from these two components. On the other hand, an
aqueous mixture of 1 and Tb*>* gave no aggregate structures
by TEM, in contrast to dAMP/Tb**. This indicates that 1
does not serve as a bidentate ligand, which would be re-
quired for the formation of polymeric coordination net-
works. This supports that the luminescent CNPs observed in
Figure 3b consist of ternary components, that is, dAMP,
Tb*>" and ligand 1.

It is interesting that the maximum intensities in excitation
spectra of the precipitated CNPs (at 338 nm) and superna-
tant fraction (at 300 nm) are reached at considerably differ-
ent wavelengths.'” The observation of two excitation
maxima indicates the presence of at least two coordination
modes in the complex formed between 1 and Tb** in water
and in aqueous dAMP/Tb** CNPs. The 3-hydroxypicolinate
ligand 1 has been reported to form chelates that either have
N,O-chelation (through the pyridine nitrogen and the car-
boxylate group, forming a five-membered chelate ring) or
0,0-chelation (through the carboxylate group and the de-
protonated hydroxyl group, forming a six-membered chelate
ring).™ Figure S3 (Supporting Information) shows the pH
dependence of absorption and excitation spectra obtained
for aqueous mixtures of 1 and Tb*". Excitation spectra
showed pH dependence that corresponds well to the de-
pendence observed in absorption spectra. Upon increasing
pH, absorption spectra showed a bathochromic shift from
300 nm (pH 4.4) to 338 nm (pH 7.4) with an isosbestic point.
pK, values for free 1 have been reported for the carboxylate
group (<0), pyridine group (5.03), and hydroxyl group
(11.06)."%1 The 300 nm absorption (pH 4.4) could then be
ascribed to 1/Tb** complexes with ligand 1 coordinating
either in the zwitterionic form (N-protonated carboxylate)
or in the monoanionic form (N-deprotonated carboxylate,
N,O-chelation). The N,O chelation mode has been previous-
ly reported on the basis of X-ray crystal structures.

On the other hand, the absorption peak at 338 nm ob-
served for 1/Tb** (at pH7.4) is considerably red-shifted
compared with that observed for the dianionic free ligand 1
(Amae ~310nm, pH at ca. 11).'"" Therefore, the 338 nm
peak indicates that 1 is coordinated to Tb** ion, either in
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the anionic form (N,O-chelation) or in the dianionic form
(O,0-chelation). The observed large spectral shift in the
n—* intraligand band might be ascribed to deprotonation
of the phenolic group (O,O-chelation), because such a dra-
matic drop in the acid dissociation constant (pK,) of a phe-
nolic group has been observed for 1 upon coordination with
trivalent metal ions.'" These observations indicate that the
coordination mode of 1 is affected by the microenvironment
of coordination networks provided by dAMP/Tb** CNPs. It
indicates the existence of synergistic interactions operating
between the cofactor ligand and the host coordination net-
works. We have reported that aqueous nucleotide/lanthanide
CNPs will accommodate anionic guest molecules,®™ and it is
possible that anionic coordination form of ligand 1 is stabi-
lized in CNPs. The cofactor ligand-induced switching of lu-
minescence was also observed for the dCMP/Tb** nanopar-
ticle system (Figure S6 in the Supporting Information), and
this confirms the generality of the cofactor ligand-based
photo-switching of CNPs.

In conclusion, we have demonstrated the use of 3-hydrox-
ypicolinic acid (1) as an ancillary ligand to switch on the lu-
minescence of nucleotide/lanthanide CNPs. Ligand 1 is
easily incorporated into the coordination networks without
impairing the nanoparticle structure. The formation of the
ternary complex is reached either by mixing dAMP and 1
before addition of the Tb’* ion [(dAMP+1)/Tb**] or by
addition of 1 to preformed dAMP/Tb’* CNPs (dAMP/Tb**
+1). The coordination networks of nucleotides and lantha-
nide ions are capable of uptaking cofactor ligands, which co-
ordinate to the Tb** centre probably by replacement of co-
ordinating water molecules. The changes in the local coordi-
nation environment of Tb** ions consequently leads to the
sensitized luminescence, in which the coordination mode is
affected by synergistic interactions between 1 and the micro-
environment provided by the CNPs. The doping of cofactor
ligands provides a fundamental means to tune latent func-
tionalities of CNPs, and this might open up new applica-
tions.
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