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M
aterials at the nanoscale are of
great interest for a wide range of
applications in materials and life

sciences as well as for medical diagnostics;
developing new types of nanomaterials has
been the focus of many scientific investiga-
tions. In particular, nanoscale coordination
polymers (NCPs) built from the association
of metal ions and bridging organic ligands
have attracted much attention for their
tunable nature. The variety of metal ions,
organic linkers, and structural motifs affords
an essentially infinite number of possible com-
binations. The NCPs possess potential advan-
tages over conventional organic or inorganic
nanomaterials, such as structural and chemical
diversity, high loading capacity, and intrinsic
biodegradability.1 One of the most interesting
behaviors of the NCPs is their luminescent
properties.2 To date, the NCPs have been
examined for their potential applications in

gas storage and separation,3,4 heteroge-
neous catalysis,5,6 molecular reorganization
and sensing,7,8 biomedical imaging,9�11 ion
exchange,12 and drug delivery.13,14 Never-
theless, most studies of NCPs focus on their
exceptional porosity and luminescent proper-
ties, and less work on using NCPs as fluores-
cent probes for sensing of ions or molecules,
especially sensing in aqueous solution, was
reported.15�17 Challenges still remain in the
design of functional NCPs. Many potential
functions and applications of NCPs require
them to be constructed from initial building
blocks that are environmentally and biolog-
ically compatible.18 Moreover, the sizes of
coordination polymers must be carefully
controlled to be uniform and below several
hundred nanometers for applications in the
field of biomedicine.19 Biomolecules can serve
as building blocks tomeet these requirements
because biomolecules are fromnature,mostly
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ABSTRACT The metal�organic coordination polymers at the

nanoscale have emerged as attractive nanomaterials due to their

tunable nature. In this work, we for the first time prepared an

adenine-based lanthanide coordination polymer nanoparticle (CPNP)

with fluorescence sensing function. This kind of CPNP was composed

of adenine, terbium ion (Tb3þ), and dipicolinic acid (DPA) as an

auxiliary linking molecule that can sensitize the fluorescence of

Tb3þ. The fluorescence of the CPNPs is very weak due to the

existence of photoinduced electron transfer (PET) from adenine to

DPA, which prevents the intramolecular energy transfer from DPA to

Tb3þ, leading to the quench of fluorescence of the CPNPs. In the presence of Hg2þ, however, significant enhancement in the fluorescence of CPNPs was

observed because of the suppression of the PET process by the coordination of Hg2þ with adenine. As a kind of Hg2þ nanosensor, the CPNPs exhibit

excellent selectivity and ultrahigh sensitivity up to the 0.2 nM detection limit. The CPNPs also possess an approximately millisecond-scale-long fluorescence

lifetime due to the inclusion of Tb3þ ions. We envision that the CPNPs could find great potential applications in ultrasensitive time-resolved fluorometric

assays and biomedical imaging in the future owing to their long emission lifetimes, excellent dispersion, and stability in aqueous solution.
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water-soluble, and have diverse structures, many bind-
ing sites for metal ions, and intrinsic self-assembly
properties.20 The combination of biomolecules could
provide NCPs some new properties that cannot be
accessed using the simple organic linkers as building
blocks and hence have promise for a wider scope of
utility. Recently, the Kimizuka group prepared a series
of nanoscale coordination polymers using water-soluble
nucleotides and lanthanide ions.10,21�23 These polymers
not only can serve as a potent magnetic resonance
imaging (MRI) contrast agents but exhibited surprising
properties of adaptive encapsulation for guest mol-
ecules in the course of self-assembly. The encapsula-
tion of suitable factors can make up for the insuffi-
ciency of very low extinction coefficients of lanthanide
ions and sensitize the fluorescence of coordination
polymers.
Adenine is one of nucleobases that constitute nu-

cleic acids. The characteristics of adenine including
accessible lone pair electrons at the nitrogen atom, rich
metal binding and H-bonding sites, and the rigidity of
the molecular structure make it an ideal building block
for constructing metal�organic coordination polymers.20

Some adenine-based metal�organic coordination poly-
mers have been reported in recent years.24�28 An and co-
workers have prepared several adenine-based metal�
organic coordination polymers by employing Zn(II) and
Co(II) asmetal nodes,27�29 and thecoordinationpolymers
prepared exhibit exceptional abilities for selective CO2

absorption and drug delivery. On the other hand, ade-
nine's multiple Lewis basic sites, an amino group, and
pyrimidine nitrogen atoms make it possible to create a
photoinduced electron transfer (PET) sensory system via

linking a fluorophore. Pioneering work on the use of
adenine as an effective receptor for the construction of
fluorescent PET sensors has been done by Ghosh and co-
workers.30�32 In their reported sensors, adenine was
connected to an anthracnce molecule via a spacer, and
the decreased fluorescence of anthracnce can be ob-
served when the coordination between analytes and
adenine occurred. The adenine-based fluorescent PET
sensors have been used for the selective detection of

dicarboxylic acids, iodide, and Cu2þ.30�32 PET is an often-
usedmechanismoffluorescence sensing,whichhasbeen
applied in the design of many fluorescent sensors based
on a fluorescence off/on strategy. However, most of the
fluorescent PET sensors were constructed by using con-
ventional fluorescence molecules; very few examples of
nanomaterials were reported.
In this work, we attempt to utilize the highly tailor-

able property of coordination polymers to design and
prepare a kind of lanthanide coordination polymer
nanoparticles (CPNPs) with PET fluorescence sensing
function and use this nanosensor to detect Hg2þ in
aqueous solution. The lanthanide CPNPs were com-
posedof adenine (Ad), terbium ion (Tb3þ), anddipicolinic
acid (DPA), denoted as Ad/Tb/DPA CPNPs. The chemi-
cal structures of Ad and DPA are displayed in Figure S1.
As stated above, the adenine can coordinate to Tb3þ to
form a coordination polymer. DPA is an aromatic di-
carboxylic acid, which can not only offer its O atoms of
carboxylic acid groups and N atom of the aromatic ring
for the coordination of Tb3þ but also transfer its ab-
sorbed energy to Tb3þ to sensitize the fluorescence of
Tb3þ. Because the coordination ability of the O atom to
Tb3þ is stronger than that of the N atom,33 the co-
ordination of Tb3þ with DPA may mainly occur. Thus,
the adenine might provide its Hoogsteen binding (HG)
site for the binding of one of carboxylic acid group in
DPA by hydrogen bonds,30 forming an Ad-Tb3þ-DPA
coordination network. Under light excitation, the nitro-
gen atom of adenine may transfer its electron to DPA
and prevent the intramolecular energy transfer from
DPA to Tb3þ, leading to the quench of fluorescence of
Ad/Tb/DPA CPNPs. Mercury ions (Hg2þ) have a high
affinity to N atoms, which has been often used to
disrupt the PET process.34,35 In the presence of Hg2þ,
therefore, an enhanced fluorescence of Ad/Tb/DPA
CPNPs by the coordination of Hg2þ with adenine
would be observed (Scheme 1).

RESULTS AND DISCUSSION

The CPNPs constructed from Tb3þ, adenine, and DPA,
Ad/Tb/DPA CPNPs, were synthesized by a solvothermal

Scheme 1. Coordination Polymer Nanoparticle Ad/Tb/DPA for Sensing of Hg2þ by Photoinduced Electron Transfer
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reaction.36 As a control, CPNPs consisting of Tb3þ and
adenine, Ad/Tb CPNPs, were prepared under the same
conditions. Compared with pure adenine, the changes
of Ad/Tb CPNPs in the FTIR spectrum confirm the co-
ordination of adenine to Tb3þ (Figure S2). The mor-
phology of these lanthanide CPNPs was examined by
transmission electron microscopy (TEM) and scanning
electronmicroscopy (SEM). As shown in Figure 1, all the
CPNPs are spherical. The selected area electron diffrac-
tion (SAED) image of the lanthanide CPNPs indicated
they are amorphous (Figure S3). In the presence of
DPA, the average size of the Ad/Tb CPNPs decreased
from100( 4nm to approximately 45( 3nm (Figure S4),
and the particles seem more adherent. This may be due
to the interactions of DPA and Tb3þ on the surface of the
nanoparticle. By careful observation, it can be seen that
many pores are distributed on the nanoparticles, which
becameclearwith the addition ofDPA. This supports that
the introduction of auxiliary linking molecules contain-
ing carboxylic acid groups canpromote the formation of
larger accessible pores during the synthesis of metal�
organic coordination polymers.27 The chemical compo-
sitions of the CPNPs were determined by an energy-
dispersed spectrum (EDS) (Figure S5). The peaks of Tb, C,
N, H, and O were found (other peaks originated from
the Si substrate), revealing that Tb3þ, adenine, andDPA
were involved in the formation of the CPNPs.

As shown in Figure 2, no fluorescence was observed
from Ad/Tb CPNPs, which is due to the low molar
absorption coefficient of Tb3þ. Ad/Tb/DPA CPNPs are
weakly fluorescent; there was an excitation peak at
270 nm and emission peaks at 490, 545, 584, and
620nm in the spectra of Ad/Tb/DPACPNPs. Thepositions
of these excitation and emission peaks of Ad/Tb/DPA
CPNPs are the same as that of complex DPA-Tb, which is
strongly fluorescent in aqueous solution. The excitation
peak at 270 nm resulted from the absorption of DPA,
whereas the peaks at 490, 545, 584, and 620 nm are the
typical emission of Tb3þ, which implies that DPA mol-
ecules were combined into Ad/Tb/DPA CPNPs and that
the emission of Tb3þ resulted from an intramolecular
energy transfer from DPA to Tb3þ. In the presence of
Hg2þ, however, the weak fluorescence of Ad/Tb/DPA
CPNPswasenhancedsignificantly (approximately 5-fold).
This may be because the PET process from adenine to
DPA was suppressed by Hg2þ.
To discern the coordination interaction between

adenine and DPA, we conducted an FTIR analysis.
Figure S6 is the FTIR spectra of the CPNPs of Ad/Tb,
Ad/Tb/DPA, and Ad/Tb/DPA in the presence of Hg2þ,
respectively. Compared with Ad/Tb, the shifts of the
FTIR spectra of Ad/Tb/DPA in the C5�N7 stretching
vibrations (from 756 to 725 cm�1 and from 1054 to
1075 cm�1), NH2 scissoring vibration (from 1385 to

Figure 1. TEM images of coordination polymer nanoparticles of Ad/Tb (a), Ad/Tb/DPA (b), and Ad/Tb/DPA in the presence
of Hg2þ (c) and SEM image of Ad/Tb/DPA (d).
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1396 cm�1), and N7�C8 stretching vibrations (from
1517 to 1519 cm�1) suggest that there was a interac-
tion between DPA and adenine's N7 and NH2 sites.

25,37

This is consistent with the fact that the HG site of
adenine prefers to bind an aromatic acid.30 The binding
of adenine with DPA decreased the intramolecular en-
ergy transfer fromDPA to Tb3þ, leading to the quenching
of DPA-Tb fluorescence. The typical characteristic of the
PET mechanism is that the fluorescence accompanying
the PET process increases with the decrease of the pH
value of the solution.38,39 As exhibited in Figure 3, the
fluorescence intensity of Ad/Tb/DPA CPNPs increased
with the decrease of pH, indicating this is a PET behavior
between adenine and DPA. In the acidic condition, the
protonation of adenine and DPA deactivated the PET
process, leading to the recovery of the energy transfer
process from DPA to Tb3þ and then a fluorescence
enhancement of Ad/Tb/DPA CPNPs. Furthermore, the
pH of the solution showed influences on stability of Ad/
Tb/DPA CPNPs. When the pH value of the solution is less
than 4, TEM showed that Ad/Tb/DPA CPNPs became
gradually dissociated due to the protonation of the
ligands, and the dissociation increased with the acidity
of the solution (data not shown). However, when the pH
value of the solution reached or exceeded 6, Ad/Tb/DPA
CPNPs are stable even if stored for several months. In this
work, a Hg2þ-induced enhancement reactionwas carried
out in aqueous solution with neutral pH.
Hg2þ is an effective quencher for the DPA-Tb complex

with strong fluorescence in aqueous solution because of
its more stable binding to DPA than that of Tb3þ, leading
to a replacement of Tb3þ in the complex by Hg2þ.40 But
here, the presence of Hg2þ enhanced the fluorescence of
CPNPs. This indicated that Hg2þ was not directly bound
to the DPA molecule alone, but bound to Ad molecules.
The binding of Hg2þ to Ad interrupted the PET process
to result in a fluorescence enhancement of CPNPs. The
Hg2þ-induced fluorescence quenching usually causes

a decrease of fluorescence lifetime of lanthanide ions.41

After the addition of Hg2þ, EDS analysis confirmed that
Ad/Tb/DPACPNPs containHg2þ ions (Figure S5c), but the
fluorescence lifetime of Tb3þ is almost not changed
(Figure S7). This further indicates that the inherent transi-
tion processes of Tb3þ induced by the ligand field are not
affected by Hg2þ. So we speculate that the coordination
of Hg2þ mainly occurred with the adenine nitrogen,
although the anion nature of the Ad/Tb/DPA CPNPs from
DPA may also contribute to the bonding of Hg2þ.27

To verify the binding sites of Hg2þ with Ad/Tb/DPA
CPNPs, the FTIR spectra of Ad/Tb/DPA CPNPs were
compared in the absence and presence of Hg2þ. From
Figure S6, we found that the wavenumbers in the C�N
stretching vibration and NH2 scissoring vibration of ade-
nine in Ad/Tb/DPA CPNPs were shifted from 1075 and
1396 cm�1 to 1090 and 1384 cm�1, respectively, in the
presence of Hg2þ, indicating the coordination of Hg2þ

with the N atoms of adenine.37Meanwhile, thewavenum-
ber in the carboxyl asymmetric vibration of DPA shifted
from 1699 cm�1 to 1623 cm�1 reflects the interaction of
carboxylic acid group of DPA with Hg2þ.42 Therefore, we
attribute the fluorescent enhancement of Ad/Tb/DPA
CPNPs to the coordination of Hg2þwith adenine nitrogen.
The formation of the Hg-Ad/Tb/DPA complex suppressed
the intramolecular PET from the adenine nitrogen to DPA,
which results in fluorescence enhancement.
The fluorescent behavior of Ad/Tb/DPA CPNPs was

also confirmed by the centrifugation experiment
(Figure S8). After centrifugation, the supernatants of
aqueous Ad/Tb/DPA CPNPs are nonfluorescent and
only the centrifuged sediment with Hg2þ is fluorescent
under a usual UV lamp (Figure S8a). Furthermore, the
centrifuged sediments in the presence of different
concentrations of Hg2þ were collected by spin col-
umns with membrane filtration. The color of the mem-
branes can be observed by the naked eye under a usual
UV lamp, and their brightness increased with the con-
centration of Hg2þ (Figure S8b). These results suggest
that Hg2þ-enhanced fluorescence is from Ad/Tb/DPA
CPNPs themselves.

Figure 2. Excitation and emission spectra of Ad/Tb CPNPs
(a) and Ad/Tb/DPA CPNPs (b). (c) Emission spectrum of Ad/
Tb/DPACPNPs in the presence of 100 nMHg2þ. The 260 and
270 nm excitation wavelengths were used for the emission
spectra of Ad/Tb CPNPs and Ad/Tb/DPA CPNPs, respectively.

Figure 3. Changes in the fluorescence intensity of Ad/Tb/
DPA CPNPs with different pH in HEPES buffer.
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We examined the effect of other metal ions on the
fluorescence intensity of Ad/Tb/DPA CPNPs under
identical conditions. As shown in Figure 4, only the
addition of Hg2þ resulted in a significant fluorescence
enhancement; no remarked changes in the fluores-
cence of Ad/Tb/DPA CPNPs were observed upon the
addition of othermetal ions, including Cr3þ, Co2þ, Ni2þ,
Fe2þ, Mn2þ, Cd2þ, Fe3þ, Zn2þ, Agþ, Cu2þ, Pb2þ, and
Mg2þ. To further evaluate the selectivity of Ad/Tb/DPA
CPNPs to Hg2þ, we carried out the measurements in the
presence of mixed metal ions (Figure S9). The results
indicated that all the coexisting metal ions produced
negligible interferences in comparison with Hg2þ. The
high selectivity of Ad/Tb/DPA CPNPs to Hg2þ is ascribed
to the fact that Hg2þ possesses a much higher binding
ability to the N atoms of adenine43,44 and the carboxylic
acid group of DPA than othermetal ions, and the stability
constant of the Hg2þ ion with DPA is approximately 3
orders of magnitude higher than that of other ions.40

The unusual selectivity of Ad/Tb/DPA CPNPs to Hg2þ

prompted us to apply it to the detection of trace Hg2þ

in environmental water samples. The Hg2þ-induced
fluorescence enhancement was fast and reached a
maximum within 5 min (Figure S10). The fluorescence
response of Ad/Tb/DPA CPNPs to Hg2þ with different
concentrations is shown in Figure 5. The fluorescence
of Ad/Tb/DPA CPNPs was enhanced gradually with the
increase of Hg2þ concentrations from 0 to 200 nM.
There is a linear fluorescence response to Hg2þ in the
concentration range 0.2�100 nM. The detection limit is
0.2 nM on the basis of a signal-to-noise ratio of 3:1.
This detection limit not only is much lower than most
of the previously reported fluorescence probes for
Hg2þ,35,41,45,46 but also satisfies the maximum per-
mitted level of 10 nMHg2þ in drinking water regulated

by the U.S. Environmental Protection Agency (EPA).47 It
is important to monitor the level of inorganic Hg2þ in
water samples, as Hg2þ can be converted to hypertoxic
methylmercury by the food chain and accumulated in
higher organisms, especially in large edible fish. The
water samples spiked with different concentrations of
Hg2þwere determined by employing Ad/Tb/DPACPNPs.
As seen from Table S1, the added standard Hg2þ can be
accurately measured with good recoveries (more than
96%), indicating that Ad/Tb/DPA CPNPs can be used to
monitor Hg2þ in water samples, and this method has no
obvious system error of detection.

CONCLUSION

In summary, we have prepared adenine-based lantha-
nide CPNPs with desired function. We also showed the
potential application of Ad/Tb/DPA CPNPs as fluores-
cence sensors for the detection of Hg2þ, which is based
on the suppression of the intramolecular PET process
from adenine to DPA. As a sensor for the detection of
Hg2þ, Ad/Tb/DPA CPNPs exhibited excellent selectivity
and ultrahigh sensitivity up to the 0.2 nM detection limit.
Ad/Tb/DPA CPNPs also possess a long enough fluores-
cence lifetime for time-resolved fluorescence assays due
to the inclusion of Tb3þ ions. This is especially advanta-
geous for the detection of biosamples with autofluores-
cence. To the best of our knowledge, this is thefirst Hg2þ-
sensitive coordination polymer nanoparticle sensor
based on the fluorescence PET mechanism. We believe
that the present synthetic strategy constructing special
functions from initial building blocks can be extended to
the preparation of other lanthanide CPNP-based fluor-
escent probes for wide applications in biosensing, imag-
ing, drug delivery, and so on.

METHODS
Chemicals and Solutions. Terbium nitrate (99.99%) was pur-

chased from Baotou Rewin Rare Earth Metal Materials Co., Ltd.;

2,6-pyridinedicarboxylic acid (99%, dipicolinic acid) was pur-
chased from Sigma-Aldrich; adenine and metal salts (AgNO3,
MgCl2, Pb(NO3)2, Zn(NO3)2, CdCl2, FeCl3, FeCl2, NiCl2, CoCl2,

Figure 4. Effect of various metal ions (1 μM) on the fluores-
cence intensity of Ad/Tb/DPA CPNPs at 545 nm.

Figure 5. Fluorescence emission spectra of Ad/Tb/DPA
CPNPs in the presence of different concentrations of Hg2þ

solution (0, 0.2, 6, 20, 40, 60, 100, 200 nM). Inset: Linear
relationship between the fluorescence intensity of Ad/Tb/
DPA CPNPs at 545 nm and Hg2þ concentration.
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MnCl2, CrCl3, and CuCl2) were purchased from Sinopharm
Chemical Reagent Company. Mercury(II) nitrate was from Beijing
Zhongbiao Huawei Technology Company. N-2-Hydroxy-
ethylpiperazine-N0-2-ethanesulfonic acid (HEPES) was obtained
from Sangon Biotech (Shanghai) Co., Ltd.; ultrapure water
(18MΩ cm; Milli-Q, Millipore) was used for the preparation of all
aqueous solutions. HEPES buffer (100mM, pH 7.4) was prepared
by dissolving appropriate amounts of HEPES in water and
adjusting to pH 7.4 with 10 M NaOH. The stock solutions of
interference ions (10 mM) were prepared by dissolving AgNO3,
MgCl2, Pb(NO3)2, CdCl2, FeCl3, FeCl2, NiCl2, CoCl2, MnCl2, CrCl3,
CuCl2, and Zn(NO3)2 in water, respectively. Unless otherwise
stated, all chemicals are of analytical reagent grade and were
used without further purification.

Instruments. The morphology of CPNPs prepared was ob-
served by transmission electron microscopy (JEM-2100, Japan)
and scanning electronmicroscopy (Carl ZeissUltra Plus, Germany).
Energy dispersive spectrawere recorded on an X-Max (Oxford, UK)
energy dispersive spectrometer. Fluorescence spectra and emis-
sion intensity were recorded on an LS55 luminescence spectrom-
eter (PerkinElmer, UK). The detection solution was placed in a
quartz microcuvette with 100 μL capacity and 2 mm light path.
The 270 nm excitation wavelength was used for the emission
spectra. A delay time of 0.05 ms and a gate time of 2 ms were
used. Excitation spectra were recorded by observing the emis-
sion intensity of Tb3þ at 545 nm. For the emission lifetime, the
fluorescence intensities at 545 nm were recorded under differ-
ent delay times and fitted with an exponential function. UV�
visible absorption spectra were recorded with a UV-3150 spec-
trophotometer (Shimadzu, Japan). Fourier transform infrared
spectra (FTIR) were recorded with an Avatar 360 FTIR spectrom-
eter (Nicolet, USA). All the experiments were performed at room
temperature.

Preparation of Ad/Tb/DPA and Ad/Tb Coordination Polymer Nanoparti-
cles. The Ad/Tb/DPA coordination polymer nanoparticles were
prepared on the basis of the previous method.36 Typically, 2 mL
of adenine aqueous solution (20 mM) and 0.5 mL of DPA
aqueous solution (10 mM) were added to 8 mL of DMF and
mixed well. Then 2 mL of Tb(NO3)3 aqueous solution (40 mM)
was added to the above solution under stirring. The total reaction
volumewas 12.5mL, and the final concentrations of adenine, DPA,
and Tb3þ were 3.2, 0.4, and 6.4 mM, respectively. After stirring
20 min, the transparent solution was sealed in a Teflon-lined
autoclave, heated at 150 �C for 2 h, and then cooled to room
temperature naturally. The white precipitate was collected by
centrifugation at 13 000 rpm for 10 min. To remove unreacted
reactants, we washed the precipitate three times with absolute
ethanol. Finally, the precipitate (approximately 0.0265 g, dry)
was dispersed in 2 mL of pure water to form a CNCP suspension
for use. As a control experiment, Ad/Tb CPNPs were synthesized
by the same experimental steps and conditions mentioned
above except replacing DPA by 0.5 mL of H2O.

Fluorescence Response of Ad/Tb/DPA CPNPs to Hg2þ in Aqueous
Solution. The original Ad/Tb/DPA CPNPs suspension was diluted
50-fold for the detection of Hg2þ in aqueous solution. For the
sensitivity experiments, different volumes of Hg2þ solution with
concentrations from 0 to 400 nM were added to 3 μL of an Ad/
Tb/DPA CPNP suspension, and H2O was added until the total
volume reached 100 μL. After reacting for 5 min, the fluores-
cence spectra were recorded using an excitation wavelength of
270 nm. To test the selectivity of Ad/Tb/DPA CPNPs to Hg2þ,
1 μL of 10 mM stock solutions of these interference ions were
added to 3 μL of an Ad/Tb/DPA CPNPs suspension, respectively.
The total volume reached 100 μL by adding pure water. The
reaction lasted 5 min before measuring the fluorescence in-
tensities of thesemixtures at 545 nm. For the effect of pH on the
fluorescence intensity of the CPNPs, 3 μL of Ad/Tb/DPA CPNPs
suspension was added to 97 μL of HEPES buffer with different
pH values, respectively. The mixture was shaken well and reacted
for 5 min before recording the fluorescence intensities.

Determination of Hg2þ in Water Samples. The water samples
were collected from drinking water and tap water. A series of
water samples containing different concentrations of Hg2þ

were prepared by “spiking” them with standard solutions of
Hg2þ. These water samples were added to 3 μL of Ad/Tb/DPA

CPNP solutions, respectively, and incubated for 5 min. The
fluorescence intensities at 545 nm were recorded under a
270 nm excitation wavelength.
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