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A new fluorescent probe based on terbium(in)-doped nanosheets was designed for detecting low-levels of
dipicolinic acid (DPA), a biomarker of bacterial spores. The ability to detect ultra-low concentrations of DPA
is therefore of great significance. First, Tb(in)-doped ytterbium hydroxide nanosheets were obtained by
mechanical exfoliation from layered rare-earth hydroxide (LRH) materials. The morphology of the as-
synthesized nanosheets was studied by transmission electron microscopy and atomic force microscopy.
The Tb(n)-doped nanosheets are demonstrated to be highly sensitive to DPA, which remarkably
enhances Tb(m) luminescence intensities at a wavelength of 544 nm. Furthermore, Tb(i) emission
increases linearly with DPA concentration. Selectivity studies were conducted by adding different
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observed to be negligibly small in comparison with that of DPA. Our findings provide a basis for the
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Introduction

Anthrax is an acute infectious disease caused by Bacillus
anthracis, which is a serious threat to human health.'® Because
of the known high incidence and mortality rate, Bacillus
anthracis spores have been employed as one of the most
potentially destructive biological warfare agents.*® Dipicolinic
acid, which is a major component of many pathogenic bacterial
spores (5-15% of dry mass)’*® such as Bacillus anthracis and
Bacillus subtilis, is not a component of other commonly occur-
ring bacteria. Furthermore, the mortality rate of anthrax caused
by Bacillus anthracis is very high, and according to many liter-
ature sources, DPA can be used as a biomarker of Bacillus
anthracis."*™* Therefore, a method for the efficient, rapid, and
sensitive quantitative detection of DPA would have enormous
practical significance.

Due to special monolayer structure of yttrium hydroxide
nanosheets, doped Eu®*" or Tb®" as luminescence centers
completely exposure to the environment. So the luminescent
properties of Eu®" or Tb** doped yttrium hydroxide nanosheets
are very sensitive to the environment. Therefore a high sensi-
tivity luminescent probe can be designed based on Eu*" or Tb**
doped yttrium hydroxide nanosheets. Owing to its advantages
of high sensitivity, good selectivity, and short response times,

“School of Chemistry and Molecular Engineering, East China Normal University,
Shanghai 200062, P. R. China. E-mail: qli@chem.ecnu.edu.cn

*Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai 200050, P. R.
China

37500 | RSC Adv, 2020, 10, 37500-37506

the use of fluorescence as a detection method has increasingly
attracted the attention of researchers.'**®* DPA is sensitive to the
luminescence of trivalent europium and terbium ions, thanks
to matching energy levels, and the luminescence intensity is
related to the concentration of DPA.”" Lanthanide ions have
intrinsically weak fluorescence emission because the emission
arises from forbidden f-f electron transitions. The ligand-
containing chromophore (antenna) coordinates with lantha-
nide ions, and the triplet excited state of the ligand transfers
energy to the emission state of the lanthanide ions to enhance
lanthanide luminescence. The phenomenon is called the
antenna effect. According to Scheme 1, after coordination with
the trivalent terbium ion, DPA can sensitize Tb(in) upon exci-
tation by ultraviolet (UV) light, and the fluorescence intensity is
greatly increased by the absorption-energy transfer-emission
process.”**> Based on the above characteristics, the use of the
Tb(mr) ion has become one of the most popular approaches to
detect DPA, with extremely high sensitivity as well as accurate
and reliable detection results."*

Nano-structured materials have special surface and interface
effects and are advantageous because of their small size, and
therefore, they are excellent candidates for the preparation of
biochemical probes.?*** Therefore, many types of fluorescent
probes based on nanostructured materials have been devel-
oped. For example, Tan et al. prepared a nanosized coordina-
tion polymer based on rare-earth nucleotides (Tb adenosine
monophosphate AMP) and developed silver nanoparticles
based on terbium-ion functionalization for the detection of
DPA.** In addition, Xu et al. prepared fluorapatite nanocrystals

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Antenna effect of the DPA ligand on Tb(in).

doped with the rare-earth ions europium and terbium for the
detection of bacterial spores using the biomarker DPA.™

As described in our previous paper, nanosheets, which
possess unique chemical and physical properties owing to their
excellent two-dimensional anisotropy, show enhanced lumi-
nescence compared with Tb(m) complexes. Furthermore, such
nanosheets can be used to prepare highly responsive fluores-
cent sensors. As reported previously, sensors based on Eu(u) or
Tb(m)-doped nanosheets can sensitively and reliably detect
bilirubin in human serum samples®**” and in dissolved or
gaseous oxygen.>®

These advantageous properties motivated us to develop
a novel fluorescence probe based on nanosheets doped with 1%
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Tb(m) ions, as reported in this paper, to be used for the detec-
tion of Bacillus anthracis with high sensitivity and selectivity.
The energy transferred during the coordination interaction
between DPA and the terbium ion linearly enhances the fluo-
rescence of the nanosheets. Thus, a fluorescent probe consist-
ing of Tb(m)-doped nanosheets for the detection of Bacillus
anthracis can achieve a detection limit as low as 44 nmol L *
and, in addition, it exhibits good selectivity for DPA with respect
to potential interferences from aromatic ligands and selected
amino acids.

Materials and methods

Chemicals, reagents, and apparatus

The following chemicals of analytical purity were obtained from
J&K Chemicals and were used directly without further purifi-
cation: yttrium oxide (Y,0;), terbium oxide (Tb,0;), concen-
trated nitric acid, sodium benzoate, ethanol, pyridine-2,6-
dicarboxylic acid (DPA), benzoic acid (BA), o-dibenzoic acid (o-
PA), m-dibenzoic acid (m-PA), p-dibenzoic acid (p-PA), trimesic
acid (TMA), glycine (Gly), p-aspartic acid (ASP), and the peptide
glutathione (GSH). Luminescence spectra were recorded on
a FLS-980 spectrofluorometer (Edinburgh Instruments, UK)
equipped with a quartz cuvette (1.0 cm x 1.0 ¢cm) using 1 nm
slit widths for excitation and emission. UV-vis absorption
spectra were recorded using an Agilent Cary UV-8000 spectro-
photometer (Tianmei, China).
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Fig. 1
sectional AFM image illustrating the nanosheet thickness.
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(a) Transmission electron microscopy (TEM) image of nanosheets. (b) Atomic force microscopy (AFM) images of nanosheets and (c) cross-
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Fig. 2
Emission spectra before and after the addition of DPA to nanosheets.

Synthesis of Th(m)-doped nanosheets

Layered yttrium hydroxides doped with 1% Tb(ur) were synthe-
sized according to our previously described method,* which is
highly efficient and inexpensive. Ultra-thin nanosheets were
prepared by ultrasonic dispersion of 0.1 g of the as-received
layer compound in 200 mL of ethanol. The dispersed solution
was placed in a centrifuge (4000 rpm), and a nanosheet sol was
obtained after separation. The concentration of terbium ions in
the nanosheet sol was 46.7 umol L™, as determined by titration.

Detection of DPA

DPA detection was conducted as follows: 100 pL of the nano-
sheet sol was mixed with different volumes of a DPA solution in
ethanol (100 pmol L™"), and this was further diluted to obtain
a volume of 2000 pL with ethanol solvent. Then, specimens with
different concentrations of DPA (0-30 umol L) were prepared.
The pH value of the solution was approximately 7. The effect of
different DPA concentrations on the fluorescence intensity at
the optimal emission wavelength for trivalent terbium ions,
544 nm, was recorded (Ax = 280 nm).

Results and discussion
Characterization of nanosheets

The morphology of the layered nanosheets was observed by
acquiring images using transmission electron microscopy

37502 | RSC Adv, 2020, 10, 37500-37506

(a) UV absorption spectra before and after the addition of DPA to nanosheets. (b) Excitation spectra after adding DPA to nanosheets. (c)

(TEM) (Fig. 1a) and atomic force microscopy (AFM) (Fig. 1b).
The lateral dimension of the nanosheets spans approximately
several hundred nanometers, and the thickness of the nano-
sheets, as measured using Fig. 1c is approximately 1 nm, which
means that single-layer nanosheets were obtained.

The spectral properties of the as-prepared nanosheets were
studied. First, the UV absorption spectra of the as-prepared
nanosheet sol was recorded before and after the addition of
DPA, using a UV-vis spectrometer (UV-8000, Metash). These
spectroscopic results are similar to those reported by other
researchers.®** In Fig. 2a, the bands in the region of 190-
240 nm are assigned to the m-m* transition of an aromatic
pyridine ring or to a Ting~Tco transition. The bands at 270 and
280 nm in the UV absorption spectra belong to the CT transition
(charge transfer state); electrons that occupy the highest MO
orbital are transferred from one carbonyl to another through
the pyridine nucleus. The transition resulting in the band at
280 nm involves two oxygen atoms and a nitrogen atom that
coordinate with the Tb(m) ion. Therefore, the 280 nm band
might be a suitable excitation wavelength. Furthermore, the
fluorescence excitation spectra (Fig. 2b) confirm that an exci-
tation wavelength of 280 nm is the most effective. The fluores-
cence intensity of the nanosheets increases obviously after the
addition of DPA (Fig. 2c), indicating that our nanosheets are
responsive to DPA.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Fluorescence spectra of Tb(i) ion—DPA complexes in

solution for various DPA concentrations. (b) Linear relation between
fluorescence intensity at 544 nm and DPA concentration.

Response of nanosheet fluorescent probe to DPA

An increase in the DPA concentration caused the fluorescence
intensity of the four characteristic peaks of the terbium ion
located at 488 nm (°D, — "F¢), 544 nm (°D, — "F5), 584 nm (°D,
— 7F,), and 620 nm (°D, — “F;) to increase, as monitored at an
excitation wavelength of 280 nm. As shown in Fig. 3a and b, the
fluorescence intensity of the strongest emission peak, at
544 nm, Is44 nm, increases linearly with DPA concentration in
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the range of 50 nmol L™ to 30 umol L™ . The linear equation for
this relationship is y = 39.4x + 132.8 and the correlation coef-
ficient is 0.9988. Hence, the signal-to-noise ratio is 3, and the
calculated limit of detection for this method is 44 nmol L7,
which is much lower than a minimum for human beings of 10*
spores per milliliter (about 0.1 uM of DPA).*****3* These results
indicate that the nanosheet probe prepared by us is highly
suitable for the detection of DPA.

The sensing materials and correlation coefficient used in
recent years for detecting DPA (summarized in Table 1) were
essentially all one-dimensional nanoparticles, quantum dots,
and MOFs. In the case of nanoparticles, rare-earth ions need to
be exposed on the surface of these particles to enable them to
coordinate with DPA. However, in our as-synthesized two-
dimensional nanosheets, all the rare-earth ions are directly
exposed on the exterior surfaces where they are able to effi-
ciently interact with DPA. This explains the low detection limit
of the nanosheet fluorescent probe (44 nmol L™') and the
relatively large detection range (0-30 pmol L™"), linear correla-
tion coefficient of 0.9988. In addition, the nanosheet fluores-
cent probe is convenient to use and inexpensive because of the
simple fabrication method.

Selectivity is another important parameter for the design of
probes. It could be known from references that when rare earth
ions were tested for DPA in a physical environment, it might be
affected by many factors. For example, inorganic salts, organic
substances, amino acids, through reading the literature, most
inorganic salts will not affect the luminescence of rare earth
ions, so we did not choose some common inorganic salts for
experiments. The selectivity of the nanosheet fluorescent probe
was verified by investigating several potentially interfering
aromatic organic molecules. When the DPA is detected by
a fluorescent probe, the measurement signal may be affected by
a variety of factors. According to some ref. 9, 11, 15, 40 and 42,
some aromatic ligands with structures similar to DPA may also
coordinate with Tb(m) and affect luminescence. Therefore,
several representative aromatic ligands were selected for the
interference experiments. In addition, considering the coordi-
nation of nitrogen with Tb(m) and that there may also be
benzene rings in some amino acids, several amino acids were
also selected for the interference experiments. The selected
ligands were benzoic acid (BA), o-dibenzoic acid (o-PA), m-
dibenzoic acid (m-PA), p-dibenzoic acid (p-PA), trimesic acid
(TMA), and several amino acids, such as glycine (Gly), p-aspartic

Table 1 Performance comparison for various types of sensing materials employed for the detection of DPA

Sensing material Linear range (umol L) Detection limit (nmol L) Correlation coefficient Ref.
Luminescent (MOF) 0-120 4500 0.992 13
Eriochrome complex 0-32 2000 — 35
Luminescent (MOF) 0-120 3200 0.998 36
Quantum dots 0-34 1020 0.997 37
Micelle 0-7 54 0.999 15
Flexible polymer-film 0-50 100 0.989 38
Nanoparticles — 48 0.994 39
Nanosheets 0-30 44 0.9988 This work

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Response of nanosheet fluorescent probe to 100 umol L™t of
various potentially interfering organic molecules compared with 30
pumol L™t of DPA.

acid (ASP), glutathione peptide (GSH), were also tested. As
shown in Fig. 4, the nanosheet fluorescent probe only respon-
ded slightly to the selected organic molecules at concentrations
of 100 pmol L™, whereas 30 pmol L™' of DPA caused the
nanosheet fluorescent probe to exhibit strong emission. These
results confirm the high selectivity of the nanosheet fluorescent
probes for the detection of DPA.

Sensing mechanism of nanosheet probe

Fourier-transform infrared (FT-IR) spectroscopy was employed
to study the structural changes and interactions after DPA was
added to the nanosheet sol. As shown in Fig. 5, three charac-
teristic peaks appear in the FT-IR spectrum of the nanosheets
before the addition of DPA (black line). The first is the broad
peak at 3432 cm ™, caused by water molecules absorbed on the
nanosheets. The next peak, observed at 1598 ¢cm ™", can be
attributed to the C-C stretching vibration in benzene, whereas
the other two peaks, at 1542 and 1419 cm ™', can be attributed to

Nanosheet
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Fig. 5 FT-IR spectra before and after addition of DPA to nanosheets.
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the chelation between the benzoate and the rare-earth ions.”
The changes in the FT-IR spectrum after the addition of DPA
(red spectrum, Fig. 5) are as follows: the peak at 3432 cm ™'
resulting from water disappears, and the peaks ascribed to
benzoate are noticeably attenuated. In addition, some new
peaks appear. The peak at 3392 cm ™' is the ~OH stretching
vibration band of the hydroxide units in the nanosheet frame-
work, and that at 2925 cm ™" is assigned to the C-H absorption
of the pyridine ring of DPA. The three other peaks, which are
also assigned to DPA, are the peak at 1651 ecm™ " resulting from
the C=0 double bond of the carboxyl group of DPA, and those
at 1633 cm™ ' and 1465 cm™ ', which are respectively assigned to
the C=N and C=C double bonds of the DPA pyridine ring.
However, the bands at 1651 and 1633 cm™' are redshifted
compared with the pure DPA peaks.*® This phenomenon can be
explained by taking into consideration the coordination of DPA
with the rare-earth ions on the nanosheets. Furthermore, DPA
complexes with rare earth ions replaces water molecules and
benzoate ions on the nanosheets, thereby weakening the water
IR absorption and resulting in the disappearance of the asso-
ciated peaks from the FT-IR spectrum.

The overall mechanism of DPA detection by the nanosheet
fluorescent probe is illustrated in Fig. 6. Before the addition of
DPA, all the rare-earth ions, including the fluorescent Tb(ur)
center, on the nanosheets are completely coordinated to
benzoate ions and water molecules. In the form in which it is
coordinated to water, Tb(u) is known to exhibit low-intensity
fluorescence, owing to nonradiative quenching resulting from
the strong vibronic coupling of water molecules. Once DPA is
added, it gradually replaces the water molecules and benzoate
ions, and strongly coordinates with the rare-earth ions on the
nanosheets. Because the lowest triplet energy level of DPA
matches the emission state energy of Tb(m), energy transfer
from DPA to the fluorescent center of Tb(ur)*” is realized, and the
fluorescence intensity of Th(m) is greatly improved owing to the
antenna effect of the DPA ligand. Thanks to the replacement of
water molecules and the antenna effect, the nanosheet fluo-
rescent probe is highly sensitive to DPA. Thus, the ability to
detect ultra-low concentrations of DPA is highly significant
because of the unique single-layer two-dimensional structure of
the nanosheets, in which DPA can strongly coordinate with each
of the Tb(m) ions inserted in stable nanosheets and act as an
efficient antenna for the fluorescent center. Therefore, it is
thought that nanosheets with a single layer should possess
better structures for use as fluorescent probes with respect to
conventional nanoparticle structures. Thus, the nanosheet
fluorescent probe is a potentially highly sensitive and selective
detector of the anthrax biomarker DPA.

The interaction between the nanosheet fluorescent probe
and DPA was also studied by measuring the fluorescence life-
time of the nanosheets before and after adding DPA. The fluo-
rescence decay curves in Fig. 7 indicate that the fluorescence
lifetime increases with DPA concentration. A double exponen-
tial function (eqn (1)) was employed to fit the fluorescence decay
curves, and the resulting fit parameters are listed in Table 2.

1= A1 CXp(—l/'El) + A2 CXp(—t/Tz) (1)

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Schematic diagram of the mechanism of the nanosheet fluorescent probe for DPA detection.
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Fig.7 Fluorescence intensity as a function of time after the addition of
different concentration DPA to nanosheets.

When there is no DPA, the fluorescence decay curve of the
Tb(m)-doped nanosheets coordinated with water fits a single-
exponential curve with a short lifetime (t; = 418 ps). After
DPA was added, coordinating with Tb(u), the fluorescence
decay curve fit the double exponential expression well,
including fast processes (t;, 357, 381 and 423 ps) and slow
processes (75, 1070, 1193 and 1758 us). The observed fast life-
times, those close to that of the probe without DPA, can still
originate from Tb(ur) coordinated with water. It was reported®*
that the decrease in the coordination sites of water molecules

Table 2 Fluorescence decay lifetime parameters

Concentration (M) A, 74 (us) A, 7, (us) R?

0 2443 418 — — 0.994
10 2253 423 278 1758 0.997
20 2629 357 733 1070 0.991
30 1726 381 783 1193 0.999

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Linear relation between A,/A; and DPA concentration.

after the addition of DPA reduced the non-radiative quenching
effect of water molecules on Tb(m), thus prolonging the fluo-
rescence lifetime and enhancing fluorescence intensity. There-
fore, the slow process can be attributed to Tb(m) coordinated by
DPA. Furthermore, when the concentration of DPA rises and
more DPA replaces water molecules to coordinate with Tb(ur),
increasing of the mean lifetime, the ratio of 4,/4, also increased
and showed a linear correlation with the concentration of DPA
(as shown in Fig. 8). The behavior of the fluorescence decay is
agreement with our above-described proposed mechanism.

Conclusions

In summary, in this paper, we reported the use of a nanosheet
sol doped with Tb(m), synthesized by ultrasonic exfoliation from
layered yttrium hydroxide compounds, for the design of a new
fluorescent probe to detect DPA, a biomarker for bacterial
spores. Because of the unique single-layer two-dimensional

RSC Adv, 2020, 10, 37500-37506 | 37505
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structure of the nanosheets, DPA is able to displace the water
molecules, strongly coordinate with each of the Tb(wm) ions
inserted into the stable nanosheets, and act as an efficient
antenna of the fluorescent center. As a result, the fluorescence
intensity of the nanosheets increases linearly with DPA
concentration. This fluorescent probe exhibits a large detection
range of 0-30 umol L™ ' DPA, a low detection limit of 44 nmol
L', and good selectivity. This highly sensitive and low-cost
fluorescent probe based on nanosheets is a promising candi-
date for the detection of DPA.
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