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Europium-decorated ZnO quantum dots as a
fluorescent sensor for the detection of an
anthrax biomarker
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A hybrid nanostructure based on ZnO quantum dots (QDs) has been fabricated for ratiometric detection
of Bacillus anthracis spores, where yellow-emitting ZnO QDs are employed as the internal reference
and europium ions (Eu®*) are chelated on the surface of the ZnO QDs as the signal report unit. The Eu®*
exhibits enhanced red luminescence upon bonding with calcium dipicolinate (CaDPA), an important biomarker
of Bacillus anthracis spores, while the fluorescence of the ZnO QDs will not be altered. Accordingly, increased
CaDPA levels can lead to variation of the two fluorescence intensity ratios of the ZnO/Eu hybrid nanostructure.
The time-dependent fluorescence response reveals that the reaction can be completed within 8 s, thus
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enabling the rapid detection of Bacillus anthracis spores. The detection limit for CaDPA is 3 nM, which is six
orders of magnitude lower than an infectious dosage of Bacillus anthracis spores for human beings (60 uM). In
addition, the sensor shows a remarkable selectivity for CaDPA over other aromatic ligands, amino acids and
common cellular ions. The fast response speed as well as good sensitivity and selectivity means the ZnO/Eu
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1 Introduction

In 2001, the United States suffered a biological attack with Bacillus
anthracis (B. anthracis) spores, and this potential biological warfare
agent has received particular attention all over the world since
then."” Recently, anthrax has remained one of the most dangerous
and terrible chemical and biological weapons. Upon inhalation of
more than 10" B. anthracis spores, even with drug treatment the
mortality rate is still up to 75% within 24-48 hours.>* Because of its
high lethality, rapid and sensitive detection of B. anthracis spores is
of great significance and importance for controlling anthrax disease
and preventing biological attacks.

During the past decades, many detection methods have been
developed by using various analytical techniques such as the poly-
merase chain reaction (PCR),>® immunoassays,” surface enhanced
Raman spectroscopy (SERS),® and lanthanide-based luminescence
techniques.” PCR and immunoassays as traditional biological
methods usually require lengthy cycles, complicated operation,
expensive reagents and professional analysis. Recently, optical
methods including SERS and luminescence techniques have
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nanostructure has great potential applications in clinical analysis.

attracted a great deal of interest because of their low cost, rapid
response and easy operation. Generally, optical sensing of
bacterial spores is based on the detection of calcium dipicolinate
(CaDPA), a unique biomarker and major component of Bacillus
spores.'® 1t is noteworthy that lanthanide ions (Ln**) exhibit
highly enhanced luminescence upon bonding with CaDPA due
to the antenna effect.>'?> Moreover, the luminescence of Ln**
has unique features including large Stokes shift, narrow emission
bands, and long fluorescence lifetime.'>'* Therefore, lanthanide
ion-functionalized fluorescent sensors have been considered a
promising method for the rapid, sensitive and selective detection
of CaDPA. To date, some lanthanide ion-based sensing platforms
have been prepared such as nanoparticles,'* carbon nanotubes,'®
solid films,”"® and metal organic frameworks.'” However, the
concentration of CaDPA is usually measured by luminescence
variation alone in most of the lanthanide-based sensors. In
such a case, it is difficult to judge whether signal enhance-
ment is due to a target-induced increase or operation errors,
or instrumental or environmental factors, especially at
very low CaDPA concentrations. Alternatively, dual-emission
ratiometric fluorescent sensors are supposed to be more
appealing,'®'®72° where the analyte CaDPA can be determined
by the luminescence ratio between the analyte signal and the
reference signal. The built-in correction of the ratiometric
design effectively eliminates the potential operation and
environmental effects, thus significantly improving the sensitivity
and accuracy of the sensors.
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Zinc oxide (ZnO) quantum dots (QDs) have been exhaustively
investigated in many fields, such as light-emitting devices,*"
lasers,>® photodetectors,® gas sensors,** solar cells,”® etc.,>**
due to their unique optical and electrical properties.***° Com-
pared with traditional semiconductor QDs (CdSe, CdS, etc.),
ZnO QDs are less expensive, eco-friendly, favorably biocompatible
and low cytotoxicity.>®>' Recently, their excellent fluorescence
properties including high quantum yield, strong photo-
luminescence emission and resistance to photobleaching have
inspired researchers to use ZnO QDs in drug delivery,>* bio-
logical labeling®® and biosensing.**** However, no reports on a
fluorescent sensor for B. anthracis using ZnO QDs as an internal
reference can be found.

In this paper, ZnO QDs functionalized with (3-aminopropyl)
triethoxysilane (APTES) have been prepared. These APTES-
capped ZnO QDs are endowed with functional groups, strong
luminescence, large surface areas and enhanced dispersibility
in aqueous solution, which facilitates the development of
strategies using ZnO QDs as the reference signal in dual-emission
fluorescent sensors. Subsequently, europium ions (Eu®*) were
selected and chelated onto the surface of the ZnO QDs as the
sensing moiety, considering that the strongest emission of Eu**
at around 616 nm will not be interfered with by the ZnO QD
emission. The fluorescence of Eu®" will be sensitively responsive
to CaDPA while the inner ZnO QDs are inert, which enables
ratiometric and visual detection of bacterial spores without
expensive equipment. Because of the CaDPA-inert fluorescence
of the ZnO QDs, the efficient sensitization of CaDPA to lanthanide,
and the narrow-band emissions of Eu*", these europium-decorated
ZnO QD sensors exhibit a remarkable limit of detection (3 nM)
towards CaDPA and outstanding selectivity over aromatic ligands
in aqueous solution.

2 Experimental section
2.1 Materials

All the chemicals used in this paper were analytical grade with-
out further purification: zinc acetate dihydrate (Zn(OAc),-2H,0),
(3-aminopropyl) triethoxysilane (APTES), ethylenediamine tetra-
acetic acid dianhydride (EDTAD), 2,6-pyridinedicarboxylic acid
(DPA), europium oxide and potassium hydroxide (KOH) were
purchased from Aladdin Chemistry Co. Ltd (Shanghai, China).
Dimethylacetamide (DMAC), disodium hydrogen phosphate
dodecahydrate and trisodium citrate dihydrate were purchased
from Sinopharm Chemical Reagent Co. Ltd (Shanghai, China).
L-Glutamic acid and calcium hydroxide were purchased from
Tianjin Damao Chemical Reagent Factory (Tianjin, China).
Phthalic acid and benzoic acid were purchased from Tianjin
Sheng Ao Chemical Reagent Co. Ltd (Tianjin, China). Absolute
ethanol was purchased from Tianjin Yongda Chemical Reagent
Co. Ltd (Tianjin, China). Concentrated nitric acid was pur-
chased from Luoyang Chemical Reagent (Luoyang, China).
Calcium dipicolinate (CaDPA) was synthesized with DPA and
calcium hydroxide according to the method demonstrated in
the literature.'
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2.2 Preparation

2.2.1 Synthesis and functionalization of ZnO QDs. 25 mM
Zn(OAc),2H,0 was dissolved in 150 mL ethanol and refluxed
under continued stirring for 2 h at 80 °C. A 35 mM KOH solution
was dissolved in 20 mL ethanol by sonication for 30 min. The
KOH solution was added dropwise into the Zn(OAc),2H,0O
solution for 30 min at 0 °C. To obtain amino-functionalized
ZnO QDs, a mixture of 1.5 mL deionized water and 500 uL APTES
was added into the above solution under continuous stirring
for 5 h at room temperature. Afterwards, the precipitate was
collected by centrifugation at 6000 rpm for 10 min and washed
with absolute ethanol three times. Finally, the precipitate (ZnO QDs)
was dried in a blast oven at 60 °C for 2 h.

2.2.2 Europium modification of ZnO QDs. The ZnO QDs
(0.5 g) were put into a 100 mL round-bottomed flask. EDTAD
(0.25 g) was dissolved in dimethylacetamide (30 mL). Next, the
prepared EDTAD solution was added dropwise into the flask
containing the ZnO QDs followed by continuous stirring for
12 h at 60 °C under a nitrogen atmosphere. The precipitate was
collected by centrifugation and washed with DMAC three times to
remove unreacted materials, and finally absolute ethanol once to
dry the sample. Subsequently, the complex was dispersed in pH =
9.6 sodium/bicarbonate buffer (30 mL) and stirred for 2 h. The
reaction product was centrifuged and washed with deionized water
until the supernatant showed neutral pH. Then the product was
dispersed in a 0.01 M Eu(NOs); aqueous solution (30 mL) and
stirred for 2 h. The produced [ZnO(EDTA)Eu] nanostructures
(labelled as ZnO/Eu) were centrifuged and washed with deionized
water, until Eu®* could not be detected in the supernatant. Finally,
the ZnO/Eu nanostructures were dried in a blast oven at 60 °C
for 2 h.

2.2.3 Preparation of CaDPA. 3.3 mM DPA and an equal
molar amount of Ca(OH), were dissolved in 50 mL of deionized
water separately. Then the Ca(OH), aqueous solution was added
dropwise into the DPA solution. The mixed solution was stored
at 5 °C for 48 h. Afterwards, the precipitates were obtained by
filtering and drying at 60 °C for 6 h.

2.2.4 CaDPA detection using the ZnO/Eu nanostructures.
In a typical run, ZnO/Eu nanostructures were dispersed with a
final concentration of 0.5 mg mL™" in aqueous solution, and
then reacted with standard CaDPA solutions. The fluorescence
intensity of the mixture was monitored at 530 nm and 616 nm
under a 280 nm excitation wavelength in order to investigate
the relationship between the intensity ratio Is16/I530 and the
concentration of CaDPA ranging from 0 to 4 uM.

2.3 Characterization

The X-ray diffraction (XRD) pattern of the ZnO QDs was
recorded using an X'Pert Pro diffractometer, in which X-rays
were generated by a Cu Ko source. A JEM-2010 transmission
electron microscope (TEM) was employed to characterize the
size and crystallinity of the QDs. The fluorescence spectra of the
ZnO QDs and ZnO/Eu nanostructures were obtained with an
F-7000 fluorescence spectrophotometer. The UV-Vis absorption
of the ZnO QDs and CaDPA was obtained using a UH4150
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spectrophotometer. Fourier transform infrared (FTIR) spectra
of the samples were recorded on a Thermo Scientific Nicolet
iS10 FTIR spectrometer from dry KBr discs, over the range
4000-400 cm ™. The X-ray photoelectron spectroscopy (XPS)
spectra of the samples were collected by using a Thermo Fisher
Scientific ESCALAB 250Xi spectrometer equipped with an Al Ko
X-ray radiation source, and the XPS binding energy was internally
referenced to the C 1s peak (BE = 284.8 eV). Absolute photo-
luminescence quantum yields (QY) were measured by an absolute
PL quantum yield measurement system (C9920-02, Hamamatsu
Photonics K. K., Japan).

3 Results and discussion
3.1 Preparation of ZnO QDs

Scheme 1 illustrates the preparation process of the ZnO/Eu
nanostructures and the mechanism for CaDPA detection. Firstly,
ZnO QDs were prepared, from which yellowish emission could
be detected under UV illumination. Subsequently, EDTAD was
covalently bonded to the ZnO QDs via a dehydration condensa-
tion reaction between the amino and the carboxylic anhydride
groups. Finally, Eu** was anchored on the surface to obtain the
ZnO/Eu nanostructures, in which the Eu** could be sensitized
by CaDPA.

As shown in Fig. 1a, all the XRD peaks of the as-prepared ZnO
QDs can be readily indexed to wurtzite ZnO (JCPDS 89-1397).%°
A panoramic TEM image (Fig. 1b) shows that the ZnO QDs
consisted of nanospheres with an average diameter of 5 nm. The
HRTEM image of an individual QD shows clear lattice fringes
with a distance of around 0.281 nm, which corresponds to the
inter-planar distances of the (100) planes of wurtzite ZnO (inset
in Fig. 1b).>> The obvious lattice fringes confirm the high
crystallinity of the ZnO QDs. The inset in Fig. 1c is a photograph
of the ZnO QDs in daylight (left) and under a UV lamp at 365 nm
(right). The aqueous dispersion of the ZnO QDs is clear and
transparent in daylight, indicating that the as-prepared QDs are
well water-soluble. And under UV-light irradiation, the ZnO QDs
exhibit strong yellow luminescence. The corresponding emission
spectrum is composed of a strong band peaking at 530 nm, and
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Scheme 1 Schematic illustration of the preparation of the ZnO/Eu
nanostructure and the sensing mechanism for CaDPA.
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Fig. 1 (a) XRD pattern of the as-prepared ZnO QDs. (b) TEM and HRTEM
(the inset) image of ZnO QDs. (c) The excitation spectrum (dot line) of the
ZnO QDs and emission spectrum of the freshly prepared QD aqueous
dispersion (black solid line) and sample after being stored for 1 month
(red solid line). Inset: Photograph of the ZnO QDs in daylight (left) and
under a UV lamp at 365 nm (right). (d) The fluorescence intensity response
curve of the ZnO QDs at 530 nm versus concentration of CaDPA.

the ZnO sample exhibits an excitation band ranging from 250 to
380 nm (the dot line in Fig. 1c). In addition, the sample shows
slight changes in luminescence intensity after being stored
under chamber conditions for one month (Fig. 1c). These results
indicate that the ZnO QDs have good colloidal and optical
stabilities. Importantly, the fluorescence intensity of the ZnO
QDs is invariable after introducing various amounts of CaDPA,
indicating that their fluorescence intensity is independent of the
CaDPA concentration (Fig. 1d). On the basis of the above
experimental results, it is deemed that the ZnO QDs can be
used as the fluorescence reference in a ratiometric sensor for the
detection of CaDPA.

3.2 Europium modification of ZnO QDs

As the signal report unit, Eu®" is grafted onto the surface of the
ZnO QDs through the chelating agent EDTA. The FTIR spectrum of
the ZnO QDs illustrated in Fig. 2a shows a broad absorption band
at 3425 cm ', which belongs to the stretching vibration of N-H.
The peak at 2936 cm™ " can be attributed to the characteristic
stretching vibration of C-H. The N-H and the C-H bending peaks
appear at 1574 cm™ ' and 1405 cm ™', respectively. The band at
1018 cm™ " is due to the stretching vibration of Si-O. In addition,
the peak at 525 cm™* belongs to the stretching vibration of Zn-O.
These results indicate that ZnO QDs are well modified by APTES.*!
Compared to the ZnO QDs, additional peaks are observed at
1637 cm ™ * and 1506 cm ™! for the ZnO/Eu nanostructures, and
the former can be attributed to the stretching vibration of the
amide bond formed between the amino and carboxylic groups,
while the latter to the symmetric stretching of COO~ in EDTA.*’
These results demonstrate that the ZnO/Eu hybrid nanostructures
have been fabricated.

Furthermore, XPS spectra are collected to determine the
chemical compositions of the ZnO QDs and ZnO/Eu nano-
structures, as shown in Fig. 2b. Both the ZnO QDs and ZnO/Eu
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Fig. 2 (a) FTIR spectra of the ZnO QDs (red) and ZnO/Eu nanostructures

(blue). (b) XPS spectra of the ZnO QDs and ZnO/Eu nanostructures. Inset:
XPS Eu 3d core level spectrum of the ZnO/Eu sample.

Table 1 Elemental analysis results of the ZnO QDs and ZnO/Eu nano-
structure observed by X-ray photoelectron spectroscopy

Elemental atomic percentage (wt%)

Sample C o N Si Zn Eu
ZnO QDs 8.19 12.05 1.66 3.75 74.35 —
ZnO/Eu 6.38 21.93 2.35 2.24 44.55 22.55

nanostructures contain the elements Zn, C, N and 0.*® It is
noteworthy that the Eu element arises in the ZnO/Eu nanostructures.
The high-resolution spectrum of Eu 3d (inset in Fig. 2b) exhibits
two contributions, 3d;,, and 3ds, (resulting from the spin-orbit
splitting), located at 1165 eV and 1134 eV, respectively. Addi-
tional peaks at 1156 eV and 1124 eV are due to the shake-down
satellites of Eu** 3d/, and Eu®* 3d;,, respectively.***° A satellite
peak arises at 8.5 eV higher binding energy relative to the Eu
3ds,, main structure, as is reported in the literature.*® The atomic
concentrations of the ZnO QDs and ZnO/Eu nanostructures are
shown in Table 1. The XPS results further confirm the composition
of the ZnO QDs and ZnO/Eu nanostructures, which is in good
agreement with FTIR results.

3.3 Feasibility of the ZnO/Eu for CaDPA sensing

To evaluate the dual-emission performance of the ZnO/Eu hybrid
nanostructures, the luminescence spectra of the [Eu(DPA)] com-
plexes have been recorded, as shown in Fig. 3a. The excitation
spectrum of [Eu(DPA)] is dominated by a sharp line at around
280 nm. Under the excitation of 280 nm light, intense and

1688 | J Mater. Chem. C, 2017, 5, 1685-1691

View Article Online

Journal of Materials Chemistry C

characteristic emission patterns of the Eu®" can be yielded, as
evidenced in Fig. 3a. These emission lines can be explicitly
assigned to the transition of °D;-'F; (J = 0, 1) and °Dy-'F,
(J=0, 1,2, 3 and 4), respectively.*"** The strongest red emission
locates at around 616 nm, which will not be interfered with by
the ZnO QD emission at 530 nm. In addition, the aqueous
solution of ZnO QDs shows a broad absorption band in the
deep UV region (Fig. 3b), which matches well with the absorption
peak of CaDPA at 280 nm (Fig. 3b), suggesting that the ZnO QDs
and [Eu(DPA)] complexes can be simultaneously excited at a
wavelength of 280 nm. According to the above results, the
ZnO/Eu nanostructures are expected to achieve dual-emission
detection of CaDPA. To verify this speculation, the response of
the ZnO/Eu nanostructures towards CaDPA has been observed in
the presence of a 16 pM solution of CaDPA. The emission and
excitation spectra of the mixed solution are displayed in Fig. 3c.
By monitoring the characteristic emissions of the Eu** and ZnO
QDs at 616 nm and 530 nm, two excitation bands are obtained
which overlap with several sharp lines (616 nm and 593 nm)
coming from Eu®* and a broad band (530 nm) from ZnO QDs.
In addition, the quantum yields for the ZnO/Eu hybrid nano-
structures in the absence and presence of DPA were measured to
be 1.89% and 10.69%, respectively. Accordingly, the ZnO/Eu
nanostructures can work effectively as a dual-emission sensor
for CaDPA.

3.4 Sensing properties of the ZnO/Eu toward CaDPA

Considering that inhaled anthrax disease causes harm to
human health in a very short time, the response time is critical
for an anthrax sensor. The time-dependent fluorescence
response of the ZnO/Eu nanostructures to CaDPA solution is
monitored at 616 nm with excitation at 280 nm (Fig. 4). The
curve shows that the fluorescence intensity increases to the
maximum value in 8 s and stays at the maximum value after 8 s,
enabling rapid detection of anthrax spores. The fast response
time is partially attributed to the high affinity between DPA>~
and Eu®’. Another important reason is the larger surface-to-
volume ratio of the 5 nm-diameter ZnO QDs, enhancing contact
between CaDPA and the nanostructures.

To evaluate the sensitivity of the ZnO/Eu nanostructure
sensor, CaDPA solutions with different concentrations were
employed as the sensing specimen as indicated in Fig. 5. The
fluorescence intensity of the ZnO/Eu nanostructures increases
linearly with the concentration of CaDPA in the investigated
range from 0 to 4 uM (R®> = 0.99585, Fig. 5b). The limit of
detection (LOD) for CaDPA is calculated to be 3 nM according
to the method suggested by TUPAC.*®*° This value is over six
orders of magnitude lower than an infectious dosage of B.
anthracis spores (60 pM) for human beings. Interestingly, the
color change can be identified unaided by eye under UV
illumination, even at a CaDPA concentration as low as
0.5 uM. As is shown in Table 2, the limit of detection and
response time of the ZnO/Eu-based method are quite competi-
tive compared to the developed optical detection method for
Bacillus anthracis.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Time-dependent fluorescence intensity curve of the sensor fol-
lowing exposure to CaDPA (fluorescence detected at 616 nm).

The highly sensitive detection of CaDPA can be attributed to
three factors. Firstly, the luminescence of Eu** can be effectively
sensitized by DPA through the antenna effect. Normally, the RE
ions have low absorption cross section due to the forbidden
4f-4f transitions. Upon coordination with DPA ligands, the
luminescence of the RE ions can be greatly enhanced. The
DPA molecules will absorb the excitation energy efficiently and
transfer it to the RE ions subsequently due to the good energy
level matching between the triplet state (T1) of the ligand and
the lowest excitation state of the RE ion, which is the so-called
antenna effect."'? Moreover, the 616 nm emission line is
produced by the hypersensitive transition of Eu®*, *D-"F,,
which is strongly dependent on the coordination environment
of Eu®".>® Secondly, the [ZnO(EDTA)] can exclude water mole-
cules coordinated with Eu®*, thus decreasing the non-radiative
quenching. In the case of free Eu®" as a sensor, water molecules
will coordinate with Eu*" forming [(H,O)(Eu)(DPA)] complexes
at low CaDPA concentrations, which can quench the Eu®*
luminescence.”® By contrast, [ZnO(EDTA)] can replace part of
the H,0 molecules to form [ZnO(EDTA)(Eu)(DPA)] complexes
because of its prior affinity for rare earth ions, which can
minimize the nonradiative quenching and eventually enhance
the emission luminescence of Eu®".'® Therefore, the chelation
of Eu®* on the ZnO QD surface can significantly improve the
sensitivity of the nanoprobe, especially at low concentrations
of DPA, compared to free europium ions. Thirdly, the large
surface area and good dispersibility of the ZnO QDs provide
abundant active sites for the DPA, leading to an increased

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Fluorescence emission spectra of the ZnO/Eu nanostructures in
the presence of CaDPA with different concentrations (0, 0.004, 0.016,
0.05, 0.125, 0.3, 1, 15, 2, 3, 4 uM). Inset: Photograph of the ZnO/Eu
nanostructures dispersed in aqueous solution (left) and 0.5 pM CaDPA
solution (right) under a UV lamp at 254 nm. (b) Ratiometric calibration
curve of the sensor as a function of CaDPA concentration. The inset is an
amplified spectrum of the ratiometric calibration curve of the sensor at low
CaDPA concentrations. Error bars represent +£1 standard deviation from
the mean, n = 5.

frequency of contact with the DPA. Thus, the ZnO/Eu nano-
structure sensor has high sensitivity to CaDPA.

Selectivity is another critical parameter for chemical sensors.
Hence, the fluorescence response of the sensor towards several
interfering substances has been investigated, including aromatic
ligands, representative amino acids and common cellular ions
such as benzoic acid, phthalic acid, citric acid, glutamic acid,
-phenylalanine, and aspartic acid, as well as Na*, K*, Ca**, Fe*",
Cl™ and CO5>", each at 20 uM concentration. These compounds
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Table 2 Comparative study of the lanthanide ion-functionalized fluorescent sensors with different materials
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Material LOD* Time” Ref.’
A supramolecular monolayer 25 nM 10 min M. D. Yilmaz et al.*?
Bio-metal-organic frameworks 34 nM 20 s Y. Zhang et al.**
Silver nanoparticles 10 nM 10 min H. Tan et al.®
A PVA film 100 nM — B. Ma et al.*
Pentylamide-APS-EDTA-Tb coated silica nanoparticles 25 nM — K. M. L. Taylor et al.*®
Carbon nanotubes 1M 3s C. Tan et al.®
Nanoscale metal-organic frameworks 48 nM — W. J. Rieter et al.”’
Fluorescein isothiocyanate dye-doped silica nanoparticles 0.2 nM 30 s K. Ai et al™

10 pM 52
Graphene quantum dots 50 pM 7.7s J. Ryu et al.*®

10 pM
PAN nanoparticles 50 pM 20 s W. K. Oh et al."®

0.1 nM
A PES film 0.5 nM 50 s L Lee et al.’
ZnO QDs 3 nM 8s This work

% LOD means limit of detection. > Time means response time. ¢ Ref. means reference number cited in the main text.
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Fig. 6 The relative signal response (variation of lg6/ls30 value) of the
sensor toward CaDPA and various potential interfering substances. Error
bars represent +1 standard deviation from the mean, n = 5.

are selected because of their structural similarity with DPA®>~ or
potential presence in biological environments. All the samples
are tested under identical conditions with the fluorescence
response demonstrated in Fig. 6. Slight or negligible fluores-
cence changes are observed for the interfering groups. Only
CaDPA exhibits a noteworthy fluorescence enhancement, indicating
that the ZnO/Eu hybrid nanostructure sensor has good selectivity
towards B. anthracis spores.

4 Conclusions

In summary, a ZnO/Eu nanostructure sensor for bacterial spores
has been obtained by employing yellow-emitting ZnO QDs as the
internal reference and red-emitting Eu®* coordinated on the
surface of the ZnO QDs as the sensing unit. The sensor shows
dual emissions under the excitation of 280 nm light. Here, the
increased CaDPA concentration can lead to red fluorescence
enhancement of Eu*" but the emission from the ZnO QDs is
unchanged. The time-dependent fluorescence response of the
dual-emitting sensor reveals that the reaction can be completed
within 8 s, thus enabling rapid detection of B. anthracis spores.
The detection limit for CaDPA is 3 nM, which is over six orders of

1690 | J Mater. Chem. C, 2017, 5, 1685-1691

magnitude lower than an infectious dosage of B. anthracis spores
(60 uM) for human beings. In addition, the sensor shows remark-
able selectivity for CaDPA over other aromatic ligands, amino
acids and common cellular ions. More attractively, the target
responsive fluorescence color change can be used for visual
detection of CaDPA by unaided eyes. Therefore, the results
reported in this paper may provide a route to a rapid and
sensitive sensor of B. anthracis spores, which is of great
significance in clinical analysis.
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