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Abstract

A ratiometric fluorescence assay was designed for determination of dipicolinic acid (DPA), a spore-specific compound which is
used as a biomarker for Bacillus anthracis spores for food and medical product safety analysis. The dual-channel fluorescence
probe integrates two fluorescent materials, Eu** ion and gold nanocluster (Au NC). The Au NC is used as a reference channel to
measure background noise and the Eu®* ion as the DPA-specific response signal channel. The probe was prepared through
simply combing bovine serum albumin (BSA)-scaffolded Eu** ion and Au NCs. When excited at 530 nm, in the presence of
DPA, the fluorescence signals of Eu®* ion at 595, 617, and 695 nm increased significantly while the 650 nm signal of Au NC
reference remained relatively constant. This fluorescence probe has good photo-stability and also displays good selectivity and
high sensitivity for DPA with a low detection limit of 0.8 uM. The linear range of the ratiometric probe for DPA is 1-50 uM. For
determination of DPA released during the germination of Bacillus subtilis spores, the detection results were in agreement with
measurements by conventional calorimetry assay. The method may have potential for measuring the level of contamination and

germination by spores.
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Introduction

For fluorescence detection, especially for the widely used
single-signal fluorescence probes, the detection is often affect-
ed by sample background noise [ 1-3]. Ratiometric fluorescent
probe, which uses the intensity ratio of two fluorescence peaks
at different wavelengths as signal and reference channel, can
provide a built-in correction of the background interference,
leading to improved signal to noise ratio measurement, and
better detection sensitivity and accuracy [4—6].

The basic requirement for ratiometric fluorescence de-
tection is to synthesize fluorescent probes with at least
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two emission wavelengths. The traditional probe materials
include organic dyes, fluorescent nanomaterials, and lan-
thanide ions [7-9]. Metal nanoclusters, such as gold
nanoclusters (Au NCs), are a new type of luminescent
nanomaterial that is often used for the detection of heavy
metal ions [10], inorganic anions [11], biological small
molecules [12], and biological imaging [13] due to their
strong luminescence intensity, good photo-stability, con-
trollable size, adjustable emission wavelength, and good
biocompatibility. For probe assembly, over the years, re-
searchers have utilized peptides, polymers, and proteins as
stabilizers to prepare Au NCs [14, 15]. Some proteins can
be used as both reductants and stabilizers so that the syn-
thesis does not require additional reductants. The protein
scaffolds commonly used for Au NCs include lysozyme
[16], horseradish peroxidase [17], deoxyribonuclease [18],
and bovine serum albumin (BSA) [19]. These protein
scaffolds still retain their inherent biological properties,
which means that the Au NC has good biological func-
tionality [20]. BSA is one of the best scaffold proteins to
synthesize Au NCs [21]. BSA is readily available, inex-
pensive, and can act both as a reducing agent and as a
stabilizer agent.
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In addition to metal nanoclusters, lanthanide(III) elements
have interesting photoluminescence properties, such as large
Stokes shift and line-like emission spectra with clearly defined
bands [22]. Eu** can be combined with many sites on BSA
scaffold, forming strong coordination compounds [23].
Lanthanide(IIl) ions can be considered as Lewis acid and
has a strong tendency to combine with negative charges, neu-
tral oxygen, or nitrogen atoms [24]. These chemical properties
enabled the synthesis of different lanthanide(II) complexes
for a wide range of bio-detection applications. For example,
silicon nanoparticles (SiNPs) modified with Eu(IIl) were
shown to be a viable ratiometric fluorescent probe for tetracy-
cline antibiotics [25]. Calcein-Eu®* was used as recognition
group for ATP detection [26]. Iridium(III) was used for tem-
perature sensing in living cells and zebrafish [27].

Eu®* ion has a good response for detecting dipicolinic
acid (DPA) [28, 29], a major component of Bacillus
spores. DPA can be used as a biomarker for Bacillus
anthracis [30], a major biosafety threat and a safety con-
cern for the food and medical product industry. Due to
high resistance to heat, radiation, and chemical processing
[31], conventional sterilization technologies cannot nor-
mally kill Bacillus spores. The resistance of the spores
is mainly the result of the highly dehydrated state of the
core and the high density of calcium pyridicarboxylate.
However, once the spores germinate, the resistance will
be greatly reduced. Spore germination is mainly divided
into two stages: The first stage is that DPA and some
cations in the spore core are released, and the core hy-
drates partially and loses some resistance. The second
stage is the further hydration and expansion of the core,
resulting in almost total loss of spore resistance and com-
plete spore germination [31]. Accordingly, the level of
DPA can reflect the germination process of spores and
so as often used as a biomarker for monitoring spore ger-
mination [30]. Many studies have explored DPA levels
during spore germination, but most of them are disturbed
by the complex environment in which spores are located.
Accurate and sensitive detection of DPA as a biomarker
for spore presence, germination, and viability can provide
an alternative to the time-consuming and tedious direct
characterization of intact bacterial cells or the traditional
in vivo plate-counting methods [32]. A ratiometric probe
for DPA with internal reference may simplify and im-
prove Bacillus spore testing. Considering the advanta-
geous properties of Au NCs and lanthanides as fluores-
cent fluorophores, we synthesized Eu**-doped Au NC
ratiometric probe for detecting DPA. Compared to other
fluorescence probes [33], the dual-channel fluorescent
probe in this work was synthesized by a one-step method,
which not only has good water solubility and lumines-
cence stability, but also realized DPA ratio detection with
a low detection limit in complex systems.
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Experimental section

Materials and reagents EuCl;-3H,0, dodecylamine,
dipicolinic acid, benzoic acid, 2-dipicolinic acid, benzoic acid,
terephthalic acid, isophthalic acid, and chloroauric acid
(HAuCly-3H,0) were obtained from Sigma-Aldrich (https://
www.sigmaaldrich.com). Bovine serum albumin (BSA) was
provided by Sangon Biotech Co., Ltd. (Shanghai, China,
https://www.sangon.com/). Bacillus subtilis (reference 1D
ATCC6633) was obtained from Shanghai Luwei Technology
Co. Ltd. (Shanghai, China). All other reagents were of
analytical grade and used without further purification.
Ultrapure water was used throughout all experiments.

Apparatus The fluorescence spectra and relative fluorescence
intensity were measured on an F-7000 spectrofluorometer
(Hitachi, Japan) with a fixed excitation of 530 nm.
Absorption spectra were recorded on a Shimadzu UV-2450
spectrophotometer. Transmission electron microscope (TEM)
characterization was performed on an FEI Titan G2 60-300
microscopy. X-ray photoelectron spectroscopy (XPS) investi-
gation was carried out in a Thermo ESCALAB 250X using a
Al Kx X-ray source (150 W, Mono 500 um).

Synthesis of Eu**-Au NC probe The fluorescence probe was
prepared by a one-pot method. In brief, 1 mL of HAuCl,
solution (5 mM) and 1 mL of EuCl;-3H,0 solution (5 mM)
were quickly mixed with 1 mL of BSA solution (50 mg mL ™)
with vigorous stirring. After 5 min, 100 uL of sodium hydrox-
ide solution (1 M) was added dropwise into the mixture.
Afterward, the mixture was stirred constantly for 12 h at
37 °C. The solution was centrifuged at 13000 rpm for
30 min, and the supernatant was transferred to a dialysis bag
(14 kDa) for 24 h to remove excess impurities. The Eu’*-Au
NC probe was stored at 4 °C for further use.

Fluorescent determination of DPA To utilize Eu®*-Au NC
probe for DPA determination, 20 uL of the Eu®*-Au NC solution
was added into 480 pL solution with various concentrations of
DPA. The mixture solution was then incubated for 10 min at
room temperature before fluorescence analysis. Fluorescence
emission spectra were recorded when excited at 530 nm.

Preparation of the Bacillus subtilis spore suspension The
spore suspension was prepared as follows: The third culturing
generation of Bacillus subtilis strains was cultured on the in-
clined surface of the test tube in unfavorable environmental
conditions without nutrients at 37 °C for 1 week to sporulate.
After this incubation, the spores on the slope were slightly
collected into a centrifuge tube and washed twice with dis-
tilled water. The spores were then centrifuged at 5000g for
10 min at 4 °C and re-suspended in sterilized water. It was
stored at 4 °C for further use.
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Scheme 1 Schematic diagram of the fluorescent probe preparation and detection process

Detection of the DPA in spores The spore suspension (6.23 x different concentrations of spores and heated for 30 min at
10° CFU mL ") was diluted stepwise to lower concentrations 90 °C. The mixture was then centrifuged, and the supernatant
(4.0x10%-6.23 x 10° CFU mL™"). Then, 1 mL of  was carefully collected. After that, 480 L of supernatant was
dodecylamine (20 mM) was added to 9 mL of solution with ~ mixed with 20 uL of the Eu**-Au NC probe solution. The
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Fig.1 aandb TEM images of the synthesized Eu**-Au NC probe. ¢ XPS absorption of Au NCs, Eu**-Au NC probe, and Eu**-BSA complex. f
survey of the Eu 3d spectra for Eu>*-Au NC probe. d Fluorescence XPS survey of the Au 4f'spectra for Eu**-Au NC probe
excitation and emission spectra of the Eu®>*-Au NC probe. e UV-vis

@ Springer



26 Page4of8

Microchim Acta (2021) 188: 26

a

- 1000}— 10 tM DPA — 480 — 0uMDPA
= ——0 pMDPA g 00 10 pM DPA|
= z

Z 320

2 800t 2.
= E

5 = 1

b= 60 60 60 7
= 600r wavelength (nm)

-

1

g

<o 400f

@

[

=

3

= 2001

620 640 660 680 700 720
wavelength (nm)

580 600

0.5

0.8 f, N L L I 1
0.0 0.2 0.4 0.6 3P.8 1.0
AuCl, / (AuCl, +Eu™)

Fig. 2 a Fluorescence response of Eu**-Au NC probe and Au NCs (inset) to 10 uM of DPA. b Job’s plot for determination of stoichiometry between

AuCl,” and Eu**

mixture was incubated for 10 min before the fluorescence
emission spectrums were recorded. Colorimetric assay of
DPA was performed using ammonium iron(Il) sulfate and
ascorbic acid according to literature report [34].

Results and discussion

Preparation and characterization of the fluorescence probe
The new ratiometric fluorescence probe utilizes Au NCs as
the fluorophore reference and Eu** ion as a response signal for
sensitive determination of DPA. We synthesized the Eu’*-
doped Au NC fluorescent probe through a one-pot process.
The probe was synthesized by simply adjusting the pH of the
mixture containing BSA, Eu®*, and AuCl, . BSA plays mul-
tiple and critical roles in the design of the probe. BSA serve as
scaffold for synthesis to assemble the Eu** and [AuCl,]” uti-
lizing the carboxyl groups and thiol groups to form BSA-Eu
and BSA-Au complexes [23]. The formation of Au NCs was
initiated by adding NaOH (1 M) into the above solution. The
amino acid residues of BSA can reduce Au(Ill) to gold atoms,

Table 1 Comparison for the designed work and other DPA detection
methods
Composition of probe Limit of Linear range Reference
detection
SiQDs-NH,-EDTA-Eu 1.02 uM 1.02-34 uM [6]
Euw/HAP-NPs 0.077 uM 0.1-40 uM  [28]
Eriochrome Black T/Eu** 2 uM 232 uM  [29]
Metal-organic frameworks 4.5 pM 4.5-80 uM  [43]
Naphthalimide/DNA 0.012 uM 0.012-9 uM [44]
Tb/Si0,-Eu/GMP 0.05 uM 0.05-2 uM  [45]
Eu**-Au NCs 0.8 uM 1-50 uM  This work
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and the thiol groups of BSA can form Au-S bonds with Au
NCs, making the synthesized Au NCs remarkably stable. Due
to the addition of DPA that will not change the structure of Au
NCs or chelate it, the fluorescence intensity which belongs to
Au NCs will not be affected, and the emission intensity of Au
NCs can be used as an internal fluorescence reference to elim-
inate background interference. The fluorescence of Eu’* sig-
nal is significantly enhanced in the presence of DPA due to
stable coordination between Eu®* and DPA [35, 36]. The f-f
transition between 4f layers involved in rare earth is transition
resistant, resulting in low luminescence efficiency of rare earth
ions. Organic carboxylic acid ligands have high ultraviolet
light absorption coefficient. If the triple-excited level and
excited-state energy level match with rare earth ions, it can
effectively transfer the excited state energy to the emission of
rare earth ions, thus sensitizing luminescence of rare earth
ions. The luminescence of complexes depends largely on the
intramolecular energy transfer efficiency between ligands and
rare earth ions [37, 38]. Therefore, Eu’" is used as a signal
molecule with a linear response to the concentration of DPA.
Scheme 1 illustrates the detection process of DPA using the
probe.

The TEM image (Fig. 1 a and b) shows the synthesized Au
NCs are homogeneous with an average diameter of around
1 nm. XPS was applied to demonstrate the chemical state of
the Au and Eu in the Eu**-Au NC probe (Fig. 1 ¢). Two
characteristic peaks at 84.0 eV for Au 4f;,, and 87.7 eV for
Au 4fs,, are observed [39]. The binding energies at 1126.4 eV
and 1154.9 eV correspond to the Eu 3ds,, and Eu 3d;), spin-
orbit peaks of Eu** respectively (Fig. 1 f), which suggest the
successful synthesis of Eu**-Au NC fluorescent probe [40].
UV-vis absorption spectra show that Eu** has no absorption
peaks, while the formed Au NCs show an absorption peak at
530 nm (Fig. 1 e). Further characterization of the probe by
fluorescence spectrometry shows that the probe displays a
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Fig. 3 a Responses of the ratiometric probe to different concentrations of
DPA, the inset shows the enlarged graph for determination of DPA from
0 to 10 uM and the picture of the fluorescent probes under UV light at
different DPA concentrations from 0 to 50 uM. b The linear calibration

broad and relatively weak emission at 650 nm with excitation
wavelength of 530 nm (Fig. 1d). This fluorescence emission
peak is ascribed to Au NCs [41], which suggests that in the
absence of DPA, Eu®* has no fluorescence emission. The
fluorescence of Eu** cannot be detected at this stage probably
because of the low amount of Eu®* in the probe. The lumines-
cence quantum yield (QY) of Au NCs was 3.6% using
Rhodamine B as the standard in water [42]. Nevertheless, with
the introduction of 10 uM of DPA, on the broad emission
spectra of Au NCs, two strong and narrow new emission
peaks appeared at 595 nm and 617 nm along with another
rather weak emission at 695 nm (Fig. 2 a). The fluorescence
intensity at 617 nm is about 2.5 times that of 595 nm. The new
emission peaks are due to the reaction of DPA with Eu®* ions
that enhanced the fluorescence intensity of Eu** ions. What is
more worth mentioning is that the emission intensity of Au
NCs at 650 nm does not change, probably because Au NC
does not react with DPA, suggesting that the Au NC is a good
internal reference probe for DPA detection. These data dem-
onstrated that the synthesized ratiometric fluorescence probe

Fig. 4 a Responses of the

plot of the ratiometric assay to DPA. The fluorescence intensity ratio
(I617/1650) Was recorded to draw the calibration plot. ¢ The linear
calibration plot to DPA based on probe with solely Eu** without Au NCs

is effective for accurate detection of DPA. In the following
experiments, the fluorescence intensity ratio at 617 nm to
650 nm (/617/1550) Was used for the analysis of different con-
centrations of DPA.

Optimization of DPA determination During the probe syn-
thesis process, we observed that by changing the ratio of
AuCl, " to Eu, the color of the synthesized probe would
gradually change from clear to light yellow, and finally to
white suspension with almost no fluorescence emission.
We optimized the ratio of AuCl, ' to Eu®* for the syn-
thesis of the probe and the optimal ratio is determined to
be 1:1 based on the fluorescence Job’s plot (Fig. 2 b). At
this ratio, for the determination of 10 uM of DPA, Ig,/
Igso reached the highest value which is the highest sensi-
tivity of the assay. Besides, the incubation time of the
probe with DPA was optimized. The results showed that
mixing the probe with DPA produced strong fluorescence
emission signal immediately at 617 nm (Figure S1 and
S2).

ratiometric probe to 10 pM of
DPA and 100 uM of different
interfering substances. b
Responses of the ratiometric
probe to 10 uM of DPA and the
mixture of 10 uM of DPA with
100 puM of different interfering
substances. Others in the figure
mean the mixture of all the
interfering substances
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Fig. 5 a Response of the probe to

DPA released from various
concentrations of germinated ]
spores. b Correlation of DPA
level released from spores
determined by the ratiometric
probe vs. the level detected by
colorimetric method. The inset is
the linear range of the
colorimetric assay to DPA
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Performance of the probe for DPA determination After dem-
onstrating fluorescence characteristics of the probe, the probe
was used for ratiometric measurements of DPA. To measure
the linear determination range of the probe for DPA, various
concentrations of DPA in the range of 0—100 uM were incu-
bated with the probe for 10 min at room temperature, followed
by emission spectra measurements. As shown in Fig. 3a, with
the increasing concentration of DPA, the fluorescence inten-
sity at 595 nm, 617 nm, and 695 nm are all increased, espe-
cially the fluorescence intensity at 617 nm, while there is no
fluorescence intensity variation at the 650 nm reference chan-
nel (Fig. 3a). With dual-channel ratiometric measurements, a
good linear relationship exists between DPA concentration of
1-50 uM and fluorescence intensity ratio (/s;7/1¢s0) compared
with the range of 1-20 uM for the determination with the only
Eu’, without Au NCs (Fig. 3b, c), suggesting that ratiometric
approach improves the linear detection range. The detection
limits of the ratiometric measurements were calculated to as
low as 0.8 uM based on signal to noise ratio of 3. Our data
suggest that the Eu®*-Au NC ratiometric fluorescence probe
enables detection of DPA with high sensitivity which may
enable self-calibration with the control channel measurement.
Compared with previously reported luminescence methods,
the assay based on Eu**-Au NCs exhibited a relatively low
detection limit as well as a wide linear range (Table 1).

Specificity of fluorescent probe to DPA High probe specificity
to the target analyte is essential for sample analysis. To study
the specificity of the probe towards DPA, 100 uM of various
metal ions and aromatic compounds with similar structures to
DPA were tested by the probe. As shown in Fig. 4, the fluo-
rescence responses of compounds used are negligible com-
pared to the determination of 10 uM of DPA (Fig. 4a). Even
when these compounds are mixed with DPA, the fluorescence
intensity of the mixture does not change much compared to
that of DPA alone (Fig. 4b). These results suggest that the
probe has high specificity for DPA.

@ Springer
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Detection DPA in germinated spores After we demonstrated
that the fluorescence probe has good performance for detect-
ing DPA, the probe was applied for the analysis of spore
germination. During spore germination, DPA is released from
the bacterial spores. Since only after more than two genera-
tions of culturing the cells can sporulate effectively, the third
generation of Bacillus subtilis culture was placed in unfavor-
able environmental conditions without nutrients for 1 week to
induce sporulation and then diluted by 10° orders of magni-
tude for subsequent measurements. The spore germination
was induced by adding 2 mM of dodecylamine and the culture
was heated at 90 °C for half an hour [31].

As shown in Fig. 5a, with the increase of spore number, the
fluorescence signal increased accordingly, with the lowest de-
tection limit of 4 x 10* CFU mL . Since the spores them-
selves do not affect the fluorescence intensity, the increase
of fluorescence intensity is attributed to DPA molecules re-
leased from the spores. Control experiments of spores that
were not treated with dodecylamine showed a very weak fluo-
rescence signal, indicating that non-germinated spores pro-
duce little amount of DPA. The production of DPA by the
germinated spores was further confirmed by the traditional
colorimetric assay. Colorimetric reagent prepared using am-
monium iron(Il) sulfate and ascorbic acid was used to detect
DPA [34]. As shown in Fig. 5b, the amount of DPA produced
by the germinated spores detected by our fluorescence probe
was highly correlated with those detected by the typical col-
orimetric method with a correlation coefficient of 0.994 (Fig.
5b).

Traditional methods for spore viability and quantifi-
cation are based mainly on time-consuming and tedious
plate-counting method. Our data demonstrate that the
Au NC-based probe can accurately measure the amount
of DPA, suggesting that with proper calibration stan-
dards, the new probe can be used to accurately measure
the level of spore’s contamination for food and medical
product safety analysis.
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Conclusions

We demonstrated here a method for one-step synthesis of
Eu’*-doped Au NC fluorescence probe using BSA as scaf-
fold. We have also shown that the probe can be used as a
ratiometric fluorescent probe for DPA enabling a low detec-
tion limit of 0.8 uM with a linear range of 1-50 uM. The
probe design method can be easily adapted to the synthesis
of other ratiometric fluorescence probes by altering the doped
fluorophores, for example, by using other lanthanide(III) ions,
and finding wide applications in various sensing and imaging
areas.
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