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Abstract： Eu（DBM）3Phen was firstly encapsulated into carboxylated polystyrene microspheres by the encapsula⁃
tion method， and then the lanthanide luminescence center Tb3+ was introduced by coordination to obtain the fluores⁃
cent polystyrene microsphere hybrid probe Tb-PS@Eu（DBM）3Phen with dual emission centers.  The results indicated 
that Tb-PS@Eu（DBM）3Phen has excellent stability， dispersibility and fluorescence properties.  In addition， by fur⁃
ther investigating the fluorescence sensing properties of the probe molecule on 2，6-pyridinedicarboxylic acid 
（DPA）， it was found that Tb-PS@Eu（DBM）3Phen could produce a significant enhancement with the present of 
DPA， which might be due to the coordination of terbium ions on the surface of DPA and polystyrene microspheres， 
which in turn affected the energy transfer process between the ligand-rare earths， resulting in Tb-PS@Eu-

（DBM）3Phens fluorescence enhancement.  Meanwhile， Tb-PS@Eu（DBM）3Phen has strong selectivity and anti-inter⁃
ference ability for DPA， which is expected to be used as a potential fluorescent probe for the recognition of DPA.
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一种比率型荧光聚苯乙烯微球杂化探针用于
炭疽病毒标志物的高选择性检测

胡润泽 1， 徐  陈 1， 方  舟 1， 李  颖 1*， 闵  华 2*
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摘要： 采用包埋法将通过二苯甲酰甲烷（DBM）和 1⁃10无水邻菲啰啉（Phen）制得的稀土配合物 Eu（DBM）3Phen包

埋进羧基化聚苯乙烯微球中，再通过配位作用引入镧系发光中心 Tb3+，获得具有双发射中心的荧光聚苯乙烯

微球杂化探针 Tb⁃PS@Eu（DBM）3Phen。利用 SEM、TEM、FT⁃IR、XPS、UV⁃Vis、PL 等表征方法对探针分子的结

构和性能进行分析。研究结果表明，Tb⁃PS@Eu（DBM）3Phen 具有优异的稳定性、分散性和荧光性能。此外，通

过进一步研究探针分子对 2，6⁃吡啶二甲酸（DPA）的荧光传感性能，发现 DPA 能够对 Tb⁃PS@Eu（DBM）3Phen的

荧光产生明显的增强效果，这可能是由于DPA和聚苯乙烯微球表面的铽离子配位，进而使配体⁃稀土之间的能量传

递过程受到影响，从而造成 Tb⁃PS@Eu（DBM）3Phen 的荧光增强。同时，Tb⁃PS@Eu（DBM）3Phen 对 DPA 具有较

强的选择性和抗干扰能力，有望用作检测识别 DPA 的荧光探针。
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1　Introduction
Despite that various means of preventing an⁃

thrax, it still represents a considerable public health 
hazard to the world community[1-3].  Anthrax is known 
to be an infectious disease caused by the bacterium 
Bacillus anthracis, which can cause fatal infection if 
more than 104 spores are inhaled in a 36 h period.  
Bacillus anthracis belongs to the genus bacillus aero⁃
bicus which is a rod-shaped, gram-positive bacteri⁃
um that can not only be ubiquitous in soil but also 
persist for decades, surviving for long periods of time 
even under extreme adverse conditions such as high 
temperatures, strong UV radiation, and strong acidic 
or alkaline conditions[4-5].  In addition, once the sur⁃
rounding environment meets its growth require⁃
ments, anthrax bacilli are activated and spread rapid⁃
ly.  Humans can contract anthrax in a number of 
ways, including inhalation of anthrax spores, contact 
with anthrax-contaminated materials, and consump⁃
tion of inadequately heated meat from sick animals 
resulting in intestinal anthrax.  Therefore, anthracis 
is considered a potentially extremely lethal biologi⁃
cal warfare agent and has received widespread inter⁃
national attention[6].  As a major component of bacte⁃
rial spores, 2,6-pyridinedicarboxylic acid（DPA） ac⁃
counts for 5%-15% of the dry mass of spores and is 
not found in other natural or synthetic materials, so 
it can be used as a typical anthrax biomarker[7-8].  
Therefore, exploring an efficient and accurate DPA 
assay is of great importance.

Several methods have been developed for the 
detection of DPA, including surface-enhanced Ra⁃
man spectroscopy（SERS）[9], polymerase chain reac⁃
tion（PCR）[10], superparamagnetic cross-flow immuno⁃
assay（LFA） [11], gas chromatography/mass spectrom ⁃
etry（GC/MS）[12], and electrochemical detection[13].  
However, traditional detection methods, such as 
HPLC and GC/MS, require specialized operators, 
complex sample preparation and expensive instru⁃
ments, and LFA and PCR require more demanding 

procedures and expensive chemicals, which may be 
a barrier to practical application and are not suitable 
for commercial use.  In contrast, fluorescence detec⁃
tion has become a more economically competitive op⁃
tion that attributed to its low cost, ease of operation, 
high selectivity and sensitivity, fast response time 
and real-time monitoring[14-16].

Due to the unique spectral properties of rare 
earth ions, such as long fluorescence lifetime, large 
Stokes shift and narrow emission band, fluorescence 
sensors based on rare earth ions have been devel⁃
oped rapidly[17-20].  In particular, two rare earth ele⁃
ments, Eu3+ and Tb3+ , located in the visible region.  
In recent years, nanomaterials functionalized based 
on these two rare earth ions have been used for the 
detection of DPA[21-23].  However, as a single emission 
sensor to detect DPA is susceptible to interference 
from background light, temperature, instrumentation, 
and other external conditions that affect the results 
of detection[24].  Fortunately, ratiometric fluorescent 
probes can be color adjusted and self-calibrated by 
measuring fluctuations in the ratio of fluorescence in⁃
tensity at two wavelengths, thus eliminating environ⁃
mental or instrumental interference and increasing 
the accuracy of detection results and are considered 
ideal tools for building sensing platforms[25-28].  Fluo⁃
rescent microspheres[29-33] with their stable morpho⁃
logical structure and stable and efficient lumines⁃
cence efficiency[34-35], have been used in labeling, in⁃
telligence analysis, detection immobilized enzymes, 
immunological medicine, and high-throughput drug 
screening[36-40].  In particular, fluorescent micro⁃
spheres using polystyrene microspheres as a sub⁃
strate have many advantages of polystyrene micro⁃
spheres themselves.  For instances, large specific 
surface area, good stability, strong surface reactivity, 
and easy surface functionalization.  In addition, the 
surface of microspheres can relate to different bioac⁃
tive macromolecules, which in turn can be widely 
used in biomarkers, fluorescent probes, bioimaging, 
fluorescent sensors and immunoassays[41].  Therefore, 
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in this thesis, a ratiometric fluorescent probe Tb-

PS@Eu（DBM）3Phen was synthesized using Eu3+ as 
the reference fluorescence, introducing europium 
complexes into the interior of polystyrene micro⁃
spheres in the form of encapsulation, and then ligat⁃
ing with terbium ions through carboxyl groups on the 
surface of polystyrene microspheres.  Compared with 
measurements performed at a single wavelength, it 
has strong anti-interference properties and avoids 
the influence of external factors such as the instru⁃
ment, the dose of the detector and temperature on 
the results, enabling the sensitive detection of the ba⁃
cillus anthracis biomarker DPA.
2　Experiment
2. 1　Preparation of Tb⁃PS@Eu（DBM）3Phen
2. 1. 1　Experimental Reagents

NaHCO3, MMA, K2S2O8, anhydrous ethanol, 
benzoic acid, isophthalic acid, homo-phthalic acid, 
glutamine, glycine, 3,4-pyridinedicarboxylic acid, 2,
4-pyridinedicarboxylic acid, 3, 5-pyridinedicarboxyl⁃
ic acid MAA, LnCl3·6H2O, L-Aspartic acid.
2. 1. 2　Preparation Process

（1） Purification of styrene
To reduce the polymerization loss of styrene 

monomer, polymerization inhibitors are often added 
to styrene.  Therefore, it is necessary to purify sty⁃
rene with alkaline alumina before use.  We take an 
appropriate amount of alkaline alumina in the chro⁃
matographic column, add 100 mL of styrene in the 
column to remove the polymerization inhibitor.  The 
purified styrene is put in a dry and clean reagent bot⁃
tle, and stored in the refrigerator at 2-8 ℃.

（2）Preparation of rare earth complex Eu（DBM）3⁃
Phen

6 mmol of dibenzoylmethane, 2 mmol of 1 ⁃ 10 
anhydrous phloroglucinol and 6 mmol of sodium hy⁃
droxide were mixed into 40 mL of anhydrous ethanol 
and placed in an oil bath to dissolve with stirring.  
When it was warmed up to 50 ℃ , 20 mL of ethanol 
solution dissolved with 2 mmol EuCl3·6H2O was 
added slowly dropwise and the mixture was refluxed 
at 50 ℃ for another 2 h.  The mixture was left to re⁃
action for 3 h and then filtered by brinell funnel ex⁃

traction and washed several times with ethanol/wa⁃
ter.  The resulting solid powder was dried at 60 ℃ 
for 12 h.

（3） Synthesis of carboxylated fluorescent micro ⁃
spheres PS@Eu（DBM）3Phen

Carboxylated fluorescent polystyrene micro⁃
spheres were prepared using soap-free emulsion po⁃
lymerization method and embedding method.  First, 
water（32 mL）, NaHCO3（0. 24 mg）, methacrylate
（0. 85 mL containing Eu（DBM）3Phen（40 mg）） and 
styrene（2 mL） were placed in a 100 mL three-neck 
flask.  After purging with nitrogen for 30 min, the 
temperature was gradually increased to 80 ℃ and 2 
mL（0. 01 g） of aqueous potassium persulfate solu⁃
tion was added.  Then, after 30 min reaction, 0. 2 mL 
of methacrylic acid and 2 mL（0. 01 g） of aqueous 
potassium persulfate were added.  Finally, the reac⁃
tion was continued for 10 h and cooled to room tem⁃
perature.

（4） Preparation of fluorescent microspheres Tb-

PS@Eu（DBM）3Phen
At the end of the above experiment, TbCl3·

6H2O（0. 1 g） was added to continue the reaction for 
1 h.  Finally, the reaction was cooled to room temper⁃
ature and washed alternately with alcohol and water 
and redispersed in ethanol（Fig. 1）.

（5） Fluorescence sensing detection of DPA by 
Tb-PS@Eu（DBM）3Phen

30 mg of Tb-PS@Eu（DBM）3Phen powder was 
dissolved in 10 mL of anhydrous ethanol and sonicated 
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for 5 min to disperse uniformly to form a clear sus⁃
pension.  Under the same experimental conditions, 
the fluorescence of Tb-PS@Eu（DBM）3Phen was al⁃
so measured at the excitation wavelength of 280 nm.

In the anti-interference experiments, the Tb-

PS@Eu（DBM）3Phen solutions were prepared in the 
same way as the above experiments, except that 
100 µL of other substances with similar structures 
of different species（concentrations of 20 µmol/L） 
were added, respectively, including benzoic acid
（BEN）, isophthalic acid（IPA）, homo-phthalic tri⁃
carboxylic acid（BTC）, L-aspartic acid （L-ASP）, 
glutamic acid（GLC）, glycine（GLY）, 3, 4-pyridin⁃
edicarboxylic acid（3,4-PCA）, 2,4-pyridinedicarbox⁃
ylic acid（IA）, and 3,5-pyridinedicarboxylic acid（3,
5-PCA）.
2. 2　Performance and Characterization of Tb ⁃

PS@Eu（DBM）3Phen
The Fourier Transform Infrared Spectroscopy

（FT-IR） was measured by the American Nexus 912 
AO446 spectrometer, and the solid samples were 
prepared by KBr tablet technology.  The fluores⁃
cence intensity was measured by the Japanese RF-

5301PC spectrophotometer, and the xenon lamp was 
used as the excitation light source.  X-ray photoelec⁃
tric spectrometry（XPS） was measured by the Ameri⁃
can Thermo Scientific K-Alpha spectrometer.  The 
ultraviolet-visible spectrum（UV-Vis） was measured 
by the American Lambda 750 spectrometer, and the 
sample was deionized water as the solvent.  Scanning 
electron microscope（SEM） measurements were con⁃
ducted on a Sigma 300 at an accelerating voltage of 
20 kV.  Fluorescence lifetime was measured by Ed⁃
inburgh FLS1000.
3　Results and Discussion
3. 1　Structural Characterization of Tb⁃PS@Eu⁃

（DBM）3Phen
T h e  f o r m a t i o n  o f  T b - P S @ Eu（DBM）3Phen 

can be verified by the FT-IR spectrum in Fig. 2.  As 
can be seen that an absorption band at 1 740 cm-1 is 
observed in the Tb-PS@Eu（DBM）3Phen spectrum, 
which can be attributed to the C=O absorption 

peak.  Also, the methylene absorption peak of poly⁃
styrene microspheres appears at 2 924 cm-1, indicat⁃
ing the successful polymerization of methacrylic acid 
with polystyrene.  In addition, 1 606 cm-1 could be 
contributed to the skeletal vibrational absorption 
peak of the benzene ring.  The characteristic absorp⁃
tion of C—O located at 1 453 cm-1 and 1 492 cm-1, 
respectively, indicating that the complex Eu（DBM）3 ⁃
Phen has been successfully introduced into the car⁃
boxylated polystyrene microsphere table.  The Tb—
O stretching vibrational peak appears in the finger⁃
print region（450-500 cm-1） indicating the success⁃
ful grafting of Tb onto the surface of polystyrene mi⁃
crospheres[42-43].

Further analysis of XPS results of Tb-PS@Eu-

（DBM）3Phen as shown in Fig. 3（a）.  The character⁃
istic peaks of C 1s, N 1s, O 1s, Tb 3d, and Eu 3d ap⁃
pear at 283. 08, 316. 08, 531. 4, 1 257. 7, 1 134. 94 
eV.  This indicates that Tb-PS@Eu（DBM）3Phen is 
composed of five elements: carbon, nitrogen, oxygen, 
terbium and europium, with elemental contents of 
91. 52%, 1. 16%, 6. 87%, 0. 19% and 0. 26%, which 
also further confirmed the successful binding of 
Tb3+ and Eu3+ to the PS.  In addition, the high-resolu⁃
tion XPS spectra indicated that the Tb-PS@Eu-

（DBM）3Phen in the carbon element was presented 
as C=C（284. 7 eV） and C—O（286. 2 eV） and     
O=C=O（288. 4 eV）（Fig. 3（b））[44-45], and the ni⁃
trogen element was presented as N—Eu（400. 4 eV）
（Fig. 3（c））[46], while oxygen elements are presented 
as C=O（531. 3 eV）, C—O/C—OH（532. 2 eV） and 
M—O（M=Tb, Eu） groups（530. 5 eV）（Fig. 3（d））[47].  
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Fig.2　FT-IR spectra of Tb-PS@Eu（DBM）3Phen and PS
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Fine spectra of Tb 3d and Eu 3d were also observed
（Fig. 3（e）-（f））, and XPS analysis results were con⁃
sistent with FT-IR spectra.
3. 2　Morphological Characterization of Tb⁃PS@ 

Eu（DBM）3Phen

As illustrated in Fig. 4, the SEM image of the 
scale 2 µm Tb-PS@Eu（DBM）3Phen, it can be ob⁃
served that the prepared polystyrene fluorescent mi⁃
crospheres have a spherical morphology and uniform 
microsphere size with good dispersion.  The SEM im⁃
age of PS@Eu（DBM）3Phen is revealed in the Fig.    
4（a）.  According to the typical preparation method, 

the polystyrene microspheres carrying carboxyl 
groups on the surface were synthesized by the polym ⁃
erization method of soap-free emulsion.  And the flu⁃
orescent polystyrene microspheres PS@Eu（DBM）3 ⁃
Phen were prepared by introducing the complex Eu ⁃
（DBM）3Phen in the encapsulation form during the 
polymerization process.  It can be observed that the 
prepared microspheres have a uniform size of 300 
nm and are well dispersed.  Finally, the ratiometric 
fluorescent polystyrene microspheres Tb-PS@Eu ⁃
（DBM）3Phen with dual luminescence centers were 
obtained by using the carboxyl groups on the surface 
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ligated with terbium ions, and the particle size was 
increased to 350 nm （Fig. 4（b））.
3. 3　Fluorescence Properties Analysis of Tb ⁃ PS@ 

Eu（DBM）3Phen
The fluorescence excitation and emission spec⁃

tra of PS@Eu（DBM）3Phen were given in Fig. 5（a）.  
When excited at 294 nm, four narrow characteristic 
emission spectra exhibit the 4f→4f transitions of Eu3+

（5D0→7FJ, J =1-4）, which located at 596, 611, 651, 

703 nm, respectively.  The most intense emission 
peak at 611 nm is ascribed to 5D0→7F2 transition, 
and it induced the red emissions.  PS@Eu（DBM）3-
Phen can be observed to exhibit a bright red color 
under a 365 nm UV lamp.  Fig. 5（b） displays the 
fluorescence excitation and emission spectra of Tb-

PS@Eu（DBM）3Phen, and it can be observed that the 
optimal excitation wavelength becomes 280 nm, graft⁃
ed onto the surface of polystyrene microspheres.

3. 4　Sensing Detection of DPA by Tb ⁃ PS@Eu ⁃
（DBM）3Phen

（1） Detection feasibility analysis
The feasibility of detecting DPA was investigat⁃

ed by comparing the fluorescence emission profiles 
of Tb-PS@Eu（DBM）3Phen and Tb-PS@Eu（DBM）3 ⁃
Phen + DPA.  As exhibited in Fig. 6, the fluores⁃
cence emission intensity at 615 nm was less 
changed after the addition of DPA molecules to Tb-

PS@Eu（DBM）3Phen, and the fluorescence emis⁃
sion intensity at 544 nm was effectively enhanced.  
Meanwhile, the change of the probe from red to 

green could be clearly observed by the naked eye 
under the UV lamp irradiation, and these results 
confirmed the good feasibility of the probe in the 
detection of DPA.

（2） Optimization of the detection conditions
The optimal detection conditions were obtained 

by optimizing the two parameters （equilibration time 
and temperature） that affect the detection efficiency, 
as shown in Fig. 7.  The concentration of the detector 
DPA was uniformly controlled as 20 µmol/L.  First⁃
ly, the effect of equilibration time corresponding to 
the fluorescence intensity effect was investigated, as 
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Fig.4　SEM images of PS@Eu（DBM）3Phen（a） and Tb-PS@Eu（DBM）3Phen（b）
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shown in the figure, the fluorescence intensity of the 
probe Tb-PS@Eu（DBM）3Phen varied almost 0 with⁃
in 0-20 min, indicating that the prepared probe has 
good time stability, as shown in Fig. 7（a）.  Next, the 
temperature stability of the probe was investigated, 
as shown by Fig. 7（b）, the fluorescence intensity of 
the probe Tb-PS@Eu（ DBM）3Phen decreased with 
the gradual increase of temperature within 10-45 ℃ .  
Therefore, for the accuracy of the measurement we 
chose the transient detection at room temperature 
conditions.

（3） Titration of DPA concentration and calcula⁃
tion of detection limit

Sensitivity is an important factor affecting the 
effect of fluorescent probes, therefore, in this thesis, 
the fluorescence emission spectra  of  Tb -PS@Eu⁃
（DBM）3Phen were measured after adding different 
concentrations of DPA solution.

The fluorescence emission spectra of Tb-PS@Eu⁃
（DBM）3Phen after the addition of different concen⁃
trations of DPA solution were analyzed, and the re⁃
sults were descripted in Fig. 8（a）.  Obviously, when 
the concentration of DPA solution was in the range 
of 1-100 µmol/L, the fluorescence intensity at 544 
nm was gradually enhanced with the increase of 
DPA concentration, and the fluorescence intensity at 
615 nm was almost unchanged.  In addition, we 
found that when the DPA concentration was in the 
range of 20-70 µmol/L, there was a good linear rela⁃
tionship between I615/I544 and DPA concentration 
which can be calculated by the Stern-Volmer equa⁃
tion as

I615
I544

= 1 + K SVC， （1）
where C is the concentration of DPA, KSV is the 
Stern-Volmer constant, and I615 and I544 are the fluo⁃
rescence intensity at 615 nm and 544 nm before and 
after the addition of DPA, respectively.  As shown in 
Fig. 8（b）, the regression equation was obtained as 
I615/I544=0. 00472C+0. 72549 （R2=0. 997 01） by lin⁃
ear fitting.  The limit of detection（D） of the probe 
was calculated from the 3σ equation to be as low as 
1. 32 µmol/L:

D = 3σ
S

，  （2）
σ is the standard deviation obtained from 20 consec⁃
utive scans of the blank solution.  S is the slope of 
the linear equation.  The good linear correlation and 
low detection limits imply that Tb-PS@Eu（DBM）3-
Phen sensor has higher sensitivity and excellent de⁃
tection capability for DPA.

（4） Specificity and selectivity of detection
Specificity and selectivity are also another im ⁃

portant indicator of the effectiveness of fluorescent 
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probes.  The selectivity of the Tb-PS@Eu（DBM）3-
Phen probe for DPA was explored by selecting sev⁃
eral other analogues including BEN, IPA, BTC, L-

ASP, GLC, GLY, 3, 4-PCA, IA, and 3, 5-PCA.  As 
illustrated in Fig. 9（a）, several other substances 
exhibited different degrees of fluorescence enhance⁃
ment responses.  However, the fluorescence en⁃
hancement of DPA was obviously higher than that 
of several other substances（Fig. 9（b））.  This may 

be attributed to the terbium ion on the surface of 
the probe Tb-PS@Eu（DBM）3Phen has the strongest 
binding ability to DPA（F indicates the fluores⁃
cence intensity after the addition of different sub⁃
stances, and F0 represents the fluorescence intensi⁃
ty of the Tb-PS@Eu（DBM）3Phen at 544 nm）.  There⁃
fore, these results suggest that Tb-PS@Eu（DBM）3-
Phen can be considered as a potential fluorescent 
sensor with good specificity and selectivity.

（5） Detection mechanism
The energy transfer between the ligand and the 

central ion is the main reason for the fluorescence 
enhancement mechanism.  The possible mechanism 
of fluorescence enhancement for Tb-PS@Eu（DBM）3⁃
Phen by DPA may be attributed to the antenna ef⁃
fect.  Since the coordination between PS@Eu（DBM）3 ⁃
Phen and Tb3+ in Tb-PS@Eu（DBM）3Phen is unsatu⁃
rated, water molecules occupy the empty coordina⁃

tion center of Tb3+ , leading to the quenching emis⁃
sion of Tb3+ .  The organic ligand DPA with β-diketone 
structure can chelate to the central Tb3+ ions by coor⁃
dinating bond as a co-ligand（Fig. 10（d））.  In addi⁃
tion, the fluorescence lifetime of Tb-PS@Eu（DBM）3 ⁃
Phen has been tested to further illustrated that the 
introduction of DPA can improve the fluorescence 
properties of the samples（Fig. 10（b）-（c））.
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4　Conclusion
In summary, we constructed a lanthanide-based 

ratiometric fluorescent probe Tb-PS@Eu（DBM）3 ⁃
Phen.  By further investigating the fluorescence sens⁃
ing performance of  the probe molecule on DPA, it 
was found that DPA can produce a significant en⁃
hancement effect on the fluorescence of Tb-PS@Eu ⁃
（DBM）3Phen.  Meanwhile, Tb-PS@Eu（DBM）3Phen 

has strong selectivity and anti-interference ability for 
DPA with good linearity in 20-70 µmol/L and low 
detection limit 1. 32 µmol/L, which is potential to 
develop into a fluorescent sensor for visual detection 
of DPA .

Response Letter is available for this paper at: http://
cjl. lightpublishing. cn/thesisDetails#10. 37188/CJL.  
20230049.
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