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ABSTRACT: Calcium dipicolinate (CaDPA) is a biomarker for Bacillus anthracis spores. This study introduced a novel
structure designed for the optical sensing of DPA. It used a luminescent metal-organic framework (MOF) doped with
Eu ions as the supporting lattice and an organic dye derived from rose bengal as the sensing probe. The composite
structure was fully characterized, including XRD, IR, TGA, and photophysical analyses. Detailed analysis confirmed the
dual sensing capabilities of this structure, which were the colorimetric sensing reliant on absorption and ratiometric
fluorescent sensing reliant on fluorescence. Linear sensing response was detected, with a limit of detection value of
2.2 pM. The sensing mechanism was revealed as a combination of the emission turn-on effect of the rose bengal probe
and the emission turn-off effect of the Eu-based supporting lattice. This composite structure demonstrated superiority

over conventional MOF sensing materials due to its dual sensing abilities and potential for naked-eye detection.
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INTRODUCTION

Endothermic creatures, including humans, can be in-
fected by anthrax, a well-known acute ailment, when
exposed to Bacillus anthracis spore concentrations ex-
ceeding 10* [1, 2]. Because of their remarkable ability
to survive in harsh environments, B. anthracis spores
are sometimes utilized as a biological weapon. The
imperative for public safety in medical services and
counter-terrorism necessitates fast and dependable de-
tection methods for this biological hazard. Among the
various studies conducted on B. anthracis spores, cal-
cium dipicolinate (CaDPA) has emerged as a distinctive
component, rendering it a unique biomarker for B. an-
thracis spores [3]. The concentration of CaDPA can be
easily determined with various analytical techniques,
such as chemical and biological assays [4]. Despite the
precision afforded by these methods, their unsuitability
for rapid and real-time detection is evident due to
the inherent drawbacks including time-consuming pro-
cedures, sample preparation requirements, complex
instrumentation, and high costs [5, 6].

Sensing detection is a viable method for identi-
fying the biomarkers due to its rapid response, min-
imal instrumentation requirements, low costs, and
straightforward sample preparation procedures [7].
For example, Niyomdecha et al reported an in-house
photoactivator modified by azo dye to improve the
detection of human (OC43) coronavirus surrogate and
SARS-CoV-2 viability [8]. During these efforts, various

nano-platforms have been investigated. For exam-
ple, Long et al developed a Ru-Co bimetallic sepiolite
for photoreaction and photocatalysis [9]. Cao et al
improved the non-enzymatic glucose sensing perfor-
mance with ZnO@ZIF-67 nanoarrays [10]. Shu et al
improved the optical properties of amorphous films
doped with germanium quantum dots [11]. In most
reported optical sensing systems for DPA, the intensity
of their emission (or lifetimes) decreases as the DPA
concentration increases [7,12]. Essentially, these sys-
tems operate on an emission turn-off principle. How-
ever, due to the possibility of emission quenching by
environmental factors and other emission quenchers,
these emission-turn-off sensing structures often ex-
hibit poor selectivity and limited accuracy. It is hy-
pothesized that employing emission-turn-on probes
could solve this issue. Nevertheless, achieving this
with conventional luminescent probes is challenging,
as DPAs electron-attracting properties effectively act
as emission quenchers. Consequently, novel sensing
structures with an emission turn-on effect for DPA
detection should be devised.

Recently, a versatile structure of metal-organic
frameworks (MOFs) for various applications such as
gas separation, drug adsorption/desorption, and catal-
ysis has been established [13]. Some of these frame-
works even exhibit luminescence and are being devel-
oped for optical sensing [ 14]. For instance, Zhang et al
have reported an optical sensing material by co-doping
Eu(IIl) and Tb(III) ions into luminescent MOFs [15].
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Additionally, organic dyes are incorporated into these
MOFs to achieve integrated or enhanced performance.
For example, composite samples of dye-MOFs typically
exhibit multiple emission bands. When only one of
these bands is sensitive to the analyte, while the others
remain constant and serve as internal references, self-
calibrated signals can be obtained, demonstrating ra-
tiometric optical sensing and enhancing precision and
selectivity [16,17].

Considering the aforementioned factors, a com-
posite structure for DPA optical sensing (labeled as
RPh@EuBTC) was designed, comprising two working
components: a sensing agent derived from rose ben-
gal 6G (RPh) and a luminescent MOF based on rare
earth (EuBTC). In the subsequent sections, a detailed
account of this composite structure and its sensing
capabilities is presented.

MATERIALS AND METHODS
General information

The synthetic route of RPh@EuBTC is shown in
Scheme 1.  All initial compounds were of AG
grade quality and supplied by Aldrich Chemical
Corporation (Shanghai, China), including 1,3,5-
benzenetricarboxylic acid (H,BTC), Eu(NO,),, rose
bengal 6G, hydrazine (95%), 4-hydroxybenzaldehyde,
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hy-
drochloride (EDC), and N-hydroxysuccinimide (NHS).
The characterization of samples, including NMR, MS,
IR, and XRD analyses, was conducted utilizing a Varian
(Palo Alto, USA) INOVA 300 spectrometer, an Agilent
(Santa Clara, USA) 1100 MS spectrometer, a Bruker
(Billerica, USA) Vertex 70 FTIR spectrometer (KBr
pellet technique), and a Rigaku (Tokyo, Japan) X-
ray diffractometer (with a wavelength of 1.5418 f\),
respectively. Sample morphology was examined using
a Hitachi (Tokyo, Japan) S-4800 microscope. Pho-
tophysical measurements were carried out using an
Agilent 8453 UV-Vis-NIR diode array spectrophotome-
ter and a Hitachi F-7000 fluorescence spectrophotome-
ter. Emission lifetimes were determined utilizing a
Lecroy (New York, USA) Wave Runner 6100 Digital
Oscilloscope (1 GHz) excited by a tunable laser source
(Continuum Sunlite OPO, Boston, USA) and a FL980
(Edinburgh, Livingston, Scotland) fluorescence life-
time spectrometer excited by a hydrogen flash lamp.

Synthesis of sensing probe precursor RPh

Initially, R6-NH2 was synthesized following a liter-
ature protocol using rose bengal 6G and hydrazine
as starting materials [18]. A solution of rose bengal
6G (2 g), anhydrous hydrazine (5 ml), and ethanol
(20 ml) was stirred at 80 °C for 12 h under a nitrogen
atmosphere. Following the removal of solvent and
excess hydrazine under reduced pressure, a crude
product was obtained and subsequently purified by re-
crystallization in ethanol/water (V/V = 4:6). 'HNMR
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(CDCL,), & (ppm): 8.11-8.02 (m, 1H), 7.58 (m, 1H),
7.42-7.30 (m, 2H), 6.97 (s, 2H), 6.12 (s, 2H), 4.66
(NH), 4.41 (NH), 3.20 (m, 4H), 2.29 (s, 6H), 1.28
(t, J = 6.1 Hz, 6H). *C NMR (DMSO-d¢, 75 MHz),
& (ppm): 165.40, 150.54, 147.73, 142.10, 132.56,
129.33, 128.47, 127.29, 126.46, 123.25, 123.07,
112.69, 99.86, 63.86, 39.13, 17.86, 14.44. MS m/z:
[m]" cale. for C,H,N,O,, 428.2; found, 428.4.

The R6-NH, obtained above (2 mmol) was com-
bined with 4-hydroxybenzaldehyde (3 mmol) and
ethanol (30 ml) [18]. This mixture was heated at
80°C for 12 h under a nitrogen atmosphere. Upon
evaporation of the solvent under reduced pressure, the
resulting solid residue was purified using a silica gel
column with CH,Cl, as the eluent. THNMR (CDCly), &
(ppm): 8.10-8.01 (m, 1H), 7.62-7.51 (m, 4H), 7.42-
7.30 (m, 3H), 6.96 (s, 2H), 6.93-6.83 (m, 2H), 6.12
(s, 2H), 4.66 (t, J = 3.8 Hz, 2H), 3.20 (m, 4H), 2.28
(s, 6H), 1.28 (t, J = 6.1 Hz, 6H). 1*C NMR (DMSO-dj,
75 MHz), & (ppm): 163.02, 155.33, 149.41, 147.98,
145.77, 144.13, 132.66, 131.03, 129.74, 128.64,
127.95, 127.13, 126.19, 123.80, 123.21, 114.30,
114.13, 100.05, 56.55, 39.13, 17.80, 13.88. ESI-MS

m/e: calc. for C;,H,,N,0,, 532.3; found, 532.5 [m]".

Fabrication of luminescence rare earth MOF EuBTC

The supporting framework EuBTC was synthesized fol-
lowing a literature procedure [19]. Initially, a solution
of Eu(NO,), (1.0 mmol) and NaAc (3.0 mmol) in
deionized water (30 ml) was prepared and ultrasoni-
cated for 20 min. Another solution of H,BTC dissolved
in ethanol (1.0 mmol in 30 ml) was prepared and
added to the previous solution. This mixture was
stirred for 2 h at room temperature. The resulting solid
was collected, washed with ethanol, and dried to yield
EuBTC. Elemental analysis, C: 23.03, N: 0.09.

Synthesis of the dye-MOF composite structure
RPh@FuBTC

The composite structure of dye-MOE RPh@EuBTC,
was synthesized as follows. A solution of EuBTC in
ethanol (0.5 mmol in 40 ml) was combined with EDC
(1.0 mmol) and NHS (1.0 mmol). After stirring at
room temperature for 30 min, this solution was slowly
added dropwise to a solution of RPh in DMF (1.0 mmol
in 10 ml). The resulting mixture was further stirred at
room temperature for 24 h. The solid product was col-
lected and washed with ethanol to yield RPh@EuBTC.
Elemental analysis, C: 34.33, N: 1.71.

RESULTS AND DISCUSSION
Characterization of RPh@EuBTC
Micromorphology and XRD

The morphology of RPh@EuBTC and its supporting
lattice, EuBTC, is conducted using their SEM images.
As depicted in Fig. 1, the supporting lattice of EuBTC is
smooth-surfaced nanorods with a random distribution.
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Scheme 1 Schematic representation of the preparation route for RPh@EuBTC.

a

Fig. 1 SEM images of supporting lattice EuBTC (a) and RPh@EuBTC (b); XRD patterns (c) of La(BTC), RPh@EuBTC, and
EuBTC; arb.u = arbitrary unit; IR spectra (d) of RPh, EuBTC, and RPh@EuBTC.

Their average width and length are determined as
approximately 80 nm and 1.0 pm, respectively, which
align with the values reported in literature for similar
rare earth MOF samples [19]. Upon treatment with

RPh, these nanorods are still distributed randomly
without a distinct orientation. Some shorter nanorods,
measuring around 200 nm in length, are observed,
yet their morphology and width resemble those of the
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b

Fig. 2 TGA and DTG measurement (a) of RPh@EuBTC. Absorption, excitation, and emission spectra (b) of RPh@EuBTC in
ethanol (0.05 mg/ml), and those (c) in the presence of DPA (100 pM); arb.u = arbitrary unit, RFU = relative fluorescence
unit. Photograph (d) of RPh@EuBTC suspension in ethanol (0.05 mg/m) under daylight with DPA concentrations of 0 pM

(left) and 10 uM (right).

original EuBTC nanorods. Some long EuBTC nanorods
may have fractured into shorter ones; nevertheless,
their crystal lattice remains intact throughout this pro-
cess.

The aforementioned assumption is validated
through the XRD patterns of RPh@EuBTC and EuBTC.
As illustrated in Fig. 2, both samples exhibit remark-
ably similar XRD patterns. Within the 20 range from
9° to 26°, ten distinct sets of characteristic peaks are
observed in each sample. These diffraction peaks
closely resemble those of a reference sample, La(BTC)
(CCDC 290771), with minimal spectral shifting. Con-
sequently, it is confirmed that EuBTC shares the same
crystal lattice with La(BTC). Despite the treatment
with the sensing probe RPh, the crystal lattice of EuBTC
remains well preserved. However, this modification
does affect the crystal regularity of the supporting ma-
trix, EuBTC, resulting in a reduction in the diffraction
intensity of RPh@EuBTC compared to that of EuBTC.
This finding corroborates the observation of fractured
nanorods depicted in Fig. 1.

www.scienceasia.org

IR, TGA, and elemental analysis

To gain insight into RPh@EuBTC and its probe loading
status, Fig. 3 displays its IR spectrum alongside those
of the supporting lattice EuBTC and the sensing probe
RPh. EuBTC has a straightforward molecular struc-
ture, resulting in a simple IR spectrum with only a
few characteristic bands. The initial band, peaking at
1113 cm™}, corresponds to the stretching vibration of
the O0=C—OR bond. Two sharp IR bands at 1380 cm™!
and 1435 cm™! represent the stretching vibration of
free —COOH bonds on the surface of EuBTC. Addition-
ally, two robust IR bands at 1555 cm™ and 1619 cm™*
are assigned to the symmetric and asymmetric bending
vibrations of the C=0 bond. Concerning the sensing
probe RPh, several characteristic bands are observed,
with peaks at 1011 cm™, 1269 cm™!, 1546 cm™*,
1702 ecm™, and 2973 cm™}, respectively. Specifically,
the IR bands at 1011 cm™! and 1546 cm™! correspond
to the stretching and symmetric bending vibrations of
the C=0 bond, respectively [20]. Furthermore, the
IR bands at 1269 cm™! and 1702 cm™! are attributed
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a

Fig. 3  Absorption (a) and emission (b) spectra of
RPh@EuBTC suspension in ethanol (0.05 mg/ml) under
various DPA concentrations from O to 160 pM (interval =
20 pM); a.u. = absorbance unit, IU = intensity unit. Inset:
A/Ag, Fssonm/Feienm, and emission intensity at 552 nm
and 616 nm against DPA concentration, and photographs of
RPh@EuBTC suspension with DPA concentrations of 0 pM
(left) and 160 pM (right). Each data point represents the
mean value of three test cycles.

to the stretching and symmetric bending vibrations
of the C=N bond, respectively. A series of IR bands
around 2973 cm™! belong to the stretching vibration
of the —NHEt group. The characteristic IR bands of
EuBTC and RPh are all evident in the IR spectrum
of RPh@EuBTC, including 1011 em™' (RPh, stretch-
ing C=0), 1113 cm™! (EuBTC, stretching O=C—OR),
1269 cm™* (RPh, stretching C=N), 1380 cm™! (EuBTC,
stretching —COOH), 1435 cm™! (EuBTC, stretching
—COOH), 1555 cm™' (RPh/EuBTC, symmetric bend-
ing C=0), 1619 cm™! (EuBTC, asymmetric bending
C=0), 1702 cm™! (RPh, symmetric bending C=N),
and 2973 cm™! (RPh, stretching —NHEt). Only min-
imal spectral shifts are observed for these IR bands in
RPh@EuBTC compared to those in EuBTC and RPh. It

is concluded that the sensing probe RPh has been co-
valently attached to EuBTC by forming —CO—O bonds.

To further understand the covalent bonding be-
tween the sensing probe (RPh) and the supporting
lattice (EuBTC) in RPh@EuBTC, Fig. 2 presents its
thermogravimetric analysis (TGA) measurement. Cor-
responding derivative thermogravimetry (DTG) anal-
ysis is also provided to assist weight loss assignment.
Two primary weight loss regions are identified, ranging
from 65 °C to 165 °C and from 403 °C to 500 °C, respec-
tively. The first region exhibits an endothermic peak at
108 °C with a weight loss of 23.6%. This value closely
matches the water content in EuBTC- 6 H,O (23.1%).
Thus, the initial weight loss region is assigned as the
thermal evaporation of crystal water in the supporting
lattice EuBTC. Subsequently, a further weight loss of
37.5% is observed in the second weight loss region
with an endothermic temperature of 446 °C. This TGA
curve maintains stability at higher temperatures. Con-
sidering the high endothermic temperature and signifi-
cant weight loss, this region is attributed to the thermal
collapse and degradation of the MOF lattice. Apart
from these two weight loss regions, no thermal release
corresponding to RPh is detected. This result confirms
the covalent bonding between RPh and EuBTC.

The probe loading level in RPh@EuBTC is de-
termined by comparing the elemental analysis results
of RPh@EuBTC and EuBTC. The carbon (C) content
in the as-synthesized supporting matrix EuBTC is de-
termined as 23.03%, which closely aligns with the
calculated C component of EuBTC (23.12%). The
minimal nitrogen (N) content in EuBTC (0.09%) may
be the residual material from the sample prepara-
tion process. Following probe loading, RPh@EuBTC
exhibits increased C and N contents of 34.33% and
1.71%, respectively. Assuming that these increased C
and N contents originate from the sensing probe RPh,
the probe loading level in RPh@EuBTC is calculated as
15.2%. This value is consistent with literature values
for similar composite structures [15]. Considering the
above-mentioned covalent bonding between the probe
and EuBTC, the probe loading level is limited by the
amount of dangling —COOH group on EuBTC surface.
To improve the probe loading level, a host with a higher
surface area should be used, such as porous-structured
or particle EuBTC.

Photophysical performance: Absorption, emission,
and excitation

This sensing composite structure is analyzed based
on its absorption, emission, and excitation spectra, as
depicted in Fig. 2. The as-synthesized RPh@EuBTC
exhibits strong absorption in the UV region, ranging
from 210 nm to 335 nm, with two absorption bands
peaking at 238 nm and 300 nm, respectively. These
bands are attributed to the ligand m— * absorption of
EuBTC due to their similarity in absorption coefficients
and wavelength to those of the ligand BTC [19]. In the
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visible region, the absorption is relatively weak, ending
at ~440 nm, which makes RPh@EuBTC colorless un-
der daylight conditions. No noticeable absorption from
the rose bengal open-ring structure around 520 nm
is detected, indicating that the probe molecules in
RPh@EuBTC exist in a thermally stable spirolactam
structure [18]. Only two excitation bands are identi-
fied for RPh@EuBTC, peaking at 260 nm and 524 nm,
respectively. The first excitation band in the UV re-
gion closely resembles the ligand © — mt* absorption
and is thus designated as BTC energy transfer to the
emissive Eu ions. The second excitation band in the
visible region is weaker, having no obvious absorption
band associated with it. It is tentatively attributed
to rose bengal (xanthene structure) energy transfer
to the emissive Eu ions. With excitation wavelength
of 260 nm, RPh@EuBTC displays five characteristic
emission bands, peaking at 545 nm, 592 nm, 616 nm,
652 nm, and 693 nm, respectively. Notably, the first
emission band corresponds to rose bengal emission,
while the remaining four emission bands are assigned
as 5D0—>7FJ (J = 1-4) transitions of emissive Eu
ions. The higher intensity of the 5DO—>7F2 emission
(616 nm) compared to the 5D0—>7F1 emission suggests
a low-symmetry microenvironment around these emis-
sive Eu ions, which is consistent with the literature
findings [21].

The DPA sensing performance of RPh@EuBTC is
initially assessed by comparing its photophysical spec-
tra before and after exposure to DPA. As depicted
in Fig. 2, the absorption bands of RPh@EuBTC at
238 nm and 300 nm remain unchanged in the presence
of DPA, with only slight spectral shifts caused by the
electron-withdrawing effect of DPA. This observation
suggests that DPA molecules have minimal impact on
the ligand m — m* absorption. However, two new
absorption bands, peaking at 355 nm and 528 nm,
are observed compared to the absorption bands of free
RPh@EuBTC. After cross-referencing the absorption
wavelengths and coefficients of similar rose-bengal-
based dyes, these two new absorption bands are at-
tributed to the absorption of the rose bengal xanthene
structure [18, 19]. Consequently; it is inferred that rose
bengal molecules undergo a structural transformation
from the thermally stable spirolactam structure to the
emissive xanthene structure in the presence of DPA.
Given that these two absorption bands fall within the
visible region, an increase in their intensity is expected
to induce a color change in RPh@EuBTC, thereby
facilitating a colorimetric sensing response to DPA.

When DPA is introduced into the suspension of
RPh@EuBTC, four excitation bands are observed,
peaking at 260 nm, 297 nm, 362 nm, and 528 nm. The
first two excitation bands align well with the ligand
m — 1* absorption and are thus assigned as ligand
energy transfer to the emissive Eu ions. The following
two excitation bands are tentatively attributed to the
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energy transfer from the rose bengal xanthene struc-
ture to the emissive Eu ions. Compared to those of
free RPh@EuBTC, these two excitation bands show
significant enhancement. Additionally, it is noteworthy
that the ligand excitation bands (260 nm and 297 nm)
are considerably weakened compared to those of free
RPh@EuBTGC, likely due to the formation of the rose
bengal xanthene structure. Four emission bands are
observed for RPh@EuBTC in the presence of DPA,
peaking at 552 nm, 591 nm, 617 nm, and 693 nm,
respectively. The first emission band is attributed to
rose bengal emission, while the other three emission
bands are attributed to Eu emission bands. The rose
bengal emission band of DPA-treated RPh@EuBTC ex-
hibits an increase in intensity and a red shift com-
pared to that of free RPh@EuBTC. On the other hand,
the Eu emission bands show a significant decrease.
To systematically compare the two emission compo-
nents of RPh@EuBTC, an emission intensity ratio of
Fssonm/Fei6nm 1S defined. In the absence of DPA, a
low Fssy nm/Fe16 nm value of 0.15 is calculated. Upon
the addition of DPA, the Fssy 1m/Fo16 nm Value increases
by 17 times to 2.57. In this case, self-calibrated
sensing signals are obtained for ratiometric fluorescent
sensing.

Colorimetric and ratiometric fluorescent sensing
behavior of RPh@EuBTC towards DPA

As previously stated, RPh@EuBTC offers two channels
for sensing DPA: colorimetric sensing and ratiometric
fluorescent sensing. The following section discusses
these two sensing techniques and their respective per-
formance in detail.

Colorimetric sensing

The colorimetric sensing performance of RPh@EuBTC
towards DPA is discussed based on its absorption
spectra under various DPA concentrations, as depicted
in Fig. 3. As the DPA concentration increased from 0
to 160 pM (with intervals of 20 pM), the ligand ©—*
absorption around 238 nm remains consistent in both
intensity and wavelength. However, the absorption
bands of rose bengal, peaking at 355 nm and 528 nm,
show significant augmentation, indicating that more
rose bengal sensing molecules begin to take the fluores-
cent xanthene structure in the presence of DPA. Con-
currently, a visible color change from colorless to red is
anticipated under daylight conditions, demonstrating
the colorimetric sensing behavior towards DPA. To val-
idate this assumption, we focus on the absorption band
at 528 nm in the visible region for further examination.
The inset in Fig. 3a displays the absorption intensity
ratio (A/A,) versus the variation in DPA concentration,
where “A” represents the absorbance value, ‘A,” is the
absorbance value at a DPA concentration of 0 pM,
and [DPA] denotes the DPA concentration. A linear
working curve is observed within the working range
from 0 to 140 pM. The corresponding fitting equation is
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obtained as A/A, = 1.6381 + 0.1535 x [DPA], with an
R? value of 0.9962. However, upon a higher DPA con-
centration of 160 pM, there is no discernible increase
in the absorption of RPh@EuBTC at 528 nm, indicating
that RPh@EuBTC has reached its maximum sensing ca-
pacity. In accordance with a literature method (30 /N),
the limit of detection (LOD) value is calculated as
2.2 uM [18]. This low LOD value demonstrates a
significant improvement compared to literature values
[18-21].

Ratiometric fluorescent sensing

The ratiometric fluorescent sensing performance of
RPh@EuBTC towards DPA is tentatively explored
based on its emission spectra at various DPA concentra-
tions. As depicted in Fig. 3, RPh@EuBTC exhibits five
distinct emission bands in the absence of DPA, peaking
at 545 nm, 592 nm, 616 nm, 652 nm, and 693 nm, re-
spectively. Upon increasing DPA concentration from O
to 140 nM, the rose bengal emission experiences sig-
nificant enhancement, while the Eu emission bands (at
592 nm, 616 nm, 652 nm, and 693 nm) undergo con-
siderable quenching. In fact, most of the Eu emission
bands are overshadowed by the rose bengal emission at
corresponding wavelengths. Notably, the rose bengal
emission of RPh@FEuBTC displays a slight red shift
from 545 nm at a DPA concentration of 0 tM to 552 nm
at a DPA concentration of 140 pM, which may be at-
tributed to the increasing electron-withdrawing effect
of DPA. Most traditional emissive MOF materials for
sensing applications typically exhibit a single emission
band in each sample. In contrast, RPh@EuBTC demon-
strates an advantage by providing self-calibrated sens-
ing signals, needing no auxiliary references throughout
the sensing operation [22]. The emission color of
RPh@EuBTC suspension turns from orange (CIE x =
0.503, y = 0.443) at DPA concentration of 0 uM to
greenish yellow (CIE x = 0.410, y = 0.575) at DPA
concentration of 160 nM, as shown in Fig. 3b, con-
firming the possibility of ratiometric sensing. In this
case, the characteristic Eu emission band at 616 nm
is designated as the inner reference and the rose
bengal emission intensity at 552 nm as the sensing
signal. The inset in Fig. 3 illustrates the emission
intensity ratio (Fssynm/Fe16nm) Versus the variation
in DPA concentration, where “Fsg, " represents the
emission intensity at 552 nm, “Fg6,,” denotes the
emission intensity at 616 nm, and [DPA] stands for
DPA concentration. Unlike the straight linear working
curve of A/A, vs. [DPA], a non-linear fitting equation
of 0.176 + 2.7 x 10~ x[DPA]?, with an R? value
of 0.993, was observed for Fss ym/Fe16nm VS [DPA]
within the DPA concentration range of 0 to 140 uM.
As shown in the inset of Fig. 3, the emission intensity
at 552 nm shows down-bending tendency within this
region. Considering the spectral overlap between the
absorption and emission of RPh@EuBTC shown in
Fig. 2¢, the decrease in probe emission at 552 nm is

Fig. 4 Emission intensity monitoring of RPh@EuBTC at
552 nm (a) upon dropwise addition of DPA, and emission
spectra (b) of as-synthesized RPh@EuBTC and RPh@EuBTC
after ambient aging for 10 days; IU = intensity unit.

attributed to the probe self-absorption. In addition, the
decreasing emission intensity at 616 nm increases the
non-linearity of the working curve of Fssynm/Fe16nm
vs. [DPA]. According to a literature method (30/N),
the limit of detection (LOD) value is calculated as
9.9 uM [18]. This LOD value ensures a low false
alarm rate at low DPA concentrations. When [DPA]
exceeds a critical level (LOD value), distinct sensing
signals will be generated, serving as a warning signal
for DPA concentrations reaching hazardous levels. At
an even higher DPA concentration of 160 pM, there
is no discernible increase in the rose bengal emission
at 552 nm, indicating that RPh@EuBTC has reached
its maximum sensing capacity, and this observation
is consistent with the observation in its colorimetric
sensing.

Response time and signal stability

In order to gain deeper insight into the sensing be-
havior of RPh@EuBTC towards DPA, the rose ben-
gal emission intensity (552 nm) is monitored as DPA
was gradually added to the RPh@EuBTC suspension.
As depicted in Fig. 4, the rose bengal emission of
RPh@EuBTC is weak in the absence of DPA. How-
ever, a noticeable increase in emission is observed
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within just 10 s after the addition of DPA, indicat-
ing a rapid sensing response. This increasing trend
in emission becomes gradual after 200 s, suggesting
that RPh@EuBTC has completed its sensing response.
For comparison, the response time is defined as the
time taken by RPh@EuBTC to reach 50% of its max-
imum emission intensity after the addition of DPA
[18,19,22]. In this instance, RPh@EuBTC exhibits a
response time of 75 s. This value is comparable to
the literature values [23-25]. The porous structure of
the supporting lattice of EuBTC is likely responsible for
efficiently adsorbing and transporting DPA molecules
to the sensing molecules, thereby contributing to this
rapid sensing response.

Another aspect requiring careful examination is
the photostability of RPh@EuBTC, given that its fluo-
rescent sensing relies on the quantification of emission
intensity. To tentatively evaluate its photostability, the
emission spectra of RPh@EuBTC are measured before
and after aging for ten days under ambient conditions.
As depicted in Fig. 4, no discernible difference is ob-
served between these two emission spectra, either in
emission wavelength or in intensity. This observation
confirms a high level of photostability, ensuring the
accuracy of fluorescent sensing with RPh@EuBTC.

Selectivity

In most practical sensing cases, the analyte is often
dispersed within a complex environment filled with
various competing species. Thus, achieving a distinct
sensing response specific to the analyte, known as se-
lectivity, is crucial for accurate readings. The selectivity
of RPh@EuBTC is preliminarily assessed by examining
its absorption and emission spectra in the presence of
DPA and several representative interferents (100 nM),
including benzoic acid (BA), p-hydroxybenzoic acid
(HA), p-toluic acid (TA), o-phthalic acid (PA), D-
aspartic acid (Asp), glycine (Gly), methionine (Met),
and protons (pH = 4.0). As illustrated in Fig. 5,
only the presence of DPA enhances the rose bengal
absorption (528 nm) of RPh@EuBTC, while most in-
terferents show no significant effects on enhancing
RPh@EuBTC’s rose bengal absorption, except for the
protons that trigger the probe structural transforma-
tion. There is no evidence of spectral shifts, new ab-
sorption bands, or shoulder peaks, indicating minimal
interactions between RPh@EuBTC’s rose bengal probe
and these interferents. This observation confirms the
good selectivity of RPh@EuBTC for colorimetric sens-
ing. Additionally, it is noted that the rose bengal
absorption of RPh@EuBTC is marginally enhanced by
HA, PA, and Gly. This is attributed to their ability
to release protons, thereby inducing structural trans-
formation of rose bengal. However, their interfering
effects are minimal and acceptable when compared to
literature reports [26, 27].

Meanwhile, the selectivity of RPh@EuBTC in ra-
tiometric fluorescent sensing is discussed by com-
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Fig. 5 Absorption (a) and emission (b) spectra of
RPh@EuBTC suspension in ethanol (0.05 mg/ml) in the
presence of representative interferents (100 pM); a.u. =
absorbance unit, IU = intensity unit. Inset: corresponding
Fs52 nm/Fe16 nm ratios, where 1 = blank, 2 = DPA, 3 = BA, 4
=HA,5=TA, 6 =PA, 7 = Asp, 8 = Gly, 9 = Met, and 10 =
protons (pH 4.0).

paring its emission spectra in the presence of DPA
and the aforementioned interferents (100 pM). As
shown in Fig. 5, only the presence of DPA enhances
the rose bengal emission (552 nm) of RPh@EuBTC,
while the interferents have no effects on enhanc-
ing RPh@EuBTC’s rose bengal emission. Conversely,
RPh@EuBTC’s Eu emission intensity is reduced only
in the presence of DPA and remains unaffected with
all interferents. This finding is consistent with the
case of RPh@EuBTC’s rose bengal absorption. The
interferents have minimal impacts on RPh@EuBTC’s
emission, whether on the rose bengal or Eu emission
component, suggesting limited interactions between
RPh@EuBTC and the interferents. To compare the se-
lectivity of RPh@EuBTC, the emission intensity ratios
of Fss9 nm/Fe16 nm fOr these interferents are plotted. As
depicted in the inset of Fig. 5, a high Fssy nm/Fe16 nm
value (2.61) is observed only in the presence of DPA,
while the interferents yield low Fssy nm/Fe16nm values
below 0.25. This confirms the robust selectivity of
RPh@EuBTC’s ratiometric fluorescent sensing.
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Fig. 6 Emission decay dynamics of RPh@EuBTC for the
Eu emission component at 616 nm (a) and the rhodamine
emission component at 552 nm (b) under various DPA con-
centrations; RFU = relative fluorescence unit.

Table 1 Emission decay lifetimes of RPh@EuBTC’s two
emission components under various DPA concentrations.

DPA concentration (pM) 0 50 100 150

Rhodamine emission (552nm,ns) 7.0 74.3 101.6 189.1
Eu emission (616 nm, us) 1000.3 554.3 280.6 140.3

Sensing mechanism

Based on the above discussion about RPh@EuBTC’s
sensing performance, a plausible sensing mechanism
is proposed as follows. A DPA molecule consists of two
parts: a pyridine ring and two hydroxyl groups. The
pyridine ring, with its electron-withdrawing nature,
likely captures excited state electrons from EuBTC,
prompting an electron-transfer phenomenon and the
subsequent quenching of RPh@EuBTC’s Eu emission.
Furthermore, the increased acidity of the two hydroxyl
groups due to the pyridine’s electron-withdrawing na-
ture may lead to proton release. Consequently, a
structural transformation favoring emission enhance-
ment is observed in RPh@EuBTCs rose bengal part. In
summary, DPA quenches RPh@EuBTC’s Eu emission
while amplifying its rose bengal emission. To sub-
stantiate this statement, the emission decay lifetimes
of RPh@EuBTC’s two emission components at various
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Table 2 Ratiometric fluorescent sensing result of
RPh@EuBTC.
DPA added (nM) detected (pM) error
0 1.3 N/A
50 47.5 95.0
100 103.3 103.3
150 142.1 94.7

DPA concentrations are measured and tabulated in
Table 1. As depicted in Fig. 6, both emission compo-
nents (552 nm and 616 nm) exhibit a single exponen-
tial decay mode across different DPA concentrations.
With increasing DPA concentrations, the lifetime of
RPh@EuBTC’s rose bengal emission component in-
creases from 7.0 ns (DPA concentration = 0 pM) to
189.1 ns (DPA concentration = 150 nM), indicating
that rhodamine molecules in RPh@EuBTC begin to
take their emissive xanthene structure in the presence
of DPA [18]. Conversely, the lifetime of RPh@EuBTC’s
Eu emission component decreases from 1000.3 ps
(DPA concentration = 0 pM) to 140.3 ps (DPA con-
centration = 150 pM), due to the electron transfer
from the Eu emissive center to DPA’s pyridine ring [27].
To elaborate, the sensing mechanism of RPh@EuBTC
towards DPA consists of rose bengal probe’s emission
turn-on effect and the Eu-based supporting lattice’s
emission turn-off effect. The former stems from the
structural transformation of rose bengal induced by
DPA-released protons, while the latter arises from the
electron transfer from EuBTC to DPA.

Practical sensing performance of RPh@EuBTC
towards DPA

To assess the practical sensing performance of
RPh@EuBTC, its colorimetric and ratiometric fluo-
rescent sensings are evaluated using real-world sam-
ples containing varying concentrations of DPA. As de-
picted in Fig. 2, RPh@EuBTC appears nearly transpar-
ent under natural light when DPA is absent. How-
ever, when the DPA concentration reaches 10 puM, the
RPh@EuBTC suspension becomes a distinct pink hue,
which is discernible to the naked eye. This observation
validates the feasibility of colorimetric sensing with
RPh@EuBTC, including the potential for visual de-
tection. Additionally, with the fluorescent calibration
curve established previously, the ratiometric fluores-
cent sensing performance of RPh@EuBTC is investi-
gated. Due to the non-linearity of this curve, the preci-
sion is somewhat unsatisfactory, leading to noticeable
sensing errors, as indicated in Table 2. Nonetheless,
the preceding analysis underscores the distinctive ad-
vantage of RPh@EuBTC over conventional MOF sens-
ing materials, attributed to its dual sensing modalities
and the prospect of visual detection [26,27].
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CONCLUSION

In summary, this study presents an optical sensing
platform for the biomarker DPA, using the rare earth
luminescent MOF EuBTC as the supporting lattice and
RPh as the sensing probe. The microstructure of
RPh@EuBTC was validated through XRD, IR, TGA, and
photophysical spectra analyses. Two distinct sensing
behaviors were observed with RPh@EuBTC: colori-
metric sensing based on absorption and ratiometric
fluorescent sensing based on fluorescence. While the
rose bengal emission exhibited an emission turn-on
effect in the presence of DPA, showing an increase
in fluorescence intensity, the Eu emission component
experienced a turn-off effect, showing a decrease in
emission intensity. The sensing response followed a
linear trend with a LOD value of 2.2 pM. The sensing
mechanism was the combination of the emission turn-
on effect of the rose bengal probe and the emission
turn-off effect of the Eu-based supporting lattice. This
composite structure demonstrated superiority over tra-
ditional MOF sensing materials due to its dual sens-
ing behaviors and possibility for visual detection. To
enhance performance further, improvements in the
linearity of ratiometric fluorescent sensing are desired.
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