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A ratiometric fluorescent sensor based on luminescent bio-metal-organic framework was prepared by
exchanging both Tb>* and Eu?™ cations into anionic bio-MOF-1. Due to a highly efficient energy transfer
from Tb>* to Eu®* (> 89%), emission color of Tb/Eu@bio-MOF-1 was orange-red even though Tb>* was
the dominant content in this Tb/Eu co-doping material. More interestingly, this energy transfer process
could be modulated by dipicolinic acid (DPA), an unique biomarker for bacillus spores. With DPA addi-
tion, corresponding DPA-to-Th>* energy transfer was gradually enhanced while the energy transfer from
Th3+ to Eu* was significantly weakened. By regulating the energy transfer process in Th/Eu@bio-MOF-
1, visual colorimetric sensing of DPA in porous MOF was realized for the first time. Detection limit of Tb/
Eu@bio-MOF-1 for DPA was 34 nM, which was much lower than an infectious dosage of Bacillus anthracis
spores (60 pM) for human being. Besides, Tb/Eu@bio-MOF-1 showed a remarkable selectivity over other
aromatic ligands and amino acids. More importantly, this porous ratiometric sensor worked equally well
in human serum. These particularly attractive features of Tb/Eu@bio-MOF-1 made the direct, rapid and

naked-eye detection of DPA for practical application possible.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Anthrax is one of the acute infectious disease which infects both
animals and humans. Bacillus anthracis has been reported as a
potential bioterrorism agent since the anthrax attack in the U. S. in
2001, and still attracts broad attention throughout the world
(Webb, 2003; Yung et al., 2007). A number of attempts have been
made to detect bacillus spores such as bacteriology, serology-im-
munoassays and polymerase chain reactions (PCR) (Das et al.,
2015; Hurtle et al., 2004). However, traditional biological methods
usually require lengthy cycles, complicated operation, expensive
reagents and professional analysis, making them not suitable for
on-line monitoring (Su et al, 2016). Rapid, sensitive and
straightforward detection of bacillus spores is crucial for disease
and bioterrorism prevention (Ai et al., 2009). Recently, optical
techniques for dipicolinic acid (DPA, a unique biomarker and major
constituent of bacterial spores) detection have caused wide con-
cern due to their low cost, fast response and easy portability.
Surface enhanced Raman spectroscopy (SERS) and surface
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plasmon resonance (SPR) biosensors have been explored to detect
biological molecules, respectively (Gao et al., 2015; Lepage et al.,
2013; Zhang et al, 2005). Another convenient optical sensing
technique for biological molecules is based on lanthanide lumi-
nescence method, which is rapid, selective and highly sensitive
(Oh et al, 2011; Yilmaz et al., 2010). In previous reports, terbium
(Tb) has been proved effective for DPA detection (Rosen et al.,
1997; Tsukube and Shinoda, 2002). However, its nonselective
binding for anionic interferents limits its further application.
Europium (Eu) based nanocomposite has shown improved se-
lectivity (Ai et al., 2009). However, Tb-based and Eu-based sensors
determine DPA concentration through emission intensity variation
which is greatly influenced by excitation, environmental and in-
strumental factors (Li et al., 2013). Sensing reliability can be im-
proved by using a ratiometric fluorescent sensor, which measures
the ratio between analyte signal and reference signal (Guan et al.,
2015; Zou et al., 2014).

Luminescence from lanthanide ions is usually weak due to their
forbidden f-f transitions. Many proposals have been reported to
enhance their luminescence such as coordinating to organic li-
gands or being doped into special matrices (Eliseeva and Bunzli,
2010; Shen and Yan, 2015a; Zhang et al., 2015). There are several
advantages in introducing lanthanide centers into metal organic
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frameworks (Chen et al., 2010; White et al., 2009). Firstly, MOFs
have a number of photons emitted in per unit volume, which
enhances lanthanide luminescence (An et al., 2011). Secondly,
their excellent stability and porous rigid scaffold protect lantha-
nide ions from complex environment. Thirdly, their high adsorp-
tion volume and large surface area can gather analyte and amplify
reaction zone (Wang et al., 2012). Most importantly, MOFs struc-
tures can be precisely designed and manipulated to meet specific
needs.

Herein, we present a direct and rapid strategy for colorimetric
detection of Bacillus anthracis biomarker DPA using Tb>* /Eu®* co-
doped Bio-MOF (here-after denoted as Tb/Eu@bio-MOF-1). Lumi-
nescent Th/Eu@bio-MOF-1 was synthesized via exchanging Tb>+
and Eu®" cations into anionic bio-MOF-1. The resulting MOF ex-
hibited orange-red emission color due to a highly efficient energy
transfer from Tb3* to Eu*. After meeting DPA, DPA-to-Tb>* en-
ergy transfer was gradually enhanced while the energy transfer
from Tb®>* to Eu®>* was significantly weakened, leading to fluor-
escence color change from orange-red to green. For the first time,
we realized visual colorimetric sensing of DPA by regulating the
energy transfer process in Tb/Eu@bio-MOF-1.

2. Materials and methods
2.1. Chemicals and materials

Adenine, 4,4'-biphenyl dicarboxylic acid (BPDC), zinc acetate
dihydrate, 2,6-pyridinedicarboxylic acid (DPA) were purchased
from commercial sources. Eu(NO3);#6 h,O was obtained by dis-
solving Eu,0s3 in concentrated nitric acid with agitation, and then
heating this solution to dryness. In addition to adding hydrogen
peroxide, Tb(NOs);e6 h,O was obtained by the same way from
Tb407. Unless otherwise mentioned, all purchased analytical grade
solvents were used without further purifications. Double distilled
water was used in this work.

bio-MOF-1

2.2. Characterization

X-ray powder diffraction (XRD) patterns were obtained from a
Bruker D4 X-ray diffractometer (Germany) with Cu Ka; radiation
(A=1.5405 A, 40 kV, 30 mA). Scanning electron microscopy (SEM)
images were measured on a Hitachi S-4800 microscope. Contents
of Th®*+, Eu>* and Zn?* in our work were determined by an
iCAP6300 inductively coupled plasma-optical emission spectro-
meter (ICP-OES, US Thermo Scientific). Samples were prepared by
decomposing the powder samples into concentrated nitric acid,
followed by ultrasonic treatment and dilution to 1% nitric acid
solution. N, adsorption and desorption isotherms were measured
at liquid nitrogen temperature, using a Nova 1000 analyzer (US
Quantachrome Corporation Company). Samples were degassed in
vacuum at 150 °C for at least 10 h before adsorption and their
surface area values were calculated according to Brunauer-Em-
mett-Teller (BET) equation. Fluorescence excitation and emission
spectra were recorded on a Hitachi F-7000 fluorescence spectro-
photometer using a 450 W xenon lamp as excitation source.
Emission lifetimes were measured with a Lecroy Wave Runner
6100 Digital Oscilloscope (1 GHz) using a tunable laser as excita-
tion source (Continuum Sunlite OPO) and calculated by ex-
ponential fitting.

2.3. Preparation of bio-MOF-1

Construction route for Th/Eu@bio-MOF-1 sensor and DPA sen-
sing mechanism are depicted in Scheme 1. Bio-MOF-1 was syn-
thesized through a solvothermal method as reported previously
(An_et al.,, 2009). Typically, adenine (0.25 mmol), 4,4’-biphenyl
dicarboxylic acid (0.5 mmol) and =zinc acetate dihydrate

(0.75 mmol) were dissolved in DMF (27 mL) and water (2 mL) and
stirred vigorously for 60 min, then nitric acid (2 mmol) was added.
After these reagents were well mixed, this mixture was sealed in a
40 mL Teflon-lined stainless-steel autoclave, heated at 130 °C for
48 h. Rod-shaped crystals were collected and washed with DMF
and dichloromethane (CH,Cl,) several times and dried in vacuum
at 60 °C overnight.

(B) _¢

U{:IV

BPDC Eu®*

Th*

Scheme 1. (A) Synthesis strategy of Tb/Eu@bio-MOF-1 and its principle for the detection of DPA; (B) Schematic diagram of the ligand-metal energy transfer from triplet state
of the BPDC to Ln>* ions and the metal-metal energy transfer from °D, of the Tb>* to °Dy of the Eu>* ions.
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2.4. Post-synthetic cation exchange of bio-MOF-1 with Tb>*, Eu>+

Ln@bio-MOF-1 (Ln=Tb3*, Eu®*) samples were performed by
replaced dimethylammonium cations (DMA ™) in bio-MOF-1 with
Ln3" ions via cation exchange (An et al.,, 2011; Li et al., 2014). In a
typical process, as-synthesized bio-MOF-1 was soaked in DMF
solution of Tb(NOs);e6H,0 (0.1 M) at 65°C for 30 min; after
3 times later, the material was again soaked in the DMF solution of
Tb(NO3);e6H,0 (0.1 M), repeated every 24 h for 3 days. Then the
products were thoroughly washed with ethanol and dried in va-
cuum at 100 °C for 24 h. The exchange of Tb/Eu@bio-MOF-1 was
performed using the same procedure, except that corresponding
bimetallic material was soaked in the specified ratio of mixed Ln>*
nitrates (Tb®>*/Eu®* =3, 6 and 10, respectively).

2.5. Preparation of the Ln@bio-MOF-1 films

All Ln@bio-MOF-1 films were prepared by a direct spin-coating
method onto a pre-cleaned glass-substrate. Typically, a thin layer
of photoresist was dripped onto a 2 cm x 2 cm glass substrate
using a Laurell spin-coater to form an adhesion phase. Then sus-
pension with 10-15 mg/mL Ln@bio-MOF-1 was dripped onto this
photoresist layer with spin rate of 2000 rpm for 60 s. This spun
process was repeated several times until film surface was smooth
and continuous. Adsorbed solvent was removed in the air.

2.6. Detection of DPA

In a typical run, Tb/Eu@bio-MOF-1 was dispersed with a final
concentration of 0.25 mg/mL in aqueous solution, luminescence
measurement was taken 20 s later after analyte was injected. To
evaluate this biosensor for practical analysis, human serum sam-
ples were spiked with standard DPA solutions and then analyzed
with Tb/Eu@bio-MOF-1 solution. The excitation spectra are mea-
sured by monitoring the characteristic emission wavelengths at
545 nm for Tb>* and 615 nm for Eu®*, respectively. Samples were
excited at 290 nm with excitation and emission wavelength band
passes both set as 5 nm.

3. Results and discussion
3.1. Phase formation and structural characters

XRD diffraction patterns of bio-MOF-1 and Ln@bio-MOF-1
(Ln=Tb>*, Eu>*) are shown in Fig. 1(A). Diffraction peaks of bio-
MOF-1 are well conformed to those of literature reports (An et al.,
2009; An et al, 2011). No peaks from impurities are detected in
Ln@bio-MOF-1 after ion exchange, which implies that the in-
corporation of lanthanide ions in pore does not impact bio-MOF-1
crystal structure. Ln@bio-MOF-1 morphology is not changed as
confirmed by SEM images (Fig. S1 in supplementary material).
Tb®* and Eu* content ratio in Th/Eu@bio-MOF-1 is determined
by an inductive coupled plasma (ICP)-optical emission spectro-
meter. According to this ICP result, Tb>* content is higher than
Eu®* content and the content ratio of Tb>*:Eu®* content ratio is
basically consistent with their initial concentration ratio (Table S1
in Supplementary Material). Fluorescence microscopy images of
as-synthesized bio-MOF-1 and Ln@bio-MOF-1 are shown in Fig.
S2. Bio-MOF-1 exhibits blue emission, which derives from BPDC
linkers. After lanthanide cations are incorporated into this pore
matrix, single-ion-doped composites display their characteristic
luminescence emission in green region for Tb@bio-MOF-1 and red
region for Eu@bio-MOF-1, respectively. While in the co-doped
composite with Tb>*+/Eu3* of 6:1, orange-red emission is observed
even though Tb®>* is the dominant content ion. Corresponding
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Fig. 1. (A) X-ray powder diffraction patterns of bio-MOF-1 (black, simulated; blue,
as-synthesized; green, Tb@bio-MOF-1; red, Eu@bio-MOF-1; amaranth, Tb/Eu@bio-
MOF-1). (B) Nitrogen adsorption-desorption isotherms for bio-MOF-1 (black filled,
adsorption; red empty, desorption) and Tb/Eu@bio-MOF-1 (green filled, adsorp-
tion; blue empty, desorption). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

color changes can be explained by energy transfer process (Li et al.,
2010; Yu et al., 2015; Zhao et al., 2015), which will be discussed
later.

Nitrogen adsorption isotherms of as-synthesized bio-MOF-1
and Tb/Eu@bio-MOF-1 are collected and demonstrated in Fig. 1(B).
These curves match characteristic type-lI isotherms very well,
which illustrates their successful synthesis (microporous bio-MOF-
1). BET surface area for bio-MOF-1 and Tb/Eu@bio-MOF-1 are
94338 m? g~ ! and 765.10 m? g~ !, respectively. The less N, uptake
capacity for Tb/Eu@bio-MOF-1 than that of bio-MOF-1 is caused by
the incorporation of Th>* and Eu®>* cations in MOF pore.

3.2. Luminescent properties

Excitation and emission spectra of Ln@bio-MOF-1 in aqueous
solutions are presented in Fig. 2. These spectra show similar ex-
citation bands ranging in 230-400 nm with a maximum peak at
around 290 nm, which greatly matches for BPDC absorption. This
result indicated that the trivalent rare earth ions are sensitized by
BPDC in bio-MOF-1 effectively (Shen and Yan, 2015b; Zou et al,,
2014). Tb@bio-MOF-1 exhibits Th®>* characteristic transitions at
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Fig. 2. The fluorescent excitation and emission spectra of (A) Tb@bio-MOF-1,
(B) Eu@bio-MOF-1 and (C) Tb/Eu@bio-MOF-1. Inset: the corresponding lumines-
cence photographs of the samples dispersed in the aqueous solution and solid films
under 254 nm UV light.

488, 545, 583 and 622 nm, respectively; and Eu@bio-MOF-1 ex-
hibits Eu®* characteristic transitions at 580, 593, 615, 650 and
700 nm, respectively. When Tb/Eu@bio-MOF-1 is irradiated at
290 nm, its emission bands correspond well to both characteristic
peaks of Tb®>* and Eu®* (Fig. 2C). Its two dominant peaks at
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615 nm and 593 nm are assigned to >Do— ’F; (J=1, 2) transitions of
Eu®™ and the other two weaker peaks at 488 nm and 545 nm are
attributed to °D,— “F; (J=5, 6) transitions of Tb®*. Its remaining
emission peaks around 580, 650 and 700 nm are mainly from
>Dy—F; (J=0, 3, 4) transitions of Eu®**. Even though Tb** is a
dominant content in this Tb/Eu co-doping material (according to
the ICP result), Eu>* emission intensity is much stronger than
Tb?* emission. When exciting Tb/Eu@bio-MOF-1 with a common
ultraviolet lamp (254 nm), it emits both Eu®* and Tb3* ion
characteristic colors, as shown in Fig. 2(C) inset. Although H,O
molecule may quench lanthanide emission, bio-MOF-1 can sensi-
tize and provide protection for the lanthanides.

Even Tb3* is dominant in Tb/Eu@bio-MOF-1, its emission is still
bright orange-red color. This interesting phenomenon may be
explained by an energy transfer from Tb®>* to Eu®>* when they are
immerged into bio-MOF-1 pore. To confirm this assumption, we
investigate emission spectrum of Tb/Eu@bio-MOF-1 under 488 nm
which is “Fg—°D, transition of Tb>* jon. As shown in Fig. S3,
emission of Eu>* at 615nm and 700 nm is detected and their
fluorescence intensity is stronger than that of Tb>* in this emis-
sion spectrum. This result provides a direct evidence for the en-
ergy transfer from Th>* to Eu®>*. In order to investigate the effi-
ciency of energy transfer from Tb>* to Eu®*, emission decay
curves of Th®* and Eu®* ions are measured and fitted with double
exponential pattern (Fig. S4). Their average lifetimes can be cal-
culated according to Eq. (1)

1'L,‘,=(A]‘r]2 + AZTSZ)/(A]Tf + Ay7y) D

where 7; and 7, stand for the rapid process and slow process of the
fluorescence lifetime, respectively. A; and A, are the pre-ex-
ponential factors of the fitted curve. Average decay times of Th>+
in Tb@bio-MOF-1 and Tb/Eu@bio-MOF-1 are determined as
556.04 ps and 55.73 ps, respectively. Furthermore, the energy
transfer efficiency #; from Tb®* to Eu3* ions is determined using
Eq. (2)

np=1-1/zg )

where 7 is the lifetime of Tb>* in mixed lanthanide MOFs and =, is
the lifetime of Tb®>* in single lanthanide MOFs. Th/Eu@bio-MOF-1
np is calculated as 89.98%, suggesting that the energy transfer is
efficient. Tb®>*-to-Eu®* energy transfer efficiency (almost 90%) in
Tb/Eu@bio-MOF-1 is higher than most reported Tb>*-to-Eu®~*
energy transfer efficiency values (Jiao et al.,, 2013; Rao et al., 2013).
Since the average decay time of Eu®* is extended from 466.3 ps
(Eu@bio-MOF-1) to 653.4 s (Tb/Eu@bio-MOF-1), Eu** is con-
sidered as the energy transfer acceptor in Tb/Eu@bio-MOF-1 (Fig.
S4B).

3.3. Sensing property toward DPA

DPA is an unique biomarker for Bacillus anthracis, we thus in-
vestigate sensing property of Tb/Eu@bio-MOF-1 towards DPA.
Three different Tb/Eu molar ratios Tb/Eu@bio-MOF-1 were pre-
pared to study the effect of Tb®*+ ion concentration on sensor
performance. DPA sensing spectra of these three samples are
shown in Fig. 3. All three sensors show evident emission spectra
change along with DPA addition. For the MOF with Tb**/Eu3~*
molar ratio of 2.55 (Fig. 3A), after adding DPA, Th>*emission is
gradually increased, while Eu>* emission is weakened firstly and
then enhanced at high DPA concentration. For the MOF with Th>*/
Eu®* molar ratio of 9.5 (Fig. 3B), Tb>* emission is almost un-
changed; while Eu*>* emission is weakened with the increase of
DPA concentration. In the case of MOF with Tb?*/Eu®* molar ratio
of 5.89 (Fig. 3C), with DPA addition, Tb>* emission at 545 nm is
gradually enhanced while Eu*>* emission at 615 nm is significantly
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Fig. 3. DPA sensing spectra of the Tb/Eu@bio-MOF-1 with the final molar ratios of Tb**/Eu* are (A) 2.55, (B) 9.5 and (C) 5.89. (D) Plots of the relationship between the
integrated intensity (Is4s/lg15) of Tb/Eu@bio-MOF-1 (Tb?*/Eu®+ =5.89) and DPA concentrations from 50 nM to 1 pM. Inset: visible color changes of Th/Eu@bio-MOF-1 under

254 nm UV light.

weakened. More interestingly, this Tb/Eu@bio-MOF-1 with mod-
erate Tb/Eu ratio exhibits visual colorimetric sensing: its fluor-
escent color changes from orange-red to green after adding dif-
ferent concentrations of DPA, which is recognizable with naked
eyes under UV light (Fig. 3D and Fig. S5). Our following discussion
of Th/Eu@bio-MOF-1 will focus on the MOF with Tb®>* /Eu®* molar
ratio of 5.89.

The relationship between DPA concentration and fluorescence
intensity of Tb/Eu@bio-MOF-1 Tb:Eu=5.89 is illustrated in Fig. 3
(D). Fluorescence intensity of each pint was measured 3 times, and
corresponding average value was used to determine intensity ratio
Is45/l615. The relative standard deviations (RSD) data are listed in
Table S2 in Supporting Information to make our result more
convincing. When introducing different concentrations of DPA, the
intensity values at 545 nm and 615 nm appear opposite change
and the intensity ratio Is4s/ls;5 increases exponentially. According
to the working curve, the intensity ratio Is4s/lg;5 is fitted well with
single exponential Eq. (3).

Ts5/l615= 0.38514%exXp[(Cppa - 112.35)/325.84] - 0.15395 (R2
= 99.87%) 3)

From this equation, DPA content o can be calculated quantitatively.
Limit of detection (LOD) for DPA is defined as signal-to-noise (S/N)
ratio=3, which is calculated as 34 nM. This value is much lower
than an infectious dosage of Bacillus anthracis spores (60 pM) for
human being (Pellegrino et al., 1998; Rosen et al., 1997). Compared
to single lanthanide sensors for DPA reported by previous works
(Li et al., 2013; Xu et al., 2012), these mixed lanthanide bio-MOFs
need no correction, which shows a higher reliability and sensi-
tivity. Moreover, it is easier to recognize a color change than a

brightness change by naked eyes. Fig. S5 demonstrates fluorescent
color change after adding DPA under a 254 nm UV lamp, where the
orange-red emission becomes green after being treated with about
500 nM DPA. Therefore, Tb/Eu@bio-MOF-1 can be developed as an
excellent candidate to determine DPA concentration quantitatively
by intensity ratio (Is4s/ls15) and qualitatively by naked eyes. In this
biosensor, bio-MOF-1 acts as matrix, providing biocompatibility
function and protecting lanthanides; whereas Tb®* serves as a
recognition element to recognize DPA, and Eu®* plays a role of
internal reference.

3.4. Mechanism of ratio fluorescence

In order to investigate the sensing mechanism in Th/Eu@bio-
MOF-1, emission decay dynamics data of Tb>* and Eu3* are
compared before and after adding DPA (Fig. S6). With DPA addi-
tion, Tb®* luminescence decay time in Tb/Eu@bio-MOF-1 is
greatly increased while Eu?* luminescence decay time is de-
creased, which is in agreement with their spectra change. It is
observed that luminescence decay curves fit double-exponential
decay well, and their average decay times are determined as
87.67 ps, 277.07 ps, 806.7 ps, 964.21 ps, and 997.05 pus with DPA
concentrations ranging from 100 to 500 nM, respectively. Sur-
prisingly, average decay times of Eu>* after DPA addition are de-
termined as 591.04 ps, 531.12 ps, 485.35ps, 426.09 ps, and
343.43 ps, respectively, showing no obvious differences. This re-
sult demonstrates the high affinity binding of DPA to Tb** ions
(Cable et al., 2009; Chen et al., 2015).

Luminescence color variation of Tb/Eu@bio-MOF-1 after DPA
addition (from orange-red to green) can be explained by the
transformation of energy transfer process. As depicted in
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Fig. 4. (A) Fluorescence monitoring of Tb/Eu@bio-MOF-1 (545 nm) upon DPA addition in aqueous solution at room temperature (100 nM of DPA for each time). Excitation
wavelength is at 290 nm. (B) Fluorescence responses of the Tb/Eu@bio-MOF-1 towards analytes including common ions, aromatic ligands, amino acids and DPA when excited

at 290 nm. (n=3).

Scheme 1, before DPA addition, the energy transfer from Tb>* to
Eu®™ is dominated in Tb/Eu@bio-MOF-1, so the biosensor emits
orange-red light. After adding DPA, the energy transfer from DPA
to Th®>*+ gradually becomes the dominating energy transfer pro-
cess. Thus, a green emission dominates corresponding emission
color. Hence, this remarkable sensing performance of Tb/Eu@bio-
MOF-1 towards DPA can be ascribed to the following reasons:
Firstly, DPA chelates with Tb>* ions and forms ligand-to-metal
energy transfer. Secondly, the reversible energy transfer tendency
between Tb®>*+ and Eu** enhances their response signal.

3.5. Time response and selectivity of Tb/Eu@bio-MOF-1 sensors

Response time is significant for biosensors, since biological
threat may be more damaging as time goes on. Time-dependent
fluorescence intensity curve was taken by monitoring the emission
at 545 nm under 290 nm excitation. As shown in Fig. 4A, lumi-
nescence intensity of Tb®>* in Th/Eu@bio-MOF-1 is very weak but
stable in its initial period. After adding DPA (100 nM) into Tb/
Eu@bio-MOF-1 solutions (0.25 mg mL~ ), the curve shows a rapid
ascent in the first 10 s and becomes constant after 20 s This result
demonstrates that Tb/Eu@bio-MOF-1 sensor can work in fast,
continuous and on-line monitoring of DPA.

Selectivity is another important parameter for chemical sen-
sors. Hence, we investigated fluorescence response of Th/Eu@bio-
MOF-1 towards other potentially interfering aromatic ligands and
representative amino acids including benzoic acid (BA), o-phthalic
acid ((o-PA)), and 1,3,5-benzenecarboxylic acid (BTC), as well as
D-aspartic (Asp), glycine (Gly) and methionine (Met). These com-
pounds are either structurally related to DPA or potentially existed
in biological environments, which contain carboxylic acid groups
and may coordinate with Tb®>* ions. In addition, common cellular
ions such as K+, Na*, Ca?*, Mg+, Cu®*, Fe?*, Fe**, CI- and
NOs ™ are selected as the co-exist with DPA in the bacterial spores
and animals and to research their effect on Th/Eu@bio-MOF-1. All
samples are tested under identical condition with their fluorescent
response illustrated in Fig. 4(B). Remarkably, even the concentra-
tion of interfering groups is twice of DPA, slight or negligible
fluorescence change is observed. Only DPA can lead to a prominent
fluorescence change, which indicates that Tb/Eu@bio-MOF-1 has a
good selectivity for detection of anthrax biomarker DPA.

3.6. Detection of DPA in human serum

To explore performance of Tb/Eu@bio-MOF-1 towards DPA in
real physiological environment, different levels of standard DPA
concentrated solution were added in undiluted serum samples and

Table 1
Determination of DPA in human serum samples.

Added Founded Recovery RSD (n=3)
(1077 M) (1077 M) (%) (%)

2.0 2.06 +0.018 102.85 0.90

3.0 3.19+0.011 106.35 1.18

4.0 3.91 +0.035 97.85 0.28

then measured. By converting the luminescence intensity ratio to
concentration through above characteristic Eq. (3), DPA con-
centrations in human serum can be estimated with their result
displayed in Table 1. DPA recovery values in human serum samples
are between 97.85% and 106.35% and the relative standard devia-
tion (RSD, n=3) are all < 1.18%. The almost no influence caused by
bio-molecules in serum such as phospholipid may be attributed to
the nano-pore size selectivity of bio-MOF-1. In spite of the small
error, Tb/Eu@bio-MOF-1 can be one of potential candidates which
are used for detecting DPA in serum samples.

4. Conclusion

In conclusion, using biocompatible and porous MOFs as matrix
and protector, using Tb>* as response unit, and co-doping Eu* as
an internal reference, we presented a facile, rapid, highly sensitive
and selective strategy for the ratiometric fluorescent detection of a
bacillus spores biomarker. The Tb®>*/Eu®* functionalized bio-
MOF-1 was easily prepared by cation exchange process. As a ra-
tiometric fluorescent sensor, Th®>*+ emission was enhanced by DPA
through ligand-to-metal energy transfer and Eu®>* emission was
quenched due to the interruption of energy transfer from Tb>* to
Eu®*, which gave Tb/Eu@bio-MOF-1 sensor high sensitivity and
excellent selectivity sensing performance for DPA. This sensor
showed a good single exponential response for DPA with a de-
tection limit of 34 nM, which was much lower than an infectious
dosage of the Bacillus anthracis spores (60 pM) for human being.
Importantly, Tb/Eu@bio-MOF-1 emission color was changed from
orange-red to green after introducing DPA, which was recogniz-
able with naked eyes under UV light. By regulating the energy
transfer process in Tb/Eu@bio-MOF-1, we realized visual colori-
metric sensing of DPA in porous MOFs for the first time. The ex-
cellent sensing performance of Tb/Eu@bio-MOF-1 in human serum
demonstrated that this sensor was reliable and practical in prac-
tical applications. We believe that this ratiometric Tb/Eu@bio-
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MOF-1 sensor can provide a new method for conveniently and
rapidly detection of bacterial spores.
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