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Abstract
Herein, a universal andmultifunctional fluorescence sensor platform is designed by the interaction of aggregation/dispersion gold
nanoparticles (AuNPs) with Tb-metal–organic frameworks (Tb-MOFs). It is found that the dispersed AuNPs rather than the
aggregated ones can quench effectively the fluorescence of Tb-MOFs, and the quenching process presumably involves the
mechanism of inner filter effect (IFE), dynamic quenching effect (DQE), and fluorescence resonance energy transfer (FRET).
The different affinities of aptamer and aptamer–target complex toward AuNPs are employed to modulate the fluorescence signal
change of Tb-MOFs. As the proof of concept, prostate-specific antigen (PSA), an efficient tumor indicator for prostate cancer, is
selected as the target. At first, the PSA aptamer can protect AuNPs against salt-induced aggregation, leading to the fluorescence
of Tb-MOFs quenching. Subsequently, upon PSA introduction, the rigid aptamer–PSA complex is formed and cannot stabilize
AuNPs in high salt conditions, so the AuNPs aggregate significantly and the fluorescence of Tb-MOFs is restored. The linear range
of PSA is achieved from 1 to 100 ng/mL with a detection limit of 0.36 ng/mL. Finally, this method has been validated to be
sensitive and specific for PSA in human urine samples.
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Introduction

Metal–organic frameworks, known as MOFs, are com-
posed of metal ions and organic ligands through strong

covalent bonds. As a fascinating class of functional mate-
rials, MOFs have been extensively studied for applications
in gas storage [1], catalysis [2], separation [3], and drug
delivery [4]. Among the large number of MOFs, lanthanide
metal–organic frameworks (Ln-MOFs) show unique lumi-
nescent properties, including their large Stokes shift, high
surface area, long decay lifetime, and well-defined pore
structure [5]. Because of the electron-rich ligands, Ln-
MOFs are widely used in the sensing applications based
on the photoinduced electron transfer (PET) mechanism.
For example, the fluorescent Ln-MOFs [6, 7] could be
quenched significantly by the explosive nitroaromatic
compounds, which were often considered to be a typical
kind of electron-deficient molecules. In the effective PET
process, the electron-deficient targets are indispensable,
while the most of biomolecules are electron-rich partners,
such as DNA, enzyme, and protein. Therefore, not a lot of
reports are available concerning Ln-MOFs as a platform
for sensing biomolecules. Compared with the PET, the in-
ner filter effect (IFE) and fluorescence resonance energy
transfer (FRET) are highly popular mechanisms due to the
biochemical universality and naturally exceptional s
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electivity [8]. By virtue of the IFE and FRET sensing
mechanism, many biomolecules have been detected sensi-
tively, including the dopamine [9], glucose [10], glutathi-
one [11], and thrombin [12]. To the best of our knowledge,
it is rare for sensing platform focused on the FRET and IFE
between MOFs and other analytes, especially for biomol-
ecules. The reason may be attributed to their poor water
solubility and lack of recognition sites.

Cancer is one of the most serious diseases that threaten
human life and health today. The detection of tumor markers
plays a key factor in the early diagnosis of cancer and moni-
toring treatment response and prognosis. Prostate-specific an-
tigen (PSA), a 34-kDa single-chain glycoprotein, is an effi-
cient tumor indicator for prostate cancer. Typically, most re-
ports about the detection of PSA can be classified into two
types: antibody–antigen interaction and aptamer–target mole-
cule interaction. Although antibody–antigen interaction can
offer efficient and accurate test results for PSA, the production
of antibodies is expensive and time-consuming [13]. On the
other hand, aptamer, a single-stranded DNA or RNA
possessing highly specific affinity for targets, has the advan-
tages of low-cost and good stability. The binding dissociation
constant (Kd) for the interaction of PSA aptamer with PSA is
estimated to be several tens of nanomolar [14], revealing that
the PSA aptamer has an excellent affinity for PSA. Moreover,
it has been widely reported that the aptamer and the aptamer–
target complex show different binding abilities to some
nanomaterials, such as gold nanoparticles (AuNPs), MoS2
nanosheets, and graphene oxide (GO) [15–17]. For instance,
MoS2 nanosheet could adsorb dye-labeled aptamer via the van
der Waals force and quenched the fluorescence of dye, while
the combination of the aptamer to the target PSA induced a
robust structure, which was difficult to be adsorbed on the
surface of MoS2, resulting in the release of the aptamer probe
and fluorescence restoration [16]. Similarly, through coupling
reaction between glutathione-capped quantum dot (QD) and
NH2-modified PSA aptamer, the fluorescence of QD conju-
gated aptamer could be quenched by GO; when binding with
its target PSA, aptamer probe released from the surface of GO
and the fluorescence recovery [17]. However, these cases usu-
ally involve the labeled or conjugated aptamer, and this may
weaken the binding capabilities toward targets and further
limit the sensitive measurement [18]. Hence, it is highly
demanded to design an aptamer-based and label-free fluores-
cence sensing approach for PSA determination.

In this study, Tb3+ ions and isophthalic acid (isp) as ligand
are selected to construct fluorescent Tb-MOFs. The Tb-MOFs
synthesized in this paper show an excellent stability in aque-
ous for a long time, and can also maintain a high level of
emissions in high ionic strength and at a wide pH range.
Therefore, these favorable features make them potential can-
didates for the applications in bio-sensing. Interestingly, it is
found that the dispersed AuNPs can quench effectively the

fluorescence of Tb-MOFs. However, when the AuNPs aggre-
gate significantly in salt condition, the quenching effect is
negligible. Several experiments suggest that the interaction
between Tb-MOFs and dispersed AuNPs is mainly a dynamic
quenching process and involves IFE and FRET. Based on the
numerous studies about the interaction between AuNPs and
biomolecules, AuNPs can act as the Bbridge^, which connects
the probe of Tb-MOFs and biomolecules as targets. This Tb-
MOFs@AuNPs system can be constructed as a universal and
multifunctional platform. On the basis of the high affinity of
aptamer toward its target, a label-free aptasensor for PSA is
designed. In the absence of PSA, the aptamer can stabilize
AuNPs against salt-induced aggregation, leading to the fluo-
rescence of Tb-MOFs quenching. Upon binding to PSA, the
aptamer specifically reacts with its target PSAwith a confor-
mational change from flexible structure to a rigid structure,
which cannot adsorb on the surface of AuNPs, so in the high
salt state, the AuNPs tend to aggregate and the emissions of
Tb-MOFs recover. The proposed method shows a wide line
range of PSA from 1 to 100 ng/mL with the limit of detection
(LOD) of 0.36 ng/mL. Furthermore, this work has been suc-
cessfully applied for detecting PSA in human urine samples
with satisfactory recoveries compared with enzyme-linked
immunosorbent assay (ELISA) as a reference.

Experiment

Chemicals and reagents

Terbium(III) chloride hexahydrate (TbCl3·6H2O), isophthalic
acid (isp), sodium citrate (Na3C6H5O7), chloroauric acid
(HAuCl4), N,N-dimethylformamide (DMF), sodium chloride
(NaCl), Tris (hydroxymethyl) amino methane (Tris), hydro-
chloric acid (HCl), urea, uric acid, human serum albumin
(HSA), trypsin, thrombin, IgG, urease, lysozyme, histidine,
L-leucine, L-arginine, lysine, L-threonine, sucrose, glucose,
D-mannose, fructose, Na2HPO4, KNO3, ZnCl2, CaCl2, and
MgCl2 were obtained from Aladdin (Shanghai, China).
Prostate-specific-antigen (PSA) from human was purchased
from Sigma. A PSA ELISA kit was purchased from Jiangsu
Baolai Biotechnology Co., LTD. (Nanjing, China). The PSA
aptamer (5′-TTATTAAAGCTCGCCATCAAATAGC-3) was
synthesized by Sangon Biotechnology Co. Ltd. (Shanghai,
China). Human urine samples of healthy volunteers were pro-
vided from the local hospital. Ultrapure water was prepared
with throughout the whole experiment.

Instruments

The fluorescence spectra were recorded on a Hitachi F-7000
fluorescence spectrophotometer (Tokyo, Japan). A Cary 300
Bio UV-vis spectrophotometer was used to monitor the UV–
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vis absorption spectra. JEM-2100F electron microscope was
applied to record the transmission electronmicroscopy (TEM)
images and energy-dispersive X-ray spectroscopy (EDS) pat-
terns. X-ray diffraction (XRD) spectrum was obtained on
powder diffractometer (MiniFlex600 X-ray) and the Fourier
transform infrared (FT-IR) spectrum was recorded from
Thermo Nicolet Nexus 470 FT-IR ESP spectrometer. The
fluorescence lifetimes were recorded using a photo-counting
system from Quantaurus-Tau C11367–11 (Hamamatsu) with
laser excitation at 280 nm. Zeta potential was performed using
a Zetasizer Nano ZS-90 (Malvern Instruments, Malvern, UK).
Dynamic light scattering (DLS) experiment was obtained with
ALV 500 laser light scattering instrument.

Preparation of Tb-MOFs

The Tb-MOFs were synthesized according to the previous
method [19]. Briefly, TbCl3·6H2O (0.10 mmol, 37.3 mg)
and isp (0.1 mmol, 16.6 mg) were added in DMF/H2O (7:3
v/v) solution and stirred for 2 h. Next, the mixture was sealed
in a Teflon vessel in a stainless steel autoclave and reacted at
150 °C for 12 h and then cooled down to room temperature
slowly. Finally, the products were collected by centrifugation
and washed with DMF and ethanol several times. After dried
at room temperature, the Tb-MOFs were obtained.

Synthesis of AuNPs

These AuNPs were synthesized by citrate reduction method
[20]. At first, aqua regia (mixture of HCl and HNO3 at a 3:1
ratio) was used to wash all glassware andmagnetic stirrer bars.
Typically, 0.01 g HAuCl4 was dissolved to 95 mL deionized
water under stirring. When the solution was heated to boil, the
sodium citrate solution (5 mL, 0.01% (w/v)) was added to the
mixture until the color turns to wine red. Then, it was cooled
to room temperature and preserved at 4 °C for future use. By
calculating, the concentration of AuNPs solution was approx-
imately 2.5 nM according to an extinction coefficient of
3.87 × 108 M−1 cm−1 at 420 nm [21].

Fluorescent detection of PSA

First, the PSA aptamer was dissolved in aqueous solutions and
heated to 95 °C for 5 min and then immediately cooled in ice
for 20 min before use. Next, 50 μL PSA aptamer (1 mM) was
added into 100 μL Tris-HCl buffer (pH 7.4, 20 mM). Then,
PSA (1–100 ng/mL) was dissolved into the above mixture and
incubated at 37 °C for 30 min. Subsequently, 200 μL AuNPs
(2.5 nM) was added to the solution with vigorous stirring for
5 min. Next, 50 μL NaCl (1M) was added to achieve ultimate
concentration of 50 mM. After reacted for 5 min, 200 μL of
Tb-MOFs solution (0.1 mg/mL) was added into the above
mixture with a final volume of 1 mL and the fluorescence

spectra of the samples were collected with excitation at
280 nm. The change of fluorescence intensity was expressed
as F2 − F1, where F1 and F2 represented the fluorescence in-
tensities of Tb-MOFs@AuNPs@aptamer system at 545 nm in
the absence and presence of PSA, respectively. Generally,
LOD is defined as the concentration of analyte that corre-
sponds to three times the signal-to-noise ratio (S/N = 3) [22].
LOD is calculated according to the expression LOD = 3σ/K,
where σ is the standard deviation for the blank solution (n =
10) and K is the slope of the calibration curve.

Real sample detection

In brief, 5 mL of urine samples was centrifuged at 4000 rpm
(3800×g) for 15 min. Next, the supernatant of sample was
diluted 100-fold with ultrapure water. Finally, different con-
centrations of PSA standard solutions were spiked into the
samples. Other steps were completed as described above. As
a control experiment, urine samples were examined by the
standard ELISA.

Results and discussion

Characterization of Tb-MOFs and AuNPs

The Tb-MOFs are prepared with Tb3+ ions and isophthalic
acid (isp) as ligand. Upon the excitation of 280 nm (Fig. 1a),
the Tb-MOFs exhibit the four characteristic emission peaks of
Tb3+ at 488, 545, 584, and 619 nm, which are arisen from the
5D4 excited states to ground states of 7FJ (J = 6, 5, 4, 3) tran-
sitions of Tb3+ ions, respectively [23]. The solution of Tb-
MOFs is colorless under day light, while emits a bright
yellow-green fluorescence under UV light at 254 nm (inset
in Fig. 1a). Moreover, the Tb-MOFs with well-dispersed dis-
tribution exhibit an approximate flake morphology in TEM
image (Fig. 1b), and DLS analysis demonstrates that the av-
erage size of Tb-MOFs is 505.9 nm (see Electronic
Supplementary Material (ESM) Fig. S1). The EDS result
shows that the synthesized Tb-MOFs contain elements C, O,
and Tb (ESM Fig. S2), indicating that Tb-MOFs are com-
posed of isp and Tb3+ ions. The XRD pattern of the Tb-
MOFs is in good agreement with the simulation (Fig. 1c),
and it also reveals that Tb-MOFs have isomorphic and phase
purity with high crystallinity. Compared with the FT-IR spec-
trum of free isp, the Tb-MOFs do not display a characteristic
peak of carboxylic acid structure at 1695 cm−1 for C=O
stretching vibration, so the carboxylate groups of isp coordi-
nate to Tb3+ to form Tb-MOFs (Fig. 1d). All these results
prove the successful synthesis of Tb-MOFs.

Subsequently, the stability of these Tb-MOFs has been in-
vestigated in detailed. As depicted in ESM Fig. S3, the Tb-
MOFs are obtained as white powders and can be well
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dispersed in water medium. Most importantly, the emissions
of Tb-MOFs solution can keep stable for at least 1 week (ESM
Fig. S4), and the high ionic strength also shows a negligible
effect on Tb-MOFs (ESM Fig. S5). Furthermore, the Tb-
MOFs exhibit a high level of emissions at a wide pH range
from 3 to 12, but are quenched in strong acid and alkali con-
ditions (ESM Fig. S6). The superior stability of this kind of
Tb-MOFs particularly makes them a promising candidate for
the applications in bio-sensing.

Besides, the citrate-protected AuNPs with the typical wine
red color are also successfully fabricated, and they can highly
disperse in aqueous solution due to the negatively charged
citrate ions. The surface plasmon resonance (SPR) peak of
AuNPs appears at 520 nm (ESM Fig. S7a), and the average
diameter of these particles is about 18.25 nm ± 0.52 nm by
averaging the size of 50 dots in TEM image (ESM Fig. S7b).

The interaction between Tb-MOFs and AuNPs

As shown in Fig. 2a, with the addition of AuNPs, the fluo-
rescent signal of Tb-MOFs can be efficiently quenched in
5 min, illustrating that the interaction between Tb-MOFs
and AuNPs is fast. At the same time, Tb-MOFs cannot
induce the aggregation of AuNPs, which maintain the wine
red color (ESM Fig. S8). The quenching efficiency is pos-
itive correlation to the concentration of AuNPs, and when
the concentration of AuNPs is 0.5 nM, the fluorescence of
Tb-MOFs approximately drops to 65% (Fig. 2b). Massive

AuNPs make an unfavorable effect for the sensitive detec-
tion of target, so 0.5 nM of AuNPs solution is selected for
this experiment. However, AuNPs agglomerate obviously
in the presence of salt. With increasing the concentration of
NaCl, the SPR band of AuNPs around 520 nm decreases
and a new absorption peak located at 680 nm appears ac-
companying with solution color changing from wine red to
blue (Fig. 2c). Interestingly, following the gradual aggre-
gation of AuNPs, the fluorescence of Tb-MOFs recovers
(Fig. 2d). Herein, 50 mM NaCl is chosen for the subse-
quent experiment.

By comparison of the absorption spectra of dispersed or
aggregated AuNPs with the excitation and emission spectra
of Tb-MOFs in Fig. 3a, it can be seen clearly the dispersed
AuNPs show a broad absorption in the region of 250–600 nm
with a SPR peak located at 520 nm, while the aggregated
AuNPs in salt solution display a remarkable red-shifting of
SPR peak from 520 to 680 nm, and the absorbance at the
wavelength from 250 to 400 nm weakens. It means that the
dispersed AuNPs rather than the aggregated ones have a good
spectral overlap with the excitation and emission band of the
Tb-MOFs. Therefore, IFE is firstly considered for the fluores-
cence quenching of Tb-MOFs by the dispersed AuNPs. The
role of IFE among the quenching process is investigated ac-
cording to Eq. 1 described as below [24]:

Fcor
Fobsd

¼ 2:3dAex

1−10−dAex
10gAem

2:3sAem
1−10−sAem

ð1Þ

Fig. 1 Excitation and the
emission spectra of Tb-MOFs
(λex = 280 nm, λem = 545 nm)
(a); TEM image of Tb-MOFs (b);
XRD patterns of the Tb-MOFs
and the simulated (c); FT-IR
spectra of isp and Tb-MOFs (d).
The insets of (a) are photographs
of Tb-MOFs solution under
daylight (1) and UV light at
254 nm (2)
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where Fobsd is the measured maximum fluorescence inten-
sity of Tb-MOFs with the addition of AuNPs at 545 nm
and Fcor is the corresponding corrected maximum fluores-
cence intensity by removing IFE from Fobsd; Aex and Aem

are the absorbance of Tb-MOFs with the addition of
AuNPs at the excitation wavelength (λex = 280 nm) and
maximum emission wavelength (λem = 545 nm), respec-
tively; s is the thickness of excitation beam (0.10 cm); d
is the width of the cuvette (1.00 cm); and g is the distance
between the edge of the excitation beam and the edge of
the cuvette (0.40 cm in this case). The maximum value of

the correction factor (CF) cannot exceed 3; otherwise, the
correction is not convincing.

As displayed in ESM Table S1, the CF of IFE and the
relevant parameters change with increasing the concentration
of quencher at various temperatures. By calculating the ob-
served and corrected suppressed efficiency (E%) of Tb-MOFs
after adding different amounts of AuNPs (Fig. 3b), it is found
that approximate 20% of the quenching effect is attributed to
the IFE at 293 K. After removing the IFE, the remaining
quenching effect may lead to the fluorescence decrease of
Tb-MOFs.

Fig. 2 Fluorescence spectra of
Tb-MOFs upon the addition
different concentrations of
AuNPs (a) and the corresponding
quenching efficiency (b); UV–vis
absorption spectra of AuNPs
upon the addition different
concentrations of NaCl (c).
Fluorescence spectra of Tb-
MOFs@AuNPs system upon the
addition of different
concentrations of NaCl (d). The
inset of (c) is the corresponding
photographs, and the
concentrations of NaCl in
photograph from 1 to 5 are 0, 10,
30, 50, and 70 mM, respectively.
The concentration of Tb-MOFs is
0.02 mg/mL. All data are
recorded at the emission of
545 nm with the excitation at
280 nm

Fig. 3 Comparison of absorption spectra of dispersed or aggregated
AuNPs with the excitation and emission spectra of free Tb-MOFs (a).
Suppressed efficiency (E%) of observed (black line, Eobsd%) and
corrected (red line, Ecor%) results for Tb-MOFs after each addition of
various concentrations of AuNPs at room temperature (b). Eobsd = 1 −

Fobsd Fobsd,0, in which Fobsd,0 is the observed fluorescence intensity of
Tb-MOFs in the absence of AuNPs. Ecor = 1 − Fcor Fcor,0, in which Fcor,0
is the corrected fluorescence intensity of Tb-MOFs in the absence of
AuNPs. The concentration of Tb-MOFs is 0.02 mg/mL. The data are
recorded at 545 nm with the excitation at 280 nm
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Subsequently, the static quenching effect (SQE) and dy-
namic quenching effect (DQE) are analyzed for the quenching
mechanism by Stern–Volmer equation [25] (Eq. 2):

F0
F

¼ 1þ Ksv Q½ � ð2Þ

where F0 and F are the fluorescence intensity of Tb-MOFs
before and after adding the AuNPs; KSV is the Stern–Volmer
quenching constant, and [Q] is the concentration of AuNPs. In
this assay, because of removing the IFE effect, the F0 and F
should be replaced with the Fcor,0 and Fcor, which are the
corrected fluorescence intensities of Tb-MOFs in the absence
and presence of AuNPs according to Eq. 1 (given in ESM
Table S1). As shown in ESM Fig. S9, the corrected fluores-
cence intensity ratios linearly respond to the concentration of
AuNPs at different temperatures. The liner Stern–Volmer plot
usually indicates that one type of quenching mechanism (SQE
or DQE) is predominating [26]. Moreover, the SQE and DQE
can be differentiated by their dependence on temperature. In
dynamic quenching process, increasing temperature will ac-
celerate the collision between the quencher and the
fluorophore, resulting in the KSV increasing. The obtained
KSV from Stern–Volmer slope at 293, 303, and 313 K are
2.629 × 109, 5.466 × 109, and 1.36 × 1010 M−1, respectively.
The results coincide with DQE, indicating that the interaction
between Tb-MOFs and AuNPs is mainly a dynamic
quenching process.

To further explore the quenching mechanism, FRET in
quenching effect is further investigated due to the good spec-
tral overlap between absorption spectrum of dispersed AuNPs
and emission spectrum of Tb-MOFs. As well known, one of
the most important differences between FRET and IFE is that
fluorescence lifetime of the donor will change in the FRET,
but it will not in the IFE [27]. The fluorescence decays of Tb-
MOFs in the absence and presence of dispersed AuNPs are
calculated according to ESM Fig. S10a by using Eq. 3 [28].

τh i ¼ ∑
i
fiτi ð3Þ

The fluorescence decay of Tb-MOFs changes from 2.31
to 1.05 ns after adding dispersed AuNPs, revealing that the
fluorescence quenching of Tb-MOFs by dispersed AuNPs
may be ascribed to FRET. For an effective FRET, a sub-
stantial spectral overlap between the donor emission and
the acceptor absorption is required, so the Tb-MOFs act as
the donor and the dispersed AuNPs are the effective accep-
tor. Furthermore, the FRET efficiency is related to the dis-
tance between the donor and the acceptor [25]. In ESM
Fig. S10b, the zeta potential of dispersed AuNPs is −
68.6 mV at pH 7.4, indicating that dispersed AuNPs are
negatively charged due to the citrate ions coating on the
surface of AuNPs. While Tb-MOFs are + 13.3 mV; as a

result, the negatively charged AuNPs can interact with
the positively charged Tb-MOFs via the electrostatic at-
traction interaction, which shortens the distance between
dispersed AuNPs and Tb-MOFs. These results verify the
effective FRET from Tb-MOFs to dispersed AuNPs.
Besides, TEM image also validates that a lot of AuNPs
can adsorb onto the surface of large Tb-MOFs flakes
(ESM Fig. S10c). EDS pattern shows that the Tb-
MOFs@AuNPs is comprised of C, O, Au, and Tb of
24.83, 15.57, 6.10, and 19.47 wt% concentration, respec-
tively (ESM Fig. S11), suggesting that the content ratio of
Tb-MOFs and AuNPs in the Tb-MOFs@AuNPs system is
about 3.19:1. Hence, the fluorescence quenching of Tb-
MOFs by dispersed AuNPs presumably involves the pro-
cess of IFE, DQE, and FRET.

Detection of PSA based on the Tb-MOFs@AuNPs
platform

It has been reported that single-stranded DNA (ssDNA)
with a random sequence can be easily adsorbed on the
surface of AuNPs and protect AuNPs against salt-induced
aggregation, because the inter-particle electrostatic repul-
sion between ssDNA-adsorbed AuNPs becomes stronger
in comparison with the free AuNPs [29]. Hence, several
ssDNA with different sequences (ESM Table S2), includ-
ing PSA aptamer, ATP aptamer (ABA), human immunode-
ficiency virus (HIV) DNA, hepatitis B virus (HBV) DNA,
thrombin aptamer (TBA), and telomere DNA (Tel 22), are
selected to investigate the protective effect of ssDNA on
AuNPs. As shown in ESM Fig. S12, all of these ssDNA
can stabilize AuNPs against aggregation at high salt con-
centration, indicating that the AuNPs exhibit no selectivity
to the nucleic acid molecules. However, when the ssDNA
is an aptamer that is specific to its target, the assay displays
a good selectivity. Due to the formation of aptamer–target
complex, a rigid structure avoids binding of the DNA bases
on AuNPs surface [29], so the AuNPs aggregate again in
high salt condition (ESM Fig. S13). It means that the target
and aptamer modulate the dispersive or aggregated state of
AuNPs in salt solution, and these AuNPs can act as the
Bbridge,^ which connects the probe of Tb-MOFs and bio-
molecules as targets (Scheme 1). As the proof of concept,
PSA, an efficient tumor indicator for prostate cancer, is
selected as the target in this assay.

As shown in Fig. 4, compared with the free Tb-MOFs
(line 1), the quenching abilities of the dispersed AuNPs
and aggregated ones are different (lines 2 and 3). The
PSA aptamer stabilized AuNPs can keep dispersive in the
presence of salt, producing the emissions quenching of Tb-
MOFs (line 4). Subsequently, when the aptamer specifical-
ly reacts with its target PSA and forms aptamer–PSA com-
plex, which shows a rigid structure and cannot protect
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AuNPs on the high salt condition, so the aggregation of
AuNPs induces the recovery of Tb-MOFs (line 5). In this
case, Tb-MOFs play the role of probe, AuNPs as the switch
and aptamer as the identification element.

Sensitivity

The concentration of aptamer is an important factor for effec-
tively protecting AuNPs and sensitively responding to PSA.
As depicted in ESM Fig. S14, 50 nM of aptamer can provide
the effective protection of AuNPs against salt-induced aggre-
gation. Thus, 50 nM of aptamer is chosen for sensitive detec-
tion of PSA. Next, the fluorescence change of Tb-
MOFs@AuNPs system in the presence of aptamer and NaCl
with addition of various concentrations of PSA is recorded in
Fig. 5. With increasing the concentration of PSA, the fluores-
cence of Tb-MOFs enhances gradually, and the linear range of
PSA is obtained from 1 to 100 ng/mL with LOD of 0.36 ng/
mL. The comparison of this paper with other reports for PSA
detection (in ESM Table S3) suggests that this method is not
inferior to other assays and exhibits a relatively wide linear
range and low limit detection.

Selectivity

It is well known that human urine usually contains a large
number of metabolites, such as amino acids, urea, uric acid,
inorganic salts, sugars, and some proteins [30]. To evaluate the
specificity for PSA, some potential interference substances are
exploited, including urea, uric acid, HSA, trypsin, thrombin,
IgG, urease, lysozyme, histidine, L-leucine, L-arginine, lysine,

Scheme 1 Schematic illustration
of construction of aptasensor
based on the interaction of Tb-
MOFs with dispersive/
agglomerated AuNPs

Fig. 4 Fluorescence spectra of free Tb-MOFs (line 1) and Tb-MOFs in
the presence of AuNPs (line 2); both AuNPs and NaCl (line 3); the
mixture of aptamer, AuNPs, and NaCl (line 4); and the mixture of
aptamer, PSA, AuNPs, and NaCl (line 5) in Tris-HCl buffer (pH 7.4).
The concentrations of Tb-MOFs, AuNPs, NaCl, aptamer, and PSA are
0.02 mg/mL, 0.5 nM, 50 mM, 50 nM, and 100 ng/mL, respectively. The
excitation wavelength is 280 nm
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L-threonine, sucrose, glucose, D-mannose, fructose, Cl−,
HPO4

2−, NO3
−, Zn2+, Ca2+, Mg2+, K+, and Na+. As shown

in Fig. 6, a distinct fluorescence variation induced by PSA can
be observed, while other substances are invalid. The results
indicate that this method based on the high specific reaction
between aptamer and PSA has excellent selectivity.

PSA determination in real sample

Compared with the traditional assessments of serum PSA, it is
proved that detection of urinary PSA has become a credible
candidate. Especially, prostatitis and benign prostatic hyper-
plasia will also produce the high serum PSA in benign condi-
tions, resulting in the inaccurate values [31]. Therefore, the
levels of PSA in urine samples are analyzed by the proposed
method, and ELISA is selected as a reference method. The

experimental results are obtained by using the standard addi-
tion method as described in Table 1. The desirable recoveries
of PSA in human urine samples are from 96 to 109% for the
proposed method and 97 to 103% for ELISA. There is no
significant difference between the two methods, indicating
the well applicability of this biosensor to quantitative detec-
tion of PSA in real biological matrices.

Conclusion

Herein, the stable Tb-MOFs with good water dispersion are
developed. By using the good quenching effect of dispersive
AuNPs on the Tb-MOFs, a label-free aptasensor for PSA is
constructed based on Tb-MOFs@AuNPs sensing platform.
Due to the protection of aptamer, the AuNPs can be dispersive

Fig. 6 Selectivity of the detection of PSA over other interference
substances in Tris-HCl buffer (pH 7.4). The concentration of PSA is
30 ng/mL; the concentrations of uric acid, HSA, trypsin, thrombin, IgG,
urease, lysozyme, histidine, L-leucine, L-arginine, lysine, L-threonine,
Zn2+, Ca2+, and Mg2+ are 300 ng/mL. The concentrations of sucrose,

glucose, D-mannose, fructose, and HPO4
2− are 1 mg/mL. The

concentrations of urea, Cl−, NO3
−, K+, and Na+ are 2 mg/mL. The

concentrations of Tb-MOFs, AuNPs, NaCl, and aptamer are 0.02 mg/
mL, 0.5 nM, 50 mM, and 50 nM, respectively. All data are recorded at
the emission of 545 nm with the excitation at 280 nm

Fig. 5 Fluorescence spectra of Tb-MOFs@AuNPs system in the
presence of NaCl and aptamer with addition of different concentrations
of PSA (a) and corresponding linear range of PSA (b) in Tris-HCl buffer

(pH 7.4). The concentrations of Tb-MOFs, AuNPs, NaCl and aptamer are
0.02 mg/mL, 0.5 nM, 50 mM, and 50 nM, respectively. The excitation
wavelength is 280 nm and all data are recorded at the emission of 545 nm

3986 Qu F. et al.



in high salt condition and quench the fluorescence of Tb-
MOFs. With addition of PSA, the aptamer–target complex
releases from AuNPs, which aggregate significantly in salt
solution, causing the emission recovery of Tb-MOFs.
Compared with other ways involving labeled aptamer, this
strategy not only costs less and operates easily but also dis-
plays satisfactory sensitivity and selectivity. Last but not least,
this work supplies a new and general MOFs-based protocol
that can be extended for probing numerous other biological
targets by changing the sequence of aptamer.
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