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Porous organic frameworks (POFs) are excellently stable porous materials, which can be employed as
host platforms to supportmetal nanoparticles as functional composites for various applications. Herein, a
novel POF is successfully prepared via Friedel-Crafts reaction. Silver nanoparticles (AgNPs) are embedded
in the prepared POF to generate an Ag@POF composite, which not only possesses high surface area,
outstanding physicochemical stability and outstretched p-conjugation skeleton, but also exhibits
preferable electrochemical stability and conductivity. This composite is able to immobilize a mass of
aptamer strands to fabricate an intriguing electrochemical aptasensor. Electrochemical impedance
spectroscopy (EIS) is a commonly used technology to analyze the electrochemical signal variation. The
Ag@POF-based biosensor shows the excellent electrochemical detection behavior through analyzing EIS.
For instance theophylline as a research mode, the Ag@POF based electrochemical aptasensor reveals
ultra-sensitiveness, high selectivity, remarkable stability, good repeatability and simple operability
even in various real samples. Notably, this aptasensor has the sensitive detection performance with the
limit of detection of 0.191 pg/mL (1.06 pmol/L) in a wide concentration range of 5.0�10-4 – 5.0 ng/mL
(2.78� 10-3 – 27.8 nmol/L).
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Theophylline (TP) is a commonly used drug for multiple
diseases, such as emphysema, cardiac edema, cholecystalgia,
bronchial and cardiogenic asthma [1]. The serum concentration
of TP significantly affects the pharmacological effect, but the poor
drug absorption has an apparent influence of the blood TP
concentration due to multi-factors in different individuals,
including physical constitution, immune system and disease
extent [2]. Low level of TP in blood are poor curative effect, but
excessive concentration can cause harmful side-effects on human
body [3]. It is worth noting that more than one blood sample (>
25mL) are usually required for monitoring TP in current clinical
practice to result in the difficulty for patients [4]. Therefore, it is
vitally important to efficiently and accurately detect TP in a small
amount of blood at an ultra-low concentration. Currently, various
techniques have been developed to detect TP in clinical laboratory,
such as fluorescence polarization immunoassay [5], high perfor-
mance liquid chromatography [6] and thin layer chromatography
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[7]. Nevertheless, some obvious disadvantages restrict the broad
use of these techniques, for instance operation complex, sample
pretreatment, long test time, large volume and expensive
equipment. Compare to these test methods, electrochemical
sensors have been attracting a range of interest on account of
tiny volume, inexpensive facility, excellent detection ability and
selectivity [8–11]. Especially, electrochemical aptasensors are
greatly potential biosensor for detecting trace analyte due to high
sensitivity and selectivity of aptamers [12–14]. In terms of
enhancing the detection performance, a variety of functional
materials have been prepared and used to cover the working
electrode surface to increase the load capacity of aptamer for
aggrandizing response signal, such as graphene [15],metal-organic
framework [16], metal particle [17] and carbon-based material
[18]. Nowadays, exploration and synthesis of more effective
functional materials is still a meaningful and challenge research
field.

Recently, porous organic frameworks (POFs) have been
designed and prepared by covalently-bonded organic motifs with
various unique properties, including high surface area, tunable
aperturestructure, excellent stability and diversiform structure
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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[19–21]. By virtue of their task-specific features, POFs show greatly
potential application values in numerous fields, such as heteroge-
neous catalysis, gas sorption, sensor [22–24]. Nevertheless, only
few POFs are implemented to construct electrochemical sensors
formonitoring analytes [25,26], because they always have the poor
electroconductibility to restrict their utilizations in electrochemi-
cal research. As we know, metal particles have satisfactory
electrical conductivity and electrochemical stability, which can
be employed as guest species into open structures of POFs to
generate composites with the merits of both POFs and metal
particles [27,28]. Hence, exploration and development of novel
POFs embedded with metal particles has the potential application
as biosensors for detecting target analyte.

Encouraged by the above considerations, a novel hyper-cross-
linked POF is successfully prepared by the Friedel-Crafts reaction of
1,3,5-tris(bromomethyl)-2,4,6-trimethylbenzene (TBT) and biphe-
nyl (BP). By virtue of the porous structure, the prepared POF can be
further employed as a host porous material to confine Ag
nanoparticles (Ag NPs) to obtain a Ag@POF composite. Electro-
chemical impedance spectroscopy (EIS) is always implemented as
a useful and sensitive electrochemical response signal to analyze
the sensing performance. This composite has outstanding stability,
preferable electroconductibility, extend conjugate skeleton and
high surface area, leading to immobilizing lots of aptamers to
fabricate a highly efficient electrochemical aptasensor in the
detection of TP. This composite-based biosensor has super
sensitive detection capability, high specificity, superior stability
and good repeatability.

There are no any diffraction peaks in the powder X-ray
diffraction (PXRD) pattern of POF due to its amorphous solid
essence (Fig. 1a). New diffraction peaks at 38.2� and 44.4� in this
composite are assigned to (111) and (200) phases of face-centered
cubic (fcc) Ag (JCPDS No. 4-0783) [29]. The Ag content in this
composite is �8.3% by using inductively coupled plasma.
Thermogravimetric analysis (TGA) show both materials have high
thermal stability in air (Figs. S1 and S2 in Supporting information).
As seen in Fig. 1b, 13C solid-state NMR spectra exhibit that this
composite has the same skeleton structure with the original POF
after embedding AgNPs. Evident signals fromaromatic carbons are
found from 107 ppm to 145 ppm. The crosslinking process of
organic monomers is ascertained by two peaks at 16 and 35 ppm
from carbon atoms of bonded methylene and terminal methylene,
respectively [30]. Compared to organic monomers, the Fourier
transform infrared (FT-IR) spectrum of POF has new infrared
absorption characteristic peaks at 2927, 2867 and 1635 cm-1from
aromatic C–H and CH2 asymmetric stretching frequencies and the
aromatic C¼C bond, respectively (Fig. 1c). The FT-IR curve of
Ag@POF is similar with that of POF, indicating POF can keep its
structure during the synthetic process of Ag@POF. The high-
resolution X-ray photoelectron spectroscopy (XPS) of Ag 3d is only
found in this composite, which shows two characteristic peaks at
374.6 eV of Ag 3d3/2 and 368.6 eV of Ag 3d5/2 (Fig. 1d and Fig. S3 in
Supporting information) [31,32]. At the same time, the full XPS
spectra of both samples prove that the specific binding energy of
[(Fig._1)TD$FIG]

Fig. 1. (a) PXRD patterns, (b) 13C solid-state NMR spectra, (c) FT-I
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Ag only exists in the Ag@POF composite (Figs. S4 and S5 in
Supporting information).

N2 adsorption/desorption isotherms were measured to investi-
gate the internal pore structures. As-synthesized samples were
immersed in fresh CH2Cl2 for 3 days and further activated at 120 �C
for 12 h under vacuum to remove guest molecules. N2 sorption
isotherms of both activated samples showobvious hysteresis loops
in the high pressure range on account of internal micro-
mesoporous structure (Fig. 2a). The maximum N2 adsorption
amounts of POFand Ag@POFare 406 and 253 cm3/g at P/P0 = 1with
Brunauer–Emmett–Teller (BET) surface areas of 566 and 462 m2/g,
respectively. The pore size distributions can be analyzed by
adopting the non-local density functional theory (Fig. S6 in
Supporting information). The apparent decrease of pore volume
and N2 adsorption uptake of this Ag@POF composite is caused by
AgNPs embedded in the porous POF. Scanning electronmicroscope
(SEM) were employed to investigate morphology and microstruc-
ture of POF and Ag@POF, illustrating that they are approximate
sphere and further accumulated together (Figs. S7 and S8 in
Supporting information). Transmission electronmicroscopy (TEM)
images show that Ag NPs are uniformly distributed in the host POF
with the particle size from 10 nm to 15 nm (Figs. 2b and c).
Furthermore, no any XPS characteristic peaks of P 2p can be found
in the as-synthesized Ag@POF, because this sample only has C, H
and Ag atoms (Fig. 2d). However, obvious XPS signals of P 2p can be
detected in apt/Ag@POF and TP/apt/Ag@POF, confirming the
existence of aptamer on the surface of Ag@POF (Figs. 2e and f).
The high-angle annular dark field-scanning transmission electron
microscopy (HAADF-STEM) with elemental mapping indicate that
C and Ag elements from this composite and P element from
aptamer are uniform dispersion to prove the successful construc-
tion of this electrochemical aptasensor (Figs. 2g–j).

The preparation process of electrochemical aptasensors can be
analyzed and explored by using cyclic voltammetry (CV) and EIS
electrochemical techniques. The CV curve of bure Au electrode (AE)
shows an obvious peak-to-peak separated redox peaks of
[Fe(CN)6]3-/4-. However, CV signals exhibit continuous variations
of Ag@POF/AE, apt/Ag@POF/AE and TP/apt/Ag@POF/AE (Fig. 3a),
because the continuously adding layers of Ag@POF, aptamer and TP
can decrease the diffusion coefficient and block the electron
transfer between theworking electrode surface and the electrolyte
solution [33]. The EIS technology is used to discover the impedance
change of electrode interface properties [34]. EIS plots can be well
simulated by Randles equivalent circuit (Fig. S9 in Supporting
information). The Rct value of bare AE is only 0.054 kohm to
manifest the clean electrode. Similar with CV results, Rct values
gradually enhance to 0.101, 0.179 and 0.346 kohm of Ag@POF/AE,
apt/Ag@POF/AE and TP/apt/Ag@POF/AE at 5.0�10�4 ng/mL, re-
spectively (Fig. 3b). This electrochemical behavior is principally
ascribed to additional cover layers with poor electroconductivity
on electrodes [35]. To study the advantage of the Ag@POF-based
electrochemical aptasensor, pure POF was also used to modify the
working electrode to load aptamers for monitoring TP. The similar
signal changes were detected for AE, POF/AE, apt/POF/AE and TP/
R spectra and (d) the high-resolution XPS spectrum of Ag 3d.
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Fig. 2. (a) N2 sorption isotherms at 77 K. (b, c) TEM images of the Ag@POF composite. High-resolution XPS spectra of P 2p of Ag@POF (d), apt/Ag@POF (e) and TP/apt/Ag@POF
(f). (g-j) The HAADF-STEM image of TP/apt/Ag@POF with C, Ag and P elemental mappings.

[(Fig._3)TD$FIG]

Fig. 3. (a) CV curves and (b) EIS Nyquist plots of different modified AEs. (c) EIS plots of atp/Ag@POF/AE in different TP solutions. (d) The linear dependence of DRct and
logarithm values of TP concentration with the fitting straight-line.

Z.-Y. Han, H.-K. Li, Q.-Q. Zhu et al. Chinese Chemical Letters 32 (2021) 2865–2868
apt/POF/AE (Figs. S10 and S11 in Supporting information). The Rct
variation (DRct) values of Ag@POF and POF-based electrochemical
aptasensors evidently illustrate that the biosensor based on
Ag@POF has better electrical conductivity and can load more
aptamers for synergistically enhanced electrochemical sensing
[(Fig._4)TD$FIG]

Fig. 4. (a) The selectivity, (b) reproducibility and (c) long-term stability o

2867
ability. The corresponding DRct values of POF and Ag@POF as
modified materials are 0.111 and 0.047 kohm (DRct, material/AE –

DRct, AE), and 0.070 and 0.079 kohm (DRct, apt/material/AE –

DRct, material/AE), and 0.096 and 0.166 kohm (DRct, TP/apt/material/AE –

DRct, apt/material/AE), respectively (Fig. S12 in Supporting
f the prepared Ag@POF-based electrochemical aptasensor towards TP.
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information). Forexploring thesensingabilityof theAg@POF-based
biosensor towardTP, thisbiosensorwas incubated in theTPsolution
atdifferentconcentrations for30minandcollect the corresponding
EIS. The Rct value slowly expands with the gradually increasing TP
concentration, because more TP/aptamer compositions can gener-
ate on the electrode surface at higher TP concentration to impede
the electron transfer between electrolyte and electrode (Fig. 3c).
The DRct value of this electrochemical aptasensor before and after
soaking in the TP solution is used as response signal to detect TP.
There is a good proportional relation between DRct value and
logarithmvalue of TP concentration in the range5.0�10�4 –5.0 ng/
mL (2.78�10�3 – 27.8 nmol/L). The linear regression equation can
be fitted as DRct = 0.35427 lgCTP – 0.80837 with a good correlation
coefficient (R2) of 0.994 (Fig. 3d), which is used to calculate the LOD
value of 0.191 pg/mL (1.06 pmol/L) with the signal noise ratio of 3.
Comparation with other reported materials and methods [36–47],
the Ag@POF-based electrochemical aptasensor exhibits excellent
sensitive detectability toward TP (Table S1 in Supporting informa-
tion).

The selectivity of this electrochemical aptasensor based on
Ag@POF was investigated by comparing the DRct value of this
biosensor in TP or other potential interferences, including serine
(SE), caffeine (CA), glucose (GL) and theobromine (TH). The
prepared aptasensor has a slight variation after immersing in the
interference solutions at 0.1 ng/mL, but an apparent electrochemi-
cal impedance variation can be found after exposing in the TP
solution at the same concentration (Fig. 4a). This performance can
strongly certify that this biosensor possesses the excellent
specificity toward TP. The reproducibility was further confirmed
by fabricating five electrodes to detect TP (0.1 ng/mL), which have
the similar DRct values with the relative standard deviation (RSD)
under 5.29% (Fig. 4b). As illustrated in Fig. 4c, this prepared
aptasensor can be continuously used to monitor TP at a fix
concentration of 0.1 ng/mL for 15 days with the similar detectable
DRct value and the RSD value under 6.17% to prove the preferable
long-term storage and stability. Consequently, the Ag@POF-based
electrochemical aptasensor has outstanding selectivity, preferable
reproducibility and acceptable stability in the detection of TP.

The real applicability of the Ag@POF-based electrochemical
aptasensor was investigated and analyzed by adding different
amounts of TP in real human serum and urine samples. EIS data of
this aptasensor toward TP were collected in such real samples by
using the standard addition approach. EIS measurements were
measured under the same test condition in the pure aqueous
solution. The DRct values of apt/Ag@POF/AE toward different TP
concentrations in such real samples are similar with the DRct
values in the pure aqueous solution (Table S2 in Supporting
information). In addition, RSD values are all less than 5.09% and the
recoveries are in the range of 98.2%–109.8%. The result illustrates
that this Ag@POF-based electrochemical sensor has the preferable
detection ability toward TP in human serum and urine.

In this work, an Ag@POF composite is successfully prepared
and used as a modified material to fabricate an intriguing
electrochemical aptasensor. This biosensor exhibits a super
sensitive detection capability toward TP in a wide concentration
range by using EIS, which also has excellent selectivity,
outstanding stability and good repeatability. More importantly,
the electrochemical aptasensor can quantitatively detect TP even
in real samples. We hope that this work can provide a
representation of POFs embedded metal particles as electrode
modification materials to fabricate ultrasensitive electrochemical
aptasensors in the quantitative detection of trace target analyte
for health and food safety.
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