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A B S T R A C T

This work reports a microfluidic paper-based photoelectrochemical (μ-PEC) sensing platform for thrombin (TB)
detection with electron-transfer tunneling distance regulation (ETTDR) and aptamer target-triggering nicking
enzyme signaling amplification (NESA) dual strategies. Specifically, paper-based TiO2 nanosheets (PTNs) were
prepared with an efficient hydrothermal process, serving as the direct pathway for the charge carriers transfer.
When CeO2-labeled hairpin DNA 3 (HP3) was closely located at the PTNs, the CeO2-PTNs heterostructure was
formed, which could great facilitate the photogenerated carries separation of CeO2. In addition, with the aid of
aptamer target-triggering NESA strategy, the input TB could be transducted to numerous output target of DNA
(tDNA), achieving the goal of desirable signal amplification. In the presence of TB, the output tDNA could be
further hybridized with HP3 and unfold its hairpin loop, which forced the CeO2 away from the surface of PTNs
and vanished the CeO2-PTNs heterostructure, resulting in the obviously reducing of photocurrent signal. The as-
designed sensing platform exhibited a linear range from 0.02 pM to 100 pM with a detection limit of 6.7 fM.
Importantly, this μ-PEC sensing platform could not only realize the highly efficient TB detection, but also pave a
luciferous way for the detection of other protein in bioanalysis.

1. Introduction

Cellulose paper, with the features of large specific surface area, high
internal porosity, and rough surface, has been widely explored in the
few years (Gao et al., 2018a; Zhang et al., 2017, 2018). Up to date,
microfluidic paper-based analytical device possesses the superior merits
including low-cost, portable, and high sensitive, has obtained con-
siderable attention (Kokkinos et al., 2018; Li et al., 2018). Among them,
paper-based photoelectrochemical (μ-PEC) sensing platform, which
employs the complete separation of the detection signal and excitation
source, providing high sensitivity with low background signal, has been
achieved salient progress (Lan et al., 2017; Ju et al., 2014; Bellani et al.,
2015; Sun et al., 2014; Chen et al., 2014). As known, the key factor to
achieving high sensitivity in μ-PEC sensing platform is to produce a
large photocurrent signal, namely, the photoelectric property of pho-
toactive materials plays an important role in the analytical performance
of sensing platform (Gao et al., 2018; Zhou et al., 2019). Varieties of
semiconductors have been used to functionalize the cellulose paper,
serving as the photoactive materials (Zhao et al., 2018; Kong et al.,

2018a; Jiang et al., 2017; Liu et al., 2017). Among potential candidates,
TiO2 has been proved to be an excellent photoactive material due to its
good biocompatibility, photoelectric activity, and chemical stability
(Xu et al., 2012; Zhang et al., 2015; Li et al., 2017). Until now, paper
based zero-dimension and two-dimension TiO2 nanosheets have been
successfully prepared (Stepien et al., 2013; Gao et al., 2018b). Not-
withstanding, as for pure TiO2, the photogenerated electron-hole pairs
are apt to spontaneous recombination (Zheng et al., 2016; Gao et al.,
2017), and only a fraction of them could migrate to the electrode sur-
face and generate photocurrent, which affects the sensitivity of con-
structed sensing platform (Wang et al., 2019). Consequently, designing
an ingenious strategy to promote efficient transfer of photogenerated
carriers is highly demanded. Fortunately, the electron-transfer tun-
neling distance regulation (ETTDR) strategy has been proposed and
ignited considerable research interest which could facilitate the se-
paration of photogenerated carries. (Liu et al., 2008; Fan et al., 2003;
Yang et al., 2015). With the aid of ETTDR strategy, a universal ratio-
metric PEC bioassay for ultrasensitive detection of microRNA has been
fabricated (Zheng et al., 2017). By regulating the electron-transfer
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tunneling distance between photoactive material and sensing surface,
the designed universal ratiometric PEC bioassay could realize sensitive
detection of analyte. Inspired by aforementioned report, in this work,
nanoceria (CeO2) (Abdi et al., 2013; Kong et al., 2018b), a narrow band
gap (2.67 eV) semiconductor with admirable light harvesting capacity
and strong visible light excitation capability was utilized to fabrication
the CeO2-PTNs heterostructure by immobilizing CeO2-labeled hairpin
DNA 3 (HP3) on the surface of PTNs. In this way, the electron-transfer
tunneling distance between CeO2 and PTNs could be controlled.
Meanwhile, the folded HP3 made the labeled CeO2 move close to the
surface of PTNs, leading to the formation of CeO2-PTNs heterostructure
and obviously increasing the photocurrent signal. What's more, PTNs
could provide a direct pathway for photogenerated carriers, promoting
the transfer of photogenerated carriers (Su et al., 2013). Importantly,
this novel CeO2-PTNs heterostructure has not been exploited in the
paper based bioanalysis.

Nowadays, numerous aptamers with high-affinity and high-specific
have been screened for the detection of target molecules (Xue et al.,
2012). Compared with antibodies, aptamers offer several prominent
advantages, such as owning stability and reusability, being easy-to-
stock, and possessing widespread availability for almost any given
subsistent protein (Choi et al., 2016; Yue et al., 2019). Nevertheless,
one target could only trigger one target-aptamer binding interaction for
generally, which limits the signal collection and detection sensitivity. In
order to achieve high sensitivity, various aptamers based signal am-
plification strategies have been employed, such as rolling circle am-
plification (Wang et al., 2015; Yan et al., 2018), hybridization chain
reaction (Wu et al., 2015), polymerase chain reaction (Yang and
Ellington, 2008; Qi et al., 2018), and aptamer target-triggering nicking
enzyme signaling amplification (NESA) (Li et al., 2014a). Among them,
aptamer target-triggering NESA strategy has been extensively applied
to construct PEC sensor due to its unique specificity for single-base
mismatch detection, lower energy requirements, and excellent sensi-
tivity for analytes (Xu et al., 2009; Li et al., 2011). Specifically, the
nicking enzyme, as a special group of restriction endonucleases, was
used to recognize specific sequences of a duplex DNA and cleave only
one strand of it (Higgins et al., 2001). Besides, target-triggering NESA
strategy can be carried out under an isothermal condition without other
special instrumentation though nucleotide specific recognition tech-
nology and cyclic cleavage at the specific cleavage sites (Connolly and
Trau, 2010). With those above-mentioned advantages, it is meaningful
to integrated target-triggering NESA strategy with μ-PEC sensing plat-
form to construct a sensitive sensor for bioanalysis.

In this work, a sensitive μ-PEC sensing platform based on aptamer
target-triggering NESA and ETTDR strategies has been developed for
thrombin (TB) detection for the first time. TB, as a type of serine en-
doprotease, has captured ongoing attention in recent years for its pi-
votal role in thrombosis, hemophilia, cardiovascular diseases and reg-
ulation of inflammation processes (Li et al., 2014b; Hao et al., 2018).
Generally, excessive TB will cause thromboembolic diseases and low-
volume of TB will give rise to excessive hemorrhage (Na et al., 2015).
PTNs were prepared firstly via a simple hydrothermal process, subse-
quently, CeO2-labeled HP3 was immobilized on the surface of PTNs,
and an enhanced photocurrent signal was produced by CeO2 in close
proximity to PTNs. With the aid of target-triggering NESA strategy, the
one input TB could be transducted to corresponding numerous output
tDNA though nucleotide specific recognition technology and cyclic
cleavage at the specific cleavage sites, simultaneously leading to a de-
sirable efficient signal amplification. After that, the output tDNA were
hybridized with HP3, the photocurrent signal dramatically decreased
due to CeO2 away from the PTNs. With such design, the as-prepared μ-
PEC sensing platform exhibited good sensitivity, specificity, and re-
producibility, which implies a great potential in clinical biomedicine
detection of various proteins.

2. Experimental section

2.1. Design and preparation of the μ-PEC sensing platform

The preparation processes of the μ-PEC sensing platform were
shown in Fig. S1. In details, Adobe illustrator CS6 software was used to
design the shape patterns of μ-PEC sensing platform and the hydro-
phobic barrier was fabricated through wax-printing. After printing with
a wax printer, the wax-printed paper (210mm×297mm) was heated
in an oven at 140 °C for 2min to melt the wax, generating the hydro-
phobic barrier. Then, the wax-printed paper was cut into separate de-
vice and ready for PTNs growth. Finally, the Ag/AgCl reference elec-
trode and carbon counter electrode were obtained through the screen-
printed strategy.

2.2. Synthesis of the PTNs

Firstly, a layer of Ag was modified onto the paper working zone to
endow it the desirable conductivity. Then, 0.35 g potassium titanium
oxide oxalate dehydrate was added to 3mL ultrapure water. After
stirring for 10min, 17mL diethylene glycol was added into the above
mixture with stirring for another 30min. Finally, the mixture was
transferred into Teflon-lined stainless steel autoclave, in which the
paper substrate was placed with the conductivity side facing down.
Subsequently, the autoclave was sealed and heated at 120 °C for 2 h.
After cooling to room temperature, the sample was taken out, washed
with ultrapure water and dried in ambient air.

2.3. Preparation of the CeO2-labeled HP3

The CeO2 was prepared according to the previously reports with
slight modifications (Li et al., 2015, 2017), and the details were de-
scribed in the Supplementary Materials. The CeO2-labeled HP3 was
obtained just like follows. Firstly, the CeO2 was silylated with (3-ami-
nopropyl) triethoxysilane. Then, 20 μL amino-functionalized CeO2 was
added into the mixture containing 20 μL of 10mM N-(3-Dimethylami-
nopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and 10mM N-
hydroxysuccinimide (NHS). Subsequently, 20 μL of 4 μM HP3 was in-
troduced to the above mixture and gently stirred for 2 h. The obtained
solution was collected by wash-centrifugation cycles for three times,
and further dispersed in phosphate buffered solutions (PBS) (pH 7.0) for
following use.

2.4. Preparation of the magnetic beads (MB)-HP2

For preparation of the MB-HP2, 40 μL of MB was added into the
mixture (20 μL) including 10mM EDC and 10mM NHS and stirred for
30min. After washed with PBS, 20 μL of 4 μM HP2 was dropped into the
mixture and continue stirring gently for 2 h. Under magnetic separa-
tion, the obtained MB-HP2 was washed and further redispersed in PBS
(pH 7.0) for following use.

2.5. Aptamer target-triggering NESA strategy for TB detection

The aptamer target-triggering NESA strategy was performed as
follows: the mixture containing 2 μM HP1 solution, 2 μM MB-HP2 so-
lution, NEB buffer and different concentrations of TB was incubated at
37 °C for 1 h. Subsequently, 2 U μL−1 Nt.AlwI was added into the
mixture and kept at 37 °C for 1.5 h. After that, the obtained mixture was
heated at 80 °C for 20min to deactivate Nt.AlwI and separated by
magnet. Finally, the remaining solution containing different amount of
tDNA was further used for immobilization on the surface of prepared
paper working zone.
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2.6. Construction and photoelectrochemical measurement of the μ-PEC
sensing platform

Firstly, 20 μL of 0.05mgmL−1 chitosan in 1.0% (v/v) acetic acid
solution was casted onto the surface of paper working electrode and
dried at room temperature. Then, 2.5% (v/v) glutaraldehyde (GLD)
aqueous solution was added onto the surface of electrode and thor-
oughly washed to remove the physically absorbed GLD. After that,
20 μL of 2 μM CeO2-labeled HP3 solution was dropped onto the paper
working electrode for 2 h at 37 °C. Subsequently, 20 μL of 1mM bovine
serum albumin (BSA) solution was dropped on electrode surface at
37 °C for 1 h to block the nonspecific binding sites. Finally, the obtained
solution containing different concentrations of tDNA was added onto
the modified electrode at 37 °C for 1 h to unfold the HP3. What's more,
the details about the photoelectrochemical measurement of the μ-PEC
sensing platform were provided in Supplementary Materials.

3. Results and discussion

3.1. Characterizations of the PTNs and CeO2

Firstly, the scanning electron microscopy (SEM), X-ray diffraction
(XRD) and energy dispersive spectroscopy (EDS) were utilized to in-
vestigate the structural information of the PTNs (Fig. 1). As for the pure
paper substrate, porous network of numerously intertwined cellulose
fibers were observed, which could provide the paper substrate with
large specific surface area (Fig. 1A). As shown in Fig. 1B and inset, the
PTNs uniformly were coated on the surface of paper with vertically
aligned configuration. In addition, the XRD was also carried out to
study the crystallization property of the PTNs, as shown in Fig. 1C. As
seen, in addition to the diffraction peaks of Ag-paper substrate, the new
diffraction peaks of the PTNs with 2θ value around 25.4°, 48.1° and
54.6° could be clearly observed, which can be indexed to the (101),

(200), (105) crystal plane of anatase TiO2 (JCPDS No.21–1272). Fur-
thermore, the EDS spectrum of PTNs clearly identified that the elec-
trode was composed of Ti, O elements, which further confirmed the
successful growth of PTNs (Fig. 1D). The EDS mapping (Fig. S2) can
distinguish the distribution of the Ti and O elements.

The structural morphologies of CeO2 were characterized with SEM,
as presented in Fig. 2A. The SEM observation of CeO2 exhibited a
regular octahedron morphology with good dispersibility and smooth
surface. From the magnified SEM image in the inset of Fig. 2A, it can be
seen that the CeO2 presents a diameter of approximately 50 nm. To
further explore the crystal structure of CeO2, XRD was studied as shown
in Fig. 2B. The diffraction peaks located at 28.6, 33.1, 47.5, 56.4, 59.3,
69.3, 76.8 and 79.0 can be indexed to (111), (200), (220), (311), (222),
(400), (331) and (420) crystal planes of body-centered cubic structure
of CeO2 (JCPDS No.34–0394). Notably, the X-ray photoelectron spec-
troscopy (XPS) of Ce 3d spectrum for CeO2 (Fig. S3) indicated that the
synthesized CeO2 has only the characteristic peaks of Ce4+. What's
more, the ultraviolet-visible (UV–Vis) absorption spectrum of CeO2 was
also measured as shown in Fig. 2C. As can be seen, the light absorption
edge of CeO2 is located at about 460 nm, which demonstrated its de-
sirable visible light adsorption ability.

3.2. Photoelectrochemical characterizations

To assess the photogenerated carries separation efficiency of
sample, the steady-state photoluminescence (PL) was carried out with
the excitation wavelength of 300 nm as shown in Fig. 3A. Evidently, the
CeO2 showed a high PL intensity at around 460 nm (curve a), which is
due to the intrinsic luminescence of CeO2 (Tian et al., 2013). An ob-
vious decrease of the PL intensity was observed when formation of the
CeO2-PTNs heterostructure as compared with that of pure CeO2 (curve
b), indicating that the CeO2-PTNs sample could effectively inhibit the
recombination of photogenerated carries. To further investigate the

Fig. 1. (A) SEM images of paper substrate; inset, magnified SEM images of paper substrate. (B) SEM images of PTNs; inset, magnified SEM images of PTNs. (C) XRD
pattern of (a) Ag-paper substrate and (b) PTNs; (D) EDS spectrum of PTNs.
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photo-induced carrier dynamics between PTNs and CeO2, time-resolved
photoluminescence (TRPL) was measured. As shown in Fig. 3B, the
curves were fitted with the two exponential function: F(t)= ∑Ai

τ/τi;
i = 1, 2, where Ai is prefactor and τi is time constant. The fitted para-
meters of TRPL spectra were shown in Table S1. The CeO2-PTNs sample
decayed faster than the CeO2, with PL lifetime of 5.08 ns and 3.28 for
the CeO2 and CeO2-PTNs, respectively, further indicating that charge
carriers within the CeO2 could be extracted effectively by PTNs.

The photocurrent response during the stepwise fabrication pro-
cesses of the sensing platform was also investigated as shown in Fig. 3C.
As seen, the PTNs exhibited a relatively low photocurrent intensity
since it could not be excited by 410 nm light (curve a). A noticeably
increased photocurrent intensity was observed after the immobilization
of CeO2-labeled HP3 (curve b) due to the formation of the CeO2-PTNs
heterostructure. After BSA blocking (curve c), the photocurrent in-
tensity decreased slightly due to the low electron transfer ability of
immobilized BSA. After tDNA was bound on the surface of electrode,
the photocurrent intensity decreased (curve d). The reason might be
that the formed tDNA-HP3 complex could further block the electron
transfer from AA to the surface of electrode as well as the disappearance

of CeO2-PTNs heterostructure due to the hybridization of tDNA and
HP3. Consequently, all these results further suggested the successful
construction of the μ-PEC sensing platform.

Electrochemical impedance spectroscopy (EIS) measurement was
carried out to study the electron transfer resistance (Ret) of the PEC
sensing platform in the stepwise fabrication process (Ge et al., 2017).
Generally, the semicircular diameter of the EIS spectrum equals the Ret,
which could reflect the electron transfer property of the electrodes
(Ding et al., 2016). As shown in Fig. 3D, the Ret of PTNs exhibited a
relatively small semicircle (curve a). After CeO2-labeled HP3 im-
mobilized onto the surface of PTNs (curve b), evidently increased of Ret

was observed due to the low conductivity of DNA inhibited the elec-
trons transfer. After blocking with BSA (curve c), the Ret increased,
which may be due to the low conductivity of BSA. While the electrode
was incubated with tDNA, the Ret further increased (curve d), indicating
that the tDNA had hybridized with CeO2-labeled HP3 probe. Accord-
ingly, the gradually increased Ret showed that the proposed μ-PEC
sensing platform had been successfully fabricated as expected.

Fig. 2. (A) SEM images of CeO2 (inset: magnified SEM image of CeO2). (B) XRD pattern and (C) UV–Vis absorption spectra of CeO2.

Fig. 3. (A) PL spectra of (a) CeO2, (b) CeO2/PTNs sample, λEx= 300 nm. (B) TRPL spectra of (a) CeO2, (b) PTNs/CeO2. (C) Photocurrent response and (D) EIS spectra
of (a) PTNs, (b) PTNs/CeO2-labeled HP3, (c) PTNs/CeO2-labeled HP3/BSA and (d) PTNs/CeO2-labeled HP3/BSA/tDNA.
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3.3. Possible working principle of the μ-PEC sensing platform

The working principle of the μ-PEC sensing platform was depicted in
Scheme 1. Firstly, the PTNs were prepared via a hydrothermal process.
After CeO2-labeled HP3 anchored on the surface of PTNs, the photo-
current intensity was greatly enhanced, attributing to the formation of
CeO2-PTNs heterojunction. Under illumination, the electrons of CeO2

were promptly excited from valence band (VB) to conduction band
(CB), leaving behind holes in VB (Scheme 1B). Since the CB of PTNs is
located lower than that of CeO2, the PTNs can serve as an electron
transfer layer, and the photogenerated electrons in the CB of CeO2

could be promptly transferred into the CB of PTNs, resulting in a sig-
nificant increase in photocurrent intensity. In the presence of TB, HP1
with aptamer of TB would specifically bond with TB to form HP1@TB
structure. The exposed segment of the formed HP1@TB structure was
then hybridized with MB-HP2. Subsequently, the HP1@TB@MB-HP2
was digested by Nt.AlwI casing autonomous release numerous sec-
ondary tDNA for further hybridization reaction and the liberated
HP1@TB for new circulation-cleavage, which led to effective target
signal conversion and amplification (Scheme 1A). Thereafter, these
autonomous release numerous secondary tDNA could hybridize with
CeO2-labeled HP3 on the working electrode surface, which forced the
CeO2 away from the surface of PTNs, resulting in evidently declined
photocurrent intensity (Scheme 1C). As a result, this μ-PEC sensing
platform could achieve a specific and sensitive detection of TB.

3.4. Optimization of detection conditions

To obtain the optimal detection performance, several experiment
conditions have been optimized. Firstly, the pH value of PBS was

optimized (Fig. S4A). As seen, the maximum photocurrent response was
obtained at pH 7.0. Therefore, the PBS with pH 7.0 was adopted for the
following investigations. Subsequently, the concentration of Nt.AlwI
was optimized (Fig. S4B). When the concentration of Nt.AlwI was in-
creased into 2 U μL−1, the maximum photocurrent intensity was ob-
tained. Therefore, 2 U μL−1 was selected as the optimal concentration
of Nt.AlwI. What's more, the incubation time of recycle process was also
studied (Fig. S4C). With an increasing incubation time of recycle pro-
cess, the photocurrent intensity gradually increased and nearly reached
a plateau at 100min. Therefore, 100min was selected as the optimal
incubation time of recycle process.

3.5. Analytical performance

Under the optimal conditions, the analytical performance of the
developed μ-PEC sensing platform was investigated by detecting TB
with varied concentrations. As displayed in Fig. 4A, a high photocurrent
response was obtained in the absence of TB. After incubation with
different concentrations of TB, part of CeO2 was located away from the
surface of PTNs, resulting in the decrease of photocurrent intensity. As
seen from Fig. 4B, the photocurrent intensity decreased in a reduced
linear relationship as the logarithm of TB concentration increased from
0.02 pM to 100 pM. The regression equation was I= 78.4–28.35 lgcTB
(pM), with the correlation coefficient of 0.9973. What is more, the limit
of detection (S/N=3) was estimated to be 6.7 fM, suggesting excellent
detection sensitivity compared with the other reported methods (Table
S2).

Scheme 1. Schematic illustration of the μ-PEC sensing platform. (A) The process of TB recognition and target-triggering NESA procedure. (B) The CeO2-labeled HP3
were anchored on PTNs/paper working electrode and photocurrent-generating mechanism. (C) The autonomous release numerous secondary tDNA were hybridized
with HP3 and photocurrent-decrease mechanism.
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3.6. Stability, specificity, and reproducibility of the μ-PEC sensing platform

The stability of the as-prepared μ-PEC sensing platform was tested
by using 7 pM of TB as an example and monitoring the photocurrent
response of upon irradiation repeated every 10 s. After repeated irra-
diation program for 20 times over 400 s, there was no evident variation
in photocurrent response (Fig. 4C), demonstrating the excellent stabi-
lity of the prepared μ-PEC sensing platform. Furthermore, this sensor
has acceptable long-term stability (Fig. S5).

The specificity was verified by comparing the results of 15 pM of TB
and 100 pM of carcinoembryonic antigen (CEA), human IgG, he-
moglobin (Hb), BSA (Fig. 4D). As seen, these interferences slightly
cause the photocurrent intensity change. However, TB and the mixture
containing TB and all above interferences obviously cause almost equal
changes in photocurrent intensity, implying the high selectivity of μ-
PEC sensing platform. The proposed selectivity coefficient (Table S3)
also demonstrated the high selectivity of this method.

Moreover, the reproducibility of the developed sensing platform
was estimated with interassay relative standard deviation (RSD). In the
same condition, five batches of the sensing platforms were adopted to
detect 10 nM TB. These five batches of sensing platforms depicted a
similar photocurrent response with a RSD of 3.92%. Meanwhile, the
same one sensing platform was measured for six times with RSD of
4.26%. Those results indicated that the sensing platform had a sa-
tisfactory reproducibility.

3.7. Real sample analysis

To further evaluate the real feasibility of prepared μ-PEC sensing
platform, four human serum samples (obtained from Shandong Cancer
Hospital, China) were measured by using the developed μ-PEC sensing
platform and commercial enzyme-linked immunosorbent assay (ELISA)
kit, respectively. All human serum samples were diluted 1000 times
with PBS (pH 7.4) before the test. The summarized results (Table 1)
were obtained by t-test statistical analysis. As seen, no significant dif-
ferent between these two methods was obtained because all t experi-
mental value (texp) were less than t critical value (tcrit) (tcrit[0.05,4] =

2.77), demonstrating the excellent potential practical application of μ-
PEC sensing platform.

4. Conclusions

In conclusion, a sensitive μ-PEC sensing platform was constructed
based on the dual strategies of target-triggering NESA and ETTDR for
the first time. The PTNs and CeO2 were employed as the electron
transporting material and photoactive material, respectively. Upon il-
lumination, the photogenerated electrons of CeO2 could be promptly
transferred into PTNs, resulting in a significant increase of the photo-
current density. What's more, the target-triggering NESA strategy could
produce abundant output tDNA, which further hybridize with HP3 to
force the CeO2 away from the electrode surface, resulting in the de-
crease of photocurrent intensity. By regulating the electron-transfer
tunneling distance between PTNs and CeO2, the designed μ-PEC sensing
platform could realize sensitive detection of TB. With such design, this
low-cost, portable, and sensitive μ-PEC sensing platform provides a
feasible tool for TB detection and paves a new way in clinical appli-
cations of TB-related diseases, including clinical diagnosis, monitoring
of disease progression, and other related subjects.

Fig. 4. (A) Photocurrent responses of the μ-
PEC sensing platform with different con-
centrations of TB (the concentration was from
a to h: 0.02, 0.1, 0.5, 1, 5, 10, 50, 100 pM). (B)
the corresponding calibration curve for TB
detection. (C) The stability evaluation of con-
structed μ-PEC sensing platform with the TB
concentrations of 7 pM. (D) The selectivity
evaluation of constructed μ-PEC sensing plat-
form detection of TB against the interference
proteins.

Table 1
Assay results of TB in human serum sample.

Method; concentration [mean± SD, pM, n= 3]

Sample (TB) μ-PEC sensing platform ELISA kit texp

1 3.83 ± 0.31 3.90 ± 0.26 0.29
2 8.12 ± 0.16 8.00 ± 0.10 1.07
3 15.00 ± 0.30 15.10 ± 0.60 0.26
4 23.23 ± 0.25 23.40 ± 0.40 0.61
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