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Despite multiple advances in tuberculosis (TB), there is still a lack of effective methods available for its diagnosis.
To this end, we developed a novel nanozyme-mediated electrochemical aptasensor for TB diagnosis. We showed
that hemin decorated with multi-layered MXene enhanced the metal-support interaction with nano-gold via
charge transfer, resulting in excellent peroxidase-like activity aside from the highly conductive feature.
The Ky, value of hemin functionalized MXene decorated with nano-gold (MXene@hemin-Au) was 0.37 mM and
0.23 mM for HoO4 and TMB, respectively, which was smaller to that of MXene@hemin (4.01 mM and 0.39 mM)
or horseradish peroxidase (3.7 mM and 0.434 mM), indicating its high affinity to both substrates, showing
improved stability in harsh conditions and excellent biocompatibility. Given these advantages, an ultrasensitive
detection method was established based on a typical sandwich format using a combination of specific Myco-
bacterium tuberculosis (MTB) ESAT-6 antigen aptamers with MXene@hemin-Au as probes for signal amplification
and gold nanoparticles supported nitrogen-doped carbon nanotube (N-CNTs-Au) as a sensing platform. It
exhibited a wide detection linear for ESAT-6 antigen from 100 fg mL~! to 50 ng mL ™}, with limit of detection and
limit of quantification of 2.36 fg mL ™! and 7.87 fg mL ™}, respectively. For its diagnostic application, of note, the
proposed method outperformed diagnostic performance for TB in contract to a commercial ELISA method in
terms of specificity (100% vs. 20.59%) and area under curve (0.987 vs. 0.596), verifying its great potential in
clinical practice.

Tuberculosis diagnosis
Electrochemical biosensor

1. Introduction

Tuberculosis (TB) continues to be a major threat to public health and
reliable diagnosis tools play an important role in controlling its burden
[1]. TB serological test using Mycobacterium tuberculosis (MTB) specific
antigen without long-term culture or complex nucleic acid amplification
is an appealing way for direct on-site TB diagnosis [2]. Nevertheless, due
to the challenging preparation of specific antibodies and their suscep-
tibility to environmental disturbances, their clinical applications have
been limited.

Aptamers with superior properties of low cost, easy modification and
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good stability is considered as a candidate substitute for antibodies and
the cooperation with electrical assay exponentially improve the detec-
tion performance of diagnostic tools and could provide an alternative
way to TB serological tests [3]. For example, Rijiravanich and his col-
leagues developed a high-performance aptamer-based platform for uri-
nary human albumin electrochemical detection and successfully applied
it to urine samples of patients with multiple kidney diseases [4]. Zhang’s
group used an electrochemical aptasensor to simultaneously detect dual
cancer biomarkers, paving the way for accurate prostate cancer diag-
nosis [5]. Careri’s group used aptamers to recognize SARS-CoV-2 spike
protein and constructed an electrochemical sensing platform with
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Scheme 1. (A) The process of preparation of nano-gold self-assembled MXene@hemin. (B) The stepwise procedure of the electrochemical aptasensor and its

workflow for TB diagnosis. Probes presented MXene@hemin-Au-Ap2.

ultrahigh sensitivity and excellent selectivity [6].

The efficient signal amplification strategy is critical in the develop-
ment of high-performance electrochemical aptasensors [7]. Nanozyme,
a unique nanomaterial that can mimic complexities and functions of
natural enzymes, has become a promising amplifier [8]. For example,
MXene, a two-dimensional nanomaterial, with large surface area and
good conductivity, is more likely to undergo redox reactions than other
two-dimension materials due to the existence of low valence Ti and
directly reduces metalions the use of additional reducing agents,
providing new insights into the design of high-performance nano-
catalysts [9]. A recent study reported that MXene-Au nanocomposites
can be fine-tuned by adjusting reaction time for enhanced catalytic
performances for nitro-compounds [10]. Moreover, the small size and
lack of an Au capping agent anchored on the surface of MXene facilitated
biomimetic catalysis [11]. Based on these pieces of information, we
investigated the biomimetic activity of MXene integration with nano-
gold and its application for electrochemical assay.

To achieve this, multi-layered MXene was decorated with hemin
molecules followed by the assembly of nano-gold via self-reduction
routes to create a novel nanozyme (MXene@hemin-Au). Hemin was
selected as a modifier on accounts of its unique n-conjugated structure
could attach to the surface of two-dimensional nanomaterials via strong
noncovalent bond to create a favor interfacial microenvironment,
resulting in improved functions [12-14]. Surprisingly, due to the strong
metal-support interaction, the obtained nanocatalyst exhibited high
conductivity along with excellent peroxidase-like activity and was used
to boost the signal intensity in this study.

Herein, we constructed a nanozyme-enabled electrochemical apta-
sensor using MXene@hemin-Au as a robust signal amplifier for TB
diagnosis (Scheme 1). The signal response was immensely amplified
owing to the superior charge transfer efficiency and catalytic activity of

the MXene@hemin-Au nanozyme. Conductive sensing matrix contrib-
utes to the sensitivity improvement of electrochemical assay [15] and
nitrogen-doped carbon nanotube combined with AuNPs (N-CNTs-Au)
was acted as a sensing platform to accelerate electron transfer and an-
chor large numbers of aptamers. Using one of MTB specific antigen
ESAT-6 as a model target [16], the proposed method was successfully
designed in a typical sandwich format and showed excellent diagnostic
performance with 90% sensitivity, 100% specificity, and an area under
curve (AUC) value of 0.987, outperforming commercial ELISA or other
reported tools in TB diagnosis (details in Table 3 and Section 2.9).

2. Experimental
2.1. Study design

This study included a total of 34 TB patients and 20 controls from the
First Affiliated Hospital of Chongqing Medical University. Specifically,
serum samples of all TB patients were collected according to the WS
288-2017 tuberculosis diagnosis standard [17], with the following pa-
tient exclusion criteria: (i) Patients with respiratory failure, heart fail-
ure, or other serious diseases, (ii) Patients aged < 18 or > 80 years and,
(iii) Pregnant women. For the control group, a total of 20 serum samples
were collected from 10 healthy volunteers and 10 volunteers with lung
disorders (5 lung cancer cases and 5 chronic obstructive pulmonary
disease or COPD cases). The obtained serum samples were kept in clean
Eppendorf (EP) tubes marked with corresponding numbers and stored in
arefrigerator to be used for commercial ELISA or our proposed detection
method. The informed written consent from all participants or next of
kin was obtained prior to the research. All experiments were performed
in accordance with the Guidelines “Declaration of Helsinki”, and
approved by the Ethics Committee of the First Affiliated Hospital of
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Fig. 1. FE-SEM images of (A) MXene@hemin, (B) MXene@hemin-Au, (C) MXene-Au and (D) MXene@PVP-Au. TEM images of (E) MXene@hemin-Au, (G) MXene-Au
and (H) MXene@PVP-Au. (F) HRTEM of nano-gold on the MXene@hemin matrix. (I) HAADF-STEM of MXene@hemin-Au and the corresponding elemental mapping.
The inset in Fig. 1 (D) presented a typical structure of huge Au nanocluster in MXene@PVP-Au.

Chongqing Medical University (499PYJJ2021-10).
2.2. Materials and apparatus

2.2.1. Materials

Aptamer 1 (Apl), aptamer 2 (Ap2) and aptamer 3 (Ap3) of ESAT-6
antigen with the same sequence were designed according to the refer-
ence [18] and Apl was used to act as capture probes for antigen
recognition. Other details of materials are described in the Supple-
mentary Materials.

2.2.2. Apparatus

An electrochemical workstation (CHI660E) was introduced in this
study and a three-electrode system was formed using a glassy carbon
electrode (GCE) with a diameter of 4 mm as the working electrode, a
platinum wire as an auxiliary electrode, and a saturated calomel elec-
trode (SCE) as the reference electrode. Other apparatus included a
U1800 spectrophotometer (Shimazu), a Nicolet 6700 FTIR spectrometer
(Thermo Nicole), a field emission scanning electron microscope
(Thermo Fisher), a high-resolution transmission electron microscope
(HRTEM), a transmission electron microscope (Tecnai G2 F20 S-Twin),
a powder X-ray diffraction (Bruker D8), an X-ray photoelectron spec-
troscopy (Thermo Scientific Escalab 250Xi + ), and a high-angle annular
detector dark-field scanning transmission electron microscopy (Oxford
ultim Max).

2.3. Experimental measurements

Electrochemical impedance spectroscopy (EIS) was carried out at a
frequency range of 0.1-105 Hz and cyclic voltammetry (CV) was carried
out at a voltage range of —0.2-0.6 V (vs. SCE) at a scan rate of 100 mV
s 'ina5mM K3Fe(CN)g/K4Fe(CN)g (1:1) solution containing 0.1 M
KCl. Amperometric measurements were done at 100 mV in a NaAc-HAc

solution (0.2 M, pH = 4) containing 1.3 mM TMB and 10 mM H30,
without stirring. The data were analyzed using three parallel tests,
where error bars represent the standard deviation of the mean unless
stated otherwise.

2.4. Preparation of MXene-based nanomaterials

A direct mix method was used to prepare hemin-functionalized
MXene (MXene@hemin) which was decorated with nano-gold (MXe-
ne@hemin-Au) using a self-reaction route. MXene decorated with Au
(MXene-Au) and PVP-functionalized MXene decorated with Au (MXe-
ne@PVP-Au) were prepared for the control. The stepwise assembly of
various MXene-based nanocomposites is illustrated in Fig. S1 and the
details are described in the Supplementary Materials.

2.5. Preparation of N-CNTs-Au
The preparation of nitrogen-doped carbon nanotubes decorated with

Au nanoparticles (N-CNTs-Au) was done using NaBH,4 as a reducing
agent, details of which are described in the Supplementary Materials.

2.6. Preparation of MXene-based probes
While MXene@hemin-Au-Ap2 probes were prepared using a mixing

method, MXene@hemin-Ap3 probes were prepared by cross-linking,
details of which are described in the Supplementary Materials.

2.7. Peroxidase mimicking study

The TMB-H,0; system was used to analyze the biomimetic activity
and its details are described in the Supplementary Materials.
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Fig. 2. (A) XRD pattern analysis. (B) Zeta potential analysis (the mean of zeta potential values were marked in corresponding bars): (a) MXene, (b) MXene-Au, (c)
MXene@PVP-Au, (d) MXene@hemin, (e) MXene@hemin-Au. (C) Survey XPS data analysis. (D) High resolution Ti 2p analysis. (E) XPS core level spectra of Au

4f analysis.

2.8. Invitro toxicity evaluation

Cytotoxicity and hemolysis tests were performed as described in the
Supplementary Materials.

2.9. Fabrication of the nanozyme-mediated electrochemical aptasensor

The details of the steps involved in aptasensor fabrication are pre-
sented in the Supplementary Materials.

2.10. Statistical analysis

All the experimental data were arranged in Microsoft Excel software
and then further analyzed in Origin Software or Graphpad Prism. These
data were expressed as mean + standard deviation (SD). The data
groups were compared using one-way ANOVA and t-test to evaluate the
correlation between independent variables and obtain the P-value,
where P < 0.05 was considered to indicate statistically significant. The
diagnostic accuracies of our proposed method and commercial ELISA
were analyzed using the receiving operating characteristic (ROC)
curves. The cut-off points were optimized based on the Youden’s index,
and diagnostic parameters including sensitivity and specificity were
calculated.

3. Results and discussions
3.1. Characterization of MXene-based nanomaterials

Morphologies of the MXene-based nanocomposite series were first
determined by field emission scanning electron microscope (FE-SEM)
and transmission electron microscopy (TEM). Fig. 1A shows a network
(highlighted by a red dotted circle) woven by hemin molecules on the
MXene surface, indicating the successful preparation of hemin decorated
MXene (MXene@hemin). After self-reduction of HAuCly by MXene@-
hemin, the nano-gold completely dispersed onto the surface of MXe-
ne@hemin with a unique flaky morphology (Fig. 1E), while the SEM

images showed a popcorn-like structure which was probably due to the
partial merging of nano-gold with the scaffold of MXene (Fig. 1B).
HRTEM images of MXene@hemin-Au (Fig. 1F) showed a lattice fringe
with d-spacing about 0.24 nm corresponding to the (111) plane of Au,
paving further insight into the microstructure of MXene@hemin-Au
[19]. Following that, the co-existence of Au, Ti and Fe elements could
be observed in Fig. 11, signifying the successful preparation of
MXene@hemin-Au. Moreover, as compared to the SEM images of
MXene-Au (Fig. 1C), the morphology and distribution of
MXene@hemin-Au nano-gold were more uniform because the small Au
nanoclusters of MXene-Au had merged with the large Au bulks, as
confirmed by the corresponding TEM images (Fig. 1G). For an in-depth
comparison, polyvinylpyrrolidone (PVP) was used to modify MXene as
another control and trigger the subsequent self-reduction process. This
was because the PVP macromolecular chains can improve the structural
stability of MXene [20] as well as serve as a capping agent to facilitate
the stability and dispersity of AuNPs [21], resulting in potential changes
in their catalytic activities. As observed in Fig. 1D and H, PVP-
functionalized MXene (MXene@PVP) mixed with HAuCl4 could pro-
duce some spherical Au nanoparticles which tend to form huge nano-
clusters. It could be inferred that MXene modifiers could dramatically
influence the growth of nano-gold by self-reduction routes, which could
explain the difference in their catalyst activities [22].

Additionally, X-ray diffraction (XRD), Zeta potential measurements,
and Fourier transform infrared (FTIR) were performed to characterize
various MXene-based materials. Fig. 2A shows a comparison of XRD
patterns. When hemin was attached to the surface of MXene, the ma-
jority of characteristic peaks of MXene disappeared, indicating that the
MXene@hemin nanohybrid was successfully formed. In the XRD pat-
terns of MXene-Au, MXene@hemin-Au, and MXene@PVP-Au, four
major diffraction peaks assigned to (111), (200), (220), and (311) of
face-centered cubic of Au crystalline were observed, indicating that all
Au supported on the corresponding MXene-based matrix had a crystal-
line nature and the (111) plane was the dominant orientation [23].
Fig. 2B shows that, when compared to MXene, different modifications of
MXene materials showed varying zeta potentials following the order
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Fig. 3. (A) The absorbance at 652 nm of MXene@hemin-Au in different catalytic systems. (B) Comparison of the catalytic performance of different materials. (C)
Time-dependent absorbance changes at 652 nm of different materials. (D) CV responses of different nanomaterials in TMB-H50; system.

MXene@hemin > MXene@hemin-Au > MXene-Au > MXene@PVP-Au.
This indicated the successful fabrication of a series of MXene-based
nanomaterials. The interfacial features of MXene@hemin and MXe-
ne@PVP were identified using FTIR, details of which are presented in
the Supplementary Materials.

An X-ray Photoelectron Spectroscopy (XPS) analysis was performed
to investigate the chemical composition and electronic state of various
MXene-based nanomaterials. The full scanning spectra showed that the
characteristic peaks for Ti 2p, C 1 s, and O 1 s could be observed in all
groups, indicating the presence of MXene (Fig. 2C). The XPS scans of
MXene-Au and MXene@PVP-Au exhibited an additional peak of Au 4f,
suggesting that Au had successfully been attached to MXene or MXe-
ne@PVP. Moreover, as compared to MXene, new peaks of Fe 2p and Au
4f could be seen in MXene@hemin-Au, indicating that MXene@hemin-
Au had been successfully prepared. Because the element state of Ti was
critical to the self-reduction process, we studied the high-resolution
spectra of Ti 2p. Compared to the characteristic peaks of delaminated
MXene, the initial conversion of Ti (II) and Ti (III) species to the
termination of Ti (IV) species was observed in MXene@hemin-Au,
MXene-Au, and MXene@PVP-Au, which was consistent with previous
studies [10]. In addition, the XPS spectra of the Au 4f core were used to
investigate the interaction between nano-gold and MXene-based scaf-
folds. In MXene@hemin-Au, two peaks located at 83.6 and 87.2 eV, each
with a splitting energy of 3.6 eV assigned to Au 4fs,; and Au 4f; /o,
indicating the presence of Au (0) in MXene@hemin-Au [24]. The
binding energy of Au 4f core level of MXene@hemin-Au showed a
visible positive shift as compared to that of MXene@hemin-Au and
Mxene-Au, suggesting a stronger interaction between MXene@hemin
and Au. This in turn indicated a strong electron transfer from nano-gold

to the support [25], where this enhanced metal-support interaction
contributed to the stability and activity of the metal nanocatalysts
[26,27]. According to the results of the XPS analysis, the estimated Au
composition was 13.57%, 2.18%, and 3.69% for MXene-Au, MXene@-
hemin-Au, and MXene@PVP-Au, respectively, indicating that the spatial
distribution of Au could be influenced by various MXene modifications.

3.2. Peroxidase-like activity study

Fig. 3A depicts the absorbance of MXene@hemin-Au in different
catalytic systems at 652 nm. There were no visible absorbance peaks in
MXene@hemin-Au in the presence of TMB but without hydrogen
peroxidase (H202), which suggests that MXene@hemin-Au had negli-
gible oxidase activity. On the contrary, MXene@hemin-Au was able to
produce a deep green-colored oxidized TMB solution (TMBx) and an
obvious characteristic peak at 652 nm in the presence of TMB and H505,
indicating an excellent but specific peroxidase-like activity. For
MXene@hemin-Au, the self-reduction reaction time was optimized to
60 min for maximum peroxidase-like activity (Fig. S3). Intriguingly, the
error bar in Fig. S3 was large, which could be explained by the difficulty
in offering a homogeneous reaction environment in a batch reactor [28],
indicating synthetic method is an important factor affecting MXene-
based self-reactions process apart from the reaction time [10]. Also,
the catalytic performances of the nanozymes as well as the natural en-
zymes were found to be pH and temperature-dependent. In a catalytic
reaction, the optimal pH value was 4.5 and the optimal temperature was
37 °C (Fig. S4). MXene, MXene-Au, MXene@PVP, and MXene@PVP-Au
had no peroxidase-like activity owing to their negligible absorbance
values at 652 nm and colorless reaction products (Fig. 3B). In contrast,
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Fig. 4. (A) CVs responses to different modified electrodes. EIS (B) and CVs (C) to step-by-step electrodes construction: (a) bare GCE, (b) N-CNTs-Au modified GCE, (c)
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streptavidin/N-CNTs-Au modified GGE with ESAT-6 antigen (1 ng mL ™). Detection performance of (D) MXene@hemin-Au-Ap2 probes and (E) MXene@hemin-

Ap3 probes.

the peroxidase-like activity of MXene@hemin-Au was significantly high,
evident by its time-dependent absorbance at 652 nm. MXene@hemin-
Au exhibited the maximum cyclic voltammetry (CV) response in TMB-
H,0; systems, which was in agreement with the findings of our UV-vis
studies (Fig. 3D).

Furthermore, to confirm if the enhanced biomimetic activity of
MXene@hemin-Au was due to the metal-support interaction between
MXene@hemin and nano-gold, the absorbance at 652 nm was evaluated
for both hemin and hemin@Au. As seen in Fig. S10A, hemin@Au had
slightly enhanced peaks at 652 nm when compared to hemin, and the
morphology of hemin@Au was bulk block with no observed clear nano-
gold structures (Fig. S10B), indicating a very weak interaction between
Au and hemin. Therefore, the good peroxidase-like activity of
MXene@hemin-Au was more likely due to the charge transfer between
nano-gold and MXene-based scaffold.

The superior catalytic performance of MXene@hemin-Au was
further validated using enzymatic kinetic constant analysis in addition
to other nanozyme characterizations including dispersion, stability, and
biocompatibility, the details of which are presented in the Supplemen-
tary Materials.

3.3. Characterization and performance verification of N-CNTs-Au

TEM images show small spherical bright spots uniformly surface-
dispersed the tubular N-CNTs, indicating the gold nanoparticles had
bonded with N-CNTs via Au-N bonds (Fig. S11A). High-angle annular
detector dark-field scanning transmission electron microscopy (HAADF
STEM) and corresponding element mapping of N-CNTs-Au showed there
were Au, C, N and O elements simultaneously (Fig. S11B), verified the
successful preparation of such nanohybrid.

CVs were performed to compare the signal responses of different
modified electrodes and check if N-CNTs-Au had enhanced the detection
performance of the electrochemical assay. N-CNTs-Au-modified elec-
trodes exhibited a higher current response than N-CNTs-modified

electrodes or bare GCE (Fig. 4A), indicating good conductivity. Details of
electrochemical surface area as an important factor for sensing were
presented in the Supplementary Materials.

3.4. Feasibility of the proposed method

CVs and EIS measurements were used to monitor the assembly steps
of this method. Electron transfer resistance (Re) was shown as the
diameter of the semicircle, where changes could be used to characterize
the electrochemical behavior of biosensors. N-CNTs-Au modified elec-
trodes (curve b) showed a much lower R than bare glass carbon elec-
trodes (GCE, curve a), which could be attributed to enhanced
conductivity caused by the synergism of carbon frameworks and noble
metals (Fig. 4B). A slightly larger semicircle domain was observed when
streptavidin was adsorbed on the modified electrode (curve c).
Following that, the association of Apl with streptavidin via a strong
biotin-avidin system resulted in a slight increase in Re¢ (curve d). The Ret
further increased after the electrodes were treated with BSA (0.1 wt%)
(curve e). Finally, the ESAT-6 antigen (1 ng mL 1) was attached to the
modified electrodes via specific aptamer-antigen recognition (curve f),
resulting in a slightly larger diameter of the semicircle than curve e. The
CV plots showed similar changes in current responses (Fig. 4C).

3.5. Comparison of probe detection performances

We compared the detection performances of MXene@hemin-Au-Ap2
probes and MXene@hemin-Ap3 probes with 1 ng mL~! ESAT-6 antigen
in our proposed biosensor. Changes in peak current before and after
incubation with or without the target were shown in Fig. 4D and E. The
peak current changes of MXene@hemin-Au-Ap2 probes were much
higher than that of MXene@hemin-Ap3 (9.04 vs. 3.39 pA). This affirmed
the key role of MXene@hemin-Au in improving the detection perfor-
mance of the proposed method.



Y. Chen et al.

Chemical Engineering Journal 466 (2023) 143112

(A), ®B),

(©)
16

””” ! ns
|
< 20 < 4} b
= EY
: : _ ~12r
g -40 b 4 :;gﬁ% 1;;1%1‘ g 3l I=-1.2096 Igc - 14.5598 g
g ol § —lOng L ‘g:;; R=0.9919 £ sl
O — I ngmL"! O-12F 8
v —100 pg mL-
= 80} — l0pgmL | £ =,
£ s gt | Bl g
-100 | — blank I_._l =
010 20 30 40 50 B s R R R S S F O ¢
) 1 SRS &
D) Time / s lge/ (fg mL™") (E) & <
6 RSD=2.68% RSD= 091%| RSD= 1.67% RSD=134%| =00t F-- e
— — 2 §- -
< | N e 1 o el O BRH S g -
212 g sor
- =)
=t =}
o Zeor
E g 51
R ~
O o 40F
4 >
g 4 g 20
o o)
0 = 0
2 3 5 6 7 81 2 3 4 5 6 7 8 0 2 4 6 8 10 12 14 16
Intra-assays Inter-assays Intra-assays Inter-assays
Time / d

Standard sample

TB patient’s serum

Fig. 5. (A) Amperometric i-t curves of the proposed method toward different concentration of EAST-6 antigen. (B) Linear relation between the amperometric current
and the logarithm of ESAT-6 antigen concentration. (C) Selectivity of the proposed method. (D) Reproducibility of the proposed method. (E) Long-term stability of
the proposed method. GSH presented glutathione. Error bars represented the SD of three parallel measurements. Data were presented as the mean + SD (n = 3). The

p values are indicated in the charts (ns presented p > 0.05).

3.6. Optimization of the electrochemical detection condition

Several important parameters were optimized to maximize the
detection performance of the proposed method, details of which are
presented in the Supplementary Materials.

3.7. Detection performance of the proposed method

The developed aptasensor was used to detect ESAT-6 antigen via
amperometric i-t curves, where amperometric current corresponds to
target concentration. The amperometric response increased with the
increasing target concentration from 100 fg mL™! to 50 ng mL~!
(Fig. 5A). Based on the logarithm of target concentration and ampero-
metric current, the linear regression equation was I = -1.2030 1gc —
14.5598 (Fig. 5B). The limit of detection (LOD) was 2.36 fg mL’l, which
was calculated using the equation LOD = 306/S, where ¢ refers to the
blank standard deviation and ‘S’ represents the correction curve slope.
The limit of quantification (LOQ) was 7.87 fg mL~!, which was calcu-
lated using the equation LOQ = 100°/S, where ¢’ refers to the standard
deviation of the lowest concentration [29]. Moreover, the detection
performance of our method was consistent with several other methods
for TB biomarker detection, confirming its great potential in biomedical
application.

Other important factors to be considered while sensor designing
include selectivity, reproducibility, and stability. We, therefore, sub-
jected several potential interferences to the proposed method to eval-
uate its selectivity. As shown in Fig. 5C, there was a negligible signal
response in all control groups, where the peak current was lower than
blank signal values (the grey dotted line), and the concentration of
interference was 10 times higher than the target (1 ng mL™! vs. 100 pg
mL ™). For the co-existence of target and interference, the amperometric
response of our proposed method approached that of the target group,
demonstrating its good selectivity for ESAT-6 antigen. Additionally, to

Table 1
Recovery test of the proposed method for ESAT-6 antigen detection in serum
samples.

Serum samples Added ESAT-6 Found ESAT-6 RSD (%) Recovery (%)
(ng mL’l) (ng mL’l)

1 20 19.376 7.2 96.8

2 1 0.942 4.6 94.2

3 10! 0.108 0.7 108.1

4 102 0.092 6.3 92.1

5 10 9.98 x 10° 5.3 99.7

demonstrate its reproducibility, an intra-assay (n = 5) and an inter-assay
(n = 3) precision with 1 ng mL~! ESAT-6 antigen and serum from TB
patients was probed. The relative standard deviation (RSD) of standard
and clinical samples for the intra-assay was 2.68% and 1.67%, respec-
tively, and that for the inter-assay were 0.91% and 1.34%, respectively,
demonstrating the excellent reproducibility of the proposed method
(Fig. 5D). Finally, the signal intensity after 16 days storage at 4 °C
remained over 86% of its initial state, demonstrating the acceptable
stability of this method (Fig. 5E).

3.8. Recovery tests of the proposed method

A recovery test of the proposed method was performed using spiked
serum samples (Table 1), where we recorded 92.1% to 108.1% recovery
and < 10% RSD, suggesting that our method could be used in serum
samples to detect the ESAT-6 antigen.

3.9. Potential clinical application analysis

A significantly higher amount of ESAT-6 antigen was detected in the
serum of TB cases as compared to the control serum samples (Fig. 6A).
Based on Youden’s index, the optimal cut-off points and area under
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Table 2
Comparison of diagnostic performance for TB.
Target Sample Method AUC Sensitivity Specificity Ref.
ManLAM Serum ELONA 0.878 83.00% 95.31% Tang et al., 2016 [30]
MPT-64 Sputum ELONA 0.9478 91.3% 90% Sypabekova et al., 2017 [31]
miR-125b PBMCs RT-qPCR 0.9413 90% 92.5% Sun et al., 2021 [32]
cfDNA Urine PCR Not reported 83.7% 100% Oreskovic et al., 2021 [33]
miR-378 Serum RT-qPCR 0.849 77.42% 79.37% Sun et al., 2022 [34]
LAM EBC Dot-blot immunoassays 0.997 93.4% 100% Mosquera-Restreo et al., 2022 [35]
ESAT-6 Serum ELISA 0.569 95% 20.59% Commercial kits (in this study)
ESAT-6 Serum Electrochemical aptasensor 0.987 90% 100% Our work
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= 3). The p values are indicated in the charts (** p < 0.01, **
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curve (AUC) were calculated as 79.2 fg mL™! and 0.987, respectively,
with 90% sensitivity and 100% selectivity (Fig. 6C), demonstrating its
good diagnostic efficiency. For comparison, a commercial ELISA kit
based on antigen—antibody recognition was used. Shown in Fig. S14, the
commercial ELISA-based standard curve was established and analyzed
by ELISAcalc software using a four-parameter logical model and the
correlation coefficient of R? was calculated as 0.9360. Therefore, this kit
was reliable for subsequent ESAT-6 antigen determination and analysis.
The concentration of ESAT-6 antigen in TB cases was found to be similar
to that of healthy controls or other lung disorders (Fig. 6B). Apparently,
the diagnostic value of commercial ELISA kit was less than satisfactory
and the AUC value (0.569) was significantly lower than that of our
method (Fig. 6C). We further compared our method with other reported
studies in TB diagnosis to point out its importance and advancement
(Table 2). Our work showed superior diagnostic value than most of these
studies, only slightly inferior to a recent work by Mosquera-Restreo et al.
[34] which used exhaled breath condensate (EBC) as samples for LAM
(another MTB-specific antigen) determination. We speculate that this
difference could be due to the heterogeneity of clinical samples. As a
biomarker, the MTB-specific antigen is a promising candidate that can
be used to develop diagnostic tools on account of its superior diagnostic
value as compared to other biomarkers summarized in Table 2. These
findings highlight the potential role of our method for efficient TB
diagnosis in clinical practice.

ManLAM, mannose-capped lipoarabinomannan; ELONA, enzyme
linked oligonucleotide assay; cfDNA, cell-free DNA; PBMCs, peripheral
blood mononuclear cells; RT-qPCR, reverse transcription polymerase
chain reaction; PCR, polymerase chain reaction; LAM, lip-
oarabinomannan; EBC, exhaled breath condensate.

It was obvious that the results of commercial ELISA were counter-
intuitive because the ESAT-6 antigen is a specific biomarker for TB
which could be ascribed to the matrix effect of serum [36] and the false
recognition of polyclonal antibody [37]. To explain this more explicitly,
we investigated how the detection performances of our method and
commercial ELISA were affected by two serum types of varying con-
centrations. Shown in Fig. 7A and B, the detection performance of the
commercial method was dramatically interfered, especially in the
groups with blank or low amount of ESAT-6 antigen. On the contrary,
using spiked samples only marginally affected the detection perfor-
mance of our method (Fig. 7C and D), indicating our method is highly
selective and available applied in complex biological samples for clinical
detection.

4. Conclusion

In this contribution, a new nanozyme (MXene@hemin-Au) was re-
ported and its application in electrochemical aptasensor for TB diagnosis
investigated. The obtained MXene@hemin-Au nanocatalyst possessed
could accelerate electron transfer and showed excellent peroxidase-like
activity. The excellent biomimetic activity of MXene@hemin-Au could
be attributed to (i) the strong metal-support interaction between MXe-
ne@hemin and nano-gold contributes to the catalytic performance. (ii)
the good dispersity of MXene@hemin-Au resulted in a uniform distri-
bution of nano-gold, exposing its active sites and preventing them from
being buried by aggregated scaffolds. It exhibited high stability as well
as good biocompatibility. Given these merits, the biosensor built with
this new nanozyme for signal amplification showed a wide liner range
and low detection limit for ESAT-6 antigen detection. Importantly, the
successful application of this method for real-world samples analysis
demonstrates its potential in further clinical practice.
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