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Abstract

Hepatitis E virus (HEV) is an evolving infectious entity that causes viral hepatitis infections worldwide. Current routine
methods of identifying and diagnosing HEV are someway laborious and costly. Based on the biomimicking oxidase-like
activity of MnO, nanosheets, we designed a label-free, highly sensitive colorimetric sensing technique for HEV detection.
The prepared MnO, catalyst displays intrinsic biomimicking oxidase-like catalytic activity and efficiently oxidizes the
3,3",5,5'-tetramethylbenzidine (TMB) substrate from colorless to blue colored oxidized TMB (oxTMB) product which can
be measured at 652 nm by UV-visible spectrum. When the HEV-DNA was added, DNA adsorbed easily on MnO, surface
through physical adsorption and electrostatic interaction which hinders the oxidase-like catalytic activity of MnO,. Upon the
introduction of target, the HEV target DNA binds with its complementary ssDNA on the surface of MnO,, the hybridized
DNA releases from the surface of MnO,, which leads to recovery of oxidase-like catalytic activity of MnO,. This strategy
was applied to construct a colorimetric technique for HEV detection. The approach works in the linear range of 1 fM—100 nM
DNA concentration with the limit of detection (LOD) of 3.26 fM (S/N = 3) and quantitative limit (LOQ) of 36.08 fM. The
TMB-MnO, platform was highly selective for HEV target DNA detection when compared with potential interferences. Result
of serum sample analysis demonstrates that this sensing system can be used for clinical diagnostic applications.
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Hepatitis E virus (HEV) is an empirically transmitted

RNA virus that causes outbreaks or various sporadic
diseases [1]. The HEV major genotypes (G1 to G4) are
well-recognized for infection around the world. However,
the zoonotic nature of G3 and G4 genotypes can infect
animals. HEV was first reported in Asia and Africa for
causing acute hepatitis by fecal-oral transmission, while
later on it has been found endemic in Japan and Europe
[2]. HEV infects annually more than 20 million people
worldwide, and for more than 3 million people it leads to
hepatitis E [3]. According to WHO, about 44,000 people
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died from HEV infection in 2015 [4]. Several clinical diag-
noses of HEV disease rely on antibody-based detection
procedures and techniques involving RNAs such as reverse
transcription-polymerase chain reaction (RT-PCR) and
enzyme immunoassay, respectively [5]. Despite the sensi-
tivity and specificity of RT-PCR techniques, there are still
limitations due to their high cost and rate of false-positive
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detection. A fast and early detection is required to prevent
and monitor the outbreak. This demands to develop a bio-
sensor that could ideally quantify an individual viral par-
ticle [6]. Therefore, in order to ensure public health safety,
it is vital to develop sensitive and reliable techniques for
HEV detection. In the pandemic era, there is a great need
for high-accuracy biosensors, which depends on the design
of promising biosensing materials using composite sens-
ing techniques.

Recently, the use of nanomaterials (NPs) as nanoenzymes
that can mimic the intrinsic catalytic functional property
similar to natural enzyme gains a widespread attention. Due
to their unique structures, high stabilities and simple facile
synthesis, as well as remarkable catalytic activities of NPs,
gained more interest [7]. A high efficiency for the adsorp-
tion of numerous small molecules and biomolecules, such as
amino acids, proteins, DNA, and ions present in biological
media, can be attained by NPs with high specific surface
area [8]. Additionally, nanozymes have been combined with
biomolecules and biopolymers for a variety of clinical and
sensing applications [9]. These widespread features make
the nanozymes as the physicochemical entity alternative to
some of natural enzyme with more or else similar proper-
ties [10, 11].

In addition, notably, some two-dimensional (2D) mate-
rials/nanosheets, such as graphene oxides [12], metal
disulfides [13], metal oxides [14, 15], and carbon nitride
[16], mimic the action of natural enzymes in widespread
applications for biosensing [17, 18] and chemosensing [19,
20]. Furthermore, 2D nanosheets can create layered nano-
structures that are more chemically and thermally stable than
natural enzymes, which may open up new opportunities for
new industrial and clinical applications [21]. As a result,
2D nanomaterials can be used to create artificial enzymes
with target analyte selectivity and many catalytic active sites,
which will boost the catalytic activity. This is made possible
by the unique properties of having an ultra-large surface area
and flexibility. MnO, nanosheet (NS), is widely reported as a
novel two-dimensional (2D) single-layer inorganic nanoma-
terial. With the precise material tailoring, an enzyme mimic
can be produced that has great oxidase-like properties, low
toxicity, high stability, and good water dispersion [22, 23].
MnO, nanoparticles have been widely used in biosensing,
bioimaging, delivery of single stranded DNA (ssDNA), and
drugs [7, 24]. MnO, nanosheets, in contrast to other biomi-
metic oxidases, have a unique capacity for decomposition,
providing a substitute for the detection of glutathione [25],
oxalate, DNA [26], ascorbic acid, and alkaline phosphatase
[27]. In this case, the catalytic substrates 2,2'-azino-bis (3-
ethylbenzthiazoline-6-sulfonate) diammonium salt (ABTS),
3,3',5,5'-tetramethylbenzidine (TMB), and o-toluidine (OT)
are oxidized to produce distinctive color change during reac-
tion with MnO, nanosheets [28]. MnO, nanosheets could
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therefore be employed for colorimetric sensing and have
higher compatibility with a number of biosensing pathways.

Here, based on the oxidase-like activity of MnO,
nanosheets, we designed for the first time a simple, label-
free, cost-effective, and rapid colorimetric technique for the
extremely sensitive detection of HEV. To achieve a more
rapid and facile sensing platform, the DNA oligonucleotides
were directly adsorbed on the surface of MnO, to simplify
our assay design. The multi-step sensor fabrication processes
avoided that are usually associated with DNA hybridiza-
tion-based assays. With a characteristic absorption peak
at 652 nm, the MnO, nanosheets in this sensing platform
may directly catalyze the oxidation of TMB, turning it from
colorless to blue oxXTMB and exhibiting excellent biomi-
metic oxidase-like activity. The facile synthesized MnO,
nanosheet was characterized using structural and crystal-
line details to confirm the formation of sheet like structure
using X-ray diffraction (XRD) and transmission electron
microscopy (TEM). Further, the atomic force microscopy
was carried out to confirm the adsorption of ssDNA on to
the MnO, sheets. This colorimetric approach has great sens-
ing performance with lower limit of detection and high sen-
sitivity and selectivity. Low-toxic, well-biocompatible, and
readily synthesized biosensors are very promising for using
in clinical samples to diagnose diseases.

Materials and methods
Materials

The chemicals used in this investigation were of the ana-
lytical grade and were utilized directly without any fur-
ther purification. Potassium permanganate was acquired
from Sinopharm Chemical Reagent Co., Ltd, China.
Potassium dihydrogen phosphate (>98%), di-potassium
hydrogen phosphate anhydrous (>98%), acetic acid
(99.8%), and ethanol (99.9%) were obtained from Merck,
USA. Sodium acetate (99-101%) was purchased from
Ajax Fine Chem. 3,3',5,5'-tetramethylbenzidine (> 98%)
was procured from Tokyo Chemical Industry, Japan, and
human serum from Sigma-Aldrich, USA. All the oligonu-
cleotides were acquired from Integrated DNA Technolo-
gies Ltd., Singapore, and were used without additional
purification. For all the experiments, Milli-Q water was
used. The sequences of oligonucleotide [29] used in this
study are as follows:

HEV capture probe sequences (18 bases)
5'-GGTGGTTTCTGGGGTGAC-3’

HEYV target probe sequences (51 bases)
5'-GGATTGCGAAGGGCTGAGAATCAACCCGGT
CACCCCAGAAACCA CCGCCGG-3'
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Scheme 1 Schematic diagram
of MnO,-TMB system for the
colorimetric sensing of HEV

oxTMB

!

~ MnO,

Synthesis of MnO, nanosheets

Potassium permanganate (KMnO,) was used for the synthe-
sis of MnO, nanosheets through a thermal decomposition
method with slight modification from literature [30]. Briefly,
2 g of KMnO, was transferred into a porcelain crucible and
was heated for 4 h at 500 °C in air and then cooled at room
temperature. The product was harvested by centrifugation at
10,000 rpm for 8 min, and the soluble byproducts (K;MnO,
or K,;MnO,) were removed by washing the product three
times with distilled water. The MnO, was dried for 12 h in
an electric oven at 60 °C. For further experiments, the final
product was stored at room temperature.

Preparation of HEV-DNA@MnO,

For the adsorption of DNA on the surface of MnO,, 5 pL
of 1 mg/mL MnO, (final concentration 20 pg/mL) was
added to different concentrations (0, 0.5, 1.5, and 2.5 uM)
of HEV capture probe. At room temperature, the mixture
was vortexed for 2 h. The excess DNA was removed from
the mixtures after incubation by centrifuging at 8000 rpm for
10 min. The pellet was kept at 0 °C for further use, while the
supernatant was discarded.

Assay procedures

For detection of HEV, 2.5 pL of 1 mg/mL CP-modified MnO,
(10 pg/mL final concentration) was added to 10 pL of different
concentrations (0, 1 M, 100 fM, 1 pM, 100 pM, 1 nM, and
100 nM) of HEV target probes. The mixtures were incubated
for 30 min at 37 °C for binding of HEV capture probe and

HEV CP

-

oxTMB

|

N

™™ T. HEV CP 0000C HEV TP

target probe. After 30 min of incubation, 235 pL of Na-Ac
buffer (pH 3.5, 0.1 M) was added to the above mixtures.
Finally, 2.5 pL of TMB (final concentration 1 mM) was added
to a total of 250 pL reaction system to initiate the reaction. The
absorption spectra were recorded from 350 to 800 nm using
the excitation wavelength of 652 nm using a microplate reader.
All the experiments were recorded in 3 replicates.

Characterizations

Powder X-ray diffraction (P-XRD) patterns were recorded
using Bruker D8 Diffraction system with a Cu Ka source
(A=0.1541 nm). The surface morphology of the prepared
materials was investigated using TEM JEM-2100Plus trans-
mission electron microscopy. Through N, adsorption des-
orption analysis utilizing a BET analyser, the surface area
of the MnO, was measured. The DNA adsorption on MnO,
was confirmed by atomic force microscopy (AFM) from
Park NX10 SICM. A microplate reader (Cytation 5 Biotek)
was used to examine the oxidase-like catalytic activities of
the prepared material and TMB substrate. Zeta potentials
of MnO, nanosheets, DNA, MnO,-CP, and MnO,-CP-TP
were recorded using Zetasizer [Malvern Panalytical-UK,
Nano ZS].

Results and discussion
Characterizations of MnO, nanosheets

MnO, nanosheets were synthesized through a facile one
step thermal decomposition route. As displayed in Fig. 1,

@ Springer



706

Alam N. et al.

the transmission electron microscopy images of MnO,
nanosheets exhibited a typical two-dimensional layer struc-
ture and displayed multiple folds and wrinkled like sheet
structure. The high surface-to-volume ratios of ultra-thin
sheets could provide large specific surface area and allowing
easy contact between reactant molecules and the active sites
of nanosheets, thus providing enhanced catalytic activities
as well as unique optical properties. High-resolution TEM
images (Fig. 1C), shows that obtained nanosheets are free
of any particle on surface. The TEM of MnO, nanosheets
at 1 um scale showing overall view is demonstrated in ESI
(Fig. S1) and the size distribution at 200 nm scale in ESI
(Fig. S2). From the HRTEM image, the d-spacing was ana-
lyzed and found to be around ~0.38 nm, which corresponds
to the (002) plane displayed in Fig. 1D.

The energy-dispersive X-ray (EDS) spectra obtained
using TEM microscope shows that Mn and O elements are
present in MnO, nanosheets. The atomic percentage of Mn
and O was approximately 25.40% and 74.60%, respectively,
as shown in ESI, Fig. S3 and Fig. S4. This confirms success-
ful formation of MnO, nanosheets.

The crystal structures and phase information of
MnO, nanosheets are acquired from powder X-ray diffrac-
tion (PXRD) pattern in Fig. 2A. The diffraction peaks are
considerably broadened due to noncrystalline nature of as-
synthesized materials. The diffraction pattern observed at

Fig.1 TEM image of the
MnO, nanosheets at different
scales (A) 1 pm, (B) 200 nm,
(C) 100 nm. (D) shows the
d-spacing from the HRTEM
image of MnO, nanosheets
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20 of 11.8°,24.9°,36.4°,41.4°, and 66.6° are corresponding
to (211), (301), (600), and (002) crystal planes, respectively,
which corresponds to tetragonal MnO, (JCPDS 44-0141).
The minor variations in the distances between nanosheets
in various restacked 2D structures can be used to explain
the small variations in the (002) diffraction peak angles. By
measuring the surface area by N, adsorption—desorption
analysis using a BET analyzer, the results of the surface
characteristics studies are shown in Fig. 2B, C, and D. The
curves shows the type IV isotherm profiles [31]. Such pro-
files reveal two types of characteristics of the surface: (1)
mesoporous structure and (2) unrestricted multilayer adsorp-
tion of the materials. It was found that the surface area of the
material was 12.939 m? g~!. But it was interesting to know
that the pore volume was more prominent with an average
pore diameter of 19.895 nm. Such a large pore diameter is
more suitable for catalytic processes, while the surface area
of MnO, with capture probe and target probe were 19.71
m? g~ and 14.76 m? g7!, respectively, which also confirms
the adsorption and desorption of capture and target probes.

To further understand the morphology and adsorption of
HEV-DNA on the surface of MnO, nanosheets, the atomic
force microscopy (AFM) was used. From the AFM micro-
graphs (Fig. 3A-C), the MnO, produced from thermal
decomposition method shows the root mean square (RMS)
surface roughness around 0.0043 um (Fig. 3A), whereas
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ssDNA modified MnO, nanosheets attained a surface
roughness 0.1916 um (Fig. 3B). The change in morphol-
ogy and surface roughness of MnO, nanosheets and ssDNA
modified MnO, nanosheets clearly indicates that ssDNA
adsorbed on the surface of MnO, nanosheets. The wavey
kind structure was produced on the surface of MnO, repre-
senting the adherence of sSDNA and almost covered the area
of the scan (Fig. 3B). Upon the addition of target DNA, it’s
interacted with ssDNA on the surface of MnO, nanosheets.
The resulting hybridized DNA released from the surface of
MnO, nanosheets. However, some unhybridized DNA is still
adhered on the surface of MnO, nanosheets which can be

(A)

deg

MnO, cropped

-18 4

-20 -

pm

222 4

-26

seen as wavy kind of appearance on surface of the MnO,
nanosheet as shown in Fig. 3C. The RMS roughness of HEV
CP-modified MnO,+HEV TP is 0.0155 um which confirm
the adsorption and desorption of DNA on MnO, nanosheets.

This was further confirmed by zeta potential analysis of
all the three materials along with the ssDNA. Unmodified
MnO, nanosheets shows a zeta potential of —39.6 mV, and
ssDNA was — 17.4 mV. After modification with ssDNA, it
was found that the zeta potential was increased to —55.3 mV.
Upon adding the target DNA to the system, the hybridized
DNA was released from the surface, and the zeta potential
was decreased again to —44.8 mV which is almost closer

HEV-DNA-Cp@MnO, with HEV-
DNA target cropped

Fig.3 A AFM images of the MnO, nanosheets, B MnO,+HEV CP, and C HEV CP-modified MnO,+HEV TP
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to the value of unmodified MnO, zeta potential. This dem-
onstrates that the majority of the ssDNA has been released
while a small portion of unhybridized DNA is still remaining
on the surface of MnO, nanosheets Fig. 4A. Furthermore,
the HEV capture probe was labeled with Cy3 dye. A 2.5 pM
of Cy3-labeled HEV CP was mixed with 10 pg/mL MnO,
catalyst in Na-Ac buffer (pH 3.5, 0.1 M). The fluorescence
was recorded in the absence and presence of HEV target
probe as shown in Fig. 4B. The bare MnO, did not show
fluorescence, while a high fluorescence was observed for
MnO,-CP demonstrating that MnO, is successfully modified
with HEV DNA. But when HEV target was added into the
system, the target probe hybridized with capture probe and
released from the surface; hence, a decrease in the fluores-
cence was observed.

Proof of concept and verifications

In the presence of DNA, the surface of MnO, nanosheets can
be masked that inhibits the biomimetic oxidase-like activity
of MnO, nanosheets. DNA affects the catalytic activity of
the MnO, nanosheets; it adsorbs on the surface of MnO,
nanosheets via the negatively charged phosphate backbone
[32] and by van der Waals force of interaction between the
surface of MnO, material and nucleobases of DNA [33] and,
thus, reasonably inhibits the oxidase-like activity of MnO,
[34]. Encountering the HEV target DNA, the complemen-
tary target sSDNA is hybridized with the capture ssDNA
probe, between the densely negatively charged phosphate
backbones, the nucleobases are buried, and double-strand
DNA (dsDNA) conformation is produced. By employing
conserved sequences, no cross-reactivity existed because
of specific complementarity. The dsDNA conformation
can reduce the intensity of the Van der Waals interaction
between dsDNA and the MnO, surface and inhibit interac-
tions between nucleobases and material surfaces [35]. As
a result of the electrostatic repulsion between dsDNA and
MnO,, the system’s oxidase activity will recover as dsDNA
is released from the surface of MnO, (Scheme 1). The basic
principle behind the colorimetric sensing of HEV is based

on the biomimetic oxidase-like activity of MnO, nanosheets.
As shown in Fig. 5A, the TMB was colorless with no char-
acteristic absorbance from 350 to 800 nm. After adding the
as-prepared MnO, nanosheets, the oxidation of the colorless
TMB produced a blue-colored product (0xTMB) as can be
seen in the inset of Fig. SA and giving a high absorbance
peak. However, after the addition of the HEV capture probe
into the MnO,-TMB system, the absorbance at 652 nm was
decreased by hindering the oxidation of TMB to oxTMB
shown in Fig. 5B. This can be attributed to the adsorption of
the HEV capture probe on the basal plane of MnO, through
the negatively charged phosphate backbone [34]. The oxi-
dation of TMB to oxTMB would be reduced as a result of
covering the surface area of MnO, nanosheets, leading to the
inhibition of biomimetic activity. Consequently, the inten-
sity of the 652 nm absorbance reduced. However, there is
some incomplete surface coverage of captured ssDNA on
MnO, nanosheets for catalytic reaction which gives absorb-
ance peak at 652 nm. But, upon the addition of target DNA
to the MnO,-TMB-HEV-CP system, the target probe binds
to the capture probe on the surface of MnO, because of
DNA hybridization. Hence, the hybridized DNA from the
surface of MnO, is released, and the oxidase-like activity
of the MnQ, is recovered. Confirmation of the feasibility
of the target sensing approach through visual observations
can be seen in ESI, Fig. S5. Without the use of H,O,, this
efficient reaction between the TMB substrate and MnO,
nanosheets offers tremendous stability and reproducibility.
These results established the practicality of this colorimetric
sensing mechanism and applied it to the detection of HEV
target probe.

Optimization of assay conditions

For the highly throughput results of the HEV detection sen-
sor, the critical parameters such as pH, MnO,, and HEV cap-
ture probe were studied systematically to establish the opti-
mal conditions. The concentration of MnO, was investigated
to determine the optimum concentration for high oxidase-
like activity. Different MnO, concentrations (0, 10, 20, 40,

Fig.4 Zeta-potential analy- ( A) (B)
sis of A MnO, nanosheets, 80 -
ssDNA, MnO,-CP and in - - : ::g'{P
the presence (MnO,-CP-TP) s = &
of the HEV target probe. B E 1 & (g:e s = e T
Fluorescence spectra of MnO, 8 201 ‘xsd' & & “\o°{ £ 2001
nanosheets, MnO,-CP and pres- § 0 §
ence of the HEV target probe 2 204 =
(MnO,-CP-TP) g s ’ 7 ‘ = 1004
3 1 |
-60
-80 o 0 T T T
640 660 680 700 720
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Fig.5 UV-visible absorption
spectra of (A) only TMB, only (A) (B)
MnO, and TMB +MnO,. Inset 2.5 <7 2.5{—TM™B
of A is the visual observa- — we “. — mgimo
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and 60 pg/mL) were added to MnO,-TMB reaction system.
In ESI, Fig. S6A depicts that the UV-visible absorbance
peak intensity centered at 652 nm increases with increas-
ing concentrations of MnO,. There was a linear relation-
ship between MnO, concentration and absorption spectra at
652 nm with the regression coefficient (R*=0.999) as shown
in ESI, Fig. S6B. For high accuracy, we employed 10 pg of
MnO, for further experiments of HEV detection.

As the pH value is critical for the high oxidase-like activ-
ity of MnO,, Na-Ac buffer of pH range from 3 to 6 was
studied. As presented in ESI, Fig. S7, the absorbance spectra
of the reaction system decreased steadily with increasing
pH value. MnO, exhibits high enzymatic activity in mildly
acidic conditions, and MnO, nanosheets have a high oxida-
tion capability [36]. So, Na-Ac buffer of pH 3.5 was selected
for further experiments.

Adsorption of HEV-DNA on MnO, nanosheets

To investigate the application of MnO,-TMB sensing plat-
form for the detection of HEV, the system was first applied
to investigate the adsorption of HEV capture probe on MnO,
surface. Under the optimum experimental conditions, dif-
ferent concentrations of HEV capture probe in the range of
0-2.5 pM were applied to adsorb on the surface of MnO,.
The concentrations of HEV capture probe have a huge effect
on the catalytic activity of MnO,. As the concentration of
HEYV capture probe increased from 0 to 2.5 pM, the absorb-
ance spectra at 652 nm decreased as illustrated in Fig. 6A.
The color of the reaction was considerably changed from
dark blue to light blue which was also confirmed by visual
observations shown in Fig. 6B. The HEV capture probe was
physically adsorbed successfully by MnO, via phosphate
backbone of DNA which is often bound by some nano-
particles [37]. In literature, it is reported that due to large
number of terminal phosphate groups, its binding affinity
to nanoparticles is higher [38]. DNA affects the catalytic
activity of the nanomaterial; it adsorbs on the surface of

Wavelength (nm)

the nanomaterial via the negatively charged phosphate back-
bone [32]. This indicates that the adsorption of HEV capture
probe masked the surface of MnO,, so less MnO, surface
is available for the catalytic oxidation of TMB and hence
decreases the absorbance spectra at 652 nm. When the con-
centration of HEV capture probe increased, the absorbance
spectra at 652 nm decreased. Figure 6C shows that there is
an indirect relationship between the change in absorbance
and the HEV capture probe concentration from 0 to 2.5 pM
with a correlation coefficient of 0.984. Figure 6D shows a
clear difference in the absorbance spectra of TMB +MnO,
and TMB +MnO, +HEV CP.

Analytical performance of the sensor for HEV
detection

The proposed colorimetric sensor was also employed to
detect HEV under the ideal experimental conditions. With
increasing the concentration of HEV target probe ranging
from 1 fM to 100 nM, the absorbance spectra at 652 nm of
the sensing platform was gradually increased as displayed in
Fig. 7A. As the concentration of HEV target probe increases,
more number of target probes bind with capture probe, and
the surface of MnO, is unmasked. Hence, the oxidase-like
activity of the MnO, is recovered by the oxidation of TMB
to oxTMB. The absorbance spectra at 652 nm are intensified.
Figure 7B shows the visual confirmation of the increased
oxidation of TMB by MnO,. With the increasing concen-
tration of target probes in the sensing system, more capture
probes are released from the surface of MnO,. This confirms
more availability of MnO, for the oxidation of TMB and
the color of the sensing system changes from light blue to
dark blue. Figure 7C illustrates a linear relation of change in
absorbance spectra and the target probe concentration from
1 fM to 100 nM with the regression coefficient of 0.998.
The absorbance spectra at 652 nm were directly related to
the sensing of HEV; this correlates linearly with the con-
centration of HEV target probe. The LOD was calculated to
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Fig.6 UV-visible absorption
spectra of A varied concentra-
tions (0, 0.5, 1.5, and 2.5 pM)
of DNA adsorption on MnO, in
presence of TMB (1 mM) and
MnO, (20 pg/mL). B shows the
visual representations of adsorp-
tion of different concentrations
of DNA on MnO, resulting in
decrease oxidation of TMB. C
The liner calibration between
the different concentrations of
DNA adsorption on MnO, and
the decrease in TMB oxida-
tion. D UV-visible absorption
spectra of TMB +MnO, sensing
system in the absence (black)
and presence (red) of adsorbed
DNA on MnO,

Fig.7 A UV-visible absorption
spectra for detection of differ-
ent concentrations (0, 1 fM,

100 fM, 1 pM, 100 pM 1 nM,
and 100 nM) of HEV target in
presence of TMB (1 mM) and
MnO, (10 pg/mL). B Visual
illustrations of detection of
different concentrations of HEV
target probes leading to recov-
ery of oxidase-like catalytic
activity of MnO,. C Displays
the linear calibration of detec-
tion of HEV target probes and
recovery of oxidase-like activity
of MnO,. D UV-visible absorp-
tion spectra of TMB-MnO,
sensing system in the absence
(red) and presence (black) of
HEYV target probe and 20 pg/mL
of MnO, catalyst
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Fig.8 Stability and selectivity of the developed sensor. A Stabil-
ity of oxidase activity of MnO, nanosheets and hindering oxidase
activity of MnO, nanosheets by HEV-CP in the presence of TMB
(1 mM), MnO, (20 pg/mL), and HEV-CP (2.5 pM). B Selectivity of

be 3.26 fM based on the standard deviation of the response
(Sy) of the curve and the slope of the calibration curve (S)
at levels approximating the LOD according to the formula:
LOD =3.3(Sy/S). The LOQ was calculated to be 36.08 fM
on the basis of standard deviation of the response (SD)
and the slope of the calibration curve (S) according to the
formula: LOQ =10(Sy/S). The standard deviation of the
response was determined based on the standard deviation
of y-intercepts of the regression lines. The results are com-
paratively better than those of earlier reports tabulated in
Table S1 in ESI. There is an obvious change in the absorb-
ance spectra of TMB +MnO, + HEV CP and TMB + HEV
CP-modified MnO, + HEV TP. In TMB + MnO, + HEV CP
sensing system, most of the MnO, surface is hindered by
the adsorbed capture probe, so fewer MnO, active sites are
available to catalyze the TMB present in the reaction system.
This can also be attributed to the presence of bigger pore
size and volume. These can also provide necessitated active
sites possible to even load the ssDNA to MnO,, and this is
evident from BET analysis. As the target probe is added into
the system, the capture probe binds with the target probe

Fig.9 Sensor performances for
different concentrations of HEV
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because of their complementarity with each other. Hence,
the oxidase activity of MnQO, is recovered for the oxidation
of TMB as shown in Fig. 7D.

Stability and selectivity of the biosensor

In order to assess the reliability of the developed sensor, the
cyclic stability tests of MnO, and MnO, + HEV-CP were
performed at a 1-week interval for a period of 1 month as
displayed in Fig. 8A. It indicates that our prepared material
exhibits good catalytic activity and stability over a month with-
out affecting its primary performance. The selectivity of this
sensing system was subsequently studied by monitoring the
change in absorbance activity with other interfering molecules.
To assess the specificity of the suggested sensor, we selected
other mismatched DNA sequences such as IBV, HBV, HCV,
IAV, HAV, HEV-3, and HEV-4 as shown in Table S2. The
concentrations of these interferents were set as 1 pM, while
100 fM concentration was set for HEV target (equivalent to
0.1 pM). As shown in Fig. 8B, due of the non-specific interac-
tion with the HEV capture probe, the biosensor responses to
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Table 1 Detection of HEV target in serum sample with this sensor

Sample  Added Detected Recovery (%)  RSD (%, n=3)
HEV 100ftM 99 fM 99.0 4.93
HEV 1pM 0.98 pM 98.0 3.57
HEV 100pM  97.5 pM 97.5 5.01
HEV 1nM 0.99 nM 99.0 6.36
HEV 100nM  101.5nM 1015 4.30

the other virus sequences are much lower, even though they
were in higher concentration than HEV. This makes our devel-
oped sensor unique to the target analyte. This confirms that our
developed colorimetric sensor possesses excellent specificity
and selectivity for HEV detection.

Analytical performance in spiked serum samples

To further explore the analytical performance of our col-
orimetric sensor in complex biological samples, the human
serum obtained from Sigma-Aldrich was diluted tenfold
after centrifugation. Then, the diluted serum sample was
combined with 10 pL of various HEV DNA concentrations
(100 fM, 1 pM, 100 pM, 1 nM, and 100 nM) and incubated
for 30 min at 37 °C. To examine whether the developed
sensor could be applied for the sensing of HEV in a real
sample, the absorbance responses are tested in spiked
serum samples. As depicted in Fig. 9A, the biosensor
responses display a similar tendency of increasing absorb-
ance with increasing concentrations (100 fM—100 nM) of
HEV targets as in the buffer. The LOD and LOQ were
calculated to be 9.32 fM and 28.24 fM, respectively. Fig-
ure 9B shows a linear relation of change in absorbance
spectra vs different concentrations of target HEV (100 M,
1 pM, 100 pM, 1 nM, and 100 nM) with the regression
coefficient value of 0.99 (n=3). The absorbance spectra
of target detection in Na-Ac buffer and human serum are
shown in ESI, Fig. S8. The recoveries of HEV target DNA
ranged from 97.5 to 101.5% tabulated in Table 1, proving
that the suggested method may be used to diagnose HEV
in patients without the need for complex pretreatments.

Conclusion

In conclusion, a label-free, highly sensitive colorimetric
sensing system was developed to identify the Hepatitis
E virus. The strategy has relied on effective biomimick-
ing oxidase activity of MnO, nanosheets. This approach
can catalyze the oxidation of TMB into oxXTMB that can
be visualize by the naked eye as a clear absorption peak
at 652 nm with a colorimetric change from colorless to

@ Springer

blue product. The addition of HEV DNA capture probe to
the system leads to the inhibition of biomimetic oxidase
activity due to adsorption of the DNA on the surface of
MnO, nanosheets. The oxidase activity was regained by
the introduction of HEV target probe. HEV target probe
binds to the HEV capture probe, thus hindering the inter-
action between the MnO, surface and DNA. This releases
the DNA from the surface exposing them to more cata-
lytic surface sites, recovering the oxidase-like activity. The
assay was also used to quantify HEV target DNA in spiked
serum samples with high accuracy showing its feasibil-
ity and reliability. Therefore, this simple approach could
offer an easy, robust, and label-free sensing platform for
biological and clinical diagnostic applications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-022-04461-1.
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