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FAM-aptamer VS, nanosheet cyte

A VS,/aptamer-based cytochrome c sensor was successfully constructed by first
applying the DNA-adsorbing ability/fluorescence-quenching properties of VS, in

bioanalysis.
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ABSTRACT

A novel ultrasensitive sensing system for rapid fluorescence detection of
cytochrome ¢ (cyt ¢) was proposed by combining aptamer-based bioassay with VS,
nanosheets. VS nanosheets with high fluorescence quenching ability were
synthesized by the solution route. Cyt c-binding aptamer was tagged with the
fluorescent dye carboxy fluorescein (FAM), acting as the probe. VS: nanosheets can
adsorb the probe and quench its fluorescence efficiently. However, the fluorescence of
the probe was retained when it was incubated with cyt ¢ and then mixed with VS;
nanosheets solution. The proposed sensing system shows high selectivity and
sensitivity, giving a linear range of 0.75 nM to 50 uM, and a limit of detection of 0.50
nM.

Keywords: VS, nanosheets, Cytochrome c, Aptamer, Fluorescence detection,

Biosensor

Introduction

Cyt c, containing iron porphyrins as a prosthetic group, is a water-soluble,
mitochondrial redox chromo protein and widespread in organisms. Cyt c¢ plays an
important physiological role in oxidative phosphorylation.> ? Under normal
circumstances, cyt c is located on the crest of mitochondrial membrane in cells, acting
as an electron carrier in the mitochondrial intermembrane space between
cyt ¢ reductase and cyt c oxidase. However, cyt ¢ can be translocated out from
mitochondria to cytosol under various pathological conditions, triggering the activation
of caspases and subsequent apoptotic cell death.35 A large number of trials have found
that cyt ¢ releasing from mitochondrial intermembrane space to the cytoplasm is the
key step in the mitochondria way cells apoptosis® and an early sign of apoptosis.”
Thus, this protein has been identified as an important mediator in apoptotic pathways
and is used as an information material of apoptosis.!® Therefore, the measurement of

cyt ¢ is of significant importance in better understanding cell apoptosis. Great efforts
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have been made so far to detecting cyt c. Conventionally, western blot and enzyme
linked immunosorbent assay (ELISA)' !> can be used to effectively determine the
amount of cyt c. However, polyclonal antibodies (Abs) against cyt ¢ hardly show a
single band in the western blot analysis due to the cross-reactivity of the anti-cyt ¢ Ab
that binds to some other proteins, which exhibits poor selectivity. Meanwhile, the
signal amplification in ELISA is mediated by enzymatic reaction, which is limited by
the availability of substrates. Other analytical methods for cyt ¢ include flow
cytometry,'* electrophoresis,!* high performance liquid chromatography.'> Though
possessing high sensitivity, most of these methods are somewhat time-consuming,
require expensive instrument and complicated sample pretreatment process, therefore

116-]9 and

are not adaptable to routine analysis. Besides these methods, spectroscopica
electrochemical method?*?? have emerged as alternative tools for rapid and real-time
analysis of clinically relevant analytes and gained good detection limits. However, they
are vulnerable to interferences caused by other positively charged species present in the
samples and hence are not applicable for the measurement of cyt c¢ released in
biological systems. Therefore, there is an ever-increasing demand for more simple,
selective and economical methods for fast scanning of cyt c¢ in clinic detection and
research applications.

Graphene, a two-dimensional nanomaterial, has been extensively used in biological
assays.?*2¢ Transition metal dichalcogenides (TMDCs), as two-dimensional (2D)
layered nanomaterials analogous to graphene, are MXo-type compounds where M is a
transition element from groups IV, V, and VI of the periodic table and X represents the
chalcogen species S, Se, and Te.?”? Recently, TMDCs have received growing
attentions owing to their high specific large surface area and remarkable electronic
properties catering for intriguing applications in optoelectronics and energy
harvesting.3"-3* Li et al. prepared and applied exfoliated single-layer and multilayer
MoS: in detecting NO gas and obtained optimistic results.*> Zhu et al. revealed that
MoS: nanosheet possesses high fluorescence quenching efficiency and different

affinities towards single-stranded DNA (ssDNA) versus double stranded DNA

(dsDNA).*¢ Yuan et al. synthesized the layered WS nanosheet, which acts as a
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platform for easy assembly of biological probes and affords high efficiency to quench
the emission of luminophors on or near the surface. This fluorescence assay gained
low background and high sensitivity.’” Xi et al. have recently detected miRNA by
combining WS, nanosheet based fluorescence quenching with duplex-specific
nuclease signal amplification.®® It becomes obvious that MoS, nanosheet and WS,
nanosheet can act as a nanoplatform to adsorb gas molecules or biomolecules (like
ssDNA, dsDNA and RNA) and exhibit a capability for quench luminescence of
fluorophores via energy transfer processes. Subsequently, restoration of the
fluorescence was expected once upon the introduction of sensing targets, which reacts
with DNA probes and alters their molecular conformation leading to weakened
physisorption because the nucleobases are shielded by the phosphate backbone in
such situations. It is worth mentioning that besides the DNA hybridization, specific
aptamer-target recognition can induce dramatic structural switching of the DNA probe.
39-40 So such nanosheets biosensors can also be applied to detect certain proteins when
using corresponding aptamer as the probe.

Vanadium disulfide (VS2), composed of the metal V layers sandwiched between
two sulfur layers and stacked together by weak van der Waals interactions, is a typical
family member of TMDCs.*! VS, is considered to have great potential for applications
in such as sensor,*? energy storage devices,**5 and spintronics.**® Nevertheless, to
the best of our knowledge, the biological applications of VS, nanosheets have not
been explored up to now. Considering that most transition-metal ions possess intrinsic
molecule adsorption and fluorescence quenching properties,*-3! we believe that VS,
also has potential applications in fluorescence-based detection of biological molecules.
What’s more, fluorescent method has been proved to be a powerful optical technique
for the trace detection of analytes due to its high sensitivity.

In this work, a VS> nanosheets-based biosensor was proposed for the first time for
fluorescence detection of cyt ¢ with aptamer as recognizer. As we know, aptamers are
special functional nucleotide sequences that have been selected towards a large pool
of targets with high selectivity and affinity.5% 53 They are able to bind to targets in a

specific manner, analogous to antibody-antigen interactions.>* 35 Good selectivity as
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well as high sensitivity would be gained if aptamer to be used in detecting the specific

protein, thanks to its unique character.3

Results and discussion

Principle of the sensing system

Long chain of carbohydrates can be adsorbed on the surface of the VS; nanosheets
based on the researches on TMDCs.5” Because most of the transition metal ions
possess the nature of quenching fluorescence through an energy transfer process, 4951
nanosheet is expected to possess the same properties and be used to construct a
platform for analysis of biological interests based on its properties of fluorescence

quenching and adsorption towards biological molecules such as oligomeric nucleotide

and polypeptide. The VSz-based cyt ¢ biosensor is illustrated in Fig. 1.
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Fig. 1 Schematic representation of the VS nanosheets-based biosensor for rapid

fluorescence detection of cyt c.

The fluorescence dye-labeled aptamer is adsorbed on the VS; nanosheet via the van
der Waals force between nucleobases and the basal plane of VS, resulting in the
quenching of fluorescence. In the presence of cyt c, the aptamer undergoes adaptive
conformational change and adopts a rigid and definite tertiary structure so that it can

bind with cyt ¢.5 In such a rigid structure, the nucleobases are shielded by the
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phosphate backbone leading to weakened physisorption. The fluorescence is restored.
As a result, the fluorescence of the probe provides a quantitative readout of the target
protein. The combination of VS; nanosheets with the aptamer affinities makes the

sensing system useful for protein detection.

Characterization of VS; nanosheets

VS: nanosheets were prepared by firstly synthesizing the VS>-NH; precursor
through hydrothermal method and then exfoliating it into nanosheets. The SEM
images of Fig. 2A and 2B clearly shows the flower-like VS2-NH;3 precursors and the
exfoloated VS2 nanosheet which is on the Ti substrate. The VS2-NH3 precursors are
composed of a large number of nanosheets assembled like flowers (Fig. 2A). While
the VS;'NHs precursors were ultrasonically treated, they became dispersed
nanosheets with irregular shapes with an average width of about 300 nm (Fig. 2B).
Small particles in the background of Fig. 2B are the surface morphologies of the Ti
substrate. The EDS analysis of Fig. 2B shows the characteristic peaks of V and S with
an approximate elemental composition of 1:2 (V/S ) as shown in the inserted table in
Fig. 2C, verifying the desired stoichiometry of the products. The existence of
elements Ti is assigned to the titanium substrate. TEM image of VS> nanosheets is
shown in Fig. 2D. The HRTEM image of VS; in Fig. 2E indicates that the interplanar
spacing is 0.277 nm which is corresponding to the (100) plane of VS, (0.2784 A).
HRTEM investigations in the edge areas of VS, are presented in Figure 2F, from
which six to seven dark and bright patterns can be readily identified, indicating that
the sample was stacked up with six to seven single layers. The interlayer spacing
measured in the edge-area HRTEM image was about 0.571 nm, which was also in

accordance with the ¢ parameter of VS (0.573 nm).
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Fig. 2 FE-SEM images of (A) the VS,'NHj precursor and (B) the ultrasonically
treated VS»-NHj3 precursor, a single VS; nanosheet is observed on titanium substrate;
(C) EDS spectrum of VS, nanosheet on titanium substrate; (D)TEM image of VS,

nanosheets; (E) and (F): HRTEM images of VS; nanosheets.
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Detection of cyt ¢

Aptamer which shows favorable binding properties to cyt ¢ 58 was labeled with dye
FAM and served as the probe (P1)
(FAM-5’-CCGTGTCTGGGGCCGACCGGCGCATTGGGTACGTTGTTGC-3’). As
shown in Fig. 3, 81% of the fluorescence of P1 is quenched within 5 min after P1 (30
pL, 1.5 uM) was introduced into VS: nanosheets solution (40 pL, 0.4 mg/mL)
(comparing curve a with curve d, Fig. 3), demonstrating that VS, nanosheet possesses
a high fluorescence quenching ability, and the interaction between aptamer and VS>
nanosheets is fast and strong. The addition of 60 uL cyt ¢ (5x10° M) results in an
enhancement of the fluorescence intensity by 3 times (comparing curve c with curve d,
Fig. 3). In the absence of VS2 nanosheets, however, the combination of P1 with cyt ¢
results in a decrease in fluorescence by 15% (comparing curve a with curve b, Fig. 3).
The possible reason would be the change of aptamer structure which resulted in the

decrease in fluorescence of the dye.

8000

a. Pl
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Fig. 3 Fluorescence spectra of P1 and Pl-cyt ¢ complex in the absence and presence of
VS: nanosheets. Excitation and emission wavelengths are at 490 nm and 518 nm,

respectively.
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Optimization of the experimental conditions

VS: nanosheets work as the fluorescence quencher and substrate on which
dye-labeled aptamer is adsorbed. The amount of VS nanosheets is therefore a crucial
parameter that affects the sensitivity. Fig. 4 shows the dependence of responses on the
amount of VS, nanosheets with/without the target cyt c. In the absence of cyt ¢, most
of the dye-labeled aptamer (P1) are absorbed on the VS: nanosheets resulting in the
fluorescence quench. The fluorescence intensity in the absence of cyt ¢ was defined as
the background which would be the less the better. While in the presence of cyt c, the
dye-labeled aptamer binds with cyt ¢ undergoing adaptive conformational changes,>
resulting in desorption of the cyt c-aptamer complex. The fluorescence is then
restored. As shown in Fig. 4, the fluorescence intensity decreases with increasing the
VS: nanosheet concentration no matter with or without cyt c. However, there is a
maximum on the cyt c-resulted increase in the fluorescence (the largest
response/background ratio), at which the VS, nanosheet concentration is defined as
the optimal concentration (0.4 mg/mL). Ones may notice that in the absence of VS,
nanosheet, the fluorescence intensity of dye-modified aptamer is higher than that of

the cyt c-aptamer complex, indicating that the conformational change of aptamer

7500 14
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Fig. 4 Fluorescence intensity of P1 (background) and P1- cyt ¢ complex (response) in
the presence of VS; (0, 0.1, 0.2, 0.4, 0.8, 1.0 and 1.5 mg/mL, 40 pL), P1: 30 uL, 1.5
uM; cyt ¢: 60 uL, 510> M. Error bars are the standard deviation of three repetitive

experiments.
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The quantification of cyt ¢ is based on the fluorescence recovery resulted from the
formation of P1-cyt ¢ complex (Fig. 1). Both the incubation time of P1 with cyt ¢ and
the reaction time of P1 with VS, nanosheets would affect the response and were also
optimized. Fig. 5A displays the changes in fluorescence intensity of a solution
containing 30 uL P1 (1.5 uM) and 60 uL cyt ¢ (5x10° M) at 518 nm over different
incubation time at room temperature. The fluorescence response profiles are shown in
the inset of Fig. 5A. One can see that the fluorescence signal decreases to the
minimum-value after 10 min incubation, indicating that the reaction between P1 and
cyt ¢ is quick and reaches stabilization within only 10 min. Therefore, 10 min was
selected as the optimum

reaction time of aptamer with cyt ¢ in subsequent

experiments.
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Fig. 5 (A) The dependence of the fluorescence intensity on the incubation time of P1
with cyt c. (B) The dependence of the fluorescence intensity on the incubation time of
Pl-cyt ¢ complex with VS, nanosheet. Inset: the corresponding fluorescence spectra.

Excitation and emission wavelengths are at 490 nm and 518 nm, respectively.

Once the P1-cyt ¢ complex was formed (10 min), VS; nanosheets were introduced.
In this case, the fluorescence intensity depends on the interaction between P1 and cyt
¢, P1 and VS; nanosheet, as well as the P1-cyt ¢ complex and VS; nanosheet. Fig. 5B
shows the incubation time-dependent change in fluorescence intensity at 518 nm after

addition of VS nanosheets into a solution containing aptamer (30 pL, 1.5 pM) and
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cyt ¢ (60 uL, 5x10° M). The response profiles are shown in the inset. One can see
that the fluorescence intensity decreases to the minimum within 4 min. Further
increasing the incubation time results in no more change in fluorescence, indicating
that the interaction of the aptamer-cyt ¢ complex with VS: nanosheet is fast and VS»
nanosheet indeed exhibits good fluorescence quenching stability. Considering a
variety of external factors, 5 min was chosen as the optimum incubation time of

P1-cyt c complex with VS; nanosheet.

Sensitivity of VS; nanosheets-based biosensor towards cyt ¢

Fig. 6 A shows the cyt c concentration-dependent fluorescence responses. In this
system, 30 uL P1 (1.5 uM) was incubated with 60 uL cyt ¢ at different concentrations
for 10 min, then, 40 pL VS> nanosheets solution (0.4 mg/mL) was added. After
incubating the solution for another 5 min, the fluorescence responses were detected.
The fluorescence was recovered with the addition of cyt ¢, and the recovery value
increases with increasing the cyt ¢ concentrations reaching a plateau after 5x10°> M
cyt c. Further increasing the cyt ¢ concentration results in a little increase in the
recovery of the fluorescence due to the saturation. Fig. 6 B shows the relationship
between the recovery of fluorescence (F-Fo, where Fo and F represent the fluorescence
intensity at 518 nm in the absence and presence of cyt c, respectively) and the
logarithm of cyt ¢ concentration. A linear response is observed in the range of 0.75

nM to 50 uM, with a correlation coefficient of 0.998, and a regression equation of:
F—F,=4724.1+452.4 LogC
where C is the concentration of cyt c. In the low or high concentration region, the

responses deviate from the linear relationship. The limit of detection (LOD) was

defined as 0.5 nM as it can be completely distinguished from the control (Fig. 6A).
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Fig. 6 (A) Responses profiles. (B) The calibration curve. Error bars are the standard
deviation of three repetitive experiments. Excitation and emission wavelengths are at

490 nm and 518 nm, respectively.

Selectivity of VS; nanosheets-based sensor towards cyt ¢

It is universally acknowledged that the composition in organisms is rather
complicated, so the resistance to interference from irrelevant contaminants is of great
importance for a biosensor. To study the specificity of the biosensor, the sensor
responses to some related biological species which are widespread in organisms
including L-cysteine, L-tyrosine, L-arginine, L-tryptophan, L-valine, Glu, IgG, GSH,
BSA, OVA, ascorbic acid and avidin were measured using the same experimental
procedures as for cyt c. As shown in Fig. 7, the sensor shows little responses towards
all of the tested compounds except cyt ¢, indicating a high selectivity of the developed

method towards cyt c.
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Fig. 7 Fluorescence responses of the sensor towards: (1) L-cysteine, (2) ascorbic acid,
(3) Glu, (4) IgG, (5) L-valine, (6) L-tyrosine, (7) L-arginine, (8) L-tryptophan, (9)
BSA, (10) OVA, (11) GSH, (12) avidin, and (13) cyt ¢ at concentrations of 5x10> M.
Fo and F represent the fluorescence intensity at 518 nm in the absence and presence
of cyt c, respectively. Error bars are the standard deviation of three repetitive

experiments.

Conclusion

For the first time, VS2 nanosheet was prepared and applied as a sensor platform for
the detection of cyt ¢ based on its adsorption and fluorescence quenching ability
towards dye-labeled aptamer. The proposed method is relatively simple and fast, the
detection can be finished within a few minutes, greatly shorter than the reported
aptamer-based methods.’® 3 Due to the high specificity of the used aptamer, the
sensor showed a high selectivity towards cyt ¢ with a LOD of 0.50 nM. As the
prepared VS: is high-quality and well-dispersed nanosheets, all the assays occur in

liquid phase, making it easy to automate and suitable for in situ detection.

Experimental section

Materials and chemicals
Sodium orthovanadate (Na3VO4-12H20) (99.9%), thioacetamide (TAA) (99.0%),
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were commercially available from Aladdin (Shanghai, China). Cyt ¢ and the
FAM-labeled aptamer: (FAM-5’-CCGTGTCTGGGGCCGACCGGCGC
ATTGGGTACGTTGTTGC-3’) were purchased from Amresco (U.S.). L-cysteine,
L-valine, L-tyrosine, L-arginine, L-tryptophan, glucose (Glu), immunoglobulin (IgG),
glutathione (GSH), bull serum albumin (BSA), ovalbumin (OVA), ascorbic acid and
avidin were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). All
other reagents of analytical reagent (AR) grade were obtained from commercial
sources and used as received without any further purification.

Aptamer was dissolved in 50 mM Tris-HCI (pH 7.4) containing 20 mM KCI and
600 mM NaCl. Cyt ¢ was dissolved in 50 mM Tris-HCI (pH 7.4) containing 20 mM
KCl and 120 mM NacCl.

All experiments, excluding those with special annotation, were conducted at room
temperature. All ultrapure water was prepared with Mill-Q water (Millipore, 18.2 MQ

resistivity) and used throughout the experiment.
Apparatus

The morphologies of the prepared materials (precursor VS2-NHj3 and VS» adsorbed
on titanium substrate) were analyzed using field-emission scanning electron
microscope (FE-SEM, Hitachi S-4800), high-resolution transmission electron
microscopy (HRTEM) and transmission electron microscopy (TEM) on a JEM 3010
(JEOL, Japan) electron microscope operating at 200 kV. Energy dispersive X-ray
spectrometer (EDS) fitted to the field-emission scanning electron microscope was
used to identify elemental composition of the product. Fluorescence spectra were

recorded with a Hitachi F-4600 fluorescence spectrophotometer (Tokyo, Japan).
Fabrication of VS; nanosheets

The VS nanosheests were synthesized according to the previously reported method
with minor modifications.*3

First, the intermediate intercalated VS:-NH; precursor was prepared by

hydrothermal method. Briefly, 3 mmol Na;VO4 12H>0 and 15 mmol TAA were

dissolved in 40 mL ultrapure water in a glass jar to form a homogeneous solution
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under stirring. The solution was transferred to a 50 mL Teflon-lined autoclave which
was then sealed and heated up to 160 °‘C for 24 h. Afterwards, the system was
allowed to cool down to room temperature. Black precipitate (VS2-NH3) was finally
collected by centrifugation and washed several times with ultrapure water. Of note,
the obtained precursor should be instantly used in the following exfoliation
procedures without being dried, otherwise the VS;-NH3 would decompose into VS»
flakes and result in lower exfoliation efficiency.

Then, a liquid exfoliating process was conducted. In a typical reaction, 20 mg the
as-obtained VS2-NH3 was dispersed in 30 mL water in a conical flask, and bubbled
with nitrogen to expel the dissolved oxygen away from the solution, avoiding the
possible oxidation of V(IV) to V(V). After ultrasonicating the above dispersion in iced
water for 3 h, the resultant black suspension was filtered by a medium-speed
qualitative paper filter to remove the unexfoliated flakes from the solution, yielding a

translucent solution of VS, nanosheets.
Pretreatment of aptamer

Prior to the detection of the target, the aptamer solution was heated at 95 ‘C for 5
min and then placed in ice bath immediately for 5 min, followed by cooling at room
temperature. The heat treatment was a common practice applied to allow the aptamers

to form the desired conformation through renaturation.
Fluorescence detection of cyt ¢

Then, 30 pL of the as-treated aptamer (P1) (1.5 uM) was incubated with 60 pL of
cyt ¢ at different concentrations (ranging from 0 to 2.0x10* M) at room temperature
for 30 min. Then, 40 pL as prepared VS nanosheets solution (0.4 mg/mL) was added
and the mixture was incubated at room temperature for 15 min. Afterwards, the
fluorescence emission intensity at 518 nm of the mixture was performed with
excitation at 490 nm. The kinetic behaviors were studied by monitoring the cyt

c-resulted fluorescence recovery.
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