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1. Introduction

A novel DNA biosensor for the ultrasensitive
detection of DNA methyltransferase activity based
on a high-density “hot spot” SERS substrate and
rolling circle amplification strategy

Sheng“e Gela,b,C Meng“n Ran,d Yu Mao’a,b,C Yue Sun,a,b,c X|nyu Zhoula,b,c L| L| @@) %€
and Xiaowei Cao () *P<

Herein, we proposed a novel biosensor based on a high-density "hot spot” Au@SiO, array substrate and
rolling circle amplification (RCA) strategy for the ultrasensitive detection of CpG methyltransferase (M.Sssl)
activity. In the presence of M.Sssl, the RCA process can be triggered, causing the augmentation of the
single-stranded DNA (ssDNA) at the tail of the double-stranded DNA (dsDNA), and the ssDNA can be
hybridized with numerous DNA probes labeled with Raman reporters in the next steps. Afterwards, the
resultant ssDNA can be modified to the Au@SiO, array substrate with the SERS enhancement factor of
7.49 x 10°. The substrate was synthesized by using a monolayer SiO, array to pick up the Au nanoparticle
(AuNP) array and finite-difference time-domain (FDTD) simulation showed its excellent SERS effect.
Particularly, the developed biosensor displayed a significant sensitivity with a broad detection range cov-
ering from 0.005 to 50 U mL™, and the limits of detection (LODs) in PBS buffer and human serum were
237 x 107" U mL™  and 2.51 x 10™* U mL™%, respectively. Finally, in order to verify the feasibility of its clini-
cal application, the serum samples of healthy subjects and breast cancer, prostate cancer, gastric cancer
and cervical cancer patients were analyzed, and the reliability of the results was also confirmed by
western blot (WB) experiments. Taking advantage of these merits, the proposed biosensor can be a very
promising alternative tool for the detection of M.Sssl activity, which is of vital importance in the early
detection and prevention of tumors.

silence gene transcription.” When cancer occurs, the tumor
suppressor genes are hypermethylated and the oncogenes

DNA modifications, which mainly influence gene develop-
ment, play one of the most significant roles in multifarious
biological processes and DNA methylation is the most
common category." DNA methylation has been already identi-
fied as a crucial factor in the regulation of gene expression.*™
In normal cells, DNA methylation mainly occurs in the repeat
region of the satellite DNA while the promoter and exon genes
of the CpG island are non-methylated. Once DNA methylation
happens, it will affect the regulation of gene transcription and
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outside the CpG islands are hypomethylated, resulting in the
changing of the chromosomal structure, silence of the tumor
suppressor gene and further invasion of the tumor.®
Therefore, DNA methylation is closely associated with tumors.
DNA methyltransferase (DNA MTase) is a chromatin modifying
enzyme that can combine the methyl group to adenine or cyto-
sine bases covalently from S-adenosyl-L-methionine (SAM),
causing the occurrence of DNA methylation.”! Due to the
over-expression of DNA MTase before DNA methylation in
many cancerous tissues, the timely detection of DNA MTase
activity can help realize the early diagnosis of cancer.'*™*
Thus, a highly rapid and credible method for the detection of
DNA MTase activity becomes a major demand.

In recent years, numerous approaches have been employed
to detect DNA MTase activity such as high-performance liquid
chromatography (HPLC),">'® radioactive labeling,"” high per-
formance capillary electrophoresis (HPCE),'® colorimetry"®
and fluorescence.>® However, HPLC is confined by high cost,
complicated operation and it could only assess the extent of
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total genomic DNA methylation. HPCE is limited because it needs
a special running buffer and sample consumption is excessive.
Other approaches are not quite outstanding due to cumbersome
operation or low sensitivity. Surface-enhanced Raman scatting
(SERS) is a powerful technique, mainly used to enhance the elec-
tric field intensity of metal surface plasmons by employing metal
nanostructures when light is incident on the plasmons.*'
Recently, SERS has been widely used in biological analysis due to
its advantages of rapid response, low sample use, unique finger-
print of target molecules and narrow spectral band.”*** Thus,
SERS is a convenient, rapid and effective method for trace detec-
tion. For example, Wang’s group fabricated a silver-nanoparticle-
grafted silicon nanocone (AgNPs/SINC) SERS platform via a
droplet-confined electroless deposition (DCED) method on a
superhydrophobic SiNC array to detect trace contaminants.*® Zhu
et al. introduced a sensitive SERS method to monitor intracellular
GSH and GSSG concentrations. All the studies have lower limits of
detection (LOD) than that of other methods, which confirmed the
feasibility of SERS for trace detection.”

The SERS enhancement mechanism is generally classified
into two types: electromagnetic enhancement mechanism
(EM) and chemical enhancement mechanism (CM). The EM is
mainly due to when the excitation occurs within the localized
surface plasmon resonance of the substrate materials, the elec-
tric field will be amplified, resulting in a significant SERS
enhancement effect.”® The CM is mainly attributed to charge
transfer (CT) complexes between the SERS substrates and the
probe molecules adsorbed on the surface, inducing enhance-
ment when the excitation wavelength is in resonance with the
CT transition.”® Based on the strong EM induced with excel-
lent surface plasmon resonance effects, gold and silver nano-
materials have been widely studied and applied as SERS
substrates.’*** However, SERS substrates made from pure Au
nanoparticles (AuNPs) present poor reproducibility and signifi-
cant sedimentation after absorbing probes due to the high
density of noble metals, which limits their application in
Raman detection. Meanwhile, noble metal nanomaterials are
costly and disposable, which may lead to secondary pollution
and a waste of resource. Recently, the fabrication of semi-
conductor/noble-metal substrates has gained attention among
researchers due to the combined effects of the EM and
CM.>*” As a new type of SERS substrate, the AUNPs@SiO,
microsphere (Au@SiO,) array substrate is composed of a
single-layer SiO, array and AuNP array, and has the advantages
of low cost, simple preparation, and high biocompatibility.
There are two forms of electric field enhancement on the sub-
strate: one is distributed in the gap between adjacent Au nano-
particles, and the other is located in the “V” shaped area at the
junction of adjacent SiO, microspheres. This structure pro-
vides effective sites for the loading of the single-layer AuNP
array, and the combination of two ordered arrays realizes the
uniform distribution of high-density “hot spots”, resulting in
an excellent SERS performance. As a result, the Au@SiO, sub-
strate is a potential candidate for SERS detection.

In the last few years, SERS-based detection of DNA MTase
activity has gained a lot of attention due to its great enhance-
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ment effect.*® *° However, for some low concentration targets,
the SERS method still cannot meet the requirements of ultra-
sensitive detection, so it is quite necessary to introduce a
signal amplification strategy. Previously, multiple isothermal
amplification strategies have been introduced to enhance the
detection sensitivity, such as nicking enzyme signal amplifica-
tion (NESA),*" strand displacement amplification (SDA)** and
rolling circle amplification (RCA). SDA is limited due to its
high noise signal and the detection sensitivity may be affected
by its linear amplification. The NESA-based method requires
harsh conditions such as denaturing the molecular beacon by
initial heating and a specific oligonucleotide. Among these,
RCA has attracted research attention for its advantages of sim-
plicity, excellent efficiency, versatility and low background
noise. Moreover, another outstanding advantage of the RCA
technique is that its product can be fixed on a solid substrate
because of its great compatibility and this preponderance
made it possible to detect DNA MTase activity via SERS com-
bined with the RCA double enhancement strategy.*?

In this paper, a neoteric biosensor based on the Au@SiO,
array substrate and RCA strategy was designed for the ultra-
sensitive detection of M.SssI activity, a CpG MTase. During the
preparation of the Au@SiO, array substrate, the Langmuir-
Blodgett (L-B)** method was used to obtain a single-layer SiO,
array, then the AuNP array covering on the surface of the SiO,
array was synthesized via the oil-water interface self-assembly
method. Finite-difference time-domain (FDTD) simulations
were used to evaluate the electromagnetic field enhancement.
In the RCA process, the single-stranded DNA (ssDNA) at the
tail of the double-stranded DNA (dsDNA) can be amplified
under the function of padlock DNA and DNA polymerase
(Phi29) in the presence of M.Sssl. The sSDNA sequences were
linked to the surface of the Au@SiO, array substrate after
hybridizing with numerous short DNA signal probes labeled
with Raman reporters (5-FAM). The uniformity, reproducibility
and stability were assessed to confirm the performance of this
design. The experimental conditions were optimized for the
fabrication of a highly sensitive biosensor, including the cata-
Iytic time of M.Sssl, cutting time of Hpall, reaction time of
RCA and hybridization time of the DNA signal probe. In order
to evaluate the sensitivity of this biosensor, SERS was applied
to analyze the M.Sssl activity simultaneously in phosphate-
buffered saline (PBS) and human serum based on a high-
density “hot spot” Au@SiO, array substrate and RCA strategy.
Finally, the M.SssI activity in human serum of several kinds of
cancer patients such as breast cancer patients, prostate cancer
patients, gastric cancer patients and cervical cancer patients
was detected by SERS, proving the potential of the SERS-based
biosensor for the early diagnosis of cancer.

2. Materials and methods
2.1 Chemicals

Ethyl orthosilicate (CgH,,04Si), absolute ethanol, chloroauric
acid tetrahydrate (HAuCl,), methanol, sodium dodecyl sulfate
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(SDS), magnesium chloride (MgCl,), magnesium acetate (Mg
(Ac),), hydrogen peroxide (H,0,), sulfuric acid (H,SO,),
ammonium hydroxide (NH,OH), tris hydrochloride (Tris-HCl),
dithiothreitol (DTT), bovine albumin (BSA), sodium chloride
(NaCl) and potassium Acetate (KAc) were obtained from
Sigma-Aldrich Chemical Co. Ltd (Shanghai, China). Trisodium
citrate dihydrate (Naz;Ce¢HsNaz0,-2H,0), hexane (CgHyy),
chloroform (CHCI;) and silicon wafers were all provided by
Younuo Chemicals Co. Ltd (Yangzhou, China). All the ultra-
pure water used was produced by a Milli-Q purifier (Millipore,
USA, resistivity >18 M). As is shown in Table 1, primer 1,
primer 2, padlock DNA and 5-carboxyfluorescein (5-FAM)
probe were purchased from Sangon Biotech Co. Ltd (Shanghai,
China). T4 DNA polymerase, CpG methyltransferase (M.SssI),
restriction endonuclease Msp I (Hpall), Phi29 DNA polymerase
and S-adenosyl-L-methionine (SAM) were provided by Linc-Bio
Science Co. Ltd (Shanghai, China). All the beakers used were
immersed in newly prepared aqua regia solution and then
rinsed thoroughly with ultra-pure water, followed by drying.

2.2 Preparation of the Au@SiO, array substrate

2.2.1 Synthesis of the SiO, array. Silicon samples with a
size of 10 mm x 15 mm were all exhaustively cleaned three times
with ultra-pure water and absolute ethanol. Then, the silicon
wafers were immersed in piranha solution for 30 min followed by
drying, and the piranha solution was prepared by mixing hydro-
gen peroxide (30 wt%) with concentrated sulfuric acid in a ratio
of 3:7 by volume. The sol-gel method was adopted to synthesize
Si0,.** Firstly, 20 mL of NH,OH and 100 mL of ethanol were
mixed with 12 mL of ultra-pure water in a breaker and heated to
30 °C. It can be found that the color of the mixed solution
became milky white after adding 20 mL of CgH,,0,Si drop by
drop. SiO, could be obtained after reacting for 12 h. In the end,
SiO, was dispersed in methanol solution after being subjected to
centrifugation (4000 rpm, 15 min), thus a suspension of SiO,
with a concentration of 5 wt% could be obtained. The Langmuir-
Blodgett (LB) gas-liquid interface assembly method was adopted
to manufacture the SiO, array. Firstly, CHCl; was mixed with the
prepared SiO, suspension in a ratio of 2 : 3 by volume. Then, 5 pL
of the mixed solution was measured each time and dropped onto
the water surface until the SiO, covered the entire surface spon-
taneously. Subsequently, after dropping 100 pL of SDS aqueous
solution (2 wt%) onto the water surface, the formation of a tightly
aligned single-layer SiO, array could be observed. Finally, the
single-layer SiO, array was transferred to a prepared hydrophilic
silicon wafer followed by drying. The air plasma cleaning
machine was used to improve the hydrophilicity of the SiO, array.

Table 1 Name and sequence of DNA used in the MTase activity test

View Article Online

Paper

2.2.2 Preparation of the Au@SiO, array substrate. AuNPs
were prepared according to Khezri’s method.*® The Au@SiO,
array substrate was fabricated via the oil-water interface self-
assembly method. Briefly, 8 mL of the prepared AuNP colloidal
solution was mixed with 4 mL of hexane in a beaker sequen-
tially and then it could be found that AuNPs formed a neat
array at the oil-water interface after adding 4 mL of ethanol
drop by drop. Next, the prepared monolayer SiO, array was
used to pick up the AuNP array followed by drying. Thus, the
Au@SiO, array substrate could be obtained.

2.3 Methylation and cleavage of dsDNA

Firstly, 1 pL of dsDNA solution (2 mM), 15 uL of 1x NEB buffer
(50 mM NacCl, 10 mM Tris-HCI, 10 mM MgCl, and 1 mM DTT),
1.5 pL of SAM, ultra-pure water and different concentrations of
M.SssI (0, 0.005, 0.01, 0.1, 1, 5, 10, 50 U mL™") were added to a
centrifuge tube and reacted for 2 h. Then, 20 pL of 1x Cut
Smart buffer (50 mM KAc, 20 mM Tris, 10 mM Mg(Ac), and
100 mg BSA), 3 mL of ultra-pure water and 1 mL of Hpall solu-
tion were mixed with an active concentration of 5 U uL™" for
1 h. Thus, the unmethylated dsDNA in the reaction solution
has been cut. Later on, 20 pL of 1x Phi29 DNA buffer, 200 mM
free bases (A, T, C, G) and 4 U mL™" Phi29 DNA polymerase
were added to the mixture. After 30 min, the ssDNA was ampli-
fied into a long DNA strand along the circular template.
Finally, the DNA product clean-up kit was employed for the re-
cycling and purification of the RCA reaction products.
Meanwhile, agarose (3 wt%) gel electrophoresis was performed
on the products after three stages of the reaction.

2.4 Detection of M.SssI activity

First of all, purified RCA reaction products, PBS buffer and
40 pL of ultra-pure water were mixed to obtain 50 pL of RCA
reaction product assembly buffer. Then, the as-prepared
Au@SiO, array substrate was immersed into the solution and
it was ensured that the substrate was submerged in the solu-
tion completely. Next, the centrifuge tube was incubated in a
constant temperature mixer for 16 h. Later on, the substrate
was immersed in the prepared DNA signal probe solution and
incubated for another 24 h. Finally, the substrate was flushed
with ultra-pure water to remove excess signal probe, then SERS
measurements were performed.

2.5 Characterization

The S-4800 II field emission scanning electron microscope
(Hitachi, Japan) was used to characterize the morphology of
nanomaterials. The Raman experiments were carried out at

Name Sequence

Primer 1 SH-(CH,)s-TTCTCTTCCTCTGTGCGCCGGTCGCTCCCAGGCATTAATGCTAATCGTGATAGGGGT
Primer 2 CCTGGGAGAGACCGGCGCACAGAGGAAGAGAA

Padlock DNA PO,4-CGATTAGCATTCAGAATCATGATAGCGCGCAACGGGCCTGGGTGGTGGGGAAGCGCGCTATCA

DNA signal probe (5-FAM probe)

This journal is © The Royal Society of Chemistry 2021
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785 nm with a 50x long working distance objective by using a
Renishaw InVia micro-Raman microscope. The laser power
and acquisition time were set as 5 mW and 10 s, respectively.
For the characterization of the substrate, 4-MBA with a concen-
tration of 1 x 10~* M was selected as the signal molecule.

2.6 Ethics statement

The peripheral blood specimens were obtained from 150 vol-
unteers provided by the Affiliated Hospital of Yangzhou
University including 30 breast cancer patients, 30 prostate
cancer patients, 30 gastric cancer patients, 30 cervical cancer
patients and 30 healthy subjects. Details about the gender and
age are summarized in Table 2. The whole experiments were
performed in accordance with the Guidelines “Declaration of
Helsinki”, and approved by the ethics committee at Yangzhou

Table 2 Characteristics of the research subjects

Breast Prostate Gastric Cervical
Group Healthy cancer cancer cancer cancer
Gender
Male 17 15 30 18 14
Female 13 15 0 12 16
Average age 29 46 55 53 50
Sample 30 30 30 30 30

A

B Ethanol
S

[
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University. Informed consent was obtained from the human
participants of this study.

3. Results and discussion

3.1 Principle of the Au@SiO, array substrate and RCA
strategy

As shown in Scheme 1A, the SiO, array was prepared via the LB
gas-liquid interface assembly method and SDS was used as a
surfactant to arrange it in a single layer. Using the prepared
SiO, array to pick up the AuNP array synthesized by the oil-
water interface self-assembly, the Au@SiO, array substrate
could be obtained (Scheme 1B). There are three recognition
sites on the dsDNA (synthesized by Primer 1 and Primer 2) in
the RCA system: one is for the DNA MTase (M.SssI); one is for
the methylation sensitive restriction endonuclease (Hpall) and
another site is for the circular template required for the RCA
reaction (Padlock DNA). As presented in Scheme 1C, the DNA
MTase recognition site on the dsDNA can be recognized in the
presence of M.SssI, and the unmethylated dsDNA (5'-CCGG-3')
could be catalyzed to methylated dsDNA (5-CCmGG-3')
(changed from purple to light blue). Hpall is an endonuclease
that can cut the unmethylated dsDNA, thus the dsDNA cata-
lyzed by M.SssI could not be cut. Furthermore, the ssDNA at
the tail of dsDNA was bound to the padlock DNA to further
trigger the RCA process. Then DNA polymerase (Phi29) and
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Scheme 1 Schematic diagram of the biosensor combined with the RCA strategy for analyzing the M.Sssl activity sensitively. (A) The synthesis
process of a single-layer SiO, array. (B) The preparation of the Au@SiO, array substrate. (C) RCA process and SERS detection in the presence of M.

Sssl.
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four free bases were added, and the ssDNA expanded continu-
ously along the circular template into a long single strand
composed of a series of repeated sequences (black strand). The
amplified ssDNA could be hybridized with numerous DNA
probes labeled with 5-FAM and then it could be fixed to the as-
prepared Au@SiO, array substrate using the thiol group, thus
the amplification of SERS signals could be realized. In con-
trast, the unmethylated dsDNA was cleaved into two fragments
under the function of Hpall and could not trigger the RCA
process. Thus, the biosensor based on the Au@SiO, array sub-
strate and RCA strategy can be used for the detection of M.SssI
activity.

3.2 Characterization of Au@SiO, array substrates

The preparation of a single-layer SiO, array is presented in
Scheme 1. As a surfactant, SDS plays an important role in the
formation of a single-layer SiO, array. On the one hand, SDS
can guide the as-prepared SiO, microspheres to form a certain
degree of aggregation. On the other hand, SDS plays the role of
a glue which allowed the single SiO, microspheres to connect
with each other and form an orderly array substrate instead of
excessive accumulation. Therefore, under the function of SDS,
the more the SiO, microspheres are generated, the denser the
array will be. As shown in Scheme 1, the charge density of
AuNP surface was reduced due to the addition of ethanol, rea-
lizing the self-assembly of AuNPs at the oil-water interface to
form a monolayer of the AuNP array as shown in Fig. 1A and
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the inset. It could be observed that the AuNP array tiled neatly
at the oil-water interface, the distribution of AuNPs is relatively
uniform and the diameter is about 20 nm. The SEM image of
the SiO, array is shown in Fig. 1B and it could be indicated
that the opal structure was composed of a single-layer SiO,
array which arranged orderly on the hydrophilic silicon wafer
with an average size of about 450 nm. Fig. 1C and D present
the SEM images of the Au@SiO, array substrate at different
magnifications and it could be found that the AuNPs spread
on the surface of the SiO, array closely and orderly. In order to
test the various properties of the substrate, 4-MBA (1 x 10~* M)
was modified on the surface of the Au@SiO, array substrate
(4-MBA-Au@SiO,). A SERS mapping was performed on the
surface of the 4-MBA-Au@SiO, substrate to evaluate the uni-
formity of the Au@SiO, array substrate. The scanning range
and the peak intensity were set to 50 x 50 mm?® and
1593 cm™', respectively. The SERS characteristic peak at
1593 cm™ " was due to the non-totally symmetric v(CC) mode.*’
The Raman signal intensity at 1593 cm™' was represented by
the change of color where blue represented the minimum
signal and red represented the maximum signal. As shown in
Fig. 1E, although there were some blue areas in the image, the
color distribution was basically regular, indicating the high
uniformity of the Au@SiO, array substrate and the relative
standard deviation (RSD) value was calculated to be 6.9%.
Furthermore, the SERS spectra of 20 random sites were
obtained from the surface of the 4-MBA-Au@SiO, substrate as
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Fig. 1 SEM images of (A) the monolayer AuNP array and (B) single-layer SiO, array. SEM images of the Au@SiO, array substrate at different magnifi-
cations: (C) high magnification, (D) low magnification. (E) A SERS mapping for the 4-MBA-Au@SiO, substrate. (F) SERS spectra of 20 random sites
selected from the 4-MBA-Au@SiO, substrate and (G) the bar chart of the signal intensities at 1593 cm™™. (H) SERS spectra of the 4-MBA-Au@SiO»
substrate, 4-MBA-AuNPs substrate and 4-MBA at 1593 cm™. (I) SERS spectra of three 4-MBA-Au@SiO, substrates synthesized at different times and
(J) the bar chart of the signal intensities at 1593 cm™™. (K) The average SERS spectra of the 4-MBA-Au@SiO, substrate after being stored for 1d, 5 d,

10 d and 15 d at a room temperature respectively and (L) the corresponding line chart of the signal intensities at 1593 cm
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shown in Fig. 1F and G along with the bar chart of intensities
at 1593 cm™' with an RSD value of 7.2%. Therefore, the
Au@SiO, array substrate has significant uniformity. We also
measured the SERS spectra of three 4-MBA-Au@SiO, sub-
strates synthesized at different times. As Fig. 1I and J illustrate,
the deviation of the signal intensities at 1593 cm™" was 5.75%,
proving that the Au@sSiO, array substrate had great reproduci-
bility. Fig. 1K shows the average signal intensities of the
4-MBA-Au@SiO, substrate after being stored for 1 d, 5 d, 10 d
and 15 d at room temperature and no significant signal
reduction could be found. Fig. 1L further illustrates that the
total reduction of the SERS intensity at 1593 cm™" after 15 d
was 11.7%, proving the great stability of the Au@SiO, sub-
strate. In the end, we also evaluated the SERS enhancement
capability of the Au@SiO, array substrate as shown in Fig. 1H.
The corresponding Raman enhancement factor (EF) value of
the 4-MBA-Au@SiO, substrate and 4-MBA-AuNPs substrate at
1593 cm™" was 7.49 x 10° and 3.12 x 10, calculated by refer-
ring to the equation: EF = (Isgrs/Csers)/(Iraman/Craman)- Here T
and C represent the signal intensity at 1593 cm™" and the con-
centration of 4-MBA, respectively. Therefore, the Au@SiO,
array substrate has a significant enhancement capability of the
SERS signal compared to ordinary noble metal substrates.

3.3 FDTD simulations

In order to further study the mechanism of signal enhance-
ment on the Au@SiO, array substrate under the irradiation of
a beam of linearly polarized light, the FDTD simulation was
performed. Fig. 2A and B show the model of the Au@SiO,
array substrate used for the simulation from the upper and
lateral views and all the geometric parameters were set accord-
ing to the average value of the actual sample as shown in

X (nm)

Fig. 2 (A) The upper and (B) lateral views of the Au@SiO; array substrate
model. (C) The simulated electric field intensity distribution images of
the substrate from the lateral view. The simulated electric field intensity
distribution images of the substrate from the upper view when (D) z =
225 nm and (E) z = 450 nm.
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Fig. 1C. Fig. 2C demonstrates that the surface of the SiO,
microspheres was covered with the enhanced electric field and
“V” shaped gaps between adjacent SiO, microspheres showed
more significant electric field enhancement than elsewhere.
This could be explained by the difference of the distance
between AuNPs distributed on the surface of the single-layer
SiO, array and the distance in the gap was much smaller than
that along the surface. Fig. 2D and E present the typical elec-
tric field distribution of the substrate when z = 225 nm and z =
450 nm in the x-y plane, respectively. Fig. 2D further proves
that the electric field enhancement in the “V” shaped gaps was
much stronger than those in other regions. As shown in
Fig. 2E, the electric field on the top surface of the Au@SiO,
array substrate still showed a significant enhancement while
the LSPR effect has been weakened notably due to the
augment of the distance between the AuNPs. Therefore, the
Au@SiO, array substrate could generate significant signal
enhancement because of the formation of a great deal of high-
density “hot spots” even through the top surface; thus it can
exhibit an excellent SERS effect.

3.4 Characterization of the RCA process

In order to verify the recognition effect of Hpall in the process
of the RCA reaction, an agarose gel electrophoresis (AGE) ana-
lysis was performed. As shown in Fig. 3A, there was only one
band at lane 1, representing a pure dsDNA (57 bp), and the
appearance of a new 38 bp DNA band at lane 2, indicating that
Hpall could recognize unmethylated dsDNA and cut it.
However, when the dsDNA reacted with Hpall after being cata-
lyzed by M. Sssl, there was just one band at lane 3 which rep-
resented the dsDNA, indicating that no cleavage reaction
occurred and Hpall could not recognize the methylated
dsDNA. Fig. 3B presents the AGE analysis of the RCA reaction
product in the presence of Phi29 DNA polymerase and it
demonstrates that the RCA reaction was successfully triggered
by Phi29 DNA polymerase to produce a new DNA band with a
larger molecular weight and the dsDNA could not grow along
the circular template if no Phi29 DNA polymerase existed. The
above phenomena indicated that Hpall could effectively recog-
nize and catalyze the unmethylated dsDNA, and Phi29 DNA
polymerase can further trigger the occurrence of the RCA reac-
tion. As is shown in Fig. 3C, line two and line one represented
the Raman spectra before and after the RCA process, respect-
ively. It could be used to demonstrate that the dsDNA has been
amplified to a great extent which caused the significant
enhancement of the Raman signal.

3.5 Optimization of experimental conditions

The biosensor developed in this work mainly relied on the
RCA strategy. Therefore, optimizing the experimental con-
ditions including the catalytic time of M.SssI, cutting time of
Hpall, reaction time of RCA and hybridization time of the
DNA signal probe could be beneficial to obtain the best ana-
lysis and detection performance. The SERS characteristic
peaks of 5-FAM at 1640 cm™' and 1344 cm ™" were due to the
xanthene ring vibrations and the peak at 1498 cm™" was due to

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (A) AGE analysis of DNA products catalyzed by M.Sssl and Hpall.
The three lanes represented pure dsDNA, the product of dsDNA cata-
lyzed by Hpall and the product of dsDNA catalyzed by Hpall after being
catalyzed by M.Sssl, respectively. (B) AGE analysis of the RCA reaction
product in the presence of Phi29 DNA polymerase after binding to the
circular template. (C) Raman spectra of 5-FAM before and after the RCA
process.

48 M.SssI with the same

active concentration was used to evaluate the influence of the
catalytic time on the determination of DNA MTase activity by
changing the catalytic time to 0 h, 0.5 h, 1 h, 1.5 h, 2 h, 3 h
and 4 h respectively. As shown in Fig. 4A and B, Raman inten-
sities at 1334 cm™" increased with the extension of catalytic
time and the growth trend slowed markedly when the catalytic

a central ring breathing vibration.

time increased to 2 h. Then, no further significant increase
was observed with the further extension of catalytic time indi-
cating the stability of the DNA methylation reaction, thus 2 h
was the best catalytic time for DNA methylation. The cutting
time of Hpall was equally important for experiments and the
final result will be higher than the real value if the reaction
time is too short. Fig. 4C presents the signal intensities at
1334 cm™' along with the extension of the cutting time of
Hpall, indicating that Raman intensities decreased gradually
with the time ranging from 0 h to 4 h and the intensities had
changed weakly since the reaction time increased to 1 h
caused by the completion of most DNA cutting. Thus, the
optimal cutting time of Hpall should be adjusted to 1 h.
Finally, we also adjusted the reaction time of RCA and the

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (A) SERS spectra of 5-FAM in the presence of M.Sssl with the
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Bar chart of the signal intensities at 1334 cm™ against different reaction
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the reaction time of (D) RCA and (E) hybridization time.

hybridization time of the DNA signal probe to 30 min and 12 h
as shown in Fig. 4D and E, respectively.

3.6 Detection of M.SssI activity

The sensitivity of the biosensor was evaluated under the opti-
mized conditions. M.SssI was added to PBS and human serum
and was diluted to different concentrations followed by SERS
detection. Fig. 5A presents the SERS spectra of 5-FAM in the
presence of different concentrations of M.SssI via the bio-
sensor in PBS buffer. It could be illustrated that the signal
intensities decreased along with the decrease of M.SssI con-
centrations. Particularly, as shown in Fig. 5B, there was a great
linear relationship between the signal intensity at 1334 cm™*
and the logarithmic concentration of M.Sssl. The corres-
ponding linear equation is y = 1610.84x + 4948.18 and the cor-
relation coefficient (R?) is 0.9934. The limit of detection (LOD)
was calculated to be 2.37 x 10~* U mL™". In order to further
study the sensitivity in human serum, the SERS spectra were
obtained as shown in Fig. 5C. The results demonstrated that
the SERS spectra analyzed in human serum were fairly close to
those analyzed in PBS buffer, proving that the biosensor still
showed great accuracy in human serum. There was still a great
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linear relationship between the signal intensity at 1334 cm™

as shown in Fig. 5D and the logarithmic concentration of M.
SssI and the linear regression equation is y = 1596.27x +
4813.25, R* = 0.9873. The LOD was calculated to be 2.51 x 10~*
U mL™". Then the sensitivity of the biosensor proposed in this
work was compared to those of other reported methods as
shown in Table 3. The result demonstrated that the LOD in
this work was much lower than that of many reported
methods. Therefore, the biosensor has great application pro-
spects in the detection of M.SssI activity.

3.7 Selectivity of the biosensor

In order to evaluate the selectivity of the biosensor based on
the proposed strategy, another DNA MTase (DNA adenine
MTase, DAM) was introduced as an interference option. The
constructed biosensor was used for the detection of three
groups of samples: the first group was a control group contain-
ing no DNA MTase, the second group was M.SssI at a concen-
tration of 50 U mL™" and the last group contained Dam with a
concentration of 50 U mL™". Fig. 6A presents the SERS spectra
of 5-FAM finally detected with the three groups of samples. The

Table 3 Comparison of the proposed biosensor with the reported
methods for M.Sssl detection

Linear range Detection limit

Methods (UmL™) (UmL™) Ref.
Colorimetry 0.2-50 0.08 49
Fluorescence 0.5-80 0.019 50
Fluorescence 0.1-4 0.06 51
Electrochemistry 0.25-10 0.18 52

SERS 0.05-50 2.8x107° 53

SERS 0.005-50 2.51x107* This work
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Fig. 6 (A) SERS spectra of 5-FAM in the presence of M.Sssl (50 U mL™),
DAM (50 U mL™?) and the control group. (B) Corresponding bar chart of
the intensities at 1334 cm™™.

result demonstrated that only the M.SssI group could detect sig-
nificant SERS spectra of 5-FAM, while the signal of the inter-
ference group was extremely weak and its intensity at 1334 cm™*
was similar to that of the control group (Fig. 6B). These data
showed that the constructed biosensor had a specific response
to M.SssI samples, which proved that the biosensor has out-
standing selectivity. Therefore, the proposed biosensor could be

applied to detect M.SssI activity characteristically.

3.8 Clinical serum sample analysis

To demonstrate the application prospect and accuracy of the
proposed biosensor in clinical serum samples, we also
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Fig. 7 Average SERS spectra of the clinical serum samples obtained
from (A) healthy subjects, (B) breast cancer patients, (C) prostate cancer
patients, (D) gastric cancer patients and (E) cervical cancer patients. (F)
Corresponding histogram of the peak intensities at 1334 cm™.
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Method Healthy Breast cancer Prostate cancer Gastric cancer Cervical cancer
SERS (U mL™) 0.247 + 0.021 15.717 £ 0.064 6.509 + 0.024 43.067 +0.079 12.325 £ 0.044
WB (U mL_l) 0.239 + 0.012 16.316 + 0.031 6.783 + 0.042 41.164 + 0.027 11.734 £ 0.053
Relative error (%) 3.35 —-3.67 —4.04 4.62 5.04

detected the M.SssI activity in the collected 150 serum
samples (30 breast cancer patients, 30 prostate cancer patients,
30 gastric cancer patients, 30 cervical cancer patients and
30 healthy subjects) and their average SERS spectra are shown
in Fig. 7B, C, D, E, and A. The corresponding bar chart of the
signal intensities at 1334 cm™" is shown in Fig. 7F. It could be
observed that the M.SssI activity in the serum samples of
healthy subjects was much lower than that in cancer patients,
further evidencing that M.SssI activity was associated with the
development of cancer closely. Moreover, a comparison
between SERS detection results and the results obtained by
WB is shown in Table 4. The results of the comparison further
proved the reliability of the proposed biosensor for the detec-
tion of M.SssI activity and it could be used for the early screen-
ing of a variety of cancers.

4. Conclusions

In conclusion, a novel biosensor based on the Au@SiO, array
substrate and RCA strategy was developed to detect M.Sssl
activity in human serum by measuring the SERS intensities of
5-FAM. The proposed substrate could form a great deal of
high-density “hot spots” even on its top surface, which can
cause significant SERS signal enhancement. Meanwhile, the
biosensor showed a wide linear response ranging from 0.005
to 50 U mL™" whether in PBS or human serum, and the LODs
were as low as 2.37 x 107* U mL™" and 2.51 x 10™* U mL™*,
respectively. In addition, this biosensor showed the advantages
of great uniformity, reproducibility, stability and sensitivity,
compared to other methods. This biosensor has successfully
detected M.SssI activity in human serum of several kinds of
cancer patients such as breast cancer patients, prostate cancer
patients, gastric cancer patients and cervical cancer patients.
This work provides a rapid and ultrasensitive method for the
detection of M.SssI which could be favourable for the screen-
ing of anticancer drugs, showing great application prospect in
the future.
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