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A novel ratiometric SERS biosensor with one Raman probe for
ultrasensitive microRNA detection based on DNA hydrogel
amplification

Yi He, Xia Yang, Ruo Yuan *, Yaqgin Chai*

In this work, a novel ratiometric SERS biosensor with only one Raman probe combining with DNA hydrogel-
captured glucose oxidase (GOx) amplification method were fabricated to realize accurate and sensitive assay
for microRNA (miRNA) 122, which could overcome complex operation process and chemical waste of
traditional ratiometric approach with two different signal probes. Here, 3-mercaptophenylboronic acids (3-
MPBA) as a standard reference with unique Raman peak at 996 cm?, was firstly connected on the silica@Au
nanoflowers (Si@AuNFs) SERS substrates. When the DNA hydrogel containing GOx was opened by released
DNA (R) from the target miRNA induced cycle amplification process, the GOx would be released from DNA
hydrogel. Therefore, the GOx can catalyze glucose to produce H,0, on the Si@AuNFs. Soon afterwards, the
acquired H,0, can further react with 3-MPBA to produce 3-hydroxythiophenol (3-HTP) with a new Raman peak
at 883 cm™. During this time, the peak intensity of 996 cm™* almost remain the same which can act as reference
standard. And the intensity ratio of 883 cm™ to 996 cm™ is increased with the increasing concentration of
target miRNA 122, thus achieving quantitative detection of miRNA 122. As a consequence, our SERS biosensor
can sensitively detect miRNA 122 from 10 aM to 100 pM and the detection limit was 7.75 aM. Our strategy
adopts a novel ratiometric method with one Raman probe to detect miRNA, opening a new avenue for trace

amount of biological sample detection with high sensitivity and accuracy.

Introduction

MicroRNAs (miRNAs), as a class of non-coding RNA species,
play crucial roles in a variety of biological processes.’3 It is
critical to rapidly and sensitively detect miRNAs because they
were known as various biomarkers of human cancers.*> Surface
enhanced Raman spectrum (SERS) possess superiorities of rapid
response, nondestructive detection and high sensitivity and so
on, which is often used for detection of miRNA. &8 Although
excellent performance can be obtained with this sensitive
technique, some difficulty is still existed to obtain repeatable
signal with a same SERS substrate. This phenomenon may cause
inaccurate quantification of target analyte.>!® Therefore, a
reliable ratiometric SERS biosensor is proposed to overcome the
above problems.

Traditional ratiometric SERS sensor always utilized two
different signal probes to achieve quantitative detection of
target, 113 which could improve the accuracy and credibility of
SERS assay. However, the use of two probes also has some
drawbacks such as the complexity of labeling procedure and
expense of the chemicals. Herein, only one Raman probe 3-
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mercaptophenylboronic acid (3-MPBA) is used for construction
of new ratiometric method to achieve sensitive detection of
target with simple operation and low cost. 3-MPBA is a
boronate molecule, which selectively and efficiently responses
to H,0,, producing its corresponding phenol form.* Due to the
special catalytic ability of H,0,, 3-MPBA can be oxidized to 3-
hydroxythiophenol (3-HTP), leading to obvious differences of
SERS spectrum. This unique boronate-to-phenol switch can
cause a new Raman peak of 883 cm which belongs to benzene
ring stretching.1>16 |n this time, the peak of 996 cm owing to
the C-C in-plane bending will not change.l” Therefore, 996 cm™!
can be an internal standard, which assist the peak of 883 cm™?
as detection label of analyst.

DNA hydrogel as a regulable and smart DNA structure was
applied widely in the field of bioassay for the advantages of
great biocompatibility and sensitive controllability.18-2° Recently,
we have designed Raman probe toluidine blue (TB) captured
DNA hydrogel as an amplification method to achieve detection
of miRNA 155.21 However, the amount of TB packaged in the
DNA hydrogel was limited for the finite capacity of hydrogel,
which confined the further improvement of sensitivity for
bioassay. In this work, we utilized DNA hydrogel to capture
glucose oxidase (GOx). When miRNA 122 existed, the DNA
hydrogel structure would be destroyed to release GOx from
hydrogel to catalyze glucose for producing H,0,, which can
further oxidize 3-MPBA to 3-HTP to obtain sensitive Raman
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signal. This efficient enzyme catalytic system can obtain lots of
3-HTP to obviously improve the sensitivity of SERS biosensor.

In this work, a cascade catalytic reaction was utilized to
detect miRNA 122 with ratiometric method. Firstly, 3-MPBA can
connect with Au nanoflowers (AuNFs) to generate a unique
peak at 996 cm. At the same time, glucose oxidase (GOx) as a
high-efficiency H,0O,-generating catalyst was trapped in the
DNA hydrogel and thus the catalytic ability was closed for the
shingling of hydrogel. However, the DSN enzyme induced cycle
reaction can produce abundant released DNA (R DNA) to open
the DNA hydrogel with the presence of miRNA 122. By this way,
the GOx would be released on the SERS substrates
(SiI@AuNFs@3-MPBA) producing H,0, to catalyze 3-MPBA to 3-
HTP. During this time, the Raman peak of 883 cm™ belonged to
3-HTP would appear and increase for the adding of H,0,. At this
time, the peak intensity of 996 cm™! almost remained constant
in this conversion process. By this way, the peak intensity ratio
at 883 cm™ and 996 cm™ would positively correlate with the
logarithm of target miRNA 122 concentration. And the assembly
process of the SERS biosensor and principles of catalysis were
shown in Scheme 1. Based on this sensitive ratiometric method
and significant amplification capability of DNA hydrogel
technology, the designed SERS biosensor can sensitively detect
miRNA with a good performance which have great potential to
be applied in clinical diagnostics.
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Scheme 1. (A) The synthesis possess of GOx wrapped DNA hydrogel;
(B) MIiRNA 122-induced signal amplification process; (C) The
construction process of the SERS biosensor; (D) Cascade catalytic
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reaction process; (E) DNA strand displacement reaction between R,
S and target miRNA; (F) DNA strand displacenm&ntreastion betsseen
R, L, SA and SB DNA.

Results and Discussion

Materials Characterization

The TEM of AuNFs was shown in Figure 1A. From Figure 1A,
the AuNFs presented obvious flower structure with size of
about 100 nm. The corresponding UV-Vis and DLS data of Au
NFs was presented in Figure S1. Figure 1B was the gradual
modification process of the SERS biosensor. Firstly, 3-MPBA as
an internal standard was connected on the AuNFs through Au-
S bond to present a strong peak at 996 cm™ (curve a). At this
time, the peak of 883 cm™ was very weak. After glucose was
added on the SI@AuUNFs@3-MPBA, the peak of 996 cm* did not
change for glucose would not catalyze 3-MPBA as shown in
curve b. When GOx wrapped DNA hydrogel was added without
the target miRNA, the intensity of Raman peak was weakened
which presented as curve c. This may be due to the covering
effect of hydrogel. However, when the GOx was released from
DNA hydrogel in the presence of miRNA 122, the GOx can
catalyze glucose to generate H,0,. Then H,0; can further react
with 3-MPBA to produce 3-HTP with an obvious Raman peak at
883 cm™ (curve d). The corresponding SEM images of each
process were shown in Figure S2. And the corresponding
chemical formula was shown in Figure 1C. The DNA hybrid
situation of strand displacement reactions used in this work was
also shown in scheme 1E and 1F.
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Figure 1. (A) TEM images of Au nanoflower; (B) SERS spectrum of (a)
Si@AuNFs@3-MPBA; (b) Si@AuNFs@3-MPBA after glucose was
added on the SERS substrate; (c) SERS of Si@AuNFs@3-
MPBA@glucose after GOx trapped DNA hydrogel; (d) SERS of
Si@AUNFs@3-MBPA@GOx@glucose after the products from miRNA
induced DSN cycle was added; (C) The chemical process of 3-MPBA
to 3-HTP by the oxidizability of H,0,.
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Optimization of Experimental Conditions

In this work, the concentration of DSN enzyme, incubation time
of target miRNA 122 and the concentration of GOx trapped in the
DNA hydrogel play important roles in improving the performance of
SERS biosensor. Exploring the optimal experiment condition is
necessary and significant. As depicted in Figure 2A, the ratio of
Raman intensity (/gs3 / loog) increased accompany with the increasing
DSN concentration until achieving a plateau. This phenomenon
indicated that 0.03 U was the best concentration of DSN chosen in
this experiment. Similarly, 40 min was chosen to as optimal
incubation time in this experiment for the experiment efficiency can
achieve maximum value (Figure 2B). And Figure 2C, the optimal
concentration of GOx trapped in DNA hydrogel was 2.0 mg mL?
(Figure 2C).
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Figure 2. The ratio of Raman intensity (/gg3 / logs) (A) with different
concentration of DSN on the SERS biosensor; (B) with different
incubation time of miRNA 122; (C) with different concentration of
GOx trapped in the DNA hydrogel on the SERS platform.

Performance of the SERS Biosensor

Under the optimized conditions, the relationship between the
Raman intensity and concentration of target miRNA 122 was
illustrated in Figure 3A. Obviously, accompanied with the increasing
concentration of miRNA 122, the intensity of 883 cm™ increased
correspondingly. However, the peak of 996 cm? remained
unchanged during this time which cause the ratiometric peak
intensity (/gs3 / logs) increased accordingly. As a result, the ratiometric
peak intensities of lgg3 / logs is linear related with the logarithm
concentration of miRNA 122 between 10 aM to 100 pM. The
detection limit is 7.75 aM. The regression equation is y = 0.048lgc +
0.149 (where y is the ratio of the Raman intensity between the peak
of 883 cm™ and 996 cm™, ¢ is miRNA 122 concentration), which was
presented in Figure 3B. The corresponding correlation coefficient
square is 0.997. The error bar was calculated by testing each sample
3 times. Also, this cascade catalytic ratiometric SERS biosensor was
compared with other works to detect miRNA 122 (Table 1). We can
see that our biosensor displayed better performance.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. (A) SERS spectra of the ratiometric SERS biosensor with
different concentration of miRNA 122 (a - i: 0 - 100 pM). (B) The
calibrat of ion plot of /gg3 / logs Vs Igc.

Table 1. Comparison Result the ratiometric SERS biosensor with
otherworks to detect miRNA 122

Method Detection Linear range Reference
limit

Fluorescence 5nM 5-1000 nM 22
Electrochemistry 0.1fM 0.1 fM-500 pM 23
Chemiluminescence 0.82 fM 1fM-100 pM 24
Chemiluminescence 10fM 10 fM-1 nM 25
SERS 0.24 pM 1 pM-1nM 26

SERS 7.75 aM 10 aM-100 pM This work

Selectivity

Some interfering substances such as miRNA 155, miRNA 141,
miRNA 21, one base mismatch DNA, three bases mismatch DNA (100
pM) and their complexes (including 100 pM three DNAs and 100 fM
miRNA 122) were separately tested by this GOx-trapped DNA
hydrogel based biosensor. As shown in Figure 4, when the
interferents were added, insignificant changes could be found
compared to that with no target miRNA. When the mixture
containing 100 fM target miRNA 122, the ratio was similar with that
the value only contained miRNA 122. These results indicated that this
GOx captured DNA hydrogel based ratiometric SERS biosensor can
detect miRNA 122 with high specificity. The corresponding
sequences of DNAs and miRNAs were listed in Table S2.
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Figure 4. The ratio of Raman intensity (/gs3 / lo96) Of the proposed SERS
biosensor with blank, interferents and mixture solution. The
concentration of miRNA 141, miRNA 21, miRNA 155, one base
mismatch and three base mismatch DNA were 100 pM and the
concentration of miRNA 122 was 100 fM. The mixture contains
miRNA 21, miRNA 141, miRNA 155 (the three DNAs are 100 pM each)
and miRNA 122 (100 fM).

Reproducibility

20 different points of SERS spectra on a same substrate were
collected as shown in Figure 5A. From Figure 5A, we can easily get
the RSD of the ratio of Raman peak at 883 and 996 cm! belong to 20
different points was 0.53%, exhibited a good uniformity of SERS
substrate. Meanwhile, 6 different SERS substrates were tested with
same conditions to investigate reproducibility of the proposed SERS
sensor. From Figure 5B, we can get the RSD was 0.59%, which
showed a good reproducibility.
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Figure 5. (A) Corresponding histogram for the ratio of lggz / logs from
20 different spots on; (B) Histogram for the ratio of lggz / logg from 6
different SERS substrates (Cmirna 122 = 100 fM).

Application.

The reliability of this ratiometric SERS strategy was also
explored by adding different concentrations of miRNA 122 into 100-
fold diluted healthy human real serum sample. From Figure 6, good
recoveries were obtained from 96.13% to 103.4%, which indicated
this sensitive SERS biosensor can potentially applied in clinic for
detection of miRNA 122.
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Conclusion

In conclusion, a ratiometric SERS biosensor based on GOx
captured DNA hydrogel was successfully proposed for miRNA 122
detection. For the high-efficiency cascade catalytic reaction, the
proposed strategy owns advantages of high sensitivity, selectivity
and accuracy to detect miRNA 122. The fantastic performance was
resulted from the following reasons. Firstly, this ratiometric method
with one Raman probe can effectively improve the accuracy of the
SERS sensor. Secondly, GOx as a high-speed H,0,-generating catalyst
can obviously improve the reaction efficiency of the biosensor.
Thirdly, DNA hydrogel as a switchable structure can flexibly control
the trapping and releasing of GOx, thus increasing the controllability
and sensitivity of the SERS biosensor. Besides, miRNA 122 induced
DSN cycle can effectively amplify detection signal to improve the
sensitivity of the biosensor. In a word, this strategy provided a new
ratiometric method for sensitive detection of miRNA, holding great
promise for reliable detection by SERS method in clinical application.

Acknowledgements

This project has been financially supported by the NNSF of China
(21775124, 21675129, 21575116), the Fundamental Research
Funds for the Central Universities, China (XDJK2018AA003), China
Postdoctoral Science Foundation (2015M572427) and Chongging
Postdoctoral Research Project (xm2015019).

References

1 E.Crowley, F. Di Nicolantonio, F. Loupakis and A. Bardelli, Nat.
Rev. Clin. Oncol., 2013, 10, 472.

2 P.S. Mitchell, R. K. Parkin, E. M. Kroh, B. R. Fritz, S. K. Wyman,

E. L. Pogosova-Agadjanyan, A. Peterson, J. Noteboom, K. C.

O’Briant, A. Allen, D. W. Lin, N. Urban, C. W. Drescher, B. S.

Knudsen, D. L. Stirewalt, R. Gentleman, R. L. Vessella, P. S.

Nelson, D. B. Martin and M. Tewari, Proc. Natl. Acad. Sci.

U.S.A., 2008, 105, 10513.

G. A. Calin and C. M. Croce, Nat. Rev. Cancer, 2006, 6, 857.

S. Lin and R. I. Gregory, Nat. Rev. Cancer, 2015, 15, 321.

J. B. Li, S. Tan, R. Kooger, C. Y. Zhang and Y. Zhang, Chem. Soc.

Rev. 2014, 43, 506.

6 J.L.Abell,J. M. Garren, J. D. Driskell, R. A. Tripp and Y. P. Zhao,
J. Am. Chem. Soc. 2012, 134, 12889.

7 Y. Cao, D. W. Li, L. J. Zhao, X. Y. Liu, X. M. Cao and Y. T. Long,
Anal. Chem. 2015, 87, 9696.

u b w

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://dx.doi.org/10.1039/c8tb02894j

lournal of:-Materials Chemistry E

Journal Name ARTICLE

8 L.P.Ye, J. Hu, L. Liang and C. Y. Zhang, Chem. Commun. 2014, View Article Online
50, 11883. DOI: 10.1039/C8TB02894J

9 W. Shen, X. Lin, C. Y. Jiang, C. Y. Li, H. X. Lin, J. T. Huang, S.
Wang, G. K. Liu, X. M. Yan, Q. L. Zhong and B. Ren, Angew.
Chem. Int Ed. 2015, 54, 7308.

10 J. Su, D. F. Wang, L. Norbel, J. L. Shan, Z. H. Zhao, Y. Z. Dou, T.
H. Peng, J. Y. Shi, S. Mathur, C. H. Fan and S. P. Song, Anal.
Chem. 2017, 89, 2531.

11 H.Y. Shi, N. Chen, Y. Y. Su, H. Y. Wang and Y. He, Anal. Chem.
2017, 89, 10279.

12 Y. M. Si, Y. C. Bai, X. J. Qin, J. Li, W. W. Zhong, Z. J. Xiao, J. S. Li,
Y. D.Yin, Anal. Chem. 2018, 90, 3898.

13 X.J.qgin, M. L, Y. M. Si, J. F. Yang, Z. Y. Wu, J. S. Li, Anal. Chim.
Acta 2018, 1043, 115.

14 A.R. Lippert, G. C. Van de Bittner and C. Chang, J. Acc. Chem.
Res. 2011, 44, 793.

15 F. Sun, T. Bai, L. Zhang, J. R. Ella-Menve, S. Liu, A. K. Nowinski,
S. Jiang and Q. Yu, Anal. Chem. 2014, 86, 2387.

16 R.Y.Peng, Y. M.Si, T. Deng, J. Zhang, J. S. Li, R. H. Yang and W.
H. Tan, Chem. Commun, 2016, 52, 8553.

17 H. M. Lee, M. S. Kim and K. Kim, Vib. Spectrosc. 1994, 6, 205.

18 Z.Zhu, C. C. Wu, H. P. Liu, Y. Zou, X. L. Zhang, H. Z. Kang, C. Y.
Yang and W. H. Tan, Angew. Chem. Int. Ed. 2010, 122, 1070.

19 L.Yan, Z. Zhu, Y. Zou, Y. S. Huang, D. W. Liu, S. S. Jia, D. M. Xu,
M. Wu, Y. Zhou, S. Zhou and C. Y. Yang, J. Am. Chem. Soc. 2013,
135, 3748.

20 N. Dave, M. Y. Chan, P.J.J. Huang, B. D. Smith and J. W. R. Liu,
J. Am. Chem. Soc. 2010, 132, 12668.

21 Y. He, X. Yang, R. Yuan, Y. Q. Chai, Anal. Chem. 2017, 89, 8538.

22 R. Liao, K. He, C. Y. Chen, X. M. Chen and C. Q. Cai, Anal. Chem.
2016, 88, 4254.

23 T.Y.Wang, E. Viennois, D. Merlin and G. L. Wang, Anal. Chem.
2015, 87, 8173.

24 S. Bi, J. Y. Ye, Y. Dong, H. T. Li and W. Cao, Chem. Commun.
2016, 52, 402.

25 S. Bi, S. Z. Yue, W. L. Song and S. S. Zhang, Chem. Commun.
2016, 52, 12841.

26 W. Zhou, Y. F. Tian, B. C. Yin and B. C. Ye, Anal. Chem. 2017,
89, 6120.

Published on 06 March 2019. Downloaded by Washington University in St. Louis on 3/6/2019 10:28:45 PM.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins



http://dx.doi.org/10.1039/c8tb02894j

Published on 06 March 2019. Downloaded by Washington University in St. Louis on 3/6/2019 10:28:45 PM.

Journal of Materials Chemistry B Page 6 of 6

View Article Online

A ratiometric SERS biosensor with DNA hydrogel-captured glucose Doxidase/csrso2894)

amplification method were fabricated to detect microRNA 122.

" 1 wm' |
/ \ with target |
[ = rzl! R
| @ | fan
\ - / RE0 ¥4 S0 oo 1o
/ Raman hift { em "

i Ps’\ hydrogel, glucose target miRNA T

\ o

T



http://dx.doi.org/10.1039/c8tb02894j

