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Abstract:

The rigidity of traditional solid-state surface-enhanced Raman spectroscopy
(SERS) substrate hampers their application in the curved structure for nonplanar surface
test and in-situ detection. Traditionally, the flexible Raman substrate is often prepared
by transfer printing of patterned nanoparticles on the flexible materials such as polymer,
paper, etc. However, the replicate patterns are often produced by high-cost instruments.
In this study, a low-cost and flexible SERS substrate is prepared by using a microcontact
printing technology to transfer a three-phase-assembled nanoparticle on a
polydimethylsiloxane film, which can stabilize the assembled nanoparticles.
Combining with the endonuclease Nt.BbvCl assisted amplification method, a SERS
biosensor is constructed for microRNA 21 (miRNA 21) assay. This platform presents a
wide dynamic range (100 fM ~1 nM), achieving a fabulous sensitivity with limit of
detection of 11.96 fM for miRNA 21. Furthermore, after being bent 90° for 50 times,
the Raman intensity of the flexible substrate shows a negligible change. This versatile
flexible substrate exhibits considerable potential for SERS analysis, which also opens

a new avenue for preparing flexible devices.
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1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is an effective vibrational
spectroscopy and the Raman scattering signals are enhanced by localized surface
plasmon resonance (LSPR) on metal nanostructures. [1, 2] As a sensitive analytical
technique ,[3-5] SERS are of significant interest for pharmaceutical diagnosis,[6] food
security,[7] environmental monitoring,[8] interface science[9] and other fields. In
recent years, various ordered plasmonic nanostructures on solid substrates including
glass slides or silicon wafers have been developed to increase SERS signal
reproducibility and sensitivity.[10, 11] Nevertheless, the solid substrates with inherent
rigidity have some limit for special detection such as samples with complex topological
shapes. Recently, flexible substrates, such as polymer[12-14] and paper-based SERS
platform,[15-17] have advantages of softness, extensibility and optical transparency
which can adhere to the curved structure for nonplanar surface test and in-situ
detection.[18] For example, a wearable SERS biosensor of sweat molecules on human
skin has been fabricated by nanoparticle array on a stretchable polymer film.[19]
Traditionally, the flexible Raman substrates are often prepared by transfer printing of
patterned nanoparticles on the flexible materials.[20, 21] However, the replicate
patterns are often generated by high-cost instruments.[22]

Self-assembly of metal nanoparticles at the liquid interface[23, 24] has been
proposed to fabricate ordered nanoparticle array as low-cost SERS substrates with good
uniformity, but they cannot avoid the signal fluctuation.[25] To increase the
repeatability of nanoparticle monolayers at large scale and overcome the shortcomings
of solid-phase substrates, a strategy of combining liquid-phase assembly with a
microcontact printing technique is proposed in this study. Microcontact printing is a
microfabrication technology that prints graphics on a substrate through elastic stamps
combined with self-assembled monolayer technology.[26]

MicroRNA (miRNA) is a class of non-coding endogenous single-stranded nucleic
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acid small molecule that plays a vital role in cell differentiation and tissue development.
Since their abnormal expression can trigger some diseases, they can serve as emerging
tumor marker molecules. [27, 28] Thus, highly sensitive detection technology is
urgently demanded. Due to the low abundance of miRNA, nucleic acid amplification
techniques such as rolling circle amplification (RCA),[29] strand displacement
amplification (SDA),[30] and catalytic hairpin assembly (CHA),[31] etc. have been
used to improve the sensitivity of detection.

In this work, we fabricated a low-cost and flexible SERS substrate by transferring
liquid-assembled nanoparticles at three-phase interface onto polydimethylsiloxane
(PDMS) using a microcontact printing technique. Then the flexible substrate was
employed for miRNA detection by combining enzymatic cleavage nucleic acid
amplification strategy. The flexible sensor achieved a low limit of detection (LOD) of
11.96 fM. After being bent 90° for 50 times, the SERS detection sensitivity were not
influenced. This work demonstrates a strategy for preparing flexible substrate, which

shows a considerable potential SERS substrate in biosensing and flexible devices.

2. Experimental

All the chemical and reagent, apparatus, SERS measurement, sequence
information of nucleic acid used in this experiment and experimental details can be
found in the Supporting Information (SI).

2.1 Ligand exchange of hexadecyltrimethylammonium chloride (CTAC)
coated nanoparticles.

1 mL gold nanosol was mixed with 9 mL water and centrifuged. Subsequently, 1
mL polyvinyl pyrrolidone (PVP) solution (1 wt%, dissolving in ethanol) was added to
the sediment and centrifuged to obtain PVP coated Au NPs. The sediment was
redispersed in ethanol (1 mL) for subsequent use.

2.2 Self-assembly of Au NPs on three-phase interface.

200 pL Methylene chloride (CH2Clz) and 200 pLL PVP stabilized Au NPs solution
was added into a hydrophobic centrifuge tube. Subsequently, 1 mL water and 200 puL

of n-hexane was added along the wall of the container and the nanoparticles were driven
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to the upper oil-water interface. Finally, a layer of brilliant mirror-like film was formed
on the interface of water and n-hexane less than 1 min. After the upper oil phase was
evaporated from the three-phase system, PDMS printed Au NPs film was used as SERS
substrate.

2.3 Process of the cyclic amplification.

The process of connecting the magnetic beads with the ssDNA harpin H was
provided by the SI. The procedure was performed in a total volume of 100 uL. which
contained 50 nM H, 50 nM S, 20 U Nt.BbvCIl, 1x NE buffer 4 (20 mM
tris(hydroxymethyl)aminomethane acetate salt (Tris-Ac), 10 mM magnesium acetate
(Mg(Ac)2), 50 mM potassium acetate (KAc), 1 mM dithiothreitol (DTT), pH 7.9 ) and
varying concentrations of T. S, H, and T were incubated at 37°C for 2 hours to form a
Y-shaped structure, and then Nt.BbvClI cleavage enzyme and buffer were added to react
at 37°C for 1 hour. Finally, the enzyme was inactivated by placing the mixture at 80°C
for 20 minutes.

2.4 The process of miRNA extraction from cells.

First, the cultured suspension cells were directly collected by centrifugation, and
Buffer RL was added (add 500 uL Buffer RL for every less than 5x10° cells) and
vortexed until there was no obvious cell agglomeration. The second step is to extract

miRNA in an RNase-free environment. The details are in the SI.

3. Results and discussion

Scheme 1 A &B are a schematic diagram of the flexible biosensor. Specifically, Au
NPs are assembled in a three-phase system to form Au layers on the upper water/oil
interface. A flexible substrate was obtained by transferring the Au film with PDMS as
a microcontact printing method.[32] Specifically, when the upper oil phase n-hexane
was completely evaporated, the self-assembled two-dimensional Au film on the
interface was vertically contacted and peeled off with a PDMS film. A cyclic
magnification strategy triggered by the target of miRNA 21 is shown in part B. Hairpin
probe (H) is decorated with ferrite bead (FB) and methylene blue (MB) at 5’and 3" end,

respectively. It is opened to form a Y-shaped structure in the presence of target probe
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(T) and assistant probe (S), forming a recognition site of Nt.BbvCI enzymes. Nt.BbvCl,
a nicking endonuclease, recognizes only one specific strand of double-stranded DNA.
After being cleaved by the enzyme, the probe modified with MB (G) and the probe
modified with FB are released. Then, the remaining part hybridizes with another H to
trigger next cycle. Finally, after magnetic separation, supernatant droplet is added to the
flexible film for detection. When more G is obtained, the Raman signal is stronger,

achieving an amplified detection of miRNA.
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Scheme 1. Mechanism of the SERS Platform. (A) Au NPs self-assembly at the three-phase interface are microcontact
printed by PDMS as a SERS substrate. (B) Enzymatic cleavage nucleic acid amplification strategy.
3.1 Characterization of materials and liquid phase interface.

The scanning electron microscopy (SEM) image is shown in Fig.1A, which displays
that Au NPs are produced in high yield and exhibit many sharp thorns with the diameter
of about 97 nm. The size distribution of Au NPs diameters is obtained by statistically
measuring as shown Fig.1B.

The UV-vis spectrum (Fig.1C) illustrates that the absorption peak of Au seed and Au
NPs are 525 nm and 640 nm, respectively, indicating that absorption wavelength would
be red shifted significantly with the increase of particle size. What counts is that a lower

surface charge of the larger-sized Au NPs that conduce to decrease the repulsive force
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between the adjacent particles at the water /oil interface to assemble denser
monolayers.[33] The front and top view of the self-assembly of Au NPs on the three-
phase interface are shown in Fig. 1 (D & E). Supporting Video demonstrates the three-
phase self-assembly process (Supporting Video). As seen from the video, CH>Cl,, PVP
coated Au NPs and water was introduced sequentially to the hydrophobic centrifuge
tube, a non-closely packed layers form at CH,Cly/water interface. Nevertheless, once
the n-hexane is added, Au NPs are promptly pulled into the water/n-hexane interface
and form a dense monolayers film, and the whole process could be controlled within
one minute. PVP coated Au NPs are crucial in this process because CTAC is an
amphiphilic molecule, which make it difficult for Au NPs to assemble at the interface.
Compared with the previous two-phase assembly (Supporting Video), this method can
assemble faster, form a denser film without the addition of inducer. Moreover, the
Marangoni force can overcome the electrostatic repulsion between particles. A gold
film imprinted by PDMS (Fig.1F & G) shows that the film formed is relatively dense
and uniform. In addition, we also used different amount of Au NPs with volume of 50,
75, 100, 125 and 150 pL (Fig.S1), respectively. They can all assemble in the three
phases solution to form a dense metal film, indicating that the three-phase assembly

method is not affected by the concentration of nanoparticles.
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Fig. 1. (A) SEM image (B) Statistical graph of particle size distribution (C) UV-vis spectrum of Au NPs. Photograph
of Au NPs assembled at the three-phase interface. (D) Front and (E) top views of the Au NPs on the three-phase

interface. (F) Gold film on the interface imprinted by PDMS. (G) SEM image of the film.
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A Raman mapping measurement of the Au NPs on PDMS on a 12 ymx 14 pum area
with a step size of 1.5 umx 2 um was investigated to uncover uniformity of SERS
signals. The image displayed in Fig. S2A is the corresponding intensity of the MB at
1623 cm™! peak corresponding to the C-C stretching vibration of the thionine ring. In a

random selected region, the Raman intensity at shift of 1623 cm™!

shows good signal
uniformity with relative standard deviations (RSD) only 6.74% embodied in Fig. S2B.

3.2 Feasibility investigation of amplification validation.

To investigate the designed cycle amplification strategy, polyacrylamide gel
electrophoresis (PAGE) experiment was conducted. As embodied in Fig. S3, Lane 1 is
S and lane 2 is H. There are two bands in lane 3 (T and H) and lane 4 (S and H),
affirming that the hairpin structure can’t be opened only in the presence of T or S probe.
A band with a lower migration rate appears in lane 5 that illustrates the hairpin is opened
to form a Y-shaped (T-H-S) structure when both the T and S probe are present. In
addition to verifying feasibility with PAGE, a Raman measurement was also
demonstrated (Fig. S4) The distinct target-induced SERS signals at 1157 cm™ ( v (),
1383 ecm ™! (v (¢n)) and 1623 cm !( V (c-cying) can be readily observed from MB
molecular[34] (red line), which are due to formation of tremendous Y-type structure
and numerous G probes released by enzymatic cleavage. As a comparison, there is small
signal (blue line) when the target is not present in the circulating solution. The result
shows that the target signal amplification strategy is successfully and effectively
constructed.

3.3 Theory of Three-Phase Interface Assembly.

The minimization of the Helmholtz free energy is the intrinsic factors of interfacial
assembly of nanoparticles. According to the reference,[35] the relationship between the
energy (E) of a single particle and its vertical distance (z) to the water/ oil interface (as

shown in Fig. 2A) can be expressed by the following,

2
— D2 Z YpP/0 Yew\ (Z YP/0 YP/w
E=nR%yom [(E) +2 (— - —) (2)+2 (— + —) - 1] (1)

Yoiw  Yo/w Yow  Yo/w

Where R is the effective radius of the Au NP, yow, Ypw, and yp/o are the interfacial

tensions between water/ oil, the particle /water, and the particle/oil, respectively.
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As shown in Fig. 2B, if 6 (the contact angle of the nanoparticle at the interface) is
<90°, the particles are more hydrophilic. Whereas if 6 > 90°, they are more hydrophobic.

In accordance with the Young’s equation

cosf = Ypj0o—YpP/w (2)
Yo/w

While, the minimum in E (Emin) occurs when

7 = Yp/w—YP/0 R (3)
Yo/w

From equations (2) and (3), z = —Rcos 8 , it is not difficult to find that only when

the angle 6 = 90° can Au NPs stabilize at the water/ oil interface. Therefore, yp/,o =

Yp w. Logically, the minimum interfacial energy E min can be expressed as

Emin = TR*(4Ypj0 = Yoyw) (4)
Consequently, as individual particles migrate from the lower dichloromethane oil
phase to the upper n-hexane oil phase, the change of the interface energy (AE) is

expressed as

mR?

AE = Epin —Epjo = — [VO/W - ()/P/W - VP/O)]Z = —”Rz)’o/w Q)

Yo/w

The three-phase system may be depicted as in Fig. 2C, the upper and lower
oil/water interfaces are formed. Eventually, the Au NPs stabilize at the upper interface.

The change of the interface energy (AE1) in this migration process is described as
BE; = Evpy — Eiow = =R (Yoypp/w = Vo) = —TR?AY (6)
From the above conclusion, it is clear that the difference of surface tension

between the two oil/water interfaces is the driving force for the migration of

nanoparticles, and the decrease of interface free energy is also attributed to this.
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Fig. 2. (A) Schematic diagram of calculation of interface energy. (B) Position of a single particle at
a planar oil/water interface for a contact angle measured through the aqueous phase less than 90°
(left), equal to 90° (center), and greater than 90° (right). (C) Illustration of differences in surface
tension driving the migration of nanoparticles in a three-phase system.

3.4 Optimization of Assay Conditions.

Enzyme concentrations and target incubation time were optimized for the
development of better performance biosensors. Specifically, the SERS response was
examined with six different Nt.BbvClI concentrations of 0.05, 0.10, 0.15, 0.20, 0.25 and
0.30 UpL!, respectively. As shown in Fig. 3A&B, when the concentrations of
Nt.BbvCl ranges from 0.05 to 0.20 UuL-1, the Raman intensity gradually enhances,
while the intensity decreases as the concentration of Nt.BbvClI from 0.20 to 0.30 UpL"
!. This is due to the van der Waals force effect between the Nt.BbvCI and Au NPs.
[36]Thus, the optimized concentration of enzyme was chosen to be 0.20 UpL™! for the
subsequent SERS experiments. As shown in Fig. 3C&D, with the increase of incubation
time from 0.5 h to 3.0 h, the intensity gradually rises and then achieves a plateau at 2 h,
indicating that the reaction in the system reaches equilibrium. Therefore, the optimal

incubation time is chosen to be 2 h.
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Fig. 3. (A) Raman spectra on the flexible substrate after the upper solution with different concentrations of Nt.BbvCI
enzyme added and (B) the corresponding intensities of Raman shift at 1623 cm™! (n=3). (C) Raman spectra on the
flexible substrate after the upper solution with different incubation time of the target added and (D) the corresponding
intensities of Raman shift at 1623 cm™' (n=3).

3.5 SERS analysis of miRNA 21

MiRNA 21 was used to assess the SERS performance of this designed biosensor
under the optimal analysis conditions (1x NE buffer 4: 20 mM Tris-Ac, 10 Mm
Mg(Ac)2, 50 mM KAc, 1 mM DTT, pH 7.9). Obviously, the SERS intensity at Raman
shift of 1623 cm™! enhances gradually with the growth concentrations of miRNA 21 in
the range from 100 fM to 1 nM shown in Fig. 4A. A positive linear relationship is
described between the corresponding SERS intensities (y) and the logarithm
concentrations of miRNA 21 (Ig ¢) in Fig. 4B. The regression equation was expressed
as y = 232.51g c-185.1 (R?=0.993). The R? indicates the sensor’s reliable performance
for quantitative analysis in its linear range. The LOD of this SERS platform is 11.96
fM(details are in supporting information), which is among the highest sensitivity
achieved by SERS substrates according to our knowledge. As can be seen from Table
1, compared with other works, the results point out this SERS biosensor provides good

performance for miRNA 21 detection.
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Fig. 4. (A) Raman spectra of the SERS biosensor with a series of concentrations of miRNA 21 [from a to i: (a) 1
x102,(b) 5 % 102, (c) 1 x 103, (d) 5 x 103, () 1 x 104, () 5 x 104, (g) 1 x 105, (h) 5 = 105, (i) 1 x 105(fM)], and (B)
corresponding linear regression equation of the miRNA 21 detection(n=3). (C) SERS response of the fabricated
biosensor toward miRNA 21 compared with other six types of miRNAs (n=3). The concentrations of these are 1 nM,
respectively. (D) SERS response of the proposed biosensor with different concentration of MCF-7 and HeLa cells
(a) 102, (b) 103, (c) 10* and (d) 10° cells (n=3).

3.6 Selectivity and application.

To further characterize the selectivity of SERS biosensor, it was incubated with
target miRNA 21(100 pM) and six other interferences including miRNA 4442(1 nM),
miRNA-let-7a (1 nM), miRNA 141(1 nM), miRNA 155(1 nM), miRNA 182-5p (1 nM)
and miRNA 203a (1 nM). From Fig. 4C, it can be found that the SERS intensity of the
six interferers is close to that of the blank sample. The intensity is also negligible
compared to that with the target miRNA 21 and its mixture. The results of this analysis
can be fully elucidated the prominent selectivity toward miRNA 21.

To further testify the sensor performance for detection in mixture environment,
miRNA in cell lysates were measured. After cell counting, lysates of cervical cancer
cells (Hela) and human breast cancer cells (MCF-7) treated with the RNA extraction
kit. The extracted cell lysate replaced the target and participated in the nucleic acid
amplification cycle. As exhibited in Fig. 4D, the relative SERS intensity increases
gradually as the growth of MCF-7 cell concentration (from 10? to 10° cells). While
under equal analysis conditions, a lower SERS response is obtained when incubated
with the lysate of HeLa cell, which is due to that miRNA 21 is less expressed in HeLa

cells compared with that in MCF-7 cell. These experimental results are consistent with
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those reported in previous literature.[37] Hence, the constructed biosensor stands a
chance of application in clinical diagnosis for miRNA 21 detection.
3.7 Stability of flexible SERS sensor.

To evaluate the mechanical durability of flexible sensors, the mechanical stimuli of
bends tests were performed. After being bent 90° for 50 times, no obvious crack of the
substrate was found in Fig. 5A, indicating that it had excellent toughness. Then, the
SERS intensity was recorded for miRNA (1 nM) on the sensor after each mechanical
deformation. During the 50 times of mechanical bending, the Raman intensity of the
shift at 1623 cm™! exhibits a negligible change in Fig. 5B & C, which shows that the
flexible sensor constructed by this method has excellent stability.

10 20 30 40 50 . . . .
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Kk Kk k—k— K

Intensity / a.u
Intensity / a.u

Fig. 5. (A) The photo of flexible SERS substrate. (B) SERS intensity change chart collected of Raman shift at 1623

cm! for 50 times; (C) the corresponding Raman spectrum of (B).

To test the stability and reproducibility of the SERS substrate, the following parallel
tests were performed. Fig. 6A depicts the Raman spectra of 10 different points of one
SERS platform, and the RSD of the SERS intensity at 1623 cm™ in those platforms is
1.62% (Fig. 6B). Furthermore, 5 parallel SERS platforms with the same miRNA 21
concentration are shown in Fig. 6C and the RSD is 7.17% (Fig. 6D). The results

substantiate that the SERS platform possesses excellent reproducibility and stability.
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Tablel. Comparison of Other Studies for miRNA 21 Detection

analytical method LOD linear range refs.
ECL | 0.3 pM | 1 pM~10 nM | [38]
SERS 0.11 nM 4 nM ~ 1.2x10° nM [39]
SERS 2.72 pM 10 pM ~ 10 nM [40]
SERS 0.15 pM 5pM ~ 10>°nM [41]
SERS 166 M 1 pM ~ 10 nM [42]
SERS 11.96 tM 10> fM ~ 1 nM This work

4. Conclusions

In this work, we propose a low-cost strategy to microcontact printing the Au
NPs on the three-phase interface and obtain a flexible SERS substrate, which shows a
remarkable sensitive SERS performance with a wide dynamic range (100 fM ~1 nM)
for detection of miRNA. This work can provide a new idea for low-cost and large-scale
fabrication of flexible materials for SERS analysis and flexible devices applications.
However, considering the printing of nanoparticles on flexible substrates, the hot spots
would be destroyed in the substrate in complex environment such as long time soak.

We will use DNA nanostructures or chemical molecular to stabilize the nanoparticles
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in the further works.
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