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ABSTRACT: Sensitive and simultaneous detection of multiple cancer-related biomarkers in o SERS g
serum is essential for diagnosis, therapy, prognosis, and staging of cancer. Herein, we proposed % i (\ ‘:g“ )

a magnetically assisted sandwich-type surface-enhanced Raman scattering (SERS)-based - \* d "
biosensor for ultrasensitive and multiplex detection of three hepatocellular carcinoma-related TN T
microRNA (miRNA) biomarkers. The biosensor consists of an SERS tag (probe DNA- {5 \\' I/‘i # &;\.
conjugated DNA-engineered fractal gold nanoparticles, F-AuNPs) and a magnetic capture targot miRNA ‘\:“‘g ) ‘\&\ - /
substrate (capture DNA-conjugated Ag-coated magnetic nanoparticles, AgMNPs). The S~ \_/sms
proposed strategy achieved simultaneous and sensitive detection of three miRNAs (miRNA- &e(’ o @@’ & v
122, miRNA-223, and miRNA-21), and the limits of detection of the three miRNAs in human ¢ o & % &
serum are 349 aM for miRNA-122, 374 aM for miRNA-223, and 311 aM for miRNA-21. High T /H‘ - n n "
selectivity and accuracy of the SERS biosensor were proved by practical analysis in human

serum. Moreover, the biosensor exhibited good practicability in multiplex detection of three High_ o smauple

miRNAs in 92 clinical sera from AFP-negative patients, patients before and after hepatectomy,

recurred and relapse-free patients after hepatectomy, and hepatocellular carcinoma patients at

distinct Barcelona clinic liver cancer stages. The experiment results demonstrate that our SERS-based assay is a promising candidate
in clinical application and exhibited potential for the prediction, diagnosis, monitoring, and staging of cancers.

1. INTRODUCTION Xu et al. investigated the diagnostic effect of miR-122, miR-
223, and miR-21 in HCC patients.”® Other studies
demonstrated that considerable miRNAs existed stably in
human blood, which was the basis for the detection of miRINAs
for diagnosis and prognosis of HCC.”>*® Because of the low
level of miRNA in body fluids, the development of new
approaches for the ultrasensitive and multiple detections of
HCC-related miRNAs is of great significance.”’

Various miRNA detection technologies, such as traditional
Northern blotting,”® quantitative real-time PCR (qQRT-PCR),”
and microarrays,”’ are limited in clinical application because of
their low sensitivity and inherent restriction in multiple
detections, intricate steps, time consumption, and high cost.
Recently, surface-enhanced Raman scattering (SERS) has
emerged as a powerful technique for disease biomarker
detection due to its high sensitivity and selectivity.’' —>*

Liver cancer is the fourth common malignancy that causes
cancer-related deaths' and the second most lethal tumor
worldwide.” Hepatocellular carcinoma (HCC) represents 85—
90% of liver cancer.’ It is well known that precise and early
diagnosis and monitoring of HCC contribute to the prognosis
of HCC and treatment effect. AFP (a-fetoprotein) has been
widely accepted and utilized as an HCC biomarker. It is well
known that 30—40% of HCC patients have a low abundance of
AFP;*° thus, it is of great significance to discriminate AFP-
negative HCC (AFP levels <20 ug/L). Meanwhile, the
monitoring of different stages of liver cancer is very important
to enhance the therapeutic effect.

MicroRNA (miRNA), belonging to the group of small
noncoding RNAs (usually 18—23 nucleotides), playing a key
role in oncogenesis and tumor metastasis, has drawn significant
attention as a novel biomarker for prediction, diagnosis, and

monitoring treatment responses of cancer.”® Many studies Received: February 1, 2021 P_’ﬂ‘%
have identified the aberrant expression levels of multiple Accepted:  May 13, 2021 ""‘
miRNAs in HCC compared to nontumor tissue.”” "> Studies Published: June 2, 2021

have been confirmed that certain miRNAs such as miR-122
and miR-223 are commonly repressed in HCC.'*™*° On the
other hand, miR-21 is frequently overexpressed in HCC.*'~**
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Besides, the unique narrow fingerprint SERS peaks for
individual analytes are conducive to the simultaneous detection
of multiple miRNAs.>>*° Recently, some research §roups have
reported SERS-based miRNA detection methods.””~*'

ever, simultaneous detection of several cancer-related ranNAs,
especially in clinical practice, was rarely investigated. There-
fore, the development of SERS probes with high specificity and
sensitivity and SERS capture substrates with a reliable SERS
signal and convenient synthesis process is imperative for
sensitive and multiplex detection of miRNAs.

In recent years, experimental measurements* and
theoretical calculations™ ™" have shown that the surface
protrusions of complex Au nanostructures generate stronger
enhancement of the electromagnetic field (“hot spots”).
Meanwhile, more and more studies have led to the preparation
of uniform gap-enhanced Raman tags (GERTs) for stable,
controllable, and quantitative SERS enhancement, for example,
gold nanobridged narrow intra-nanogap particles (Au-
RNNPs).*** DNA sequences can control the properties of
metallic nanoparticles by mediating the inner and outer
shape,”*™* which holds great promise for designing diverse
and multiplex SERS nanotags. However, the facile fabrication
of uniform and well-defined GERT' to produce intense, stable,
controllable, and differentiable SERS signals remains challeng-
ing.

Besides, Ag-coated magnetic nanoparticles (AgMNPs)
consisted of a Fe;O, core which greatly simplifies the
separation step to improve reproducibility,”**> and an Ag
shell provides an enhanced SERS signal. Nowadays, several
methods have been developed to synthesize Ag-coated
Fe;0,@Si0, microspheres,”*™*" but the Ag shell prepared
by these methods is noncontinuous, which influences SERS
ability and specific adsorption. Hence, mediating the thickness
of the Ag shell by the facile fabrication process to produce
intense SERS signals and maintain the magnetic separation
ability of the magnetic NPs is crucial for synthesizing AgMNDPs.

Herein, a multiplex sandwich SERS method was developed
for the multiple and ultrasensitive detection of HCC-related
miRNAs (miRNA-122, miRNA-21, and miRNA-223).>” In this
work, three DNA-engineered Raman dye-coded core—shell
structure uniform stellate fractal gold nanoparticles (F-AuNPs)
with stable, favorable, and multiple Raman signals were
developed utilizing a controllable and convenient strategy.
The density and amount of the Au surface protrusions that
contribute greatly to the SERS signals were demonstrated by
comparing the F-AuNPs with Au-RNNPs. Then, the F-AuNPs
and AgMNPs were immobilized with three-probe DNA, and
three capture DNAs specifically recognize three target miRNAs
and form a sandwich hybridization complex. Moreover, the
AgMNPs show great SERS properties and are used as excellent
capturing substrates due to their outstanding magnetic
response and low nonspecific adsorption. The limit of
detection (LOD) of this multiplex assay was down to 311
aM for miRNA-21, 349 aM for miRNA-122, 374 aM for
miRNA-223. The experiment results indicated that the
proposed multiplex bioassay exhibited good selectivity, high
sensitivity, and accuracy. Last but not least, the clinical
potential of prediction, diagnosis, and monitoring of cancer
patients utilizing our method was demonstrated by simulta-
neous detection of three HCC-related micro RNAs in 14 AFP-
negative subjects, 11 patients before and after hepatectomy, 4
recurred after hepatectomy, 9 relapse-free patients, and 52 liver
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cancer patients with different Barcelona clinic liver cancer
(BCLC) stages.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Gold chloride trihydrate
(HAuCl,-3H,0), ethylene imine polymer (PEI), silver nitrate
(AgNO;), 11-mercaptoundecanoic acid (MUA), 11-mercapto-
l1-undecanol (MU), N-(3-dimethylaminopropyl)-N’-ethylcar-
bodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), polyethylene glycol (PEG, Mw = 10,000), and
ammonia solution were purchased from Aladdin. Citric acid
trisodium salt, rhodamine 6G (R6G), crystal violet (CV), 4-
aminothiophenol (4-ATP), iron chloride hexahydrate (FeCl;:
6H,0), ethylene glycol, and hydroxylammonium chloride
(NH,OH-HCI) were obtained from Macklin. Polyvinylpyrro-
lidone (PVP, Mw = 40,000) was obtained from Sigma-Aldrich.
Sodium borohydride (NaBH,) was purchased from Energy
Chemical. The oligonucleotides (sequences are shown in
Table S1) were purchased from Sangon Biotech. All ultrapure
water was supplied by a Millipore water purification system
(>18 MQ cm resistivity, Millipore, USA).

2.2. Clinical Specimens. Human blood samples were
obtained from HCC patients (n = 92) provided by Sun Yat-
Sen University Cancer Center, and healthy volunteers (n = 2)
were collected from the Guangdong Provincial Hospital of
Traditional Chinese Medicine. Serum was obtained via
venipuncture into vacutainer tubes and then centrifugation at
12,000 rpm (4 °C, 10 min). All specimens were stored at —
°C until needed. Cancer diagnoses were confirmed by
traditional examination at Sun Yat-sen University Cancer
Center. Details of the clinical samples including the age,
gender, AFP levels, PIVKA-II levels, and BCLC stages are
provided in Tables S4—S7.

2.3. Synthesis of Fractal Gold Nanoparticle SERS
Nanotags. 2.3.1. Preparation of PolyA30 and Raman
Reporter-Modified AuNPs. The gold nanoparticles (AuNPs)
were prepared by referring to the previous method.”” To
prepare polyA30-modified AuNPs, first, thiolated polyA30
DNA (4 uL, 100 uM) was dispersed in Au seed colloid
solution (100 uL). Next, sodium citrate-hydrochloric acid
buffer (2 L, 500 mM, pH = 3) was added. The mixture was
incubated for 30 min before being centrifuged at 12,000 rpm
for 15 min and then dispersed in 100 yL of phosphate-buftered
saline (PBS) (0.1 M, pH = 7.4). For synthesis of Raman
reporter-labeled polyA30-AuNPs, 30 uL of solution (107" M
R6G, 107> M CV, and 107> M 4-ATP) was added to 300 uL of
Poly30-AuNPs and incubated for 24 h (220 rpm, 25 °C). After
removal of excess Raman dyes by centrifugation (12,000 rpm,
1S min), the Raman reporter-labeled DNA-AuNPs can be
obtained.

2.3.2. Preparation of Fractal AuNPs. The fractal AuNPs
were prepared according to the reported method with minor
modification.®’ Briefly, 90 uL of PBS was added into 10 pL of
polyA30-functionalized and Raman reporter-modified AuNPs;
subsequently, PVP (50 uL, 1%), NH,OH-HCI (20 uL, 10
mM), and HAuCl, precursor (14 uL, S mM) were added
successively under vigorous vortex. After incubation for 30
min, the mixture was centrifuged (6000 rpm, 10 min) and
washed with PBS. By changing the volume of added HAuCl,
(2, 8, 14, and 20 pL), four different morphologies of stellate
gold nanoparticles with different SERS properties were
obtained.
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Scheme 1. Schematic Illustration of Multiplex miRNA Assay via the SERS Sandwich Strategy. R6G-, CV-, and 4-ATP-Encoded
Fractal Au Nanoparticles were Utilized as SERS Tags, and Ag-Coated Magnetic Nanoparticles were Utilized as the Capture
Substrate; (a) Schematic Processes of Synthesizing SERS tag; (b) Design and Synthesis of the Capture Substrate; (c)
Detection Procedure of Multiple miRNAs Based on the Capture Substrate/miRNA/SERS Tag Sandwich Structure
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2.4. Synthesis of AgMNPs and Capture Substrates.
2.4.1. Synthesis of Fe;O, The Fe;O, nanoparticles were
prepared according to the reported method with minor
modification.’” In brief, 1.35 g of FeCl;-6H,0 was dissolved
in 40 mL of ethylene glycol followed by the addition of 1.0 g of
polyethylene glycol and 3.6 g of NaAc-3H,O. After magnetic
stirring for 24 h, the obtained solution was moved to a Teflon-
lined stainless-steel autoclave, heating at 200 °C for 8 h. The
black precipitate was collected and rinsed five times with
ethanol and ultrapure water by magnetic separation. At last, the
sediment was dried at 60 °C.

2.4.2. Synthesis of AGQMNPs. The AgMNPs were synthe-
sized following the previous method with some modification.*®
To assemble AuNPs on the surface of Fe;O,, PEI was utilized
as a binding agent via electrostatic interaction. PEI (0.25 g)
was added to 50 mL of ultrapure water; subsequently, 100 mg
of the Fe;O, NPs was added under sonication for 20 min. The
resulting Fe;O,@PEI NPs were magnetically washed with
ultrapure water five times. Au seed (4 nm) was synthesized by
referring to the previous report with little modification.”*
Briefly, HAuCl, (10 mL, S mM) and TSC (10 mL, S mM)
were added to 180 mL of ultrapure water. It was followed by
adding NaBH,, (S mL, 0.1 M) and vigorously stirring at room
temperature for 4 h to form an orange colloid solution. Finally,
120 mL of 4 nm AuNP solution was added to the above-
prepared PEI-modified Fe;O, NPs and sonicated for 1 h. The
as-prepared Fe;O,@PEI-AuNP sediment was magnetically
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rinsed three times with water and ethanol and then dried at
60 °C.

To synthesize Ag-coated Fe;O,@PEI-AuNPs, different
amounts of (2, 4, 6, 8, 10, 14, and 20 mg) AgNO; and PVP
(300 mg) were added to ultrapure water (200 mL). After that,
10 mg of Fe;O,@PEI-AuNPs was added to the solution and
mixed by sonication, followed by adding formaldehyde (150
uL) and ammonia (300 xL) under sonication for 5 min before
being rinsed five times with ultrapure water.

3. RESULTS AND DISCUSSION

3.1. Design of SERS-Based Sandwich Immunoassay.
As illustrated in Scheme la, three different Raman reporter
molecule-encoded DNA-engineered SERS probes were
modified with three-probe DNA (-SH complementary DNA
to target miRNA-1, 2, and 3) to prepare SERS nanoprobes,
respectively. Scheme 1b exhibits that the multiplexed capture
substrate was formed by modifying three capture DNAs (-NH,
complementary DNA-4, S, and 6) on Ag-coated magnetic
nanoparticles. The sandwich structure of capture substrate/
miRNA/SERS tags was formed for the detection of three
miRNAs, as illustrated in Scheme I1c. For the beginning, three
capture DNA-functionalized AgMNPs were culture with a
complex sample, containing the target miRNAs, irrelevant
miRNAs, and other interferences. Subsequently, the target
miRNA will specifically bind to capture DNA-modified
AgMNPs due to the hybridization combination. The magnetic

https://doi.org/10.1021/acs.analchem.1c00478
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Figure 1. Comparison of fractal gold nanoparticles (F-AuNPs) and nanobridged nanogap particles (Au-RNNPs). Representative TEM images of F-
AuNPs (a,b) and Au-RNNPs (c,d). The insets in panels (b,d) show the schematic diagrams of F-AuNPs and Au-RNNPs. FDTD-calculated
electromagnetic field distribution of F-AuNPs (e) and Au-RNNP:s (f). (g) SERS spectra of F-AuNPs (red) and Au-RNNPs (gray) that R6G utilized
as the Raman reporter. The concentration of R6G was 5 X 107> M. (h) FDTD-simulated far-field absorption spectra of F-AuNPs (red) and Au-
RNNPs (gray). SERS measurements were carried out by utilizing a 633 nm laser and 4 s acquisition time. The scale bar represents 20 nm.

nanoparticles contribute to the fast magnetic separation of the
miRNA from the complex sample. Meanwhile, the magnetic
concentration and Ag shell will greatly improve the SERS
signal. Next, three-probe DNA-functionalized SERS tags
modified with rhodamine 6G (R6G), crystal violet (CV), 4-
aminothiophenol (4-ATP), respectively, corresponding to
miRNA-122, miRNA-223, and miRNA-21 are added to form
the sandwich structures. Finally, the SERS signal of the
sandwich structures was detected after magnetic separation. In
this strategy, R6G, CV, and 4-ATP were three Raman reporters
and they can output distinctive Raman signals. Therefore, the
proposed SERS sandwich assay can achieve the simultaneously
sensitive and specific detection of multiple miRNA:s.

3.2. Fabrication and Characterization of SERS Nano-
tags. Aiming to fabricate fractal gold nanoparticles, a seeded
growth method was used. A poly30 adenine (A) DNA was
anchored to the surface of 15 nm Au cores, and the core—shell
structures can result when growing fractal outer shells on the
DNA-coated AuNPs by reduction of HAuCl,. TEM images
confirm that F-AuNPs exhibited a typical size of 67 + 3 nm
(Figure 1a), while Au-RNNPs exhibited an overall diameter of
61 + 3 nm (Figure 1c). Compared with the gold nanobridged
nanogap particles (Au-RNNPs, using a thiolated 10-thymine
(T10) DNA sequence to form a hollow gap), the gap size (~1
nm, red arrow in Figure 1b) of fractal gold nanoparticles (F-
AuNPs) is narrower than that of the Au-RNNPs (3—4 nm, red
arrow in Figure 1d). Studies have revealed that the trend of
binding affinity between nucleic acid and gold nanoparticles is
A>C>G> T,65’66 which can explain the abovementioned
results. It is exhibited in the TEM images and schematic
diagrams that both F-AuNPs and Au-RNNPs are core—shell
structures, while plenty more nanogaps (1—3 nm, yellow
arrows in Figure 1b) are presented on the rough surface of F-
AuNPs. These external nanogaps greatly enhance the SERS
intensity by forming electromagnetic hot spots. The electro-
magnetic field enhancement distributions of F-AuNPs and Au-
RNNPs calculated by finite-difference time-domain (FDTD)
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are shown in Figure le,f, respectively. It can be seen that SERS
hot spots on the external shell of F-AuNPs are much more
than Au-RNNPs, and the calculation data indicated that the
electromagnetic field enhancement of the inner gap of F-
AuNPs is also stronger than that of Au-RNNPs. Figure Ig
shows that the total Raman intensity of F-AuNPs (red) is
roughly 1.5 times stronger than that of Au-RNNPs (gray) by
comparing the Raman intensity at 615 cm™' for R6G at a
concentration of § X 1073 M, while other conditions were held
constant. Figure 1h exhibited the FDTD-simulated far-field
absorption spectra of F-AuNPs (red) and Au-RNNPs (gray).

Figure Sla shows the TEM images of F-AuNPs during the
growing process at different time points (0.5, S, 10, 15, and 30
min) by terminating the reaction process. TEM images
exhibited more nanoparticles and are presented in Figure S2.
The STEM image of an individual F-AuNP in Figure SI1b
demonstrates the core—shell structure of the F-AuNPs. Figure
S3 exhibits the TEM image of bare AuNPs. Figure S1c shows
that with the modification DNA on the surface of AuNDPs, a
slight red shift is observed in UV—vis spectra of DNA-AuNPs
(Amax = 522 nm) and 4-ATP DNA-AuNPs (4., = 524 nm)
compared with bare AuNPs (4., = 520 nm), indicating the
successful assemble of DNA and 4-ATP molecules on the
AuNPs. The resonance peak of F-AuNPs (4., = 628 nm) is
red-shifted, indicating the strong plasmonic coupling of the
protrusions on the F-AuNPs and the increase in the particle
size (Figure S1d). We found that the morphology of the shell
structure was dependent not only on the amount of precursor
but also on the concentration of the Raman reporter. On the
one hand, by varying the number of precursor HAuCl, (2, 8,
14, and 20 pL) while the other experimental factors were
consistent, we tested the SERS performance of them and found
that the optimized amount of HAuCl, is 14 uL (Figure S1f).
The corresponding TEM images are shown in Figure S4. On
the other hand, in a typical experiment of synthesis of 4-ATP-
coded F-AuNPs, by controlling the concentration of 4-ATP
(1072, 5 x 1073, 1073, 5 x 107% 107 and 10™° M), we
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Figure 2. TEM images of (a) Fe;O,, (b) Fe;0,@PEI-AuNPs, (c) AgMNPs, and (d) sandwich complex structure of the SERS tags/miRNAs/
capture substrate. SEM images of (e) Fe;0, and (f) AgMNPs. (g) EDS mapping images of an individual AgMNP particle, purple represents Au and
green represents Ag and overlapping of these two elements. The scale bars are 100 nm.

prepared a series of stellate nanostructures. TEM and SERS
measurements exhibited morphology changes. The SERS
intensity was the strongest at a 4-ATP concentration of 5 X
107> M (Figure Slg). The SERS spectra of the R6G-encoded
F-AuNPs in 1% human serum demonstrated the reproducible
SERS responses of nanoprobes in serum (Figure Sle), and the
relative standard deviation (RSD) of the Raman intensity at
615 cm™" is 3.7% (Figure S1h). Figure SS shows the SERS
spectra of three SERS nanoprobes, and the distinguishable
spectra indicate that these nanoprobes can be applied to
multiple analyses.

Based on these results, F-AuNPs synthesized with 14 pL of
HAuCl, 5 X 107> M 4-ATP, CV, and R6G were chosen as
SERS nanotags. The as-prepared F-AuNPs were further
modified with probe DNA (-SH complementary DNA-1, 2,
and 3) through the Au-S bond. A red shift can be observed in
UV—vis spectra of DNA-F-AuNPs and F-AuNPs (Figure S6a).
Zeta potential of DNA-F-AuNPs decreased compared with F-
AuNPs, mostly owing to the functionalized negatively charged
DNA on F-AuNPs, as shown in Figure S6b. All these results
demonstrated the successful modification of DNA sequences
on the F-AuNDPs.

3.3. Fabrication and Characterization of the Mag-
netic Capture Substrate. To prepare Ag-coated Fe;O,@
PEI-AuNPs, a seed-growth method was utilized. The obtained
Fe;0, NPs had a diameter of ~400 nm and their surfaces were
rough, as shown in Figure 2a,e. Figure 2b illustrated that
AuNPs were successfully absorbed on the outside of Fe;O,
NPs. It can also be proved by EDS and EDS mapping of Fe;O,
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nanoparticles (Figure S7) and Fe;O,@PEI-AuNPs (Figure
$8), in which the Au element existed uniformly. TEM images
(Figure 2c) and SEM images (Figure 2f) confirm the
successful assembly of Ag, indicating that the surface of
AgMNPs becomes rougher than bare Fe;O,. In addition, EDS
mapping of Ag-coated Fe;O,@PEI-AuNPs (Figure 2g)
confirms the existence of Au and Ag, in which Au and Ag
elements were uniformly present. Figure 2d shows that the
sandwich structure of the SERS tags/miRNAs/capture
substrate was successfully constructed, and a lot of spherical
SERS tags were absorbed on the surface of AgMNPs through
miRNA hybridization.

X-ray diffraction (XRD) images (Figure S9a) demonstrated
the phase and purity of the as-prepared magnetic nanoparticles.
The diffraction peaks of synthesized Fe;O, (black curve) at 26
values of 32.5, 35.7, 43.3, 53.7, 57.1, and 62.8 are
corresponding to the (112), (211), (220), (024), (303), and
(224) crystalline planes of the orthorhombic phase of Fe;O,
(JCPDS card no. 75-1609), respectively, which is consistent
with the previous study.”” A new XRD pattern of Fe;0,@PEI-
AuNPs (red curve) at a 26 value of 38.2 was shown, indicating
the (111) crystalline plane of Au (PDF 04-0784, ICDD, 2004).
The diffraction peak of AgMNPs (blue curve) at 26 values of
38.1, 44.3, 64.4, 77.5, and 81.5 were indexed to the (111),
(200), (220), and (311) crystalline planes of the Ag (PDF 04-
0783, ICDD, 2004).60 Figure S9b exhibited magnetic
hysteresis loops of Fe;0,, Fe;O,@PEI-AuNPs, and AgMNPs.
The magnetic saturation (MS) values of Fe;O,, Fe;O,@PEI-
AuNPs, AgMNPs (8 mg AgNO;), AgMNPs (14 mg AgNO;),
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Figure 3. SERS spectra for various concentrations (blank, 1 fM, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM, and 10 nM) of (a) miR-122, (b)
miR-223, and (c) miR-21 in 1% human serum. Standard curves of the SERS peak intensity at 615, 918, and 1140 cm™" against the concentrations
of (d) miR-122, (e) miR-223, and (f) miR-21, respectively. The error bars stand for s. d. of triplicate measurements.

and AgMNPs (20 mg AgNO;) are 81.0, 71.2, 59.7, 40.4, and
23.5 emu/g, respectively. The MS values of the magnetic
nanoparticles were decreasing when functioned by AuNPs,
PEJ], and Ag. However, the synthesized AgMNPs still had the
satisfying magnetic ability and can meet the demand for
magnetic separation and enrichment.

Figure S9c shows the SERS responses of different
thicknesses of Ag shell-coated AgMNPs using the characteristic
Raman peaks of 4-ATP at 1040 cm™'. The strongest SERS
responsiveness was observed at the amount of 14 mg of
AgNO; (the corresponding spectra are shown in Figure S10),
and the SERS intensity decreased when the amount of AgNO,
increased further. These data demonstrated that the integrity
of the Ag shell of AgMNPs was conducive to improve the
intensity of the SERS signal, which is consistent with the
previous studies. However, when the Ag shell was too thick (20
mg AgNO;), the SERS enhancement of AgMNPs was
declined, and we presume that may be one of the reasons
that the interaction between the Ag shell and Au core has
become relatively hard to detect. Figure S9d shows the SERS
spectrum of 500 ymol/L 4-ATP solution mixed with 2.5 mg/
mL Fe;O, NPs and AgMNPs (14 mg of AgNO;). As shown in
Figure S9e, the SERS signal of 2 months AgMNPs declined
slightly but still produces a strong signal, indicating good
stability of AGMNPs. The stability of the as-prepared AgMNPs
was investigated by measuring the SERS performance of the
freshly prepared AgMNPs and AgMNPs stored at 4 °C for 2
months by mixing with 107® M R6G. Figure SOf exhibits the
SERS enhancement ability of the SERS probe (F-AuNPs) and
capture substrate (AgMNPs). The Raman signal of F-AuNPs-
R6G is 16 times stronger than that of AuNPs-R6G; moreover,
SERS enhancement of AgMNPs is 12 times stronger than bare
Fe;0,.
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To prepare the capture substrate, AgMNPs were conjugated
with capture DNA (-NH, complementary DNA-4, S, and 6)
using the EDC/NHS method. Briefly, the MUA and MU were
added to form carboxylated AgMNPs, and EDC and NHS
were utilized for forming an active ester that can copulate with
amine-modified capture DNA. The UV-—vis absorption
spectrum of AgQMNPs and DNA-AgMNPs shows no significant
change (Figure S1la), and we assume that the larger overall
size of the AgMNPs (~400 nm) than F-AuNPs (~67 nm) may
be one of the reasons. The zeta potential of DNA-AgMNPs is
lower than that of bare AgMNPs (Figure S11b), owing to the
functionalization of negatively charged DNA on AgMNPs,
indicating the successful loading of DNA on AgMNPs. The
most suitable loading amount of capture DNA onto the
AgMNPs was studied by a simple flocculation experiment
using UV—vis spectroscopy. As shown in Figure S12, the
optimal loading amount of capture DNA was 20 yM.

3.4. Detection of Single-Target miRNA. The sensitivity
of detecting three HCC-related miRNAs using our SERS
bioassay was investigated. It is well known that the high salt
concentration and ionic strength in the serum may affect the
stability of the F-AuNPs signal probe. When the serum was
diluted 100 times with PBS buffer, the change in the UV—vis
absorption peak of the F-AuNPs was negligible (Figure S13),
so we used 1% serum for all of the following experiments. The
stability of F-AuNP-jointed magnetic beads in 1% human
serum was analyzed, as shown in Figure S14a, and the RSD of
the Raman intensity at 615 cm™' is 5.8% (Figure S14b),
indicating the good stability of sandwich hybridization
complexes. Figure 3a—c shows the concentration-dependent
SERS spectra. It is shown that the SERS intensity increased
corresponding to the increasing miRNA concentration, and the
linear range is 1 fM to 10 nM. Figure 3d—f exhibits calibration
curves of SERS intensity of Raman reporter molecules (615
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Figure 4. (a) Multiplex SERS spectra of miRNAs [(i) for miR-122, miR-223, and miR-21, (ii) for miR-122 and miR-223, (iii) for miR-223 and
miR-21, and (iv) for miR-122 and miR-21]. (b) SERS spectra for triple-target miRNA detection (blank, 1 fM, 100 fM, 10 pM, 1 nM, and 100 nM).
(c) Specificity evaluation of the proposed method for interfering miRNAs (miR-199a, miR-125b, and miR-16), mixture-1 (miR-122, miR-223, and
miR-21), mixture-2 (miR-199a, miR-125b, miR-16, miR-122, miR-223, and miR-21), and mixture-3 (miR-122, miR-223, miR-21, and three

corresponding antagomirs). Standard curves of the SERS peak intensity at 615, 918, and 1140 cm ™

against the concentrations of (d) miR-122, (e)

miR-223, and (f) miR-21, respectively. The error bars stand for s. d. of triplicate measurements.

cm™! for R6G, 918 cm™ for CV, and 1140 cm™! for 4-ATP),
indicating a great linear relationship between the SERS signal
and the logarithm of the miRNA concentration. The
correlation coefficients (R?) are 0.9901, 0.9884, and 0.9817
respectively.

To confirm the formation of sandwich complexes, detection
of miR-21 using 4-ATP-modified F-AuNPs was performed. It
is clearly shown in SEM images (Figure S15) and the SERS
spectrum (Figure S16) that the nanoprobes were coupled with
substrates through the hybridization with target miR-21,
showing intense SERS signals, However, no binding of F-
AuNPs was shown in the blank experiment, and no significant
signal was observed. The incubation time of sandwich
hybridization complexes was also studied (Figure S17).
Moreover, the EDS mapping images (Figure S18) and EDS
spectra (Figure S19) also demonstrated that the atoms % of
the Au element of the F-AuNPs/miRNA/AgMNP sandwich
structure was 6.03%, which was higher than that of bare
AgMNPs (2.51%), indicating the hybridization of F-AuNPs on
AgMNPs.

3.5. Multiplex Detection of Target miRNAs. The
Raman spectra exhibited characteristics and separate peaks.
As shown in Figure 4a, triple-target miRNA [(i) for miR-122,
miR-223, and miR-21] and double-target miRNA [(ii) for
miR-122 and miR-223, (iii) for miR-223 and miR-21, and (iv)
for miR-122 and miR-21] detections were performed. The
corresponding multiplexed characteristic Raman dye peaks
were observed in the detection of double-target miRNAs and
triple-target miRNAs. These experiments demonstrated that
the SERS method exhibited good ability in multiple miRNA
detection.
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The sensitivity and selectivity of the simultaneous multiplex
miRNA detection were assessed. Different concentrations of
serial three miRNA samples (varied from 1 fM to 100 nM)
were analyzed (Figure 4b). The simultaneous quantitative
analysis of double-target miRNAs is shown in Figures S20—
§22. Figure 4b exhibits the concentration-dependent SERS
spectra. Figure 4d—f exhibits the calibration curves for the
quantitative analysis of three miRNAs, and the correlation
coefficients (R*) are 0.9617, 0.9611, and 0.9529. Moreover, the
LODs of simultaneous detection of miR-21, miR-122, and
miR-223 were 311 aM, 349 aM, and 374 aM, respectively.
These data confirm that this strategy for the detection of three
miRNAs exhibited both a low LOD and a wide dynamic range.

Besides, we compared the detection results with other
methods reported in other papers, including electrochemistry,
colorimetric assay, fluorescence spectroscopy, SPR, lateral flow
assay, and so forth, as shown in Table S2. The LOD of our
method is lower than most of the multiple miRNA detection
methods, showing the advantage and ability in the detection of
ultralow concentration miRNA biomarkers in complex blood
samples.

3.6. Specificity Assessment. To investigate the specificity
of the simultaneous multiplex miRNA detection method, three
noncomplementary miRNAs (miR-16, miR-199a, and miR-
125b) and three specific antagomirs were utilized. Interfering
noncomplementary miRNA solutions (100 pM) were added to
the AgMNPs modified by three capture DNAs, respectively.
After that three-probe DNA-encoded F-AuNPs were added to
the solution. The experimental conditions were the same as the
abovementioned conditions. As shown in Figure 4c, only weak
signals could be detected in interfering miRNA groups and
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Figure S. Sandwich assay of three miRNAs in serum specimens of HCC patients. (a) Levels of the three miRNAs before hepatectomy and 7 days
after hepatectomy were measured by the sandwich assay. (b) Levels of the three miRNAs in the 14 AFP-negative clinical specimens. (c) Levels of
three miRNAs relapsed within 1 year (P1—P4) and relapse-free after hepatectomy (PS—P13). The levels of (d) miR-21, (e) miR-122, and (f) miR-
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triplicate measurements.

negligible signals showed in the blank group. Furthermore, by
mixing noncomplementary miRNAs (100 pM) and target
miRNAs (1 pM), the SERS signals obtained from mixture-2
(all six miRNAs) showed slight changes compared with the
mixture-1 (three target miRNAs).

Furthermore, antagomirs, chemically modified antisense
oligonucleotides complementary to specific miRNAs, have
been shown to interfere with the miRNA function. Concerning
this, three miRNA-specific antagomirs were designed and
added contemporary with the target miRNAs, and all
experimental conditions were the same as the abovementioned
conditions. As shown in Figure 4c, compared with mixture-1,
the SERS intensities of 615, 918, and 1140 cm™ of mixture-3
were declined rapidly due to the influence of the antagomirs.
These data indicate that this multiplex SERS assay exhibited
excellent selectivity for target miRNAs.

3.7. Application in Human Serum Samples. To assess
the reliability of our method, recoveries of different
concentrations of miRNAs spiked in 1% healthy human
serum were tested. As shown in Table S3, we assess the
reliability of single miRNA and multiple miRNA detection, and
recoveries we obtained are above 93%, indicating that the
SERS biosensor exhibited good accuracy for miRNA detection
in clinical applications.

3.8. Application in HCC Patients. To assess the
performance of the proposed method in the prediction,
diagnosis, and monitoring of HCC, we designed the following
experiments. By simultaneous detection of the concentration of
the miR-122, miR-223, and miR-21 of the same HCC patients
(11 patients, Table S4), 1 day before hepatectomy and 7 days
after hepatectomy, it is obvious that the level of miR-21 fell off
after hepatectomy (Figure Sa), while the level of miR-122 and
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miR-223 increased after hepatectomy. Moreover, our assay was
further applied in the detection of the AFP-negative patients
(14 patients, Table SS, the clinical test results of AFP were all
lower than 20 pg/L) and 52 HCC patients at different BCLC
stages (Table S7 and Figure Sb,d—f), and the experimental
results demonstrated that our method can successfully detect
different levels of miRNAs in AFP-negative and different
BCLC stage patients. The concentration of miR-21 increased
with the stage of HCC patients, while the concentrations of
miR-122 and miR-223 decreased, which means that this
strategy has the potential ability to discriminate different stages
of HCC patients. Meanwhile, by monitoring hepatectomy
patients within 2 years, as shown in Figure Sc and Table S6, we
found that the levels of the miR-21 of the patients who
relapsed (P1—P4 in Figure Sc) within 1 year were higher than
that of relapse-free patients (PS—P13 in Figure Sc); however,
the level of miR-122 and miR-223 shows an opposite trend.
The original data and details of these clinical samples including
the age, gender, AFP levels, PIVKA-II levels, BCLC stages, and
the three miRNA concentrations calculated according to the
linear relationship between the Lg C_;rna and SERS intensity
are provided in Tables S4—S7. All the abovementioned results
indicated that our SERS-based assay has a good potential
application in the prediction, diagnosis, monitoring, and
staging of HCC.

4. CONCLUSIONS

In summary, we developed Raman dye-modified fractal gold
nanoparticles (F-AuNPs) as the SERS signal probe and Ag-
coated magnetic nanoparticles (AgMNPs) as the capture
substrate for simultaneous and ultrasensitive detection of three
hepatocellular carcinoma-related micro RNAs (miR-122, miR-
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223, and miR-21). By comparing to other thiolated DNA-
mediated core—shell structure nanoparticles (Au-RNNPs), the
fractal AuNP probe has a stronger and reproducible SERS
performance. Also, the synthesized AgMNPs can achieve
magnetic separation and exhibited favorable SERS activity,
which contributes to further increase the sensitivity of the
method. The good linear relationship between SERS intensity
and the logarithm of the miRNA concentration was shown in
the quantitative detection of miRNAs. The LOD of the
quantitative detection reached the aM level. Multiplexed
detection was also successfully applied in actual human
serum samples and liver cancer patient serum assay, and the
method exhibits excellent selectivity, specificity, and high
accuracy under the interference of other miRNAs. Through the
successful determination of target miRNAs in 14 AFP-negative
patients, 13 patients before and after hepatectomy, 4 patients
who relapsed (within 1 year) after hepatectomy, 9 relapse-free
patients (2 years after hepatectomy), and 52 liver cancer
patients with different BCLC stages (BCLC-0, BCLC-A,
BCLC-B, and BCLC-C), the proposed SERS method opens
new avenues for early diagnosis of cancer, the staging of HCC
patients, and the prognosis of cancer and could offer a
possibility for the rapid and ultrasensitive quantitative
detection of other biomolecules.
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