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Purpose: Circulating tumor DNA (ctDNA) is more representative and accurate than biopsy and is also conducive to dynamic
monitoring, facilitating accurate diagnosis and prognosis of glioma. Therefore, the present study aimed to establish and validate
a novel amplified method for the detection of IDH1 R132H and BRAF V600E, which were associated with the genetic diagnosis of
glioma.

Patients and Methods: A dual-signal amplification method based on magnetic aggregation and catalytic hairpin assembly (CHA)
was constructed for the simultaneous detection of ctDNAs. When target ctDNAs are present, the CHA reaction is initiated and leads to
the assembly of Au-Ag nanoshuttles (Au-Ag NSs) onto magnetic beads (MBs). Further enrichment of MBs under an external magnetic
field facilitated the dual-signal amplification of SERS.

Results: The limit of detection (LOD) for IDH1 R132H and BRAF V600E in serum was as low as 6.01 aM and 5.48 aM. The
reproducibility and selectivity of the proposed SERS analysis platform was satisfactory. Finally, the platform was applied to quantify
IDH1 R132H and BRAF V600E in the serum of subcutaneous-tumor-bearing nude mice, and the results obtained by SERS were
consistent with those from quantitative real-time polymerase chain reaction (QRT-PCR).

Conclusion: The present study showed that the dual-signal amplification method is a simple and ultrasensitive strategy for gliomas-
associated ctDNAs detection, which is crucial for early diagnosis and dynamic monitoring.

Keywords: circulating tumor DNA, Au-Ag nanoshuttles, magnetic beads, catalytic hairpin assembly, surface-enhanced Raman

spectroscopy

Introduction

Glioma is one of the most prevalent and deadly tumors, accounting for more than 70% of all primary malignant brain
tumors.' Numerous genomic alterations associated with glioma heterogeneity contribute to the dysregulation of various
signaling pathways and tumorigenesis.” * One of the most important genetic mutation commonly found in gliomas is
IDH,>*® which has significant clinical value for prognosis and personalized targeted therapy.” IDH1 Arg 132 (R132H) is
the most prevalent heterozygous mutation that overproduces D-(R)-2-hydroxyglutarate (2-HG), disrupting global cellular
metabolism and resulting in better survival regardless of histology and grade.” BRAF mutation is another prevalent and
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important oncogenic alteration in a wide spectrum of brain tumors, including in gliomas.® The most prevalent BRAF
mutation is a substitution of valine to glutamic acid at codon 600 (V600E), which accounts for 70-88% of all BRAF
mutations.” The presence of IDHI Arg 132 (R132H) portends a favorable outcome of prolonged median survival,'*!'!
and targeted therapy aimed at inhibiting BRAF V600E has shown promising therapeutic outcomes.®” Thus, identifying
IDH1 R132H and BRAF V600E is of great significance for predicting prognosis and guiding accurate treatment.

Although cerebrospinal fluid (CSF) is regarded as the most valuable specimen for identifying glioma biomarkers,'? the
invasive procedure to obtain the sample is risky and complex. In fact, the relevant biomarkers could be released into blood
from blood-brain barrier (BBB), which was disrupted in brain-derived diseases such as traumatic brain injury'® and
gliomas.'*"* Circulating tumor DNAs (ctDNAs) in the peripheral circulation harbor tumor-specific genetic alterations and
can accurately reflect the dynamics of mutational status.'®'® Analyzing mutations carried by ctDNA faces various challenges,
including complex biological environments, short half-lives, and low concentrations.'® Thus, the technical requirements are
extremely demanding. So far, new technologies like droplet-based digital PCR (ddPCR) and tailored types of next-generation
sequencing (NGS) have been used for ctDNA mutation detection.'’*° Bettegowda et al*' employed dPCR to identify ctDNA
in various cancers and ctDNA was only found in <10% of glioma patients. A recent study” applied a highly sensitive and
specific NGS panel to examine plasma samples from 222 GBM patients and discovered that 55% of them had ctDNA
mutations. Obviously, different detection sensitivities may yield different results. Thus, a rapid, simple, and ultrasensitive
approach is urgently needed to address the limitations of the current techniques such as complicated operating procedures,
expensive specialized equipment, long detection time, and low sensitivity.

In recent years, surface-enhanced Raman spectroscopy (SERS)-based optical biosensors have become one of the most
promising tools for biomedical analysis and gained remarkable attention.”*** SERS is a physical phenomenon in which
Raman scattering from the surface of specific noble metal nanoparticles is enhanced when excited by laser light.>>*® The
SERS-based sensing technique can provide molecular fingerprint vibrational spectra’’ of Raman reporters labelled on
a probe, allowing for exact ctDNA identification or simultaneous detection of multiple ctDNAs in complex biological
samples. So far, various SERS-based strategies are performed to detect miRNAs and proteins, which are closely
associated with tumors. Li et al*® achieved simultaneous quantitative detection of p21 mRNA and miRNA 21 in cancer
cells using magnetic SERS nanotags. Based on the low-cost and sensitive method, the LOD of p21 mRNA and miRNA
21 were 0.12 fM and 0.17 fM, respectively. Medetalibeyoglu’s*® team presented a novel SERS-based sandwich type
immunosensors for detecting carcinoembryonic antigen (CEA). The result showed that the novel immunosensor
exhibited excellent selectivity and sensitivity for the recognition of CEA in plasma, which could facilitate the real-
time monitoring of malignant tumors. SERS sensitivity is mainly attributed to Raman signal amplification arising from
“hot spots” areas, which are generated at the nanometer gaps between adjacent nanoparticles or around the edges and
vertices of isolated nanoparticles.’® The aggregated “hot spots” increase the sensitivity of SERS detection by 10-14
orders of magnitude compared to conventional Raman spectroscopy.3 ! Au-Ag nanoshuttles (Au-Ag NSs) show promising
prospects for practical detection.”*~> Firstly, Au-AgNSs shell contributes to better chemical stability’* and higher electric
field enhancement at the “hot spots” compared to pure Au or Ag nanoparticles.>> Secondly, Au-AgNSs are arrow-headed
tips at both ends, which promote the formation of “hot spots.”*> Moreover, Au-AgNSs have easy fabrication, low
synthesis cost, and mild synthesis conditions.’**> Apart from the above, a reproducible and standardized substrate is
indispensable for the construction of SERS-based biosensing platforms. However, SERS-active planar substrates are
cumbersome to fabricate and have some limitations in application due to the two-dimensional (2-D) configurations.*
Recently, the combination of magnetic bead (MB) technology and SERS analysis solved the aforementioned problems.
The 3-D structure of MB has a larger exterior surface-to-volume ratio, which improves the loading density of capture
probes by reducing the steric effect.>” MBs can freely diffuse three-dimensionally in solution to achieve sufficient mixing
and efficient capture of target molecules.”® Under the fields of external magnetic, MBs can be separated and eluted
rapidly, avoiding tedious washing steps and reducing incubation time.*”

Despite the fact that numerous SERS-based nucleic acid assays have been developed, more sensitive and feasible SERS
sensing approaches are urgently needed to accomplish ultra-sensitive detection of low-concentration ctDNA in peripheral
blood. Several signal amplification strategies have been introduced for the sensitivity analysis of biomarkers. Among these
strategies, the toehold-mediated strand displacement (TMSD) reaction has the characteristics of enzyme-free isothermal
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amplification and had been extensively applied to construct sensitive miRNA sensing platforms owing to its minimal
equipment requirement and effective and rapid amplification. Catalytic hairpin assembly (CHA), as one of the most prominent
TMSD reactions can obtain a hundred-fold signal amplification.** In CHA, the introduction of an initiator triggers the
assembly step between the initiator and a DNA hairpin. The initiator is replaced by another DNA hairpin during the
subsequent disassembly step, forming a double-stranded DNA (dsDNA).*' Since one initiator can be continuously replaced
and recycled to trigger a new reaction, a succession of dsDNA is generated, realizing signal amplification. Thus, by combining
magnetic SERS probes with CHA amplification, it is expected to manufacture an analysis platform with excellent sensitivity
and specificity for the simultaneous detection of IDH1 R132H and BRAF V600E.

Herein, a strategy based on SERS and dual-signal amplification (CHA and magnetic enrichment) was designed for the
detection of glioma-related ctDNAs (IDH1 R132H and BRAF V600E) in an aqueous solution. Firstly, the first hairpin
DNAs (HP,.; and HP,,) modified with sulthydryl at the 5’-end and biotin at the 3’-end, and two Raman reporters
(4-Mercaptobenzoic acid, 4-MBA, and Rhodamine 6G, R6G) were wrapped on Au-Ag NSs to prepare SERS probes (Au-
AgNSs@4-MBA@HP,.; and Au-AgNSs@R6G@HP;.,). Next, MBs decorated with the second hairpin DNAs (HP,_;
and HP,_,) acted as capture probes to capture Au-AgNSs for convenient separation. In the presence of IDH1 R132H (or
BRAF V600E), HP,_; (or HP;_,) on SERS probes was unfolded owing to the hybridization between the complementary
regions of IDH1 RI32H (or BRAF V600E) and the exposed toehold H1 and formed the Au-
AgNSs@4-MBA@HP.;@IDH1 R132H (Au-AgNSs@R6G@HP, ,@BRAF V600E) intermediate product.
Subsequently, HP;_; (or HP;_;) on SERS probes triggered another assembly reaction with HP,_; (or HP,,) on MBs,
formatting the Au-AgNSs@4-MBA@HP,.;@ IDH1 RI132H@HP,.,@MB (or Au-AgNSs@R6G@HP, ,@BRAF
V600E@HP, ,@MB) complex. The toehold-mediated strand displacement reactions resulted in the release of IDH1
R132H (or BRAF V600E) and the formation of stable composite structures Au-AgNSs@4-MBA@HP, ;@ HP, ,@MB
(or Au-AgNSs@R6G@HP,,@ HP,,@MB). The released IDH1 R132H (or BRAF V600E) initiated the next CHA
cycle and finally formed numerous stable composite structures after many cycles. The amount of two SERS probes,
incubation time, and other related experimental parameters were optimized to guarantee sufficient progress of CHA.
Subsequently, the sensitivity, reproducibility, and specificity of the analysis platform were assessed. Finally, to verify the
feasibility and accuracy of the proposed strategy, the concentrations of the two ctDNAs in subcutaneous-tumor-bearing
nude mice serum were quantified by quantitative real-time polymerase chain reaction (QRT-PCR) and SERS, respectively.
Overall, this novel strategy that can dynamically monitor ctDNAs in serum shows significant clinical translational
potential in glioma diagnosis and dynamic monitoring.

Materials and Methods

Cell Line and Animals

U87 glioma cell line was obtained from the Cell Bank of the Chinese Academy of Sciences. The cell line was fostered in
DMEM medium (GIBCO) containing 10% fetal bovine serum (FBS) (GIBCO), 1% penicillin/streptomycin (Invitrogen)
at 37°C with 5% CO,. Twenty specific pathogen-free nude mice (Jiangsu Huachuang Xinnuo Pharmaceutical Technology
Co. Ltd. Provide, license No. SCXK (Su) 2020-0009) that weighed 15.7+ 1.09 g and aged 5 weeks were maintained in
an SPF sterile laminar flow chamber. Keep the indoor constant temperature (22—-26°C) and humidity (55+ 5%).

Animals and Subcutaneous-Tumor-bearing Nude Mouse Model

All nude mice were anesthetized with sodium pentobarbital (60 mg/kg, intraperitoneal injection) and then disinfected
with ethyl alcohol in the right back. Each mouse was injected with U87 cell suspension (1 x 107 cells, 0.1 mL) into the
subcutaneous tissue of the previously sanitized area, and thus constructed the subcutaneous-tumor-bearing nude mouse
model. Tumor formation occurred about 5 d later. Tumor volume was measured with a vernier caliper every 3 d and
calculated using the following formula: volume (mm?) = 0.5 x length x width?. According to the experimental protocol,
mice were sacrificed at desired time points (7 d, 14 d, 21 d, and 28 d). The tumors were then excised from the sacrificed
mice and weighed to evaluate tumor development. Collected tumors were fixed using 10% formaldehyde, followed by
embedding in paraffin, sectioning, and hematoxylin—eosin (HE) staining. Peripheral blood samples were collected and
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individually labeled before sacrifice (0 d, 7 d, 14 d, 21 d, and 28 d). Subsequently, samples were centrifuged for 10 min at
3000 rcf at 4°C, and plasma fractions were stored at —80°C. All animal studies were approved by the Experimental
Animal Ethics Committee of Yangzhou University (No.2020-FSYY-2). All procedures were performed in accordance
with the Guide for Medical Experimental Animal Care and Use of Laboratory Animals.

Reagents

Chloroauric acid tetrahydrate (HAuCly), hexadecyl trimethyl ammonium bromide (CTAB), sodium borohydride
(NaBH,), silver nitrate (AgNO3;), sodium oleate (NaOL), hydrochloric acid (HCI), ascorbic acid (AA), and absolute
ethanol were obtained from Yangzhou Feichang Chemicals Co. Ltd (China). Bovine serum albumin (BSA), rhodamine
6g (R6G), 4-Mercaptobenzoic acid (4-MBA) 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
N-hydroxysuccinimide (NHS), tris-2-carboxyethyl phosphine (TCEP) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Magnetic bead (MB) was obtained from Sigma-Aldrich Co., Ltd. TRIzol and
PrimeScript RT Master Mix were purchased from Life Technologies, Carlsbad, CA, and TaKaRa, Dalian, China,
respectively. Hieff® qPCR SYBR Green Master Mix was obtained from Yeasen, Shanghai, China. Ethidium bromide
(EB), agarose gel, super stain dye solution, DNA marker, and 5X loading buffer were purchased from Jiangsu Kangwei
Century Biotechnology Co. Ltd (China). Milli-Q water (Millipore, USA, resistivity 4 18 M) was used for all experiments.
All oligonucleotide sequences listed in Table 1, including target ctDNAs (IDHIR132H and BRAF V600E), hairpin
DNAs (HP,.;, HP;.,, HP,.;, and HP,_,), base mismatch sequences (MT1-1, MT1-2, MT3-1, MT3-2, and random
sequences), and primers (IDH R132H forward primer, IDH R132H reverse primer, BRAF V600E forward primer, and
BRAF V600E reverse primer) were acquired from GENEWIZ (Suzhou, China).

Quantitative Real-Time Polymerase Chain Reaction (qQRT-PCR)

Total ctDNAs were extracted from the plasma with TRIzol according to the manufacturer’s protocol, and the ctDNA
concentrations were detected by an ultramicro spectrophotometer (Thermo Fisher Scientific), which was then reverse-
transcribed into cDNA using PrimeScript RT Master Mix (TaKaRa, Dalian, China). Hieff® qPCR SYBR Green Master
Mix in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to
perform qRT-PCR. The sequences of the primers used for the qRT-PCR experiments are shown as follows: IDH R132H
forward primer 5’-CATTAGACGCCAGCCAGTCG-3" and IDH RI132H reverse primer 5’-ATCTCCACCAC
AGAACCTCCT-3’; BRAF V600E forward primer 5’-ATTGGATCTGGGTCATTTGG-3’; BRAF V600E reverse primer
5’-TGCCAGTTGTGGCTTTGTAG-3".

Agarose Gel Electrophoresis (PAGE)

Firstly, a 2.5% agarose gel is prepared: 1 g of agarose is added to 40 mL of 5XTAE buffer and heated in a microwave oven.
Then, drop 2 pL of ethidium bromide (10 mg/mL) and mix the gel solution thoroughly by swirling gently. Secondly, pour the

Table | Sequences of Oligonucleotides Used in the Experiment

Name Sequences (5’-3’)

HP_, ATAAGACCGTGCCACCCAGAATACCCCACGGTCTTATTGGCTG
HP,, GGTAGCTACAGAGAAATCCCCAGAAAGGTAGCTAGGATAATT
HP, AATGGAATAAGACCGTGGGGTATTCTGGGTGGCACGGTCTTAT
HP,., TAATTTCCTAGCTACCTTTCTGGGGATTTCTCTGTAGCTACC
MTI-1 ATTCTGAGTGGCACGGTCTT

MTI-2 GCTTTCTCTGTAGCTA

MT3-1 ATCCTGAGTGGCACAGTCTT

MT3-2 GCTTACTCTGTACCTA

Random ACCAGCUCGAGUAAGGAAAUG

IDHIRI32H ATTCTGGGTGGCACGGTCTT

BRAF V600E GATTTCTCTGTAGCTA
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agarose solution into the gel mold and wait 30 min for it to completely solidify. In each well, 7 uL of the samples and 3 pL of
bromophenol blue gel loading buffer are loaded. Then, electrophoresis is carried out in 1x TAE buffer for 70 min at 120
V. Finally, visualize and photograph the samples in the agarose gel.

Synthesis of Au-Ag NSs
The fabrication of Au-AgNSs started with the preparation of Au nanorods (NRs). Au NRs were synthesized by the binary

surfactant assistant, seed-growth method proposed by Ye et al.** Firstly, newly prepared, ice-cold NaBH, solution
(0.6 mL, 10 mM) was added into a solution consisting of CTAB (9.9 mL, 0.1 M) and HAuCl, (0.1 mL, 25 mM),
followed by stirring (700 rcf, 2 min). The resulting solution was aged for 2 h at 30°C to obtain the gold seed solution.
Secondly, a 100 mL solution made by combining 0.037 M CTAB and 0.078 M NaOL was mixed with AgNO; (1.44 mL,
10 mM) and HAuCl, (2 mL, 25 mM). Then, the above solution was kept stirred at 700 rcf (30°C) for 90 min. After that,
Au NR growth solution was obtained by introducing 0.42 mL hydrochloric acid (37%) and 0.16 mL freshly prepared AA
(0.1 M) and keeping stirring for 5 min. Finally, 0.08 mL gold seed solution was injected into the Au NR growth solution
and left undisturbed overnight at 30°C for NR growth. The as-prepared Au NRs were centrifuged at 10,000 rcf for 15
min twice, then the purified Au NRs were redissolved in an equal volume of CTAB (0.1 M) for further use. Thirdly, 5 mL
solution from the previous step was first mixed with AA (5 mL, 0.2 M) and NaOH (30 pL, 2 M). Added additional
HAuCl, (40 pL, 25 mM) and AgNO; (0.2 mL, 10 mM) with vigorous stirring and then incubated at room temperature.
0.2 mL of AA (0.1 M) was added, and the reaction mixture was aged for 1 h after stirring for 30 s to prepare Au-AgNSs.
Finally, the mixture was centrifuged (7500 rcf, 10 min) to remove excess reactants. The Au-AgNSs were redispersed with

ultrapure water and stored at 4°C.

Preparation of SERS Probes

The preparation process of SERS probes (Au-AgNSs@4-MBA@HP,_; and Au-AgNSs@R6G@HP,.,) is illustrated in
Figure 1B. The steps were as follows: (1) 4-MBA (100 pL, 1 mM) or R6G (100 uL, 1 mM) alcohol solutions were
thoroughly mixed with 5 mL of Au-AgNSs solution. Raman reporter 4-MBA and R6G can be attached to the surface of
Au-AgNSs after 2 h incubation at room temperature.** Then, the prepared Au-AgNSs@4-MBA (Au-AgNSs@R6G) were
purified to remove excess Raman reporters. (2) 60 pL of the first hairpin DNA (HP,_; and HP;_,) (0.1 M) was added to 80
pL newly prepared tris-2-carboxyethyl phosphine (TCEP) buffer (1 mM) for 1 h, which could activate HP,_; and HP,_,.
Then, the activated HP;_; (and HP;,) were mixed with 2 mL Au-AgNSs@4-MBA (and Au-AgNSs@R6G) for 12
h. Following that, the resulting solution was dispersed in 40 uL. BSA solution (1 wt%) and incubated for 60 min to
eliminate nonspecific binding. Finally, a purification process (9000 rcf, 15 min) was performed, and the produced SERS
probes were dispersed in PBS buffer.

Formation of Capture Probes

The capture probes (MBs@HP, ; and MBs@HP,_,) were obtained by decorating MBs with the second hairpin
DNAs (HP,.; and HP,_,), which is described in Figure 1C. Firstly, 0.02 g of MBs were accurately weighed and
dissolved into 40 mL absolute ethanol to obtain a concentration of 0.5 mg/mL. Measured out 500 puL of MBs into
a test tube and added 470 pL of PBS buffer (10 mM) to make a suspension. The purified MBs solution was obtained
by repeated washing with the aid of an external magnet. Then, EDC (250 mL, 0.1 M) and NHS (250 mL, 0.1 M)
were added to the resulting solution to activate the carboxyl groups of MBs, and the MBs were subsequently
incubated with stirring (500 rcf, 30 min) at room temperature. To seal the surface sites of the MBs, 10 uL of 10 wt%
BSA solution was dropped. After washing with PBS, MBs were redispersed in 1 mL PBS. Finally, TECP-activated
hairpin DNA (HP,_; and HP,_,) was added and followed by incubation for 12 h at 37°C to prepare the capture
probes. The resultant mixture was washed three times to remove excess impurities and dispersed in a PBS buffer for

future use.
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Figure | The principle of ctDNAs detection by SERS assisted with dual-signal amplification. (A) Peripheral blood was centrifuged to obtain target ctDNAs (B) fabrication
processes of two SERS probes (R6éG-labeled and HP,_, -coupled Au-Ag NSs, 4-MBA-labeled and HP,_, -coupled Au-Ag NSs) (C) the synthesis procedure of two capture
probes (HP,., and HP,, decorated MBs) (D) numerous MBs and composite structures (Au-AgNSs@4-MBA@HP,  @IDHI RI32H@HP,.,@MB (or Au-
AgNSs@R6G@HP, ,@BRAF V600E@HP, ,@MB) were magnetically enriched (E) the process of CHA signal amplification (F) SERS detection.

SERS Measurement

The quantitative detection process of target ctDNAs was performed as follows: 10 pL diluted serum sample solution was pipetted
into a mixture containing 9 pL of SERS probes and 7 pL of capture probes. The final mixtures were incubated for 40 min, with
gentle shaking at 40°C. Then, the reaction complexes were collected by magnetic separation and the supernatant was discarded.
30 uL PBS buffer solution was added and mixed thoroughly. The external magnetic field was applied again to enrich the reaction
complexes and used to perform SERS measurements. The laser wavelength was 785 nm, the exposure time was 10 s, and the
power was 5 mW. For each sample, nine spectral values were obtained by repeating the experiment three times at three different
sites. The final values were obtained by averaging these spectrum values, guaranteeing the representativeness and accuracy of the
results. The spectra were collected from 700 to 1800 cm™ ' with a spectral resolution of 3 cm™'. All data were analyzed using

SPSS Statistics software 21.0 (Chicago, IL, USA), and a difference is considered to be statistically significant when P < 0.05.
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Characterization

The UV-visible absorption spectra were obtained from a UNICO 2100 PC UV-Vis spectrophotometer (Japan). All
Raman spectra were recorded with a Renishaw InVia Raman Microscope Spectrometer (UK) with excitation at 785 nm
and 50 x objective lens. The WiRETM software of Renishaw was used for Raman system operation and data acquisition.
To repress the background noises of instrument, smoothing and baseline correction were applied. Tecnai 12 transmission
electron microscope (Philips) was used to achieve the transmission electron microscopy (TEM) images of Au-AgNSs and
MBs, operating at an accelerating voltage of 60 kV. S-4800 II field-emission scanning electron microscope (Hitachi) was
applied for the scanning electron microscopy (SEM) images of Au-AgNSs and MBs, operating at 1.0 kV. The selected
area electron diffraction (SAED) images and high-resolution TEM (HRTEM) were obtained with a Tecnai G2 F30
S-Twin TEM (FEI) at 200 kV.

Results and Discussion
The Principle of ctDNAs Detection by SERS Assisted with Dual-Signal Amplification

The SERS-based dual-signal amplification strategy for rapid and ultrasensitive detection of ctDNAs simultaneously is
illustrated in Figure 1. The initial preparatory work was the construction of SERS probes and capture probes. Firstly,
SERS probes were constructed as follows: both 4-MBA, HP,_;, and HP,, could be modified onto the surface of Au-
AgNSs via Ag-S bond, while another Raman reporter R6G chemisorbed on Au-AgNSs surface via its two ethylamine
groups (Figure 1B).** Secondly, the interaction between sulfhydryl groups on the second hairpin DNAs (HP,.; and
HP,_,) and the activated carboxyl groups on MBs surface facilitate the formation of capture probes (Figure 1C). In the
absence of target ctDNAs, the complementary sequences in hairpin DNAs are trapped within the secondary structure,
which avoids hybridization with other sequences and maintains a “steady state” condition. The target ctDNAs in
peripheral blood (Figure 1A) broke the “steady state”, take IDH1 R132H for example, the hybridization between
HP,_; and IDH1 R132H exposed the hidden toehold in the stem of HP,_;, which allowed the corresponding capture
probe HP,_; to be recognized and initiated the displacement of IDH1 R132H with HP,_;, forming a stable HP;_;/HP,_;
duplex. The released IDH1 R132H triggered the following cycle, which ultimately resulted in the anchoring of the SERS
probes onto MBs, achieving the first signal amplification (Figure 1E). In the presence of external magnets, the composite
structures containing numerous Au-AgNSs and MBs were magnetically enriched (Figure 1D), causing the further
enrichment of Au-AgNSs and enhancing the SERS signal once again. Ultimately, Raman detection was performed on
the composite structures aggregated on the side wall of the test tube (Figure 1F), and the specific genetic mutations of
glioma could be attained by analyzing the SERS intensity of Raman reporters.

Characterization of Au-AgNSs and SERS Probes

The morphology and structure of the as-prepared Au-AgNSs were characterized by SEM and TEM images. Figure 2A
indicates that Au-AgNSs had complete structure and uniform size. All of them had two arrow-headed tips at the ends and
exhibited long spindle-shaped morphology. As shown in Figure 2B, the average length of the Au-AgNSs particles was
about 110 nm and the width was 35 nm. The HRTEM image (Figure 2C) was conducted to determine the crystalline
structure of the Au-AgNSs. The right inset image of Figure 2C indicates that the interplanar spacing of the shell
displayed was 0.209 nm, which was attributed to the {100} planes of Au. To further characterize its crystal structure, the
SAED image in the left inset image of Figure 2C was taken. Initially, Ag atoms grow in random directions on the surface
of Au NRs. Due to the stronger interaction with CTAB, the {110} facets of Au NRs were less accessible for growth,
which lead to preferential growth on the {100} and {111} planes. This anisotropic overgrowth generated the arrowhead
structure in Au-AgNSs. Energy-dispersive X-ray spectroscopy (EDS) elemental mapping was performed to further
investigate the distribution of gold and silver elements in Au-AgNSs. Figure 2D shows the HAADF-STEM image,
which made sure that the structure of Au-AgNS was long spindle-shaped morphology. Figure 2E and F displayed that the
shell around the Au NR was composed of Au-Ag alloy structure, which had been proven to further enhance the localized
SPR and possess better thermodynamic stability.***> The EDX image of Au-AgNS in Figure 2G clearly revealed that
Au-AgNS was made of Au and Ag. The UV-vis-NIR absorption spectrum of Au-AgNSs (Figure 2H) exhibits
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Figure 2 Characterization of Au-AgNSs (A) SEM image and (B) TEM image (C) Partially enlarged HRTEM and SAED image (the left inset image) (D) HAADF-STEM image
(E) Au and (F) Ag elemental mapping of Au-AgNSs (G) EDX image of Au-AgNSs (H) UV-vis absorption spectrum of Au-AgNSs, Au-AgNSs@4-MBA and Au-
AgNSs@4-MBA@HP,_; (I) SERS spectra of 4-MBA, R6G, Au-AgNSs@R6G and Au-AgNSs@4-MBA.

a transverse absorption peak at 501 nm and a longitudinal absorption peak at 797 nm, respectively.>® To study the SERS-
enhancing effect of Au-AgNSs, the SERS spectra of the two Raman reporters (4-MBA/R6G)-labeled Au-AgNSs are
described in Figure 2I. It could be found that the SERS spectra of 4-MBA and R6G showed evident fingerprint
characteristics. The two Raman peaks of 4-MBA molecules located at 1078 cm™ ' and 1585 cm ! are ascribed to the
aromatic ring breathing mode. The Raman peaks of R6G located at 612 cm ™', 774 cm™ ', 1185 cm™', 1311 cm ',
1362 cm™', 1507 cm ™', and 1649 cm ™' were assigned to the C-C-C torus in-plane vibration, the C-H out of plane bending
mode, the C-H in-plane bending mode, and aromatic C-C tensile vibration, respectively.*’ The quantitative analysis of
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IDHI R132H and BRAF V600E sclected the characteristic peak of 4-MBA at 1078 cm ' and the characteristic peak of
R6G at 1362 cm '. When 4-MBA and R6G were labeled on Au-AgNSs, stronger SERS signals were obtained. This
indicated that the Au-AgNSs had a significant surface enhancement effect, which comes from the “hot spots” provided by
the two tips of Au-AgNSs. The enhancement factor (AEF) of Au-AgNSs was calculated using the following formula:
AEF = (Isgrs/Csgrs)/(Irs/Crs), where Iggrs represents the intensity of SERS produced for the Au-AgNSs colloidal
dispersion at a certain concentration (Cggrs), whereas Igg denotes the Raman intensity acquired at the analyte
concentration of CRS under non-SERS conditions. The SERS AEF of Au-AgNS was calculated to be 2.19x10° when
using Cgprs = 107 M, CRS = 102 M. These findings suggested that Au-AgNSs had a significant SERS enhancement
and was particularly suitable for measuring low concentrations of analytes. The preparation process of the SERS probes
was characterized by UV-Vis-NIR absorption spectrum. As shown in Figure 21, the pure Au-AgNSs exhibited a strong
LSPR band at 789 nm. When 4-MBA and HP,_; were assembled, a decrease in the LSPR band and a red shift to 794 nm
and 803 nm were observed, which may be due to the coating of 4-MBA and HP;_,. The synthesis process of Au-
AgNSs@R6G@HP,_; was likewise.

Characterization of MBs and Au-AgNSs@4-MBA@HP,_,-HP,_,@MBs and Au-AgNSs
@R6G@HP|_2-HP2_2@MBS

SEM Figure 3A and TEM Figure 3C images were used to characterize the bare MB nanoparticles’ size and shape. The
SEM and TEM images at high magnification (Figure 3B and D) exhibited a rough surface, which was suitable for

C D

Figure 3 Characterization of MBs. SEM images of MBs at different magnification: (A) low magnification, (B) high magnification. TEM images of MBs at different magnification:
(C) low magnification, and (D) high magnification.
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Figure 4 Characterization of composite products (Au-AgNSs@4-MBA@HP,.,@IDHI RI32H@HP,.,@MB (or Au-AgNSs@R6G@HP, ,@BRAF V600E@HP,.,@MB)
(A) SEM image (B) TEM images at low magnification and (C) high magnification (D) HAADF-STEM image of composite products (E) Ag (F) Au (G) Fe (H) O (I) Elemental
mapping images.

modification with the second hairpin DNAs (HP,_; and HP,_;). MB particles were almost spherical in shape with good
dispersity and magnetic aggregation (the inset image of Figure S1) in aqueous conditions. The size distribution histogram
of MBs was statistically obtained by analyzing the recorded TEM images (Figure S1), indicating that the used MBs had
a uniform size distribution ranging from 400 to 500 nm in size.
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SERS composite structures (Au-AgNSs@4-MBA@HP,_-HP,_;@MBs and Au-AgNSs @R6G@HP;_,-HP, ,@MBs)
were the products of the CHA reaction between SERS probes and capture probes. As depicted in Figure 4A and B, Au-
AgNSs were assembled on MBs, and Au-AgNSs could also be observed between adjacent MBs, suggesting that
magnetic aggregation can lead to the enrichment of Au-AgNSs. Figure 4C shows a high-magnification TEM image of
the composite product, which further demonstrated that Au-AgNSs can be aggregated in the gaps between adjacent MBs.
The distribution of the elements in the composite products was revealed by element mapping images in Figure 4D—I,
where the colors blue, purple, yellow, and red indicate the presence of Ag, Au, Fe, and O, respectively.

Evaluation of Cross-Reactivity and Characterization of CHA Amplification
To evaluate the cross-reactivity between the two ctDNAs, 10 pM of IDHI R132H was mixed with BRAF V600E at
concentrations ranging from 10 aM to 10 pM. Figure 5 depicts the detected SERS intensities of the corresponding ctDNAs in
EP tubes. The results revealed that the signal intensities of BRAF V600E showed a significant linear increase with increasing
concentration of BRAF V600E, but the signal intensity of 10 pM IDH1 R132H maintained a consistent value. The results
showed that the signal intensity of BRAF V600E showed a significant linear increase with increasing concentration of BRAF
V600E, but the intensity variation for BRAF V600E at 10 pM exhibited consistent values. Therefore, no cross-reactivity was
present between the two ctDNAs, which confirmed the feasibility of detecting IDH1 R132H and BRAF V600E simultaneously.
To analyze the feasibility of CHA amplification, PAGE was employed. As depicted in Figure 6A, lane 2, 3, and 4
displayed a single band, representing BRAF V600E (16 nt), HP,_, (42 nt), and HP,_, (42 nt), respectively. Lane 7 was the
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Figure 5 Evaluation of cross-reactivity. Line chart of SERS intensities at 1078 cm™' and 1362 cm™'. The concentration of the applied sample solution: (1) 10 aM BRAF V600E

+10 pM IDHI R132H; (2) 100 aM BRAF V600E +10 pM IDHI R132H; (3) | fM BRAF V600E +10 pM IDHI R132H; (4) 10 fM BRAF V600E +10 pM IDHI R132H; (5) 10pM
BRAF V600E +10 pM IDHI RI32H.

Figure 6 PAGE of CHA amplification for the detection of BRAF V600E and IDHI RI32H. (A) Lane |: Marker; Lane 2: BRAF V600E; Lane 3: HP,_j; Lane 4: HP,,; Lane 5:
HP,_,+ HP,.,+ BRAF V600E; Lane 6: HP,_ |+ HP,_»; Lane 7: BRAF V600E+ HP2-I. (B) Lane I: Marker; Lane 2: IDHI R132H; Lane 3: HP,_; Lane 4: HP, »; Lane 5: HP,_ +
HP,,+ IDHI RI32H; Lane 6: HP,;+ HP|,; Lane 7: IDHI RI32H + HP|_,.

International Journal of Nanomedicine 2023:18 hetps: 3221
Dove:


https://www.dovepress.com
https://www.dovepress.com

Wang et al Dove

mixture of BRAF V600OE and HP,_;, a new higher molecular weight band (58 nt) can be seen after incubation for 40 min.
The molecular weight of new band lied between 25 bp and 50 bp band (lane 1), indicating that BRAF V600E could open
and hybridized with HP,_;. As shown in lane 5, the band was almost identical to lane 3 or lane 4, revealing that no
hybridization reaction happened between HP;_, and HP,_, in the absence of BRAF V600E. Two product bands appeared
in lane 5, the upper one demonstrating the formation of a larger molecular weight complex (42 bp) and the lower one
being unreacted HP,_, or (and) HP,_,. Similarly, in Figure 6B, IDH1 R132H (20 nt), HP;_; (43 nt), and HP,_; (43 nt),
displayed a single band (lanes 2, 3, and 4). In lane 6, the band exhibited similar electrophoretic mobility to lane 3 and
lane 4, revealing HP;_; and HP,_; could coexist without hybridization. Lane 7 showed a mixture of IDH1 R132H and
HP;_;. After incubation, a new band with a larger molecular weight (63 nt) than both was observed, indicating that the
hairpin structure of HP,_; was opened up and hybridized with IDH1 R132H. When HP,_; was introduced into the product
in lane 7 and incubated for 40 min, a new band (43 bp) appeared in Lane 5, proving the forming of HP;_;@HP,_; with the
largest molecular weight. The result confirmed IDHI R132H (BRAF V600E) could be applied to trigger the CHA,
proving the feasibility of the CHA signal amplification strategy.

Optimization of Experimental Parameters

Several critical experimental parameters, including reaction time, incubation temperature, pH, volumes of two SERS
probes, volumes of capture probes, and types of reaction buffer were optimized to achieve the best sensing performance
for the detection of IDH1 R132H and BRAF V600E. The optimization procedure was carried out by changing one
parameter while keeping the other entirely constant. In the experiments, the characteristic peak of 4-MBA and R6G at
1078 cm ™' and 1362 cm ™' were employed to quantify the Raman intensity of IDH1 R132H and BRAF V600E,
respectively. Since the reaction time was related to the degradation of nucleic acid molecules and was of great
significance to CHA signal amplification, it was necessary to optimize the reaction time to ensure the best results in
the amplification. As displayed in Figure 7A, Raman intensities at 1078 cm ' and 1362 cm ™" increased gradually with the
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Figure 7 Optimization of (A) incubation time (B) temperature (C) pH (D) volume of SERS probes for ctDNAs; (E) volume of capture probes; (F) category of buffer
solution.
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time increasing up to 40 min and further incubation could not reach the best value. Thus, the suitable incubation time was
40 min. As can be seen in Figure 7B, Raman intensities increased correspondingly with increasing temperature from
25°C to 40°C, while a decreasing trend was observed with a further increase in temperature. Therefore, 40°C was
selected as the optimal temperature for subsequent experiments. In the same way, the reaction pH is also investigated in
Figure 7C, when the pH value was maintained at 7.5, the Raman intensity reached the highest value. Based on this result,
the optimum pH value is 7.5. The volumes of the SERS probe and capture probes were invested in Figure 7D and E for
optimal signal amplification performance. The results showed that the appropriate volume of SERS probes for IDH1
R132H and BRAF V600E is 5 uL and 4 pL. The optimal volume of capture probes is 3 uL and 4 pL. It is known that
hybridization efficiency is affected by the type of buffer solution. Several buffer solutions such as Tris-Acetate, PBS, and
HEPES were tested to select the best type of buffer solution for CHA reaction. The results illustrate that the hybridization
efficiency in PBS was higher than the other buffer solutions (Figure 7F). Thus, PBS was selected as the experimental
buffer solution.

Performance Assessment of the SERS Analysis Platform

The reproducibility and selectivity of the prefabricated SERS analysis platform were considered critical parameters for its
practical application. The reproducibility was investigated by analyzing target ctDNAs with five SERS analysis platforms
prepared at different times. The results, which were recorded in Figure 8A—C, clearly demonstrated that there was no
noticeable difference in SERS intensities at 1078 cm ' and 1362 cm ™. The relative standard deviation (RSD) was 6.74%
at 1078 cm ' and 7.16% at 1362 cm ', respectively, which proved the excellent reproducibility of the proposed SERS
analysis platform. Additionally, given the complexity of plasma, the specificity of the SERS detection platform was also
explored to ensure its ability to accurately detect target ctDNAs. Target ctDNAs and several interferences were
introduced to the experiment, including two single-base mismatching sequences (MT1-1 and MT1-2), two triple-base
mismatching sequences (MT3-1 and MT3-2), and two random sequences. Figure 8D-8F presented the SERS spectra and
the corresponding histogram of different test objects at 1078 cm ™' and 1362 cm™'. The results showed that the signal
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Figure 8 Performance assessment (A) The reproducibility the SERS analysis platform at different times. (B) SERS spectra of the five different times and (C) corresponding
scattergram of the peak intensities at 1078 cm ™' and 1362 cm™'. (D) SERS spectra of IDH| RI32H&BRAF V600E, MT -1, MT1-2, MT3-1, MT3-2, random and blank with the
same concentration (10 pM). Corresponding histogram of intensities at 1070 cm ' (E) and 1362 cm ™' (F).
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intensities of target ctDNAs can generate stronger SERS responses than other interferants, indicating the satisfying
specificity of the prepared SERS analysis platform.

Quantitative Analysis

The qualitative analysis of IDH1 R132H and BRAF V600E was applied to validate the feasibility of the proposed SERS
analysis platform for the rapid detection of target ctDNAs. As illustrated in Figure 9A, the characteristic peaks at
1078 cm ™' and 1362 cm™' were clearly observed in the SERS spectrum when IDHI R132H and BRAF V600E exist
simultaneously. Figure 9B and C display only one characteristic peak at 1078 cm™ ' or 1362 cm ™' in the SERS spectrum,
indicating the existence of IDH1 R132H or BRAF V600E alone. When no target ctDNAs existed, no characteristic peak
and SERS signal are shown in Figure 9D. These results demonstrated the proposed SERS analysis platform exhibited
satisfactory qualitative analysis of IDH1 R132H and BRAF V600E.

Quantitative Determination of IDHI RI132H and BRAF V600E

Under-optimized conditions, IDH1 R132H and BRAF V600E were quantitatively analyzed in different concentrations of PBS
buffer ranging from 10 aM to 100 pM. In Figure 10A, the SERS signal intensity of the characteristic peaks at 1078 cm ™’
gradually enhanced as the concentrations of IDH1 R132H increased from 10 aM to 100 pM. Furthermore, there was an excellent
linearity between the fingerprint peak (1078 cm ') intensity and the logarithm of target ctDNA concentration ranging from 10 aM
to 100 pM (Figure 10B). The corresponding regression equation was y=1730.66x-1349.69 (R*=0.9769), where y is the SERS
intensity at 1078 cm ' and x is the logarithm of IDH1 R132H concentration. Similarly, the regression equation for BRAF V600E
is y=1941.96x-1535.9, with R?=0.9846 (Figure 10C). The limit of detection (LOD) is defined as the lowest concentration of
IDH1 R132H or BRAF V600E that can be detected. The following formula was applied to calculate the corresponding LOD
values: LOD=3x (0/S), where o is the standard deviation of y-intercepts and S is the slope from the calibration curve. Thus, the
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Figure 9 The qualitative analysis of ctDNAs. (A) Coexistence of IDH| R132H and BRAF V600E (B) the exist of IDHI RI32H, and (C) BRAF V600E alone (D) a negative
result.
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Figure 10 (A) SERS spectra of IDHI R132H and BRAF V600E with different concentrations in PBS buffer (10 aM, 100 aM, | fM, 10 fM, 100 fM, | pM, 10 pM and 100 pM).

(B) Calibration curve of peak intensities at 1078 em' versus logarithm of IDHI R132H concentration and (C) calibration curve of peak intensities at 1362 em' versus

logarithm of BRAF V600E concentration. (D) SERS spectra of IDHI R132H and BRAF V600E with different concentrations in serum (10 aM, 100 aM, | fM, 10 fM, 100 fM, |
pM, 10 pM and 100 pM). (E) Calibration curve of peak intensities at 1078 cm ™' versus logarithm of IDH| R132H concentration and (F) calibration curve of peak intensities
at 1362 cm ' versus logarithm of BRAF V60OE concentration.

LODs for IDH1 R132H and BRAF V600E were calculated to 6.17 aM and 6.02 aM, respectively. To study the feasibility of the
platform in serum and the SERS sensing performance, target ctDNAs were diluted with plasma instead of PBS. Herein, the
concentration range of IDH1 R132H and BRAF V600E was also from 10 aM to 100 pM. As depicted in Figure 10D, it can be
seen that the corresponding signal intensities increase with increasing concentration of the target ctDNAs in the concentration
range of 10 aM to 100 pM. Moreover, the plot showed that the relationship between the signal intensities and target ctDNAs
concentration is nonlinear but linear with the log concentration of target ctDNAs. The regression equation for IDH1 R132H is
y=1772.77x-1392.0, R°>=0.9854 (Figure 10E). The regression equation for BRAF V600E is y=1811.33x-1469.57, R?=0.985
(Figure 10F). Thus, the LODs for IDHI R132H and BRAF V600E in serum were 6.01 aM and 5.48 aM, which is better than
some previously reported works (Table 2). The results demonstrate that the designed SERS platform has a high sensitivity for the
simultaneous detection of IDH1 R132H and BRAF V600E.

Table 2 Comparison of the Proposed SERS Analysis Platform with Other

Methods
Methods Linear range LOD Ref.
Electrochemical Ix10""4-1x107'° 3.50 fM [46]
Fluorescence I1x107'2-1x107° 0.05 pM [47]
SERS Ix107'*-1x10°8 2.92 M [48]
SERS-MBs I1x107"3-1x107° 0.14 pM [40]
SERS-CHA-MBs Ix10""7-1x10°" 6.17 aM This work
6.02 aM
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Characterization of Tumor-Bearing Nude Mice Model

To study the dynamic expression levels of ctDNAs during the pathogenesis of glioma and to further evaluate the utility of
the proposed SERS assay platform for real-time monitoring of target ctDNAs, we established a heterologous glioma nude
mouse model. After the subcutaneous injection of U87 into the right back of the nude mice, all mice at the inoculation site
had visible xenografts on the fifth day, which achieved a 100% tumor formation rate (Figure 11A). Mice were grouped into
four groups of four mice each based on the survival time of the mice implanted with tumors. As illustrated in Table S1, mice
were observed daily and weighed every 3 days throughout the experiment to record body weight changes. The digital
photos of tumor-bearing nude mice on the 7d, 14d, 21d, and 28d were recorded in Figure 11A. Table S1 also showed that the
length and width measured at different periods (every 6 d), indicating that the tumor volume firstly decreased and then
increased rapidly over time. On day 28, Xenografts were collected (Figure 11B). Figure 11C shows the final size of the
tumors at day 28, with no significant differences observed between individuals. Figure 11D shows the body weight changes
and growth curves of mice in each group. The tumor volume cure of the nude mice was described in Figure 11E. Mice in
different groups were sacrificed by cervical dislocation on the 7d, 14d, 21d, and 28d, respectively. Xenografts were
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Figure || Characterization of tumor-bearing nude mice model. (A) The digital photo of each nude mice with glioma. (B) The tumor mass obtained from corresponding
mice (at 28d). (C) Hematoxylin and eosin staining of tumor tissues. (D) The weight growth curves of mice (E) Tumor volume curve.
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collected, weighed, fixed, paraffin embedded, and made into pathological sections. Hematoxylin—Eosin (H&E) staining
was conducted to observe pathological changes in tumor tissues. As illustrated in Figure 11C, typical morphologic features
such as many mitotic phases, neovascularization, necrotic clusters along with pseudo palisading cells, and hemorrhage were
observed. Moreover, the tumor cells showed irregular size and shape, less cytoplasm, and large and atypical nuclei with
dark blue color. All those results demonstrated that the subcutaneous xenograft tumor model was established successfully.

Application Analysis in Mice Serum

To further confirm the practicability and reliability of the proposed SERS analysis platform, the expression of IDH1 R132H
and BRAF V600E in mice serum collected at different times (0 d, 7 d, 14 d, 21 d, and 28 d) was quantified using SERS. As
shown in Figure 12, the characteristic peaks of R6G and 4-MBA were detectable from all the resulting averaged SERS
spectra. The corresponding peak intensities of 4-MBA at 1078 cm ' and R6G at 1362 cm ' increased with tumor
progression. Then, the intensities of 1078 cm ™' and 1362 cm™ ' obtained were entered into the linear regression equations
in Figure 10E and F to derive the actual concentrations of IDH1 R132H and BRAF V600E in mice serum. Moreover, the
same samples were validated through qRT-PCR analysis. Results of IDH1 R132H and BRAF V600E concentrations in the
serum of all mice in four groups obtained by two methods and the RSD of each group were recorded in Tables S2—S7, the
average concentration of IDH1 R132H measured by the proposed SERS analysis platform at 0 d, 7 d, 14d, 21d, and 28d were
0.01 fM, 0.012 M, 0.076 fM, 0.164 fM, and 0.473 fM, whereas the results measured by qRT-PCR were 0.009 fM, 0.011 fM,
0.071 fM, 0.171 M, and 0.493 fM, respectively. The relative errors were calculated to 10%, 8.3%, 6.6%, —4.3%, and —4.2%,
respectively. Similarly, the average expression levels of BRAF V600E in mice serum obtained at different times (0d, 7d, 14d,
21d, and 28 d) were 0.013 fM, 0.049 fM, 0.371 fM, 1.114 fM, and 1.968 fM, whereas the results measured by qRT-PCR were
0.012 fM, 0.045 M, 0.402 M, 1.036 fM, 2.123 fM, respectively. The relative errors were calculated as 7.7%, 8.2%, —8.4%,
7%, and —7.9%, respectively. The results show that the two methods have high consistency in detection values, demonstrat-
ing the high accuracy of the proposed SERS analysis platform.
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Conclusion

In summary, a SERS analysis platform based on dual-signal amplification was constructed for the simultaneous sensitive
detection of glioma-related ctDNAs. The Au-AgNSs exhibited robust Raman signal enhancement, which helped to improve
the analytical precision. The 3D MBs could be loaded with more Au-AgNSs, which can effectively gather numerous “hot
spots” around adjacent particle gaps for SERS enhancement. The prepared new strategy can differentiate the highly similar
ctDNA sequences with only single-base mismatches and detect IDH1 R132H and BRAF V600E concentrations as low as
6.01 aM and 5.48 aM, which demonstrated high selectivity and ultra-sensitivity. Furthermore, the expression of ctDNAs in
tumor-bearing nude mice serum was analyzed and the results were consistent with those of qRT-PCR, indicating the accuracy
of the strategy. Therefore, the new strategy is a promising candidate for the detection of ctDNAs in clinical samples.
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