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Purpose: Early diagnosis of liver cancer requires highly sensitive detection of biomarkers. This study aims to develop a novel method
for detecting circulating tumor DNA (ctDNA) in the serum of liver cancer patients, leveraging a catalytic hairpin self-assembly (CHA)
signal amplification strategy combined with surface-enhanced Raman scattering (SERS) technology and nano-enzyme catalysis.
Methods: We synthesized Au@Pt@HP1-HP2@Fe;0,4 nano-enzyme complexes, utilizing the SERS-enhancing properties of Pt-coated
Au nanoparticles (Au@Pt) and the separation-enrichment capability of Fe;O4, magnetic beads. The complexes catalyzed the oxidation
of colorless TMB by H,0, to produce blue ox-TMB, enabling quantitative detection of PIK3CA E542K mutant ctDNA. The assay’s
performance was validated using gold standard qRT-PCR.

Results: Under optimized conditions, the method achieved a detection limit for PIK3CA E542K as low as 4.12 aM. The assay
demonstrated high sensitivity, specificity, and efficient magnetic separation, making it a robust tool for ctDNA detection.
Conclusion: This study presents a highly sensitive and specific detection platform for liver cancer early diagnosis, characterized by magnetic
separation and nano-enzyme catalysis. The method holds significant clinical potential for the accurate and early detection of liver cancer
biomarkers.
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Introduction

Liver cancer is a highly aggressive malignancy with a poor prognosis, primarily attributable to the absence of early
symptoms and frequent late-stage diagnosis.'” As a real-time indicator of tumor genetic alterations and progression,
circulating tumor DNA (ctDNA) has demonstrated significant value in early cancer detection. Studies reveal markedly
elevated ctDNA levels in liver cancer patients, with its short half-life enabling dynamic tumor monitoring, making it an
ideal diagnostic marker.® Notably, PIK3CA gene mutations drive hepatocarcinogenesis by activating the PI3K/AKT/
mTOR pathway, establishing this gene as a critical target for diagnosis and personalized therapy.* ® However, conven-
tional detection methods exhibit significant limitations. Real-time quantitative PCR (qPCR) has restricted applicability
for minimal residual disease (MRD) monitoring. Droplet digital PCR (ddPCR) lacks standardized detection protocols and
requires interpretation alongside multiparameter flow cytometry (MFC) data, and next-generation sequencing (NGS)

demands sophisticated bioinformatics tools that are unavailable in most routine clinical laboratories.”® These constraints
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have accelerated the development of alternative diagnostic technologies, highlighting the urgent need for rapid and
sensitive alternatives.”'®

Surface Enhanced Raman Scattering (SERS), a highly sensitive spectroscopic analysis technique, has been widely
used in biomedical detection in recent years.'"''* SERS can dramatically enhance Raman signals by adsorbing target
analytes onto nanostructured noble metal surfaces, enabling highly sensitive detection of biomolecules even at trace
concentrations.'*'® The latest clinical validation study confirms that SERS technology has significant advantages in the
early diagnosis of liver cancer.'”'® Multiple hepatocellular carcinoma biomarkers miRNA122 and miRNA233 based on
asymmetric competitive CRISPR (acCRISPR) and surface-enhanced Raman spectroscopy coupled to PTS with LODs of
10.36 and 4.65 fM, respectively.'® In addition, the SERS platform has a detection limit of 952 aM translation for liver
cancer-associated long chain non-coding RNA (IncRNA).?’ Nevertheless, these approach still face limitations, including
suboptimal sensitivity or inadequate target specificity, which may restrict its clinical applicability.

In recent years, the innovative design of nanomaterials has reinvigorated the development of biosensing technology.*'
Nano-enzymes, as a kind of nanomaterials with enzyme-like catalytic activity, show great potential for application in the field
of biosensing. Compared with natural enzymes, nano-enzymes not only have similar high catalytic activity, but also have the
advantages of good stability, low cost and easy modification.”* %’ Integrating nano-enzymes with SERS technology enables
multiplexed signal amplification of target molecules. The catalytic activity of nano-enzymes synergistically enhances the
signal intensity of the reaction system, substantially improving detection sensitivity and specificity.?** This combination not
only extends the utility of SERS in analytical applications but also introduces an innovative paradigm for ultrasensitive
bioanalysis in challenging sample environments. Pt-coated Au nanoparticles (Au@Pt) are ideal materials for SERS detection
due to their excellent stability and enhancement effects. The Au@Pt not only inherits the excellent SERS enhancement
properties of gold nanomaterials, but also further improves the catalytic activity and chemical stability of the material through
the introduction of platinum.*®>* This unique structure enables the Au@Pt nanomaterials to simultaneously exert the surface

plasmon resonance effect and the catalytic effect of the nano-enzymes in SERS detection,>**

thus realizing dual signal
amplification. In addition, magnetic beads, as an efficient separation and enrichment tool, can realize efficient capture and
enrichment of low-abundance ctDNA in complex biological samples through specific binding to target molecules.®> The
integration of magnetic beads with Au@Pt nanomaterials enhances both the capture efficiency of target molecules and the
sensitivity and accuracy of SERS-based detection.

Furthermore, DNA hairpin-based self-assembly has emerged as a prominent nucleic acid amplification strategy due to
its operational simplicity and mild reaction requirements.*®*” The catalytic hairpin self-assembly (CHA) reaction, as
a non-enzymatic signal amplification method, is capable of signal amplification by constructing a target strand cycling
loop at room temperature.***° Combining the CHA reaction with SERS technology and nano-enzymes is expected to
construct a novel and highly sensitive ctDNA detection platform for liver cancer.*

In this study, we developed a CHA-based signal amplification system using synthesized Au@Pt@HP1-HP2@Fe304
nanozymes for ultrasensitive detection of ctDNA in liver cancer patient serum. As shown in Scheme 1, hairpin DNA1 (HP1)
was modified on the surface of platinum-coated gold nanoparticles (Au@Pt) to prepare Au@Pt@HP1. Hairpin DNA2 (HP2)
was modified on the surface of Fe;04 to prepare HP2@ Fe;0,4. PIK3CA E542K, as a target, can open its corresponding HP1
by complementary pairing, and HP2 replaces the target to form a large number of HP1-HP2 double-stranded structures, while
the replaced ctDNA will continue to participate in the next round of CHA reaction. As the reaction cycle proceeds, more
Au@Pt@HP1-HP2@Fe;0,4 complex structures are formed with magnetic separation, enzyme-like catalytic activity and
SERS-enhancing effect. The complex facilitated the oxidation of colorless TMB by H,0,, producing blue ox-TMB.
Quantitative detection of PIK3CA E542K was accomplished by establishing a linear correlation between the SERS signal
intensity at ox-TMB’s characteristic peak and the logarithmic concentration of the target ctDNA.

Materials and Methods

Materials
HAuCl, (299.9%), H,PtCys (299.9%) were purchased from Sinopharm Chemical Reagent Co., Ltd. (China), trisodium
citrate (>99.0%), iron oxide (Fe;04, >90%), acetic acid-sodium acetate buffer (ACS grade), phosphate buffered saline
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Scheme | Schematic representation of the detection principle and process.

Samples Collection and Processing
Serum samples were collected from 30 healthy volunteers and 30 liver cancer patients at the Affiliated Taizhou Second
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(PBS, molecular biology grade), ethanol (EtOH, >99.7%), and 3,3',5,5'-tetramethylbenzidine (TMB, >99%) were
purchased from Bioengineering Biotechnology (Shanghai) Co. and used without further purification. The nucleotide
sequences were custom-synthesized by Suzhou GeneWise Biotechnology Co. as shown in Table 1, and all experiments
were conducted using deionized water with a resistivity exceeding 18.3 MQ-cm.

People’s Hospital of Yangzhou University. The study protocol received ethical approval from the hospital’s Institutional
Review Board, and all participants provided written informed consent in compliance with the Declaration of Helsinki
guidelines. Following collection, blood samples were immediately centrifuged (12,000 rpm, 10 min, 4°C) to isolate
serum, which was subsequently aliquoted and stored at —80 °C until analysis. Table 2 summarizes the demographic and

Name Sequences (5'-3')

HPI ATCCTCTCTCTAAAATCACTGAGATCCAAGTCGTAGCACCTCAGTGATTTTAG
HP2 ACTGAGGTGCTACGACTTGGATCTCAGTGATTTTAGATCCAAGTCGTAGCAC
MTI CTCAGTGATTTTAGTGAGAGGAT

MT3 CTCTGTCATTTTAGTGAGAGGAT

Random GTAGCTTATCAGACTCGACTTAGATGT

PIK3CA E542K CTCAGTGATTTTAGAGAGAGGAT
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Table 2 Statistics of Sample Provider Information

Groups Health Volunteer | Liver Cancer
Average age(year) 49 54
Male 15 16
Female 15 14
Sample number 30 30

Synthesis of Platinum-Coated Gold (Au@Pt) and Preparation of Au@Pt@HPI

First, the Au@Pt core-shell NPs were prepared by following a typical procedure with minor modifications.*' In this
strategy, Au NPs were synthesized as the core. The aqueous HAuCly solution (0.5 mL, 1.0 wt.%) and ultrapure water
(50.0 mL) were mixed. Trisodium citrate solution (0.8 mL, 1.0 wt.%) was rapidly injected into the boiling mixture. After
the mixture was stirred for 10 min under boiling, ascorbic acid (1.0 mL, 0.1 M) and aqueous H,PtClg solution (1.25 mL,
1.0 wt.%) were introduced successively and were boiled for 25 min. The final solution changed from wine-red to
brownish-black. The cooled mixture was washed three times by centrifugation at 10000 rpm/min. The Au@Pt was
redispersed into ultrapure water and stored at 4 °C until use.

To prepare Au@Pt@HP1, fresh TECP buffer (160 uL, 1 mM) was used to activate H1 (0.1 mM) on Au@Pt
through a 12-hour reaction. The mixture was then dispersed in 80 uL. of BSA solution (1 wt%) and incubated for
60 minutes, followed by purification at 9000 RPM for 25 minutes. This process yielded the final Au@Pt@HP1

complex.

Synthesis of HP2@Fe304
The capture probe was synthesized by modifying HP on the surface of Fe;04. First, 500 mL of Fe;O4 (0.5 mg/mL) was

measured in a test tube, and a magnet was placed at the bottom of the outer surface of the test tube after tilting the tube.
470 mL of PBS solution (10 mM) was added and the above steps were repeated several times after removing the
supernatant. The carboxyl groups on the surface of MBs were activated with EDC (5 mL, 0.1 M) and NHS (5§ mL, 0.1 M)
at room temperature and incubated with shaking (500 rpm, 30 min). A drop of 10 mL of BSA solution (10 wt%) was
added to seal the surface sites of Fe;0,4. After rinsing with PBS, Fe;04 was mixed with 470 mL of PBS solution, then
TECP-activated HP2 was added and incubated for 12 hours. After repeated washing, the mixture was dispersed in PBS
buffer to obtain HP2@Fe;0,.

Optimal Peroxidase-Like Activity of Au@Pt@HPI-HP2@Fe30O4 Under Various

Reaction Conditions

To optimize the experimental conditions, the effects of reaction time, pH, TMB concentration, and H,O, concentration
on the SERS signal were systematically investigated. The influence of reaction time was studied by incubating
a mixture of 40 mM TMB (40 pL), 10 M H,O, (100 pL), and Au@Pt@HP1-HP2@Fe30, (100 pL) in a pH 4.0
buffer (1770 pL) for 0 to 20 minutes, followed by SERS spectra collection of the catalytic product oxTMB. The pH
dependence was evaluated by adjusting the buffer pH from 3.0 to 8.0 while maintaining the same reactant concentra-
tions and a 15-minute incubation period. For TMB concentration optimization, TMB solutions ranging from 0.5 to 1.0
mM were prepared in ethanol, mixed with 10 M H,O, (100 puL) and Au@Pt@HP1@HP2@Fe;0, (100 uL) in pH 4.0
buffer (1770 pL), and incubated for 15 minutes before SERS measurement. Similarly, the effect of H,O, concentration
was examined by varying its concentration from 0.1 to 0.8 mM in the reaction mixture, followed by a 15-minute
incubation and SERS spectra acquisition. All SERS spectra of oxTMB were collected using a Raman spectrometer.
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SERS Signal Acquisition

The SERS spectra of catalytic product oxTMB were collected using Raman spectrometer after incubation of 100 pL of
freshly prepared H,O, solution (10 M), 40 mM TMB solution (40 pL), and 100 pL of Au@Pt@HP1-HP2@Fe;0,4 in
acetic acid-sodium acetate buffer (1770 pL) at pH 4.0 for 15 min.

Measurements and Characterization Techniques

The main instruments used in the experiment included scanning electron microscopy (SEM, Hitachi S-4800), transmis-
sion electron microscopy (TEM, Philips Tecnai 12), field emission transmission electron microscopy (FE-TEM, FEI
Tecnai G2 F30 S-TWIN), UV-Vis spectrophotometer (Cary 5000, Varian), and Raman spectrometer (Renishaw inVia
Raman). Microscope). These instruments are used to characterize the morphology and structure of nanomaterials, as well
as to perform SERS spectroscopy measurements and analysis. Raman spectra were obtained using a Renishaw inVia
microscope with a 5 mW laser. SERS measurements were performed at 785 nm using a 50% objective, with a fixed
exposure time of 10s for all experiments.

Results and Discussions

To systematically validate the proposed CHA-nanozyme-SERS integrated strategy (as illustrated in Scheme 1), the
experimental results are presented through three hierarchical levels: (1) At the material characterization level, TEM, EDX
and etc. analyses confirm the precise assembly of Au@Pt@HP1-HP2@Fe;0,; (2) At the molecular mechanism level, gel
electrophoresis and enzyme kinetics verify the synergistic effects between CHA cycling and nanozyme catalysis; (3) At
the clinical application level, the high concordance between serum tests from 30 liver cancer patients and qPCR results
confirms the method’s reliability. This progressive demonstration directly addresses the two key challenges raised in the
Introduction: the sensitivity (LOD=4.12 aM) and specificity of ctDNA detection.

Characterization of Au@Pt@HP|-HP2@Fe30O4

Figure 1A demonstrates that the synthesized Au@Pt nanoparticles exhibit uniform spherical morphology with an average
diameter of 55 nm. SEM characterization (Figure 1B) reveals the Fe;O4 microspheres display well-defined spherical
structures (200 nm diameter) with excellent size uniformity. This morphological consistency enabled the successful
preparation of stable Au@Pt@HP1-HP2@Fe;0, nanocomposites with controlled particle size distribution. The compo-
site structure Au@Pt@HP1 was observed. Au@Pt was homogenecously dispersed on the surface of HP2@Fe;04 with
uniform morphology, structural integrity, and good dispersion, which had an extremely strong SERS enhancement effect
(Figure 1C-F). HRTEM images of the Au@Pt@HP1 surface showing clear lattice fringes with a layer spacing of 0.24
nm corresponding to the {111} facets of Au and Pt are shown in Figure 2G. The SAED patterns of Au@Pt@HP1-
HP2@Fe;0,4 are shown in Figure 2H. The characteristic peak intensity of TMB at 1607 cm™' was selected to study the
SERS enhancement effect of Au@Pt@HP1-HP2@Fe;0,4. As shown in Figure 21, free TMB (1 mM) exhibited only
baseline Raman signals, whereas the TMB@Au@Pt@HP1-HP2@Fe;0, complex at 1 nM concentration generated
intense characteristic peaks with significant signal enhancement. This dramatic improvement in SERS response demon-
strates the excellent plasmonic activity of our Au@Pt@HP1-HP2@Fe;0,4 nanocomposite system.

The HAADF-STEM image in Figure 2A clearly shows the structure of Au@Pt@HP1-HP2@Fe;0,. Figure 2B-E
forms composite Au (blue), Fe (orange), Pt (green) and O (red) elemental maps to further show the specific elemental
arrangement of Au@Pt@HP1-HP2@Fe;0, and its structure. Platinum is densely coated on the surface of the gold
particles in the form of granules. Figure 2F shows the EDX spectrum of Au@Pt@HP1-HP2@Fe;04, which reveals that
the complex contains the elements Au, Pt, Fe, and O. Among them, Au and Pt are composed of Au@Pt, Fe and O are
mainly from Fe;04, while the Cu peak is caused by the copper mesh that carries the sample.

Evaluation of CHA Reaction
To validate the CHA reaction for ctDNA detection and assess its performance, we conducted gel electrophoresis analysis
using PIK3CA E542K as the model target (Figure 3). In lane 5, the appearance of HP1-HP2 was observed in the presence
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Figure | Structural characterization diagrams of Au@Pt, Fe;0,4 and Au@Pt@HP | @HP2@Fe;O,. (A) TEM images of Au@Pt and (B) SEM Fe304. (C and D) SEM and
(E and F) TEM images of Au@Pt@HP | @HP2@Fe304. (G and H) HRTEM images and (I) SERS spectra of pure TMB and TMB+ Au@Pt@HP | @HP2@Fe304.

of PIK3CA E542K along with HP1 and HP2. Formation of the HP1-PIK3CA E542K product and release of the target
strand were clearly observed when PIK3CA E542K and HP1 were placed in lane 6. The above experimental results
indicate that CHA reactions were successfully performed in this study.

Experimental Optimization

Reaction conditions play a crucial role in the activity of Au@Pt@HP1-HP2@Fe;0,4. Usually, the influencing factors of
enzymatic reaction include temperature, pH and substrate concentration. Firstly, the effect of reaction time was
investigated, as shown in Figure 4A. With the increase of time, the Raman characteristic peak intensity of ox-TMB at
1607 cm ! gradually increased, and basically stopped changing after 15 min, Due to the instability of the oxTMB signal,
the SERS signal gradually weakened after 15 min.**** Therefore, the optimal reaction time was set at 15 min. The effect
of pH on the SERS signals was shown in Figure 4B. The peroxidase-like activity of Au@Pt@HP1-HP2@Fe;0,
nanocomposites exhibited strong pH dependence in the H,O,-TMB system. Quantitative SERS analysis revealed optimal
catalytic performance at pH 4.0, with signal intensity increasing progressively from pH 3 to 4, then decreasing
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Figure 2 Elemental analysis diagram for Au@Pt@HPlI@HP2@Fe;O,4. (A) HAADF-STEM images of Au@Pt@HPI-HP2@Fe;0,4. (B-E) elemental mappings of
Au@Pt@HP1-HP2@Fe;0,. (F) EDX spectra of the Au@Pt@HP|-HP2@Fe;0..

Figure 3 Validation of CHA reactions by gel electrophoresis. Lane |: Marker; Lane 2: PIK3CA E542K; Lane 3: HPI; Lane 4: HPI+HP2; Lane 5: HPI+HP2+PIK3CA E542K;
Lane 6: HP1+PIK3CA E542K.
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Figure 4 Optimization of H,O, detection using Au@Pt@HP1-HP2@Fe3;O, in the presence of TMB. (A) Incubation time, (B) solution pH, (C) H,O, concentration, (D)
TMB concentration.

significantly across the pH 5-8 range. This pH-activity profile aligns with established literature reports demonstrating
accelerated TMB oxidation kinetics in weakly acidic conditions (pH 3-5) compared to neutral or alkaline
environments.**** By analyzing the effect of H,O, concentration on the catalytic activity of Au@Pt@HPI-
HP2@Fe;0,, the results are shown in Figure 4C. The relative activity of H,O, concentration in the range of 0.1-0.5
mM showed an increasing trend, whereas it began to decrease at a concentration greater than 0.5 mM.*® It indicates that
the catalytic activity has reached saturation at H,O, concentration of 0.5 mM. In order to determine the effect of the
concentration of TMB on the reaction, the concentration of TMB was investigated in the range of 0.5 to 1.0 mM. The
results are shown in Figure 4D. The SERS signal reached its highest value at a TMB concentration of 0.8 mM. This is
mainly due to the poor solubility of TMB in aqueous solution.*’ Therefore, 0.8 mM was chosen as the optimal
concentration. In summary, the optimal reaction time, pH, TMB concentration and H,O, concentration were
15 min, 4, 0.8 mM and 0.5 mM, respectively.

Enzyme Catalytic Kinetics

The peroxidase-mimetic activity of Pt@Au@HP1-HP2@Fe;04was evaluated using the H,O, -TMB catalytic system.
Upon simultaneous addition of both H,O, and Pt@Au@HP1-HP2@Fe;0,4 to the TMB solution, an immediate color
transition from colorless to blue was observed (Figure 5A), indicating rapid TMB oxidation. UV-vis spectroscopy
confirmed this activity through the appearance of a characteristic absorption peak at 651 nm (Figure 5B), corresponding
to the oxidized TMB product (oxTMB). These results unequivocally demonstrate the intrinsic peroxidase-like catalytic
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Figure 5 Characterization of the nanozyme-catalyzed TMB oxidation reaction. (A) Color of the different solutions in the presence and (B) UV-vis spectra of different
reaction systems. (C) Plot of initial rate versus concentration of TMB. (D) Michaelis—Menten kinetic of Au@Pt@HP |-HP2@Fe;O,.

capability of the Pt@Au@HP1-HP2@Fe;0,4 nanocomposite. The effect of different TMB concentrations on the catalytic
reaction in the presence of Au@Pt@HP1-HP2@Fe;0,4 was investigated. As shown in the Figure 5C, the absorbance
increases with time at different TMB concentrations, and it is clear that the reaction speed increases with increasing TMB
concentration. In addition, we evaluated the Michaelis-Menten kinetics of Au@Pt@HP1-HP2@Fe;0,4 to gain further
insight into its catalytic performance (Figure 5D). Compared with other reported nanozymes,*® Au@Pt@HPI-
HP2@Fe;0, exhibited a relatively lower Km (0.4089 mM) and higher Vmax (0.9533 uM/s), indicating that
Au@Pt@HP1-HP2@Fe;0,4 has desirable catalytic properties, It has a good affinity for the substrate.

Performance Evaluation

The magnetic properties of the Au@Pt@HP1-HP2@Fe;04 nanocomposites were systematically characterized to assess
their applicability in SERS-based detection. When exposed to an external magnetic field, the composites were quickly
drawn from the solution and aggregated, while the supernatant no longer catalyzed TMB (Figure 6A). This highlights the
strong magnetic properties of Au@Pt@HP1-HP2@Fe;04. The rapid magnetic separation capability simplifies washing
and product isolation, enhancing assay efficiency and sensitivity. The system demonstrated excellent SERS signal
reproducibility, with oxTMB exhibiting consistent Raman intensities (RSD = 4.1%) across multiple measurements
(n=10) over 24 hours (Figure 6B and C). This remarkable stability highlights the robustness of the Au@Pt@HP1-
HP2@Fe;0,4 platform for quantitative analysis. To verify the homogeneity, SERS spectra of 10 randomly selected points
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on the same composite material were measured to evaluate uniformity (Figure S1). The results show that the peak
intensities at all points are relatively consistent, and the relative standard deviation (RSD) at 1607 cm ™! is 7.88% (Figure
S2), indicating good homogeneity. Subsequently, five batches of composites were prepared at different times for the
detection of PIK3CA E542K solution. The corresponding SERS spectra are shown in Figure 6D. It can be seen that the
spectral waveforms are basically the same with almost no significant difference, and the RSD value of the SERS signal
intensity of the characteristic peak at 1607 cm ' is 4.26%, which demonstrates that the composite material has a good
reproducibility and strengthens the confidence of the determination. In addition, the stability of the composite was
explored. Over time, the SERS spectral profile showed no notable changes, with only a minor reduction in intensity. The
signal stabilized after 6 days and maintained 91.72% of its original intensity even after 18 days (Figure 6E). This
sustained signal demonstrates the composite’s long-term stability for assay applications. To evaluate the specificity,
experiments included interference sequences such as a single-base mismatch (MT1), a three-base mismatch (MT3), and
a random sequence. As shown in Figure 6F, the I;607/11153 ratio of PIK3CA E542K is much larger than the signal
intensity of the interfering sequences, which is the result of the specific binding of HP1 to PIK3CA E542K.

Quantitative Testing

The assay’s sensitivity is vital for detecting low-abundance biomarkers, particularly in early-stage cancer diagnosis. To
evaluate this, varying concentrations of PIK3CA E542K were spiked into serum samples, and the SERS signals were
analyzed (Figure 7A). The results revealed a gradual decline in SERS intensity as the concentration increased. A strong
linear correlation was observed between the logarithm of PIK3CA ES542K concentration and the peak intensity at
1607 cm™!, described by the equation: y = 4985.19x - 2821.85 (R? = 0.9928) (Figure 7B). The LOD was calculated

log LOD==1) \vhere a and

based on the characteristic peaks of the SERS spectra using the following equation:LOD = 10!
b were the variables obtained with a linear regression of the signal-concentration curve, SD was the standard deviation
and Cypani is the SERS intensity of the blank sample.49 The detection limit of PIK3CA E542K was calculated to be 4.12
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Figure 7 Quantitative analysis. (A) SERS spectra of different concentrations of PIK3CA E542K in serum; (B) linear relationship between the SERS signal intensity at
1607 cm' and the logarithm of PIK3CA E542K concentration.

aM. This sensitivity places the proposed SERS microfluidic chip among the most advanced methods currently available
(Table 3).

Characterization of Clinical Samples

Magnetic resonance imaging (MRI) can provide multi-parameter, multi-sequence, and multi-directional images to
evaluate the extent of liver cancer lesions. Due to its excellent contrast resolution for liver tissue, MRI can accurately
and meticulously display the anatomical structure of the liver and its pathological features. Axial plane images can
clearly demonstrate the characteristics of liver cancer (Figure 8A—C and 8E—G). On non-contrast T1-weighted sequences,
liver cancer typically appears as hypointense or isointense, while on post-contrast scans, it shows significant enhance-
ment in the arterial phase and a “wash-in and wash-out” pattern in the portal venous phase. Coronal plane images can
clearly reveal the size, boundaries of the tumor, and its invasion into surrounding tissues or blood vessels (Figure 8D and
H). The diagnosis of liver cancer primarily relies on pathological examination. Figure 81-K shows pathological images of
liver cancer, where disordered arrangement of tumor cells can be observed, with large and irregular nuclei, reduced
cytoplasm, prominent nucleoli, and areas of necrosis or hemorrhage in some regions. The markedly abnormal cells
exhibit an increased nuclear-to-cytoplasmic ratio, unclear intercellular connections, and areas of fibrous tissue hyperpla-
sia or inflammatory cell infiltration.

Real Sample Analysis

To further test the reliability and accuracy of this SERS microfluidic chip in the analysis of clinical samples, it was
utilized to detect the expression levels of PIK3CA E542K in serum samples from 30 healthy subjects and 30 liver cancer
patients. The obtained spectra were processed to obtain the average spectra (Figure 9A), corresponding to the SERS
signal intensities at 1607 cm ' as shown in Figure 9B. It can be seen that the expression level of PIK3CA E542K was

Table 3 Comparison of the Proposed Method with Currently Reported Methods

Strategy LOD Linear Range References
Fluorescence 032pM | I x 107'%1x107'°M [50]
AC electrokinetics (ACEK) 1.94 M 10 fM-10 pM [51]
NGCE-LEDIF 20.35 pM 50 pM-1 nM [52]
Electrochemical impedance spectroscopy (EIS) | 0.65 nM 2-20 nM [53]
SERS 4.12 aM 10 aM-100 pM This work
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Figure 8 Pathologic findings in patients with liver cancer. (A—H) MRI images of two patients with liver cancer. (I-K) Pathological HE staining of liver cancer tissues.

significantly elevated in the serum of liver cancer patients compared with that of healthy subjects. After that, the SERS
signal intensity at 1607 cm ' in the SERS spectrum was substituted into the linear regression equation to calculate the
expression level of PIK3CA E542K. The accuracy of this assay was verified by comparing the results with those of the
gRT-PCR assay (Table 4). The results showed that the assay was highly consistent with the results of qRT-PCR assay and
had good detection accuracy.

A ——— Liver cancer SOOOI B 20000 - B 1607 ecm™
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Figure 9 Plot of clinical samples tested by this method and comparison with qRT-PCR assay. (A) Average SERS spectra of sera from healthy subjects and liver cancer patients
and (B) histograms of SERS signal intensity at the characteristic peaks of 1607 em™.
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Table 4 The Results of SERS and qRT-PCR for Clinical Samples

Sample SERS (aM) | qRT-PCR (aM) | Relative error (%)
Healthy volunteer 0.83 0.79 5.29%
Liver cancer 27.54 25.66 6.82%

Conclusion

In this study, a highly sensitive method for the detection of ctDNA in the serum of liver cancer patients was successfully
developed based on the CHA signal amplification strategy using the synthesized Au@Pt@HP1-HP2@Fe;04 nano-
enzyme complex. By modifying HP1 on the surface of Au@Pt and (HP2 with Fe;04 magnetic beads, a multifunctional
detection platform with magnetic separation, catalytic activity of the nano-enzymes, and SERS-enhanced effect was
constructed. PIK3CA E542K was used as a target, and complementary pairing of HP1 and HP2 was triggered by CHA
reaction. A large number of HP1-HP2 double-stranded structures were formed, while the released ctDNA continued to
participate in the next round of cyclic reaction to achieve signal amplification. In comparison with existing detection
technologies, we have for the first time organically integrated three techniques: catalytic hairpin assembly (CHA) cyclic
amplification, gold-platinum nanozyme catalysis, and magnetic aggregation-based surface-enhanced Raman scattering
(SERS), to construct a novel nanozyme-SERS detection platform that achieves multilevel signal amplification. The
complex catalyzed the oxidation of colorless TMB by H,0, to generate blue ox-TMB. A linear relationship between
ctDNA concentration and signal intensity was established by detecting the signal intensity of the SERS characteristic
peak of ox-TMB. The results showed that the detection limit of this method for PIK3CA E542K was as low as 4.12 aM,
2 orders of magnitude improvement over existing detection technologies. The assay can be completed in just 15 minutes,
much faster than the hour-long cycle time of conventional sequencing methods. In addition, the platform exhibits
excellent reproducibility, stability and specificity. Analysis of the clinical samples showed that the expression level of
PIK3CA ES542K in the serum of liver cancer patients was significantly higher than that of healthy subjects, and the
detection results were highly consistent with qRT-PCR. In conclusion, the SERS microfluidic chip developed in this
study combined with the CHA signal amplification strategy can efficiently and accurately determine the expression level
of ctDNA, which provides a new technical means for the early diagnosis of liver cancer, and has an important potential
for clinical application.
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