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ABSTRACT: Directly detecting biomarkers in liquid biopsy for diagnosis and personalized 

treatment plays a crucial role in managing cancer relapse and increasing survival rates. Typically, the 

standard analysis of circulating tumour DNA requires lengthy isolation, extraction, and amplification 

steps, leading to sample contamination, longer turnaround time and higher assay costs. Surface 

plasmon resonance is an emerging and promising technology for rapid and real-time dynamic 

biomarker monitoring in liquid biopsy. Here, we propose a new SPR imaging biosensing approach to 

detect tumour DNA circulating in the blood of colorectal cancer patients by exploiting the unique 

properties of superparamagnetic particles. Micrometer beads functionalized with a biotinylated 

oligonucleotide can directly capture DNA target sequences bearing single-nucleotide variations of 

KRAS oncogene in human blood plasma. Mutated and wild-type peptide nucleic acid probes 

immobilized on an SPR gold surface recognize complementary and non-complementary DNA targets 

by discriminating a single nucleotide mismatch. The new assay allows for detecting p.G13D mutated 

DNA in buffer and spiked human plasma at attomolar level (down to 300 copies mL-1) with minimal 

sample manipulation and in just a few microliters. The assay was validated using plasma samples 

from colorectal cancer patients and healthy donors, by discriminating mutated DNA circulating in 

patients and wild-type DNA found in healthy blood donors. This feature underscores the potential of 

the liquid biopsy assay as a valuable tool for the diagnosis and monitoring of cancer. 
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1. Introduction 

Liquid biopsy (LB) has become increasingly attractive for monitoring cancer biomarkers circulating 

in body fluids [1–4]. This approach provides easily repeatable tumour diagnostics over time [5,6], 

essential for clinical management [4], and reduces healthcare costs [3], making it potentially 

accessible even in low- and middle-income countries. Cancer biomarkers include circulating tumour 

DNA (ctDNA), circulating tumour cells (CTCs), and exosomes, but many other tumour components 

are shed into body fluids, providing tumour and non-tumour-derived information to capture cancer-

associated analytes [7,8]. Next-generation sequencing (NGS) technologies, both targeted and whole-

genome (WGS), are available to detect ctDNA [9]. Alternatively, digital polymerase chain reaction 

(dPCR) enables the detection of a limited number of species per run [10,11], and the isolation of 

ctDNA from the patient's plasma, its amplification and analysis in buffered solutions [12,13]. The 

complexity of pre-analytical procedures, potential analyte decomposition and sample contamination 

increase with workflow steps and analysis time. NGS and dPCR need mandatory pre-analytical 

sample processing, involve expensive and labour equipment and time-consuming protocols to detect 

circulating genomic alterations, which hamper ctDNA detection in point-of-care devices [14,15]. 

Compared to the above-discussed technologies, some biosensing platforms offer several advantages: 

limited pre-analytical processing, no amplification, fast turnaround time and limited cost per analysis. 

Surface plasmon resonance (SPR) technologies are reliable optical biosensors for real-time 

monitoring of the binding between biomolecules. The high sensitivity makes SPR the right choice for 

various applications [16–18]. Especially in LB, designing novel, robust and effective interfaces is 

pivotal to ensuring accurate and reliable SPR detection of different molecular interactions [19]. Also, 

functional surface architectures minimise non-specific adsorption while maintaining high analytical 

performances of the biosensing platform [20–23]. Moreover, combining metallic nanoparticles with 

SPR biosensing allowed ultra-sensitive detection in concentration ranges as low as attomolar, even in 

blood samples [24,25]. 

In recent years, magnetic beads have become increasingly attractive for their peculiar features, such 

as the high surface area to volume ratio that maximises the number of immobilised receptors and the 

straightforward and rapid separation of the modified beads. Also, using magnetic beads in bioassays 

allows for precise shaking and incubation temperature control [26–28].  

Here, we present a new SPR imaging (SPRI)-based method using superparamagnetic beads for the 

diagnosis and monitoring of colorectal cancer (CRC) patients through LB. The new plasmonic 

platform detects single nucleotide variants (SNVs) identified in the Kirsten RAS (KRAS) gene, 

specifically in exon 2 at codons 12 and 13 of ctDNA from CRC patients  [29,30]. Our new method 
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includes the functionalization of streptavidin-coated superparamagnetic beads (1 µm in diameter) 

with a biotinylated oligonucleotide to catch and rapidly isolate cell-free DNA (cfDNA) from patients’ 

blood plasma. We have integrated the cfDNA capturing capacity of functionalized beads with SPRI 

biosensing using peptide nucleic acid (PNA) probes to introduce selectivity for ctDNA sequences. 

This approach ensures outstanding performance in the detection of five single nucleotide variations 

(SNVs) in KRAS oncogene and wild-type DNA spiked into buffer and pooled human plasma at very 

low concentrations (1.0 pg µL-1 ~ 0.5 aM down to 300 copies mL-1). Finally, we utilized the SPRI 

assay to identify KRAS-mutated ctDNA in liquid biopsy samples (blood plasma) from CRC patients 

and healthy donors.  

The new SPRI-based method provides a simpler and more effective analytical approach compared to 

standard methods like dPCR and NGS, as well as other recently proposed SPR-based methods for 

detecting ctDNA from liquid biopsies without PCR amplification [20,25,31–33]. This method 

emphasizes the capability for early-stage cancer progression analysis, especially when the 

concentration of oncogenic biomarkers may not be adequate for reliable detection  [34]. 

 

2. Experimental section 

The material and methods are summarized in the supplementary material. 

 

3. Results and Discussion 

3.1.Superparamagnetic beads-based SPRI detection of tumour gDNA spiked in buffer and human 

plasma  

 

We preliminarily evaluated the SPRI assay’s performance by detecting KRAS mutated (p.G13D) 

gDNA spiked in PBS buffer or pooled human plasma.  
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Figure 1. A pictorial description of the ultrasensitive detection of KRAS mutated ctDNA in human plasma samples using 
an SPR-based assay using superparamagnetic particles. To simplify the description, only specifically hybridized ctDNA 
is shown. (a) We captured ctDNA directly from a human plasma sample using superparamagnetic beads (Dyna@MIX) 
functionalized with an oligonucleotide sequence to obtain Dyna@MIX-DNA. (b) We covalently immobilized PNA-WT 
and PNA-Mut probes on a DTSP-modified gold SPRI sensor surface to discriminate KRAS mutated (ctDNA) and wild-
type DNAs during the interaction with Dyna@MIX-DNA. 

 

DTSP-modified gold surface exposes NHS ester moieties necessary for the amine coupling reaction 

with the N-terminus of PNA probes. This process ensures the covalent anchoring of PNA-WT and 

PNA-G13D probes (0.05 µM in PBS, 20 min, flow rate 10 μL min-1) by injecting probe solutions into 

a microfluidic device bearing six parallel microchannels attached to the gold surface. The parameters 

and morphology of the microfluidic device are reported in the supplementary materials. 

PNAs offer unique advantages in DNA hybridization by recognizing single-base mismatches with 

high selectivity at low and high temperatures or low target concentrations [20,24,35–37], if compared 

to homologous nucleic acid structures [38]. In addition, PNA has a remarkably long shelf life and 

remains intact even after 6 years of storage [26]. 

The use of microfluidic channels allowed us to achieve a spatially controlled immobilization density 

of PNA-WT and PNA-G13D probes on the SPRI gold surface, which affects the efficiency of PNA 

/DNA hybridization. The steric hindrance caused by the densely packed probes can negatively impact 
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the hybridization reaction [39]. Conversely, a low surface density reduces the number of PNA 

molecules available for DNA interaction [40]. Therefore, to successfully detect KRAS wild-type or 

p.G13D mutated DNAs, it is crucial to accurately monitor the probes’ surface density by comparing 

the SPRI signals detected when PNA-WT and PNA-G13D probes are immobilized. 

Figure 2 shows representative SPRI data for the parallel immobilization of PNA-WT and PNA-G13D 

probes.  

 

 

Figure 2. Δ%R over time detected for PNA-WT or PNA-G13D probes parallel immobilization (0.05 µM, 20 min) on 
DTSP functionalized gold surface. The y-axis displays a breakpoint related to Trizma’s refractive index variation (Δ%R 
= 35) to zoom in the kinetic profile of PNAs recorded during their immobilization.  

 

After PNA immobilization (Fig. 1b step 1, Fig. 2), we favoured the desorption of unreacted molecules 

by flowing PBS onto the surface. Afterwards, an aqueous Trizma® hydrochloride solution (0.5 M at 

pH 8.0) was used to switch off the residual active NHS-end groups of the DTSP monolayer. To remove 

unbound molecules further and restore the refractive index level of the running buffer, we washed the 

PNA-WT and PNA-G13D modified gold surface with PBS for at least 10 minutes. A stable SPRI 

baseline recorded after the washing step indicates the final stabilization of the PNA-modified gold 

surface. As expected, a similar kinetic profile was recorded for both PNA probes since their sequences 

differ only from one single-base mismatch (Fig. 2).  

SPRI signals (changes in per cent reflectivity Δ%R over time) allowed us to quantify the thickness of 

the surface layer and the probe surface coverage, as described by Shumaker-Parry et al.[41]. We 

achieved the probes’ surface density corresponding to 9 10¹² molecules cm-2 by considering the 

refractive index and density of PNA molecules equal 1.4 and 1.2 g cm-3, respectively. We calculated 

0 1000 2000 3000
0.0

0.5

1.0

1.5

2.0

35

40


%

R

Time (s)

 PNA-WT
 PNA-G13D

PBS PBS

TRIZMA

PB
S



The final publication is available at Elsevier via https://doi.org/10.1016/j.talanta.2025.127543 
Talanta, Volume 286, 1 May 2025, 127543. CC BY 4.0 

 

7 
 

a signal variability ranging from 6% to 7% (CV%) for PNA probes over ten parallel performed 

immobilizations. Probe immobilizations with CV%≥15% were discarded.  

We fragmented KRAS wild-type gDNA isolated from HT-29 human cells, and KRAS p.G13D 

mutated gDNA isolated from LoVo cells (1.0 pg μL-1 corresponding to 285 copies mL-1, calculated 

by the following formula DNA copies mL-1 = 
(஽ே஺ ௡௔௡௢௚௥௔௠௦ ௠௅షభ ∗଺.଴ଶଶଵ ∗ ଵ଴మయ)

(஽ே஺ ௕௔௦௘ ௣௔௜௥௦ ∗ெ௢௟௘௖௨௟௔௥ ௪௘௜௚௛௧ ௕௔௦௘ ௣௔௜௥௦∗ଵ଴వ)
, with 

DNA base pairs (bp) in gemone human aploid equal to 3.2 109 and DNA bp molecular wieght equal 

to 660 g mol-1) at the same concentration as ctDNA in the plasma of cancer patients. 

Superparamagnetic particles were grafted with the biotinylated oligoMIX sequence (Dyna@MIX) 

complementary to a shared region of KRAS exon carrying both the mutations under test (p.G12A, 

p.G12R, p.G12V, and p.G13D) and the corresponding wild-type sequence. Characterization of 

chemical properties by UV-vis spectra, AT-IR spectra, brightfield microscopy, particle size and zeta 

potential data of Dyna@MIX before and after the functionalization process have been reported in the 

supplementary information (Fig. S1-S3, Table S2). During the incubation (Fig. 1a step 1), oligoMIX 

hybridizes with a sequence portion not involved in the specific hybridization between the PNA probes 

and the KRAS mutated or wild-type target regions. OligoMIX modified magnetic particles 

(Dyna@MIX beads) with the captured gDNA sequence (Dyna@MIX-DNA) were magnetically 

isolated, washed three times and resuspended in 20 µL of PBS buffer before SPRI analysis (Fig.1a 

step 2). We used an SPRI assay exploiting the hybridization of the Dyna@MIX-DNA captured WT 

gDNA or p.G13D mutated gDNA with the complementary PNA probe (PNA-WT or PNA-Mut) 

covalently bound to the SPRI sensor (Fig. 1b step 1). The final Dyna@MIX-DNA dispersion was 

introduced in two parallel channels of the SPRI microfluidic device for a few seconds and pushed by 

PBS buffer to reach the PNA-modified gold sensor surface. This approach allows comparing the 

plasmonic signals when the same DNA sample interacts with both complementary and non-

complementary PNA probes (Fig. 1b step 2). The change in the SPRI detected signal caused by 

adsorbed Dyna@MIX-DNA was used to monitor the position of the beads in the fluidic system and 

to stop the pumping system when Dyna@MIX-DNA reached the SPRI gold sensor. As highlighted 

with arrows in Figures 3a and 3b, turning off the pumping system may slow down bead sedimentation 

and facilitate the binding of Dyna@MIX-DNA and PNA probes, resulting in a greater variation in 

the plasmonic signal related to the higher refractive index of the magnetic particles. After the 

reactivation of the pump, unbound and/or nonspecifically bound molecules were removed from the 

surface by generating slight changes in the SPRI signals. Such a procedure was adopted to minimize 

the volume of Dyna@MIX-DNA dispersion required for the analysis, thus avoiding diluting the 
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dispersion with the consequence of reduced assay sensitivity. The SPRI detection of Dyna@MIX-

DNA beads, resulting from the incubation and isolation of 1.0 pg μL-1 KRAS wild-type gDNA 

through Dyna@MIX performed externally from plasmonic and microfluidic setup (off-line capture), 

highlighted a preferred interaction with the PNA-WT probe instead of the PNA-G13D probe (Fig. 

3a). By contrast, a preferential interaction with PNA-G13D probe instead of PNA-WT was detected 

for the adsorption of Dyna@MIX-DNA beads resulting from the off-line capture of 1.0 pg μL-1 KRAS 

p.G13D gDNA (Fig. 3b).  

 

 

Figure 3. Representative time-dependent SPRI curves detected for the interaction between Dyna@MIX-DNA beads resulting from the 
capture of 1.0 pg μL-1 (a) KRAS wild-type and (b) KRAS p.G13D mutated gDNAs in PBS buffer and the surface-immobilized PNA-
WT and PNA-G13D probes. As already described, the irregular shapes of curves shown in panels a and b were caused by the 
experimental procedure adopted to minimize the sample volume needed for the experiment that required the pumping system's stop 
when Dyna@MIX-DNA reached the sensor surface and its reactivation to replace the beads with PBS running buffer. 

 

The simultaneously acquired SPR kinetic profiles shown in Figure 3 result from the parallel 

interaction between the relevant Dyna@MIX-DNA and the complementary and non-complementary 
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PNA probes, respectively. Combined with the design of PNA sequences, which differ by only a single 

mismatch (Table S1), such a feature can cause non-specific interactions between Dyna@MIX-DNA 

and the not complementary probe. To consider such an effect, we calculated the ratio of %R values 

detected during the washing step at 1750 seconds, after the parallel interaction of Dyna@MIX-DNA 

with the complementary and non-complementary PNA probes (Fig. 3).  

To simulate liquid biopsy samples from cancer patients, we spiked 1.0 pg μL-1 of KRAS p.G13D 

mutated gDNA in 1:5 diluted pooled human plasma from healthy donors and used the unspiked 1:5 

diluted pooled human plasma from healthy donors as a proxy of KRAS wild-type liquid biopsy 

sample since circulating free DNA (cfDNA) is naturally present in human plasma. We adopted the 

dilution ratio 1:5 of pooled human plasma to further simplify the sample manipulation procedures 

and ensure effective discrimination signals. SPR experiments with a reduced dilution factor (1:2) of 

plasma samples did not provide satisfying results in DNA detection, by requiring at least detergents 

or other compounds to improve the assay (Fig. S4). 

Figure 4 summarizes results from replicated independent analyses of the human plasma samples with 

only KRAS WT cfDNA, and plasma samples spiked with KRAS p.G13D mutated gDNA (1.0 pg μL-

1).  

 

Figure 4. Δ%RPNA-G13D/Δ%RPNA-WT values obtained from replicated experiments aimed at detecting KRAS p.G13D 
mutated gDNAs spiked in pooled human plasma samples from healthy donors (final dilution 1:5) at 1.0 pg μL-1 final 
concentration and KRAS WT cfDNA in the unspiked pooled plasma from healthy donors. Ratios were obtained by 
considering Δ%R values after 1750 s of the hybridization step between Dyna@MIX-DNA and PNA probes 
complementary and not complementary to the target sequence. A dotted line highlights the values of the Δ%RPNA-

G13D/Δ%RPNA-WT ratios below and beyond 1 obtained for each experiment. 

 

The population mean value of Δ%RPNA-G13D/Δ%RPNA-WT ratios calculated after SPRI analysis of 1.0 

pg μL-1 KRAS p.G13D mutated DNA samples (population mean confidence interval at the 95% level 
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G13D/Δ%RPNA-WT 95% CI = 0.87 ± 0.06, n=6. Two-tailed t-test, level 95%, p-value <1.0 10-4) (Table 

S3).  

Based on what was reported for other assays using similar beads [28,42], the sensitivity enhancement 

for DNA detection can be ascribed to the synergic contribution of several factors, including the 

inherent magnetic properties of the beads, the off-line target capturing, the reduction of non-specific 

binding of interfering substances, and the clustering of Dyna@MIX-DNA triggered by the beads 

interaction with the PNA probe. The small and uniform size of the beads leads to a high surface area 

per mg of beads and a correspondingly high loading capacity (3-4 105 oligoMIX molecules/bead) 

available to drive the reaction DNA+ Dyna@MIX  [Dyna@MIX-DNA] to the equilibrium towards 

binding and facilitate efficient capture of target DNA [42]. These features merged to a slow 

sedimentation rate during the beads’ incubation with target DNA, contributing to a rapid magnetic 

separation and target isolation. Also, the glycidyl ether hydrophilic shell of the beads’ surface allows 

the covalent immobilization of a streptavidin monolayer with a negligible protein leakage and, by 

concealing the iron oxide inside, it minimizes the non-specific adsorption of interfering biomolecules 

limiting the aggregation of beads in the biological environment [18].  

The ultrahigh sensitivity we achieved using our plasmonic assay can also be attributed to mass and 

refractive index enhancement from clustered magnetic particle conjugates on the SPR chip. We 

hypothesised that Dyna@MIX-DNA specific hybridization with PNA probe could trigger the 

accumulation of further beads, as predicted for single magnetic domain-induced superparamagnetic 

particle aggregation [43–45]. A similar process has already been demonstrated for nucleic acid 

sequence-induced aggregation of metallic nanoparticles [46].  

We calculated the average surface density of Dyna@MIX-DNA bearing KRAS p.G13D mutated 

DNA and adsorbed on specific (PNA-G13D) and control (PNA-WT) probes, using the model by 

Shumaker-Parry et al.[41] (density and refractive index of magnetic beads 1.7 g cm-3 and 1.6 [47]). 

The adsorbate surface coverage corresponds to 965 pg mm-2 for PNA-G13D and 854 pg mm-2 for 

PNA-WT in human plasma samples, while lower surface coverage values in PBS during the 

interaction with the specific and control probes (854 pg mm-2 and 629 pg mm-2, respectively) have 

been obtained. The slight increase (13%) in the absorbate mass from PBS buffer to human plasma 

samples, indicating a limited contribution of non-specifically adsorbed species onto the beads during 

ctDNA capture in pooled plasma, did not prevent the discrimination between human plasma samples 

carrying KRAS p.G13D mutated or WT DNA, as shown in Figure 4.  

To verify the functioning of the plasmonic assay in SNV recognition, we also carried out an SPR 

experiment with 1.0 pg μL-1 of wild-type gDNA isolated from HT-29 cells and spiked in 1:5 diluted 
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pooled human plasma from healthy donors. When comparing the analysis of both unspiked plasma 

samples and those spiked with KRAS p.G13D mutated gDNA, we observed comparable SPR signal 

discrimination. This confirmed the intended working principle of our assay, along with Dyna@MIX, 

in both tests (Fig. S5). 

 

3.2.Superparamagnetic beads-based SPRI detection of tumour DNA in liquid biopsy samples  

Therefore, we moved to detect KRAS-mutated DNA circulating in the blood of metastatic patients 

by adopting the already described procedures. Samples from CRC patients (pt#40 - KRAS p.G12A 

mutated; pt#50 - KRAS p.G12R mutated; pt#33 - KRAS p.G12V mutated; pt#34 - KRAS p.G13D 

mutated) and healthy donor (sample#16 - KRAS wild-type) were preliminarily validated by NGS and 

dPCR (Table S4) (Allegretti et al., 2020; D’Agata et al., 2020). Representative SPRI curves for 

detecting KRAS p.G13D mutated ctDNA (sample pt#34) and wild-type cfDNA from a healthy donor 

(#16) were reported in the supplementary information (Fig. S6). 

Figure 5 shows Δ%RPNA-Mut/Δ%RPNA-WT ratios obtained from replicated independent analyses of 

liquid biopsies from CRC patients (pt#40, pt#50, pt#33, and pt#34 samples) and a healthy donor 

(sample#16). Each experiment was performed by analyzing a sample from a healthy donor that acted 

as the control for the assay in parallel with each CRC patient sample. 

 

 

Figure 5. Box plots of Δ%RPNA-Mut/Δ%RPNA-WT ratios calculated after the hybridization of Dyna@MIX-DNA from CRC 
patients and healthy donor plasma samples with PNA probes for p.G12A, p.G12R, p.G12V, p.G13D KRAS mutated and 
WT DNAs. Plasma samples (pt#40, pt#50, pt#33, and pt#34) from CRC patients with KRAS mutated ctDNAs provided 
values of the ratio greater than 1 in all cases (25) with two exceptions (p.G12A and p.G12V), whereas plasma samples 
from healthy donors (WT cfDNA) provided values smaller than 1 for all cases. 

 

Δ%RPNA-Mut/Δ%RPNA-WT ratios obtained for pt#40, pt#50, pt#33, and pt#34 plasma samples were 

significantly and extremely significantly statistically different than those for plasma from a healthy 
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donor. Population mean confidence intervals at the 95% level of Δ%RPNA-Mut/Δ%RPNA-WT ratios for 

the analyzed liquid biopsies are reported in Table S5, together with samples ID, the number of 

replicates and p-values (CRC patient and healthy donor mean comparison. Two-tailed t-test).  

These results confirm that the designed assay offers a novel platform for the facile detection of 

mutated tumour DNA in plasma samples. The new assay can detect ctDNA and cfDNA in plasma 

samples after minimal and rapid pre-analytical processing with no target PCR amplifications by 

adopting a three steps workflow: off-line target catching in plasma by Dyna@MIX, PNA probes 

immobilization, and parallel interaction of Dyna@MIX-DNA and complementary and non-

complementary PNA probes. The total turnaround time, including DNA fragmentation and 

denaturation (10 min), DNA capture by Dyna@MIX (60 min), and PNA immobilization (50 min) - 

these procedures are performed simultaneously-, and the hybridization of Dyna@MIX-DNA with 

PNA probes (30 min), is only 100 minutes. The target capture by Dyna@MIX in human plasma 

minimizes the non-specific adsorption of interfering species from the biofluids, which can alter the 

detected SPR responses. In addition, the Dyna@MIX capture of ctDNA and/or cfDNA requires a 

small dilution (1:5) of the sample with volumes as low as 20 L of human plasma. 

The new SPRI-based method introduced here brings significant innovations compared to other SPRI 

biosensing approaches for detecting ctDNA in liquid biopsy. This new method has the potential to 

greatly impact future cancer diagnostics based on liquid biopsy due to its simple analytical protocol 

and the reduced blood sample volume required for analysis [20,25]. The off-line target capture by 

Dyna@MIX and straightforward beads isolation by simply using an external magnet enabled us to 

simplify the entire workflow in three steps. The external magnetic handling enables easy washing, 

separation, and concentration of target sequences directly into biofluids, by removing other biological 

compounds which could interfere with the plasmonic assay. After the off-line capture, the 

resuspension of Dyna@MIX-DNA in PBS buffer eliminates the need to create an antifouling layer 

on the biosensor's active surface, typically involving 5 workflow steps. It also eliminates the need to 

treat the sensor surface with dithiothreitol to remove nonspecifically adsorbed protein or to use other 

blocking agents after plasma adsorption, a process that usually involves 4 workflow steps. A similar 

approach cannot be implemented with the metallic nanoparticles often used to enhance SPR 

responses. The size and metallic properties difference between superparamagnetic particles (1 µm) 

and colloidal nanoparticles (at nanometer scale) enables the direct capture of circulating biomarkers 

from biofluids with easy separation of the beads after the target enrichment. Furthermore, the assay 

time has been decreased to less than 2 hours, in comparison to the 2.5 hours required for other SPRI-

based methods. The sample volume necessary for reliable analysis has been reduced by half, from 40 
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to 20 µL, with a minimal dilution factor of 1:5, as opposed to 1:10. This reduction limits protein 

denaturation at high temperatures, by addressing issues present in previous plasmonic assays where 

high dilution factors and blocking additives have been used. 

 

4. Conclusion 

The critical achievement described here is the implementation of the SPRI assay with the use of 

superparamagnetic beads able to catch complementary DNA sequences directly in blood-plasma and 

enhance the detection of mutated KRAS gene. After the capture of DNA sequences by Dyna@MIX, 

the hybridization between Dyna@MIX-DNA bearing the caught target and complementary and non-

complementary PNA probes immobilized on the plasmonic biosensor enables the detection KRAS 

oncogene by recording SPRI responses. The synergic role of beads in enhancing the plasmonic signals 

and the inherent properties of PNA probes allowed us to achieve the detection of less than 300 copies 

mL-1 of KRAS p.G13D mutated DNA and discrimination between KRAS mutated and wild-type 

samples in human plasma by employing a minimum sample volume (20 µL) per single analysis. The 

assay also confirmed the correct identification of KRAS mutated ctDNA in plasma from CRC patients 

and wild-type cfDNA in plasma from healthy donors by demonstrating the assay's analytical and 

clinical validity in testing liquid biopsies from CRC patients. 

With this approach, several cumbersome steps in analyzing liquid biopsy samples from cancer 

patients (e.g., temperature cycling, sample carryover, and sample transfer to different pieces of 

equipment, such as different types of centrifuges and purification devices) are no longer required. In 

conclusion, the new SPRI biosensing strategy, based on superparamagnetic particles, offers rapid, 

PCR amplification-free, and straightforward detection of tumour-derived genetic materials 

circulating in human plasma. This breakthrough in cancer clinical diagnosis and personalized 

medicine, based on liquid biopsy, can potentially make a significant impact. 
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