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Abstract  

Although not yet approved by regulatory bodies, RAS mutations in the blood of colorectal cancer 

(CRC) patients are emerging as biomarkers of acquired resistance to EGFR therapy. Unfortunately, 

reliable assays granting fast, real-time monitoring of treatment response, capable of refining 

retrospective, tissue-based analysis, are still needed. Recently, several methods for detecting blood 

RAS mutations have been proposed, generally relying on multi-step, PCR-based, time-consuming 

and cost-ineffective procedures. By exploiting a liquid biopsy approach, we developed an 

ultrasensitive nanoparticle-enhanced plasmonic method for detecting RAS single nucleotide variants 

(SNVs) in the plasma of CRC patients. The PCR-free method we developed is based on an imaging 

platform and allows the direct detection of ~1 attomolar RAS sequences in plasma with a sandwich 

hybridization assay using peptide nucleic acids probes. The assay involves a simple pre-analytical 

procedure that does not require the extraction of tumor DNA from plasma and detects it in volumes 

as low as 40 L of plasma, which is at least an order of magnitude smaller than that required by 

state of the art liquid biopsy technologies. The most prevalent RAS SNVs are detected in DNA from 

tumor tissue with 100% sensitivity and 83.33% specificity. Spike-in experiments in human plasma 

further encouraged assay application on clinical specimens. Assay performances were then proven 

in plasma from CRC patients and healthy donors, demonstrating its promising avenue for cancer 

monitoring. 

 



Introduction  

Precision oncology requires repeated, longitudinal profiling of cancer biomarkers to monitor disease 

progression and response to therapy1. Although very informative, tissue biopsy is not the ideal 

approach to obtain this information, because it is invasive, expensive, cannot be repeated at will, 

and often fails to recapitulate tumor heterogeneity, i.e. changes occurring in either space (e.g. in 

different tumor regions and metastatic foci) or time (e.g. adaptive selection and genetic drift 

throughout disease course)2. Liquid biopsy (LB) has been deployed in a variety of clinical settings 

to overcome these limitations. LB investigates tumor biomarkers in body fluids such as blood, 

urine, cerebrospinal fluid, and saliva, and is revolutionizing precision oncology, also offering new 

opportunities for early cancer diagnosis3. The molecular profiling of cell-free DNA (cfDNA)4, and 

circulating tumor DNA (ctDNA)5 released in the peripheral blood has shown great potential to 

improve the clinical management of cancer patients6,7,8. 

A variety of next-generation sequencing (NGS)9 and PCR-based approaches10 have been developed 

to analyze DNA fragments freely circulating in the blood of cancer patients11. Their routine 

application as standard clinical tools, however, is still hampered by several factors including sub-

optimal sensitivity, specificity, robustness, simplicity and flexibility, along with complex pre-

analytical procedures of blood processing. Analysis time and assay costs must also be factored 

because appropriate throughput and short turnaround times are essential for molecular diagnosis in 

rapidly progressing, fragile patients9. 

As to targeted NGS, it provides considerable throughput (many genomic alterations are 

simultaneously detected), but this comes at the cost of complexity. Amplicon barcoding/tagging 

technology is mandatory for LB-grade NGS. Extensive data elaboration requires dedicated 

bioinformatic pipelines and manpower, has high operating costs, and limits of detection may differ 

for the different genomic variants in the panel12,13. As compared to NGS, PCR-based approaches, 

including digital PCR (dPCR), interrogate a more limited set of mutations at one time and have 

limited scalability, but have superior analytical sensitivity. However, they are prone to sample 



contamination14 and may be biased by volume variability of partition sizes15. Whereas NGS is a 

comprehensive screening tool, single-plex PCR monitors defined tumor alterations, typically those 

alterations expected a priori to be associated with resistance to therapy. RAS mutations, arising in 

colorectal cancer (CRC) patients treated with antibodies to Epidermal Growth Factor Receptor 

(EGFR) are a case in point. Differences notwithstanding, a common major limitation of both NGS 

and dPCR is that they require a multi-step enzymatic amplification/expansion of input DNA, which 

introduces specific constraints and drawbacks including cumbersome pre-analytical procedures to 

isolate and concentrate template DNA from biological fluids. 

In this context, plasmonic detection based on surface plasmon resonance imaging (SPRI) holds 

promise as an alternative tool, complementary to both NGS and PCR, to detect circulating tumor-

related alterations. It combines multiplexed biosensing capabilities with highly sensitive nucleic 

acid detection and needs no PCR amplification and target labelling16. The flexible design of the 

SPRI assay configuration can also benefit from the use of peptide nucleic acid (PNA) probes that 

enhance sequence selectivity and offer superior performances for the detection of single nucleotide 

variants (SNVs) compared to oligonucleotide probes17. The implementation of sandwich assay 

configurations using gold nanoparticles (AuNPs)18 conjugated to an oligonucleotide has been 

proved to push the analytical sensitivity of the plasmonic platform down to attomolar 

concentrations of genome equivalent19, thus opening new perspectives for the application of LB in 

cancer patients. 

Herein, we describe an innovative nanoparticle-enhanced SPRI (NESPRI) platform for the 

diagnosis and monitoring of CRC patients by LB (Fig. 1). NESPRI can detect mutated or wild-type 

RAS sequences directly in the plasma of patients and healthy donors, respectively, with no prior 

extraction and PCR amplification of the targets. We developed an assay targeting 11 selected 

KRAS or NRAS SNVs, known to be associated with primary or acquired resistance to treatment 

with antibodies to EGFR. These are located in KRAS exon 2 and NRAS exons 2 and 3, that are 

recurrently mutated in human cancer20, specifically in CRC patients. 



NESPRI detection of oncogenic DNA achieved diagnostic sensitivity of 100% and specificity of 

83.33%. Then, we successfully performed spike-in experiments with unique RAS mutated DNA in 

plasma from healthy donors. Here, the assay successfully discriminated between wild-type and 

attomolar concentrated mutated DNAs. Finally, the NESPRI assay was applied to clinical samples 

from CRC patients demonstrating full discrimination between KRAS mutated ctDNAs over wild-

type cfDNAs from healthy volunteers. Overall, our method incorporates multiplexed detection, is 

PCR-free and, most importantly, drastically simplifies cumbersome, time-consuming, and error-

prone pre-analytical procedures aimed at separating/concentrating the target nucleic acids from the 

complex human plasma matrix, thus providing strong evidence that plasmonics may be used for 

enhanced cancer diagnosis and prognosis. The method also operates with a volume of human 

plasma which is at least an order of magnitude smaller than that required by state of art LB 

technologies.  

 

Fig. 1: Schematic overview depicting NESPRI method for liquid biopsy analyses: a) plasma from CRC 
patients is analyzed with no prior isolation and PCR amplification of the circulating target sequence; b) metal 
nanoparticle-based enhancement of the plasmonic signal is obtained using an optimized sandwich assay; c) 



the imaging setup allows multiplexed analysis. The plasma sample interacts with two PNA probes. d) The 
RAS mutated DNA circulating in the blood of CRC patient and wild-type DNA of a healthy donor differently 
interact with PNA probes, thus producing different NESPRI responses.  

 

Results  

NESPRI detects RAS mutated DNA from colorectal cancer tissue biopsies. Before LB 

optimization, we evaluated the NESPRI ability to detect RAS mutations in tissue tumor DNA 

(tDNA) from surgically resected primary or metastatic CRC patients, e.g. in formalin-fixed 

paraffin-embedded (FFPE) samples. FFPE samples are routinely used as templates for clinical 

diagnostic RAS profiling. Our tests were aimed at verifying assay performances with a defined 

tumor content and a less fragmented input compared to ctDNAs. To this end, tDNAs were extracted 

by conventional clinical-grade methods and analyzed with no prior amplification of the target 

sequence. Table 1 lists RAS mutations selected among those that are most prevalent in CRC and 

other adenocarcinomas (e.g. lung and pancreas)8 and sequences of related PNA probes used to 

detect these mutations. 

Table 1. Tissue biopsy samples and PNA probe sequences 

Gene, exon Sample ID Mutation PNA sequence* PNA acronym Tm** 

KRAS exon 2 

 Wild-type*** CTACGCCACCAGCT PNA-WTK2 73 
2604 
2914 

p.G12D 
p.G12D 

CTACGCCATCAGCT PNA-G12D 70 

2468 p.G12C CTACGCCACAAGCT PNA-G12C 73 
2602 p.G12V CTACGCCAACAGCT PNA-G12V 73 
2413 p.G13D CTACGTCACCAGCT PNA-G13D 70 
2466 p.G12R CTACGCCACGAGCT PNA-G12R 75 
2431 p.G12S CTACGCCACTAGCT PNA-G12S 69 

NRAS exon 2 
 Wild-type*** CCAACCACCACCAG PNA-WTN2 73 

2148 p.G12D CCAACCATCACCAG PNA-NG12D 70 

NRAS exon 3 

 Wild-type*** TACTCTTCTTGTCCAGCT PNA-WTN3 70 
1981 p.Q61K TACTCTTCTTTTCCAGCT PNA-Q61K 67 
2582 p.Q61H1 TACTCTTCGTGTCCAGCT PNA-Q61H1 74 
2329 p.Q61L TACTCTTCTAGTCCAGCT PNA-Q61L 70 
2335 p.Q61R TACTCTTCTCGTCCAGCT PNA-Q61R 72 

* Bolded letter highlights the mutated base. ** Measured at 5 μM.  
***From HT29 cells or healthy donors. Healthy donors sample IDs: B16141 and B16194  

 
PNA probes were designed to have high melting temperatures (higher than 65°C °C at 4 μM strand 

concentration), as calculated according to an empirical model21; therefore, PNA probes of different 



lengths were selected to satisfy this criterion. The actual melting temperatures were measured after 

synthesis (Supplementary Table S4) and, while differing in some cases from those calculated, were 

found to be in the expected range (68-83°C); the high melting temperatures denote high affinity for 

the complementary sequences, which is necessary for the ultrasensitive detection of the 

corresponding gene tracts; the site complementary to the mutated bases was placed in the internal 

part of the PNA sequence to maximize selectivity.  

NESPRI assay we developed and tested is based on the sandwich detection approach depicted in 

Fig. 1b. PNA probes are first immobilized on the sensor surface; the target is then adsorbed on the 

surface, thus leading to the hybridization between the probe and the complementary sequence of the 

target. Appropriately functionalized AuNPs are used in the last step of the assay to enhance 

plasmonic detection. With this aim, AuNPs are decorated with oligonucleotides whose sequence is 

complementary to a portion of the sequence of the immobilized target not hybridized with the PNA 

probe.  

NESPRI assay was aimed at detecting mutations in tDNA. For this reason, we performed the 

experiments immobilizing PNA probes (0.1 μM in PBS, flow rate 10 μL min-1. Immobilized probe 

density 3x10-12 molecules cm-1) complementary to wild-type and mutated target sequences, 

respectively, on dithio-bis-succinimidyl propionate (DTSP)-modified SPRI gold chips. We obtained 

the spatial separation of the immobilized probes using a microfluidic device bearing parallel 

microchannels. Fig. 2 shows representative changes in per cent reflectivity (∆%R) over time 

detected for the immobilization of PNA-WTN2 and PNA-NG12D probes. The relevant SPR image 

(Fig. 2) highlights the achieved spatially separated immobilization of probes. 



0 500 1000 1500 2000 2500

0

1

2

3

4

5

 

Time (sec.)

R

PNA-NG12D

PNA-WTN2

PNA-NG12D

PNA-WTN2

PNA-NG12D

PNA-WTN2
400 m

P
B

S

PBSPNAs

 

Fig. 2: Representative changes in per cent reflectivity (∆%R) over time detected for the immobilization of 
PNA-WTN2 and PNA-NG12D probes. An SPR image displaying the spatially confined immobilization of 
the probes (bright channels) is also shown. 

 

Before NESPRI analysis, we fragmented tDNA by sonication and vortexing and denaturated it by 

heating at 95°C. The sample was then cooled on ice to prevent strands reannealing and introduced 

in the microfluidic device to allow for the interaction with the immobilized PNA probes. The 

adsorption of tDNA on PNA probes complementary to wild-type and mutated sequences, 

respectively, was obtained introducing 300 μL of a 5 pg μL-1 tDNA solution in two parallel 

microchannels (flow rate 10 μL min-1). We detected SPRI signals close to the instrumental noise 

and not useful for samples discrimination during the adsorption (Supplementary Fig. S1). The 

surface was then washed with PBS for 15 minutes to reduce the amount of material non-specifically 

adsorbed on the surface of NESPRI sensor.  



As the last step of the assay, we used functionalized AuNPs. We were aimed at detecting RAS 

mutations located in three exons; for this reason, we designed and optimized a suitable protocol to 

produce one single set of functionalized AuNPs (NPs@MixRAS) for NESPRI detection of all the 

selected RAS mutations. In particular, we obtained NPs@MixRAS by conjugating AuNPs with a 

mix of three different oligonucleotides each complementary to an exposed DNA region of the exon 

carrying the mutations under test and the corresponding wild-type sequence. Such oligonucleotides 

were aimed at a region not involved in the hybridization with the relevant PNA probe (Fig. 1b). 

Table 2 shows the sequence of oligonucleotides we used to produce NPs@MixRAS and the exon 

targeted by each of them. NPs@MixRAS we used for the NESPRI detection showed a shelf-life of 

14 months (Supplementary Table S6). 

Table 2.  Oligonucleotides used to functionalize gold nanoparticles  
 (NPs@MixRAS) 

Gene, exon Mutation Sequence Tm 

KRAS exon 2 
+ 

Wild-type 

G12A 
G12D 
G12C 
G12V 
G13D 
G12R 
G12S 

5’ CAAGTTTATATTCAGTCAT 3’ 33.3°C 

NRAS exon 2 
+ 

Wild-type 
G12D 5’ TTTCACACCAGCAAG 3’ 32.9°C 

NRAS exon 3 
+ 

Wild-type 

Q61K 
Q61H1 
Q61L 
Q61R 

5’ TGTCCAACAAACAGG 3’ 33.5°C 

 

After nanoparticle enhancement, our NESPRI assay was able to discriminate among 5 pg μL-1 

solutions of wild-type and NRAS p.G12D mutated tDNAs. The nanoparticle enhancement 

highlighted the preferential interaction of wild-type tDNA with PNA-WTN2 (Fig. 3a, red line), 

whereas NRAS p.G12D tDNA preferentially interacts with PNA-NG12D probe (Fig. 3b, black 

line). To discriminate between wild-type and tDNA, we considered the ratio of NESPRI signals 

(%R) detected after the adsorption of NPs@MixRAS (Fig. 3) on surfaces resulting from the 

interaction of the selected sample with PNA probes complementary to the mutated (PNA-Mut) and 



wild-type (PNA-WT) sequences, respectively. We performed the experiments analyzing in parallel 

both the selected tDNA sample extracted from a tissue specimen of CRC patients and wild-type 

gDNA extracted from HT29 cells.  
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Fig. 3: ∆%R over time for the adsorption of NPs@MixRAS (0.1 nM in PBS) on (a) wild-type (extracted 
from HT29 cells) and (b) p.G12D (NRAS) mutated tDNA previously adsorbed on surface-immobilized 
PNA-WTN2 (red line) and PNA-NG12D (black line) probes.  
 

Fig. 4 and Supplementary Table S1 show results we got from the analysis of tDNA from CRC 

patients carrying RAS mutations included among the most frequently occurring in one-third of 

human cancers.  
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Fig. 4: Δ%RPNA-Mut/Δ%RPNA-WT values for the analysis of tDNA extracted from (FFPE) samples 
surgically resected from primary or metastatic CRC patients and wild-type gDNA. 

 

According to Δ%RPNA-Mut/Δ%RPNA-WT values, we constructed the receiver operating characteristic 

(ROC) curve plot (Fig. 5) to evaluate the diagnostic capability of the assay. NESPRI assay afforded 

AUC of 0.947 (95% confidence interval 0.89-1.00, p-value 6.8 10-10. Table 3) supporting the high 

diagnostic capacity of the NESPRI method. 
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Fig. 5: Empirical receiver operating characteristic (ROC) curve of Δ%RPNA-Mut/Δ%RPNA-WT ratio for 
NESPRI detection of RAS mutations and wild-type gDNA.  
 
 
NESPRI assay afforded a sensitivity of 100% and specificity of 83.33% based on the cutoff value of 

0.98 for Δ%RPNA-Mut/Δ%RPNA-WT ratio (Table 3). The selected cutoff value is associated with the 

highest Youden index value (Youden index = sensitivity + specificity - 1). 

Table 3. Sensitivity, specificity and AUC  

Sensitivitya 100% 

Specificitya 83.33% 

AUC 0.947 

95% confidence interval 0.89-1.00 

p-value 6.8 10-10 

aSensitivity and specificity were obtained at the 
cutoff of 0.98 (Δ%RPNA-Mut/Δ%RPNA-WT).  

 

We conducted additional experiments aimed at comparing NESPRI detection of tDNAs extracted 

from tissue biopsies of CRC patients with gDNA isolated from the peripheral blood mononuclear 

cells (PBMCs) of healthy donors instead of cell lines. 
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Fig. 6: Δ%RPNA-Mut/Δ%RPNA-WTK2 values obtained from replicated NESPRI analysis of tDNA 
isolated from FFPE samples of CRC patients (samples 2914 and 2413) and gDNA from PBMC of 
healthy donors (samples B16194 and B16141).  

 

Fig. 6 summarizes results from replicated NESPRI analysis of samples 2914 (p.G12D) and 2413 

(p.G13D) from tissue specimens of CRC patients and wild-type specimens from PBMCs of healthy 

donors (B16194 and B16141 Obtained from Regina Elena Institutional BioBank). Both Δ%RPNA-

Mut/Δ%RPNA-WTK2 ratios for p.G12D (population mean confidence interval at the 99% level for 

Δ%RPNA-G12D/Δ%RPNA-WTK2 ratio CI = 1.40714 ± 0.439, replicate analyses n=7) and p.G13D 

(population mean confidence interval at the 99% level for Δ%RPNA-G13D/Δ%RPNA-WTK2 ratio CI = 

1.23714 ± 0.271, n=7) were significantly different than those from healthy donors (B16194 

Δ%RPNA-G12D/Δ%RPNA-WTK2 99% CI = 0.71 ± 0.146, n=5. B16141 Δ%RPNA-G13D/Δ%RPNA-WTK2 99% 

CI = 0.762 ± 0.379, n=5). 

 

NESPRI directly detects RAS mutated DNA spiked in human plasma. Having demonstrated the 

analytical capacity of our NESPRI assay on tDNAs, we moved to plasma samples. Plasma is the 

preferred biological fluid for the analysis of ctDNAs. It is preferred to the serum that is often 

contaminated with gDNA released by white blood cells as a consequence of lysis occurring during 

clotting6. Nonetheless, plasma obtained from liquid biopsies of cancer patients is a complex matrix 



containing ultra-low concentrated ctDNAs, proteins, non-target nucleic acids and other entities at 

variable levels22,23. Standard protocols for ctDNA analysis from LB include the extraction of 

ctDNA from the plasma and its PCR-amplification and analysis in buffered solutions24,25. New 

methods capable to directly detect ctDNA in plasma are therefore highly desirable. These would 

drastically reduce assay time, streamline diagnostic workflows, and minimize any potential risk of 

sample contamination.  

Then we developed a simple one-step pre-analytical procedure (taking 1.5 hours of which 10-12 

minutes of hands-on procedures) to digest the large amounts of plasma proteins and make plasma 

suitable for NESPRI direct analysis26. Specifically, we digested plasma samples from healthy 

donors with proteinase K (ProK 35 µM. 1:10 diluted with ProK buffer), then we spiked the sample 

with p.G12D (KRAS exon 2) mutated gDNA isolated from LS174T cells27. Spiking was used as a 

proxy of ctDNA detection in CRC patients.  

We immobilized PNA-WTK2, and PNA-G12D probes on the modified gold surface as already 

described (Supplementary Fig. S2a) and blocked residual reactive NHS ester groups with Trizma 

(0.1 M, 10 min). The ProK treated and spiked sample was introduced in the microfluidic devices for 

adsorption on PNA probes after sonication (3 min), vortexing (1 min), heating at 95°C (5 min), and 

incubation for 1 min on ice immediately before the analysis. The assay also includes treatment with 

dithiothreitol (DTT) of the sensor surface to remove any protein non-specifically adsorbed during 

the surface exposure to plasma (Supplementary Fig. S2b). 

Fig. 7 summarizes results from replicated experiments performed with spiked human plasma 

samples (Supplementary Table S2, Fig. S2c,d). p.G12D gDNA were added to the treated plasma to 

obtain a final concentration of 2 pg μL-1 ( 1 aM). We loaded 300 L of the treated plasma sample, 

carrying a total of about 180 molecules of mutated DNA, for each NESPRI test. Data displayed in 

Fig. 7 refer to Δ%RPNA-G12D/Δ%RPNA-WTK2 ratio of NESPRI signals detected in spiked plasma 

samples following hybridization with PNA probes complementary to mutated and wild-type 



sequences, respectively, and NPs@MixRAS adsorption. We treated the surface with DTT (100 mM 

in water, 20 min.) before NPs@MixRAS adsorption. 

NESPRI replicated analysis of 2 pg μL-1 samples of G12D in human plasma (population mean 

confidence interval at the 99% level for Δ%RPNA-G12D/Δ%RPNA-WTK2 ratio CI = 1.20±0.06, replicate 

analyses n=13) and wild-type human plasma samples (population mean confidence interval at the 

99% level for Δ%RPNA-G12D/Δ%RPNA-WTK2 CI = 0.84±0.05, replicate analyses n=10) generated 

significantly different Δ%RPNA-G12D/Δ%RPNA-WTK2 ratios (two-tailed t test, level 99%, p-value = 2.80 

10-10). 
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Fig. 7: Δ%RPNA-G12D/Δ%RPNA-WTK2 values obtained from replicated NESPRI experiments aimed at 
detecting p.G12D mutated gDNAs spiked in plasma samples from healthy donors and wild-type 
cfDNA in plasma from healthy donors. p.G12D mutated gDNA isolated from LS174T cells was 
added to ProK treated human plasma to get the final concentration of 2 pg μL-1. Δ%RPNA-

G12D/Δ%RPNA-WTK2 ratio calculated from NESPRI signals detected after the adsorption of 
NPs@MixRAS on surfaces resulting from the interaction of DNA in plasma samples with PNA 
probes complementary to the p.G12D mutated and wild-type sequences, respectively. 

 

NESPRI directly detects KRAS mutated ctDNA in liquid biopsy samples from CRC patients. 

Spiking experiments prompted us to apply the NESPRI assay to the direct detection of KRAS 

mutated ctDNA present in the blood of metastatic CRC patients. These specimens were 



preliminarily validated by NGS and digital PCR (dPCR)28, carried a unique RAS mutation per 

sample and displayed different variant allele frequencies (VAF, i.e., the percentage of mutated 

reads) and mutated copies per ml (Table 4). 

 
Table 4 Liquid biopsy samples  

 
Sample 

KRAS 
mutational   

Circulating DNA in plasma 
(copies mL-1)* 

 
Mutant 

ID  status  ctDNA   WT VAF (%) 

pt#33 p.G12V 1983 6438 23.5 

pt#34 p.G13D 12215 15547 44 

pt#40 p.G12A 2617 4028 39.4 

pt#50 p.G12R 593 3412 14.8 

#2 Wild-type <1** 1473† <0.01 

#4 Wild-type <1 1514†† <0.01 

#8 Wild-type <1 1602††† <0.01 

pool#4*** Wild-type <1 1534†††† <0.01 

*from dPCR. ** Not detectable. ***Pooled plasma from healthy donors. Tested 
with (†)KRAS p.G12D, (††)KRAS p.G12A, (†††)KRAS p.G13D; (††††)KRAS 
p.G12R assay. 

 
 

We applied the already described NESPRI assay operating under continuous flow conditions so that 

kinetic curves useful to check the correct outcome of each step of the assay were also recorded 

during the experiments. 



 

Fig. 8: a) Representative changes in per cent reflectivity (∆%R) over time obtained for the immobilization of 
PNA-G13D and PNA-WTK2 probes. Curves shown refer to independent immobilizations performed in 
parallel. b) ∆%R over time detected for the adsorption of treated plasma samples from CRC patient (pt#34) 
and healthy donor (#4) on PNA probes. Each sample (400 µL of 1:10 diluted and treated plasma, flow rate 
10 L min-1) was adsorbed on both PNA-G13D and PNA-WTK2 probes. The surface was then treated with 
DTT (100 mM in water). c,d) ∆%R over time detected for the adsorption of NPs@MixRAS (0.1 nM in PBS. 
Aged ~60 days) on the resulting surfaces. Plasma samples from (c) a healthy donor (#4) and (d) a CRC 
patient with p.G13D mutated ctDNA (pt#34) produced different signal enhancement when NPs@MixRAS 
were adsorbed on surfaces with PNA-WTK2 or PNA-G13D. 

 

Representative data for the NESPRI detection of KRAS mutated ctDNA (sample pt#34), and wild-

type cfDNA from a healthy donor (#4) are shown in Fig. 8. PNA-WTK2 and PNA-G13D probes 

were immobilized using a microfluidic device bearing parallel microchannels (Fig. 8a) for the 

parallel analysis of both plasma samples treated as already described. After the adsorption of 400 µL 

of each 1:10 diluted and treated plasma sample on both PNA-WTK2 and PNA-G13D and the 



exposure of the resulting surfaces to DTT (Fig. 8b) we used NPs@MixRAS to get the final 

detection (assay time about 80 minutes). Fig. 8c shows NESPRI responses for the wild-type cfDNA 

from healthy donors (sample #4), whereas Fig. 8d refers to the plasma of CRC patient (pt#34). The 

detected NESPRI responses demonstrate the preferential interaction p.G13D mutated ctDNA with 

PNA-G13D and the preferential interaction of wild-type cfDNA with PNA-WTK2. 
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Fig. 9: Box plots of the Δ%RPNA-Mut/Δ%RPNA-WTK2 ratio calculated after the adsorption of NPs@MixRAS. 
Plasma samples from CRC patients with RAS mutated ctDNAs provide values of the ratio greater than 1, 
whereas plasma samples from healthy donors (wild-type cfDNA) provide values smaller than 1. 

 

Fig. 9 summarizes results (Δ%RPNA-Mut/Δ%RPNA-WTK2) obtained from replicated analyses of liquid 

biopsies from RAS mutated CRC patients and healthy donors that we analyzed in parallel to assess 

the capacity of the NESPRI assay to discriminate among the two groups. Population mean 

confidence intervals of Δ%RPNA-Mut/Δ%RPNA-WTK2 ratios for the analyzed liquid biopsies are 

reported in Table 5, together with ID of samples used for the analysis, the number of replicates and 

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



Table 5 

Sample ID 
Population mean 

confidence interval  
Δ%RPNA-Mut/Δ%RPNA-WTK2 

Replicates p-value 

  (level 99%)   

pt#33 1.30±0.15 8 
5.5 10-5 

#2, #8 0.86±0.16 4 

pt#34 1.18±0.19 6 9.9 10-4 
#4, #8 0.78±0.37 4 

pt#40 1.14±0.18 5 8.0 10-4 
pool#4 0.89±0.03 4 

pt#50 1.23±0.35 5 
4.8 10-3 

pool#4 0.85±0.27 4 

 

Discussion 

This paper demonstrates that plasmonic-based NESPRI specifically detects ctDNA in the blood of 

CRC patients. The new method introduces significant improvements as compared to state of the art. 

The NESPRI assay involves limited sample manipulation and no circulating DNA isolation from 

plasma before the analysis. Both features help in minimizing the risk of sample contamination and 

contribute to reducing the assay time. The assay does not require the amplification of the target 

sequence, thus preventing biases and artefacts introduced by the PCR amplification widely used 

today to analyze liquid biopsies29,30. 

Whereas commercial NGS and dPCR equipment can only accept purified and concentrated analyte 

as input, NESPRI operates with human plasma that has undergone minimal pre-analytical 

manipulation, e.g. addition of ProK. Therefore, NESPRI is likely to greatly simplify and speed up 

the tedious (although automatable) pre-analytical process of ctDNA extraction and concentration. 

The simplified NESPRI pre-analytical processing takes 1.5 hours (of which only 10-12 minutes of 

hands-on procedures), which is 2-3 times shorter and far less error-prone than the extensive sample 



handling necessary for the pre-analytical treatment of human plasma upstream to dPCR and/or 

NGS. Remarkably, this favorable feature is likely to remain unique of NESPRI. Even assuming that 

laboratory equipment might be adapted to accept more diluted analytes, NGS and dPCR reaction 

mixes would still contain both ProK and DNA amplification/sequencing enzymes (typically Taq 

polymerase), resulting in digestion and inactivation of the latter. In contrast, NESPRI performs an 

enzyme-free detection based on a sandwich assay configuration, which permits to run the 

nanoparticle-supported signal enhancement after suitable surface treatments. 

In addition, and also importantly, NESPRI operates with volumes as low as 40 L of human 

plasma, whereas NGS and dPCR require a minimal DNA input of a few hundreds of microliters of 

plasma, e.g. at least one order of magnitude more blood than NESPRI. This difference, however, is 

likely to be underestimated, because effective analyte recovery/handling (e.g. from ion exchange 

microcolumns and/or magnetic devices) for NGS/dPCR usually requires the processing of a few 

millilitres of plasma, e.g. an amount in excess to that needed for a single NGS/dPCR run. Thus, a 

significant fraction of the blood draw is irreversibly manipulated, and cannot be made available for 

other OMIC assessments except those compatible with the intended pre-analytical procedure. 

In contrast, NESPRI leaves any unused aliquot of plasma untouched for both intended and, most 

importantly, unanticipated uses. Thus, NESPRI takes advantage of a non-destructive, fully scalable, 

ultra-low volume pre-analytical processing which makes it particularly suitable not only for quick 

turnaround times in real-life oncology, but also for scalable, fully customizable LB testing, thus 

enabling truly adaptive clinical trial schemes. 

The exceptional stability of PNA/DNA duplexes is another key feature of the NESPRI assay31. 

Biological stability of PNAs is also excellent since they are not degraded by enzymes occurring in 

biological samples32. PNA probes were also selected for their ability to discriminate single-base 

mismatches compared with standard oligonucleotide probes33, thus enhancing the capacity of the 

sensor to distinguish between mutated and wild-type circulating DNAs. This ability is enhanced 



when working either at high temperatures or high dilutions34, the latter being ideal for detection of 

very low DNA quantities, as in the present study.  

The enhancement of the plasmonic signal is, however, necessary for the read-out of the differential 

interactions occurring between PNA probes and target ctDNA. We achieved the required 

enhancement using gold nanoparticles (NPs@MixRAS). In particular, we detected ctDNAs 

comparing the NPs@MixRAS-enhanced responses after the parallel exposure of PNA-Mut and 

PNA-WT probes to the selected liquid biopsy. With this approach, the effects of non-specific 

adsorption involving both probes in an almost identical manner are compensated, and only the ratio 

of signals generated by the specific interaction of the sample with PNA-Mut and PNA-WT probes 

differing at a single base is evaluated. The described approach implies an appropriate control of the 

surface coverage of the immobilized probes (about 3 x 1012 molecules cm-2) that in our case 

produced a signal variability typically ranging from CV= 3% and CV=7% for the six parallel 

performed immobilizations. PNA probes immobilizations with CV≥10% were discarded.  

An essential aspect of the NESPRI assay is represented by its simplicity and potential for 

multiplexed detection. In this light, we demonstrated that the use of NPs@MixRAS allows NESPRI 

detection of 11 among the most frequent ALL-RAS cancer mutations (Table 2).  

The analysis of the ROC curve referring to NESPRI detection of tDNA isolated from tissue biopsies 

of CRC patient afforded an AUC of 0.947 with 100% sensitivity and 83.33 % specificity (Fig. 5. 

Table 3). These results indicate that our NESPRI method detects mutated DNA from tissue biopsy 

accurately. Spiking plasma with p.G12D gDNA attained an analytical sensitivity of 2 pg μL-1, 

sufficiently low to meet most clinical needs35. 

The direct adsorption of the spiked plasma samples on NESPRI surface results in non-specific 

adsorption of interfering species present in the biological sample at the functional interface of the 

biosensor. In our case, treatment of the surface with DTT restored the typical NPs@MixRAS-

enhanced response allowing the detection of ~1 aM p.G12D mutated DNA and discrimination 

between p.G12D and wild-type samples (Fig. 7). 



The ctDNA status has been repeatedly found to correlate with, and possibly surrogate for, the RAS 

mutational status in tissue biopsies from CRC patients36,37. However, detection of KRAS mutated 

ctDNA with no correspondence with the mutational status of tissue biopsy has also been repeatedly 

reported38,  expanding the diagnostic implications of LB39.  

Data here reported displays the clinical validity of the NESPRI assay and its ability to discriminate 

between normal and RAS mutated genotype into separate groups (CRC and control group). These 

were shown to be associated with different treatment indications and clinical outcomes28. The assay 

has been shown to exhibit analytical validity also in testing liquid biopsies from CRC patients. 

NESPRI is not subject to several constraints affecting methods currently applied in the clinical 

practice for cancer diagnosis, prognosis and patient follow-up. Current methods require multiple 

primers for each specific type of mutant40, ctDNA or cfDNA to be amplified by PCR, complex 

sample processing and labelling and an input volume of the human plasma that sometimes 

introduces a significative constraint for the application of the liquid biopsy approach to real life 

diagnostics41. NESPRI assay leads to a much simpler assay workflow compared to currently 

available technologies. It minimizes the risk of sample contamination and sample loss and 

significantly reduces the operative time for pre-analytical procedures. Finally, NESPRI multiplex 

analysis capability deriving from its imaging setup and microfluidic management of samples will 

allow straightforward automation of the approach and a low cost per test. 

 

Methods  

Cell lines and human specimens 

Human CRC cell lines HT-29 (All-RAS WT) and LS147T (KRAS p.G12D) genomic DNA 

isolation protocols are elsewhere described27. Blood from healthy donors was obtained from Regina 

Elena Institutional BioBank. Anonymized clinical samples were donated by stage IV CRC patients 

and healthy blood donors, as described28. The study was approved by the IRCCS Regina Elena 

National Cancer Institute Ethical Review Board (authorization ID #CEC/541/15). Briefly, 



conventional histological sections (5 μm-thick) from a representative formalin-fixed, paraffin-

embedded (FFPE) tumor tissue block were stained and assessed by an expert pathologist for a 

tumor fraction ≥70%. Tissue DNA was extracted from deparaffinized sections by the QIAmp DNA 

FFPE Tissue Kit (Qiagen) according to the manufacturer’s instructions. Blood (20 ml) was drawn in 

BD Vacutainer K2EDTA tubes. Plasma and cfDNA were obtained, handled, processed and purified 

as described28, the latter using the QIAmp circulating nucleic acid kit (Qiagen). All gDNAs and 

cfDNAs were KRAS genotyped by targeted NGS: the former with with the 50-gene Ion 

AmpliSeq™ Cancer Hotspot Panel v2; the latter with the 52-gene Oncomine Pan-Cancer Cell-Free 

panel (both from Thermofisher Scientific), as per manufacturer’s instructions. KRAS genotyping 

was confirmed by specific digital PCR (dPCR) assays using as templates either gDNA (20 ng) or 

ctDNA (from 0.5 mL of plasma) in the chip-based QuantStudio™ 3D Digital PCR System (Life 

Technologies). 2D plots (WT/MUT) were automatically elaborated using the on-board Thermo 

Fisher Cloud Analysis Suite Variant. Allelic Frequencies (VAF) were similarly (+/- 1.5%) 

estimated by NGS and dPCR. The complete list of indexed and custom-designed dPCR assays is 

presented in Supplementary Table S3. 

Design and synthesis of PNA probes for RAS mutations 

The PNA sequence selection was made according to the above mentioned Tm predictions, and 

evaluation of possible interferent by BLAST search. The presence of self-paired sequences was also 

minimized since these are known to prevent interaction with complementary DNA. Two 2-(2-

aminoethoxy)ethoxyacetic acid (AEEA) linkers were added at the N terminus of PNA probes to 

increase the accessibility of the target DNA, according to our previous studies using microarray 

technology42. All PNAs were produced using automatic solid-phase synthesis with standardized 

protocols43, purified by HPLC and characterized by UPLC-MS, as described previously44, for purity 

and identity assessment (see Supplementary Figures S3-S17 for full characterization). 

NESPRI measurements 



We performed NESPRI experiments at room temperature and using an SPR imager apparatus 

(GWC Technologies, U.S.A.) and analyzed the detected images by using V++ software (version 

4.0, Digital Optics Limited, New Zealand) and the ImageJ 1.32j software package (National 

Institutes of Health, U.S.A.). SPRI image data (pixel intensity, 0255 scale) were converted into 

percentage of reflectivity (%R) using the equation %R = 100  0.85Ip/Is where Ip and Is refer to the 

reflected light intensity detected using p- and s-polarized light, respectively. Experiments were 

carried out by sequentially acquiring 15 frames averaged SPR images with 5 s time delay between 

them. We obtained kinetic data plotting the difference in %R (Δ%R) from selected regions of 

interest of SPR images as a function of time. A microfluidic device with six parallel microchannels 

(80 μm depth, 1.4 cm length, 400 μm width) was used for the study, to allow independent control of 

interactions occurring on six different regions of the NESPRI gold chip surface. The device was 

fabricated in poly(dimethylsiloxane) (PDMS) polymer by replica molding45. PEEK tubes 

(UpChurch Scientific) were inserted into the microfluidic device to connect the microfluidic cell to 

an Ismatec IPC (Ismatec SA, Switzerland) peristaltic pump. A refractive index matching liquid was 

used to obtain the optical contact between the gold chip and the prism. 

Gold surface modification 

Gold chips (Xantec Bioanalytics, Germany) functionalized with DTSP, were used to immobilize 

PNA-WT and PNA-Mut probes. We obtained DTSP functionalization as follows: a bare gold chip 

was treated with UV/ozone for 5 min, then washed with ethanol for 10 min and dried under a 

nitrogen stream. The cleaned chip was immersed for 48 h in DTSP solution (4 mM in DMSO) 

under constant and gentle agitation at 23°C. The modified chip was then thoroughly rinsed with 

ethanol. PNA-WT and PNA-Mut probes were immobilized on DTSP-modified gold chips through 

amine-coupling reaction between N-hydroxysuccinimidyl (NHS) ester ends of DTSP and the N-

terminal group of (AEEA)2 linker. The spatially separated immobilization of PNA-WT and PNA-

Mut probes was obtained by injecting PNA-WT or PNA-Mut solutions (0.1 μM in PBS, flow rate 



10 μL min-1) into the parallel channels of the microfluidic device in contact with the DTSP-

modified gold surface. 

Nanoparticles synthesis and functionalization 

We obtained AuNPs using the citrate reduction of tetrachloroauric acid method elsewhere 

described46. We used Milli-Q purified water and analytical grade reagents. Glassware was cleaned 

with aqua regia (3:1 mixture of concentrated HCl and HNO3) and piranha solution (3:1 mixture of 

concentrated H2SO4 and 30% H2O2), rinsed with water and dried under a stream of nitrogen to 

avoid unwanted nucleation during the synthesis, as well as aggregation of gold colloids. 

The procedure provided monodispersed spherical AuNPs with an average diameter of 15 nm and a 

surface area availability per nanoparticle of about 625 nm2. Properties of dispersed nanoparticles 

were also determined by optical extinction spectroscopy, dynamic light scattering (DLS) and ζ-

potential (Supplementary Table S5) 

We obtained functionalized AuNPs with high colloidal stability and facile chemical functionality by 

passivation with polyvinylpyrrolidone (PVP) polymer. PVP is an amphiphilic polymer bearing a 

hydrophobic chain and highly polar pyrrolidone side groups. After adsorption of PVP on AuNPs 

surface, highly polar side groups are densely exposed at the surface of the modified nanoparticles 

(NPs@PVP). The passivation provides excellent colloidal stability. Modified AuNPs are stabilized 

in PBS up to more than 14 months. Streptavidin (SA) was then adsorbed on NPs@PVP and 

biotinylated oligonucleotides immobilized on NPs@PVPSA. We selected oligonucleotide to be 

immobilized on NPs@PVPSA by identifying sequences that, in combination with PNA probe 

sequence, have less mutually interfering sequences in the human genome. NP@MixRAS were 

obtained by immobilizing three different oligonucleotides (Table 2) on NPs@PVPSA and using the 

protocol described in detail in Supplementary information. (Supplementary Section S2). 

Optical absorption spectra of AuNPs dispersions before and after the functionalization with the 

selected oligonucleotide are shown in Supplementary Fig. S18 and Table S6. 

Plasma samples processing protocol 



Wild-type or mutated human plasma samples, 1:10 diluted with Proteinase K buffer (20 mM Tris 

HCl, 1mM CaCl2, 50% glycerol, pH 8), were treated by incubating the unprocessed samples or 

p.G12D spike-in samples, with 35 µM ProK (20 µL in 400µL ProK at 20 mg/mL) for 1.5 h at 37C 

under gentle agitation. We used human plasma centrifuged at 16000 g for 20 minutes at 4°C. Before 

NESPRI analyses, gDNA or cfDNA and ctDNA in plasma samples were fragmented by sonication 

(3 min, ELMA Transsonic T480/H-2) and vortexing (1 min, IKA Vortex GENIUS 3) and denatured 

by heating at 95 C for 5 min. Strands re-association was prevented by cooling on ice samples (1 

min) before their introduction into NESPRI microfluidics apparatus.  
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