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A B S T R A C T

Here we present a gold nanorod-based platform for the sequence-specific detection of circulating tumor DNA
(ctDNA) point mutations without the need for amplification or fluorescence labeling. Peptide nucleic acid probes
complimentary to the G12V mutation in the KRAS gene were conjugated to gold nanorods, and the localized
surface plasmon resonance absorbance through the sample was measured after exposure to synthetic ctDNA at
various concentrations. Each step of the reaction was thoroughly controlled, starting from reagent concentra-
tions and including conjugation, sonication, and incubation time. The platform was evaluated in both buffer and
spiked healthy patient serum, demonstrating a linear working range below 125 nanograms of ctDNA per mil-
liliter solution, and an effective limit of detection of 2 nanograms of ctDNA per milliliter. A clear distinction
between mutant and wild type synthetic ctDNA was also found using this platform. In order to improve upon the
selectivity of the sensor, a DNA hybridization simulation was performed to understand how the addition of
mutations to the peptide nucleic acid probe could enhance the selectivity for capture of mutant over wild type
sequences. The top candidate from the simulations, which had an additional mutation two base pairs away from
the mutation of interest, had a significant impact on the selectivity between mutant and wild type capture. This
paper provides a framework for sequence-specific capture of ctDNA, and a method of improving selectivity for
desired point mutations through careful probe design.

1. Introduction

Cancer is a leading cause of death in the United States and world-
wide, with more than 1.5 million new cases and 600 thousand deaths in
the US alone projected in 2018 (Siegel et al., 2018). While much of
cancer research focuses on developing new therapies and imaging
modalities, there is general agreement among healthcare providers that
earlier diagnosis and better monitoring of cancer could reduce the
number of cancer mortalities each year. Current cancer diagnosis takes
into account a combination of patient symptoms, imaging, and tissue
biopsy, but can be costly, invasive, and time-intensive for the patient
(Tadimety et al., 2017b). Liquid biopsy is a promising technique that
harnesses biomarkers circulating in a biofluid, rather than in a tissue
sample, to characterize the tumor (Hao and Zhang, 2017; Tadimety
et al., 2018; Tadimety et al., 2017a). This process could have a number
of advantages relative to the conventional clinical workflow, including

minimal invasiveness for the patient, quicker time-to-result, and the
ability to screen without knowing the primary tumor type.

Liquid biopsy looks at a range of biomarkers including circulating
tumor cells, exosomes, circulating nucleic acids, and proteins (Anker
et al., 1999; Egatz-Gomez et al., 2016; Jia et al., 2015; Zhang et al.,
2017). All are shed off of the tumor into the bloodstream and peripheral
body fluids, and there are a number of technologies looking to capture
and analyze these biomarkers (Chen et al., 2015; Hoshino et al., 2015;
Joshi et al., 2015; Ozkumur et al., 2013). Circulating tumor DNA
(ctDNA) is one such biomarker that is thought to be clinically relevant
because it can inform about both the genetic and epigenetic changes
taking place in the tumor at a single time point, as it has a very short
half-life in peripheral blood (Bettegowda et al., 2014; Jiang and Lo,
2016). One mutation hotspot that is commonly studied is exon 2 of the
KRAS gene, a gene that is implicated in a number of cancers including
pancreatic ductal adenocarcinoma, which is associated with extremely
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poor prognosis (López et al., 2016; Tadimety et al., 2017b).
Due to the low concentration of ctDNA and relatively low percen-

tage of mutant ctDNA, both the sensitivity and specificity of the sensor
are critically important. The most common current methods of ctDNA
detection include the use of digital polymerase chain reaction (PCR),
droplet digital PCR, or next generation sequencing to detect and
quantify circulating tumor DNA and clinically relevant mutations
(Dawson et al., 2013; Kinugasa et al., 2015; López et al., 2016; Sausen
et al., 2015). These methods require amplification and thus have a time-
to-result in the range of hours, and can be cost prohibitive, requiring
expensive equipment and technician time.

One promising strategy that can be used to develop a high sensi-
tivity sensor is plasmonics, an optical phenomenon arising from the
interface between metal and dielectric (Guo and Kim, 2012; Lin et al.,
2016; Sepúlveda et al., 2009). Gold nanoparticles exhibit a number of
plasmonic phenomena, including localized surface plasmon resonance
(LSPR), Rayleigh scattering, the scattering of light by particles, and
Raman spectroscopy, the scattering of molecules as they adsorb onto
nanostructured surfaces (Braun et al., 2007; Im et al., 2013; Ngernpimai
et al., 2018). LSPR in particular presents a straightforward and direct
label-free method of detecting specific ctDNA sequences. These prop-
erties offer further benefits over other mentioned plasmonic systems
including enhanced field confinement, higher sensitivity, and ease of
use (Brolo, 2012).

The highly confined electric fields of the LSPR modes on the na-
noparticles serve as a sensitive transducer to changes in the local di-
electric environment of the nanoparticle. Because of the relationship
between the resonance of the particle and the local refractive index,
LSPR sensors have been shown to demonstrate increasing wavelength
spectral resonant shifts to monolayers of increasing size (Mayer and
Hafner, 2011). The Drude model shows that the peak LSPR energy
decreases with increasing refractive index, and red shifted plasmon
resonances are lower energy: this is consistent with layers binding to
the nanoparticle causing red shift in the plasmon resonance (Mayer and
Hafner, 2011). To apply this principle to a selective biosensor, the
sensor is appropriately functionalized to selectively capture the bio-
marker of interest, and the nanoparticles will exhibit successive red-
shifts in the optical response with increasing biomarker concentration
(Joshi et al., 2015; Ma et al., 2015; Nguyen and Sim, 2015). Single
molecule detection has been demonstrated using the LSPR principle
(Taylor and Zijlstra, 2017).

In this paper, we propose a gold nanorod-based plasmonic detection
workflow including a description of conjugation and sensing protocols,
and demonstration of a novel capture probe design process. As shown in
Fig. 1, the platform uses a peptide nucleic acid (PNA) probe that is
specific to the point mutation of interest conjugated to gold nanorods.
The results walk through an iteration of existing standard EDC-NHS

cross-linking protocols to determine the ideal concentration and in-
cubation times. Then selective biosensing is demonstrated, along with a
strategy to improve the selectivity for the mutant allele over the wild-
type through hybridization simulations. Ultimately, this paper provides
a framework for the design of highly sensitive and selective sensors for
quantitation of ctDNA from a serum sample and calculation of mutant
allele fractions.

2. Material and methods

2.1. Reagents and buffers

Carboxylated gold nanorods with dimensions 40 nm × 124 nm and
a longitudinal resonance peak at 780 nm were used (Nanopartz Inc).
Baseline absorbance in TE buffer (10mM Tris-HCl and 0.1mM EDTA,
ThermoFisher) and 10mM CTAB surfactant were measured prior to
starting conjugation to acquire the starting absorbance spectrum. All
absorbance measurements were taken of 2uL sample on the Tecan
NanoQuant Plate using the Tecan Spark 10M Microplate Reader with a
wavelength range between 400 nm and 1000 nm and a step size of
1 nm. 15 bp HPLC-purified PNA probes functionalized with a free amine
group were purchased (PNABio) with the G12V KRAS mutation cen-
tered and were stored diluted to 100 μM in molecular grade water. An
activation buffer was made in-house using molecular grade water,
0.1 M MES and 0.5M NaCl and buffered to pH 6.0 (ThermoFisher).
41 bp synthetic ctDNA oligonucleotides were purchased from
Integrated DNA Technologies (IDT) and were suspended and stored in
sterile TE buffer to a final concentration of 100 μM. The sequences of
each of these probes is listed in the Supplementary Information.

2.2. PNA conjugation onto gold nanorods

The nanorod conjugation protocol was modified from a number of
sources describing standard EDC-NHS crosslinking chemistry (Jazayeri
et al., 2016; Lohse et al., 1999; Ray and Nordén, 2000; Wang et al.,
2003; Wang and Sim, 2006; Zhang and Appella, 2010). The pH was
carefully controlled through the process so that the EDC-NHS coupling
occurred at pH of 6.0, but the PNA conjugation occurred at physiolo-
gical pH of 7.0. This was done through the use of an activation buffer at
pH of 6.0 and the addition of a carbonate-bicarbonate buffer to bring
the pH to 7.0 for the PNA coupling. The ctDNA binding occurred in
serum or Tris-EDTA (TE) buffer at a pH close to 7.5, as described in
Section 2.4.

375mM stock of 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC) and 937.5 mM N-hydroxysuccinimide (NHS) stock were prepared
in molecular grade water (Sigma Aldrich). 20 μL of carboxylated 40 nm
rods with a baseline absorbance at 780 nm were placed into a low

Fig. 1. (a) Gold nanorods in patient fluid sample with probe complimentary to ctDNA of interest. (b) ctDNA hybridization onto PNA on gold nanorod. (c) Resonant
red shift in the absorbance through the sample upon ctDNA binding to the PNA probe at the gold nanorod surface, with the blue curve representing the resonance
before binding, and the red curve after.
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retention Eppendorf tube (Fisher Scientific) and centrifuged at
6000 rpm for 8min to separate the particles from the solution. The
supernatant was removed and 100 μL of 10mM cetyl-
trimethylammonium bromide (CTAB) was added to redisperse the rods.
The rods were then sonicated in ice cold water, and the starting spec-
trum was measured before the rods were centrifuged once again. Once
the rods had pelleted, 1 μL each of the EDC and NHS solutions were
added along with 98 μL of activation buffer and incubated together for
15min while mixing. After this activation step, the nanorods were
centrifuged once again to remove excess NHS in the supernatant before
addition of 2.4 μL of the peptide nucleic acid (PNA) and 97.6 μL of
Activation buffer raised to a pH of 7.0 (using carbonate-bicarbonate
buffer). The reaction tube was sonicated in ice cold water until na-
norods were resuspended, and the reaction was allowed to proceed for
two hours at room temperature. After incubation, the resulting rods
were resuspended using sonication and absorbance was measured to
verify successful conjugation before storing in the fridge for up to a
week.

2.3. PNA hybridization simulations

Peptide nucleic acids (PNAs) were used for sequence-specific cap-
ture of ctDNA in solution due to their stability and specificity to the
sequence of our molecule of interest. PNAs are a structural hybrid be-
tween a protein and a nucleic acid, with the backbone of a protein and
functional nitrogenous bases linked through a tertiary acetamide
(Siddiquee et al., 2015). Importantly, PNAs have been shown to de-
monstrate stronger binding regardless of the salt concentration in so-
lution, and have better strand invasion of duplex DNA targets to form
PNA/DNA duplexes (Siddiquee et al., 2015). The two-state hybridiza-
tion application on DINAMelt, an open resource from the Rensselaer
Polytechnic Institute, was used to determine the binding affinity of the
probes to the DNA sequence of interest under physiological conditions.
A room temperature of 25 °C was used, with a salt ion concentration of
0.14M and a concentration of strands comparable to those used in
testing. A range of mutations including the central mutation at
c.35G>T were used with increasing distance from the mutation of
interest. The application returned the calculated melting temperatures
for the probe-ctDNA duplexes for the 41 bp wild type and mutant se-
quences, demonstrating the binding affinity for the duplexes.

2.4. Synthetic ctDNA capture in buffer and spiked healthy patient serum

ctDNA sensing was demonstrated by incubating conjugated gold
nanorods with known quantities of synthetic ctDNA oligos in either TE
buffer or healthy patient serum. A final gold nanorod concentration of
OD 0.25 was used, which corresponds to a 4.67×109 nanorods/mL, or
about 7.75 pM. The incubation period lasted for 10min. After incuba-
tion, the gold nanorods were sonicated in ice cold water for 20 s before
the absorbance measurement was taken.

All capture measurements were benchmarked using the Qubit 2.0
fluorometer with the Qubit DNA Assay Kit. These experiments were
used to calculate the percentage of starting ctDNA bound to the sensor
to validate the sensor. After the gold nanorods were put in contact with
the synthetic ctDNA oligos for the incubation period, the sample was
centrifuged, and the supernatant collected to quantify the remaining
oligo. The samples were diluted to a working volume of 200 μL and
compared to a small sample of the starting solution to calculate the
amount of starting oligo that had bound to the nanorod sensors.

3. Results and discussion

3.1. Principle of the sensor and workflow

The whole process demonstrated in this paper takes place in solu-
tion, including conjugation, ctDNA binding, and absorbance

measurement after binding. To create a nanoplasmonic sensor starting
from gold nanorods, the first step was to choose a target and optimize
the surface conjugation protocol for ideal sensing. Once the starting
nanorod was acquired, a series of experiments were run to determine
the ideal concentrations and incubation times for maximum surface
conjugation efficiency of PNAs onto the gold nanorod.

After the conjugation protocol was optimized, a range of nanorod
concentrations in solution were tested to determine the optimal con-
centration for ctDNA sensing. The transduction mechanism of the rods
has to do with the electromagnetic wave oscillations at the metal-di-
electric interface. Any binding to the rod changes this oscillation
leading to a change in the peak absorbance wavelength of the nanorod.
To measure this, the nanorods were suspended into solutions with
known concentrations of ctDNA to measure their binding capabilities in
both TE buffer and in spiked serum samples, and the performance of the
sensor was tested. Finally, some work was done to optimize selectivity
through addition of secondary mutations into the PNA sequence to
increase the difference in binding affinity to both the mutant and wild
type target sequences, and this technique was demonstrated both in
simulation and experimentally.

3.2. PNA probe selection for pancreatic ductal adenocarcinoma

Because ctDNA is DNA derived directly from the tumor, it provides a
snapshot of the somatic mutations in the tumor in real time
(Bettegowda et al., 2014). For this proof-of-concept we chose to de-
velop the sensor for pancreatic ductal adenocarcinoma due to its sig-
nificant death rate, which is partially thought to be caused by a lack of
clinically relevant biomarkers and sensitive diagnostics for early de-
tection of disease. For a ctDNA target relevant to pancreatic cancer, the
KRAS mutation was an obvious choice with a prevalence rate of 88% in
pancreatic cancers, and the most common mutations are found in
coding base 35 of exon 2 (Kinugasa et al., 2015; Sausen et al., 2015).
We chose the c.35G>T mutation, which replaces glycine 12 with a
valine (G12V) residue. This particular mutation has a prevalence of
37% in pancreatic cancers, and was the most common mutation in the
KRAS gene from a 2015 clinical study done by Sausen et al. (2015) and
Kinugasa et al. (2015).

To demonstrate the applicability of this platform, we wanted to be
able to quantify the concentration of this mutation and the background
wild type KRAS in a sample at a clinically relevant level. As described
earlier, we chose to use a peptide nucleic acid (PNA) probe compli-
mentary to this particular sequence and attached it to the gold nanorods
through cross linking chemistry. Both the process required for PNA
conjugation to nanorods and the location of the G12V mutation within
the gene are shown in Fig. 2. We also conducted a PNA-DNA binding
simulation to determine the thermodynamic constants of this binding
reaction, as described in the methods. From this simulation, we de-
termined that the melting temperature of the G12V PNA to synthetic
ctDNA of the relevant sequence would have a melting temperature of
47.2 °C compared to 42.5 °C for its binding to the wild type sequence.

3.3. Conjugation optimization

The protocol for conjugation was modified from a number of ex-
isting papers describing the EDC-NHS crosslinking chemistry (Jazayeri
et al., 2016; Lohse et al., 1999; Ray and Nordén, 2000; Wang et al.,
2003; Wang and Sim, 2006; Zhang and Appella, 2010). Because of the
LSPR effects, we expect red shifts (shifts towards the right, longer wa-
velengths) with molecule binding to the surface of the rods, as de-
scribed in the Introduction. In the process of the conjugation, we were
able to benchmark whether the conjugation was working through re-
peated measurements of the absorbance of the gold nanorods.

As seen in Fig. 3a, the removal of the surfactant CTAB and activa-
tion with NHS leads to a slight blue shift in the peak (towards the left)
because the activated NHS molecule is slightly smaller than CTAB
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surfactant. Then, after the PNA conjugation, the absorbance peak shifts
significantly towards the red with a peak around 900 nm and flattens.
This may be explained by the gel-like quality of the PNA probes causing
the nanorods to coagulate into larger clumps, which characteristically
have a peak at higher wavelengths. TEM images of this clumping of
nanorods can be found in the Supplementary Information, and similar
phenomena have been reported in the literature (Kedem et al., 2011).
After contact with the ctDNA oligos the peak shifts back towards about
800 nm as the nanorods successfully disperse again. This significant red
shift and flattening became the expected outcome of a successful con-
jugation and was used in further experiments to determine the con-
jugation success rate.

Next, we tested the correct incubation time to determine how long
the gold nanorods needed to be in contact with the ctDNA to give us the
best output. A nanorod concentration of 0.5 OD was used with a syn-
thetic ctDNA concentration of 50 ng/mL as a starting point for these
experiments. A clear red shift is seen after approximately 10min of
incubation, indicating that 10min is the minimum amount of time for
the ctDNA to bind to the nanorods and transduce a measurable signal,
and that 10min may be optimal (Fig. 3b). The large variance in the data
can be described by the clumping behavior of the nanorods and is
corrected for in later experiments.

Next, we studied the optimal concentration of gold nanorods to use
for sensing, as shown in Fig. 3c. There is a trade off with the con-
centration of nanorods, because the absorbance peak is easier to see
with a higher concentration of gold nanorods, but more nanorods
means more binding sites for ctDNA and therefore a lower sensitivity.
We only tested fairly low concentrations of the gold nanorods in the
final solution and looked into the percent of starting ctDNA that bound
to the sensor at a range of concentrations less than OD 0.5. The na-
norods were put in contact with the ctDNA in solution and after in-
cubation were measured and then centrifuged so that the supernatant
could be collected for ctDNA binding quantitation. From this study we
determined that, as expected, the amount of ctDNA bound on the na-
norods decreases with decreasing nanorod concentration, as there are
fewer binding sites. From this study, a nanorod concentration of OD
0.25 was used for further experiments.

One last experimental parameter that was investigated was the
amount of time that the nanorods were sonicated for dispersal during
testing and after conjugation. We found, as shown in Fig. 3d, that after
approximately 30 s of sonication, there was a blue shift of the nanorod
absorbance peak of about 40 nm, indicating that we can detach the PNA
probe from the gold nanorod with vigorous sonication. To avoid this
from happening, in all future experiments we used no more than 30 s of

Fig. 2. (a) A demonstration of conjugation workflow from bare gold nanorods to PNA conjugation using EDC-NHS coupling (b) A schematic demonstrating the
location of the G12V mutation within Exon 2 of the KRAS gene. Schematic was created using Benchling.
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sonication to disperse the nanorods for measurement.
From this series of experiments, we determined the optimal PNA

conjugation protocol, and the ideal conditions for measurement of
ctDNA binding to the sensor in both buffer and spiked healthy patient
serum samples. The error bars in the figure represent the standard de-
viation of three samples, identifying the range of potential inter-sample
variability. In subsequent experiments, a 10–15min incubation time
was used with a nanorod concentration of OD 0.25 and no more than
30 s of sonication for redispersion of the nanorods.

3.4. ctDNA sensing in buffer and spiked healthy patient samples

Using the optimized conjugation and binding conditions determined
from the experiments described in the previous section, we tested the
average peak wavelength of the sensors in response to a range of syn-
thetic ctDNA. The clinically relevant metric from this test is whether the
sensor binds mutant synthetic ctDNA at a higher rate than it binds the
wild type synthetic ctDNA, because it is important to know the ratio of
tumor-specific mutation present in the patient blood. For this study, we
used the 15 bp PNA that is directly complimentary to the G12V mutant
ctDNA and put the nanosensor in contact with both the exact compli-
mentary 41 bp mutant ctDNA oligo and the 41 bp wild type oligo that
has a single base pair mismatch. We tested nanorods at OD 0.25 and
incubated them with each concentration of ctDNA for 15min before

measurement, centrifugation, and remaining ctDNA quantitation using
the Qubit.

The data from these tests is shown in Fig. 4. In Fig. 4a we show four
representative spectra at a range of synthetic ctDNA concentrations.
The raw data and data with Lowess smoothing is plotted, along with the
peak location calculated from the center of mass. This shows successive
red shifts with increasing ctDNA concentration. We found that with
increasing synthetic ctDNA concentration, we obtained linearly in-
creasing sensor output with peak wavelength (Fig. 4b). We further
found that the sensor bound more mutant DNA than wild type, in-
dicating that the PNA probes showed some specificity for the exact
complimentary sequence over the one with a single base pair mismatch.
We also found, as shown in Fig. 4c, that the gold nanorods bound
significantly more of the mutant ctDNA than the wild type sequence.

We then tested, using the same workflow, healthy patient serum
samples spiked with known concentrations of ctDNA. This study pro-
vided insight into how the sensor would work in the clinic, and whether
there would be any interference or nonspecific binding from other
biomolecules in a serum sample. Another concern was that the na-
norods and ctDNA would not achieve successful binding without an
adequate salt concentration in the serum compared to TE buffer. We
actually found that the sensor performance was unimpaired in serum
samples, indicating that it can be easily translated to cancer patient
samples for testing (Fig. 4d). One concern with this data is that there is

Fig. 3. (a) A demonstration of slight blue shift upon NHS activation, and then significant red shift and flattening after PNA conjugation (b) A demonstration showing
that the sensor output reaches the expected output wavelength after about 10min, indicating that 10min is the correct incubation time (c) A demonstration of effects
of nanorod concentration on percent DNA bound, showing that OD 0.25 is ideal for testing (d) Sonication stability testing showing that 30 s is the maximum
sonication time based on the blue shift at 40 s and after indicating removal of the PNA probes.
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not as much specificity, or discrimination between the mutant ctDNA
and the wild type ctDNA as desired. We simulated the hybridization
reactions to determine a way to design a PNA that improved upon the
specificity of the exact complimentary sequence.

3.5. PNA-DNA hybridization simulations

In this section we sought to simulate the PNA-DNA binding to better
design the PNA probe for specific capture of the G12V (c.35G>T)
mutation versus the wild type. In all the trials run prior, the PNA used
was exactly complimentary to the c.35G>T mutation, meaning that it
had no mismatch with the mutant ctDNA, and one base pair mismatch
with the wild type sequence. While this worked well for detecting
synthetic ctDNA of increasing concentrations, the specificity for the
point mutation of interest could be improved. This would manifest in
the output as a larger gap between the mutant binding spectra peak and
wild type binding spectra speak at the same concentrations. We were
interested to see if the addition of mutations into the PNA (thereby
giving 1 bp mismatch with the mutant and 2 bp mismatch with the wild
type) would change the thermodynamics of the reaction enough to
improve the selectivity.

Fig. 5 shows the results of this simulation in both numerical and
graphical form. In panel Fig. 5a, each row represents a PNA with a
different mutation and shows the melting temperature of each PNA

with both the mutant and the wild type. The key candidates are those
with the largest difference in melting temperature between the mutant
and the wild type, indicating that the reaction is significantly more
thermodynamically favoring binding with the mutant sequence. These
are shown in color on the table and have additional mutations 2 base
pairs removed from the c.35G>T mutation of interest.

This data is demonstrated in graphical form in Fig. 5b. The curves
show two candidates which have a significantly high difference in
melting temperature as the two higher points in the curve in Fig. 5b.
These candidates are projected to have such a low binding affinity to
the wild type sequence that they could improve selectivity to the mu-
tant over the wild type. We also show the binding and mismatches in
Fig. 5c, demonstrating where each of the mismatches is in relation to
both the mutant and the wild type ctDNA sequence for the compli-
mentary PNA and this new PNA with the additional mutation.

3.6. Improved PNA design hybridization testing

The simulation described in this section provided a new 15 bp PNA
candidate that could improve selectivity of the sensor due to an added
mutation that makes the thermodynamics of binding to the wild type
sequence very unfavorable. We went through a similar process to the
above steps and conjugated the gold nanorod with the new PNA can-
didate to determine if it improved the specificity of binding. We then

Fig. 4. Results of the synthetic ctDNA testing at a range of concentration. (a) Spectra for four concentrations of synthetic DNA in buffer. Raw data and data with
Lowess smoothing overlaid in bold, and peaks marked and noted in the key (b) sensor output for three samples each of mutant and wild type ctDNA at three
concentrations, demonstrating higher binding rate of mutant than wild type sequences, and a linear sensing working range (c) percentage of ctDNA binding rate,
demonstrating that more of the mutant ctDNA was bound (d) sensor output for three samples of mutant ctDNA at four concentrations in spiked healthy patient serum.
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tested the binding of these new nanorods to three concentrations of
mutant and wild type synthetic ctDNA in TE buffer using the same
parameters as earlier. As shown in Fig. 6, we found a significant

improvement in the selectivity of the sensor, which manifested as a
larger gap between the sensing lines for the mutant and wild type
samples. With the old complimentary PNA there was some overlap of

Fig. 5. Results of the Melting Temperature Simulation
using DINAMelt. (a) Results of the Melting
Temperature Simulation using DINAMelt. Each row
represents a different PNA sequence with an added
mutation. The first row shows the PNA complimentary
to the G12V mutation. The two rows highlighted de-
monstrate the largest difference in binding affinity
between the mutant and wild type sequences. (b) The
melting temperature for both the mutant and wild type
for each of the tested probes. Below is the difference of
the melting temperatures, showing two mutations that
are good candidates due to their large difference in
melting temperature between the mutant and wild
type (c) A visual representation of how the original
PNA complimentary to the mutation and one of the
new PNA candidates binds to both oligos, showing the
additional mismatch on the wild type ctDNA oligo.
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signal as indicated by the error bars, particularly at a concentration of
62.5 ng/mL. With the new PNA there is a much clearer distinction be-
tween the linear sensing output for the mutant and the wild type se-
quences, and this difference is statistically significant (p < 0.01). This
data is very promising because it shows the importance of probe design
in affecting the thermodynamics of the capture reaction and eventually
the selectivity of the device. This strategy could be very useful in future
studies that are trying to elucidate allele variant frequency and differ-
entiate point mutations from a background of wild type DNA molecules.

4. Conclusions

In this study, we demonstrate the development and optimization of
a nanoplasmonic ctDNA for label-free detection of point mutations in
the KRAS gene associated with pancreatic ductal adenocarcinoma. We
are able to discriminate between the mutant and the wild-type sequence
of the KRAS gene using gold nanorods in solution and were able to
establish a detection range in the tens of nanograms per milliliter of
buffer or patient serum. We demonstrated a linear working range for
the device below 125 ng/mL ctDNA, and an effective limit of detection
of 2 ng/mL in solution. We used a hybridization simulation method to
improve the selectivity of PNA binding through the addition of another
point mutation designed to make binding to the wild type ctDNA un-
favorable. From the simulations, we selected a candidate with a large
expected difference in binding affinity, and demonstrated a significant
improvement in sensor selectivity with a p < 0.01.

The promising results presented here pave the way to achieve
multiplexing and arrayed sensor designs. Current multiplexing ap-
proach to capture multiple sequences of ctDNA would involve multiple
testing tubes but could be accomplished through integrating the prin-
ciples described in this paper on-chip. In addition, the single sensor
element can be scaled up to a sensor array, making smaller changes
easily detectable at tunable spatial-temporal scale, to elucidate at ex-
tremely low biomarker concentration. Clinical validation could be de-
signed to characterize a cohort of patient samples and healthy controls
to validate the translational significance of the platform. The techni-
ques demonstrated in this paper provide a strategy for sensitive and
selective detection of a clinically relevant point mutation in the KRAS
gene in both buffer and spiked patient serum.
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