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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a deadly malignancy often detected at an advanced
stage. Earlier diagnosis of PDAC is key to reducing mortality. Circulating biomarkers such as
microRNAs are gaining interest, but existing technologies require large sample volumes,
amplification steps, and extensive biofluid processing, lack sensitivity, and are low-throughput.
Here, we present an advanced nanoplasmonic sensor for highly sensitive, amplification-free
detection and quantification of microRNAs (microRNA-10b, -let7a) from unprocessed plasma
microsamples. The sensor construct utilizes uniquely-designed -ssDNA receptors attached to
gold triangular nanoprisms, which display unique localized surface plasmon resonance (LSPR)
properties, in a multi-well plate format. The formation of -ssDNA/microRNA duplex controls the
nanostructure-biomolecule interfacial electronic interactions to promote the charge
transfer/exciton delocalization processes and enhance the LSPR responses to achieve attomolar
(1078 M) limit of detection (LOD) in human plasma. This improve LOD allows the fabrication of
high-throughput assay in a 384 well plate format. The performance of nanoplasmonic sensors for
microRNA detection was further assessed by comparing with qRT-PCR assay of 15 PDAC patient
plasma samples that shows a positive correlation between these two assays with the Pearson
correlation coefficient value >0.86. Evaluation of >170 clinical samples reveal that oncogenic
microRNA-10b and tumor suppressor microRNA-let7a levels can individually differentiate PDAC
from chronic pancreatitis and normal controls with >94% sensitivity and >94% specificity at 95%
confidence interval (CI). Furthermore, combining both oncogenic and tumor suppressor
microRNA levels significantly improve to differentiate PDAC stages | & Il versus Il & IV with >91%
and 87% sensitivity and specificity, respectively, in comparison to the sensitivity and specificity
values for individual microRNAs. Moreover, we show the that the level of microRNAs varies
substantially in pre- and post surgery PDAC patients (n = 75). Taken together, this ultrasensitive
nanoplasmonic sensor with excellent sensitivity and specificity is capable of assaying multiple
biomarkers simultaneously and may facilitate early detection of PDAC to improve patient care.

Keywords: localized surface plasmon resonance, nanoplasmonic sensor, interfacial charge
transfer, high-throughput assay, microRNA, unprocessed plasma, pancreatic cancer, early
detection



Pancreatic ductal adenocarcinoma (PDAC), commonly known as pancreatic cancer, is a
deadly malignancy with a 11% five-year survival rate." PDAC symptoms are vague, such that 80-
85% of patients are diagnosed at later stages when the cancer has invaded surrounding vessels
and metastasized.? ® Resection of small, localized and potentially curable tumors improves the 5-
year PDAC survival rate to ~60%.*” PDAC is predicted to be the second leading cause of cancer-
related death by 2030;7 therefore, there is an urgent and unmet clinical need for more reliable
detection technology for screening and diagnostic purposes to reduce mortality. Additionally,
other gastrointestinal conditions such as chronic pancreatitis (CP) can confer increased risk for
developing PDAC, emphasizing the importance of early detection in high risk patient populations.®

Lack of reliable blood markers capable of early PDAC detection reduces potential
screening effectiveness. Currently, the blood marker carbohydrate antigen 19-9 (CA19-9) is used
for treatment monitoring of PDAC with <76% and 78% sensitivity and specificity, respectively, at
95% confidence interval (Cl).° To increase patient survival and achieve cost effectiveness, a
minimum of 88% biomarker sensitivity and 85% specificity are required.'® Furthermore, CA19-9
is not specific for PDAC because an elevated level may be associated with CP."" Moreover, ~15%
of PDAC patients are Lewis blood group negative, therefore lacking the ability to produce
detectable levels of CA19-9." "2 Together, it is an unreliable biomarker for early PDAC detection.
To obviate these current challenges, liquid biopsies are being developed for circulating tumor

21,22 and extracellular vesicles®® ?* for earlier

DNAs,™ * microRNAs,'*'® proteins,'® 2° tumor cells,
detection of PDAC. These advanced techniques possess inherent challenges such as low
specificity and sensitivity and the lack of high-throughput capability, limiting their utility in
population-based translational research and in the clinical setting. Therefore, it is of paramount
importance to develop a simple but ultrasensitive and highly selective technology that can detect
and quantify multiple biomarkers in larger patient cohorts.

MicroRNAs are small single stranded, non-coding RNAs consisting of 18-25 nucleotides
that play major roles in cell proliferation, survival, migration, invasion, and metastasis in various
cancers.?>?” They are present in the blood circulation and are remarkably stable in plasma and/or
serum, and resistant to RNase activities.?® 2° Furthermore, microRNAs are also stable for multiple
numbers of freeze-thaw cycles.*® Additionally, their variable expression levels in blood plasma
can differentiate PDAC from healthy individuals (normal control, NC).3' Reverse transcriptase-
polymerase chain reaction (RT-PCR), DNA microarrays, and sequencing technologies are widely
used microRNA assay techniques. The clinical utility of these techniques is hampered by three
practical challenges: (i) requirement of large sample volume; (ii) time-consuming RNA/DNA

isolation form biofluids, followed by further amplification; (iii) inadequate assay sensitivity,



specificity, and accuracy for low-abundance biomarkers.*? Fluorescence-33, colorimetric-34, and
electrochemical-based35, 36 capture probes can assay microRNAs without amplification and/or
extraction process for clinical diagnosis, however these techniques require large sample volume,
lack high-throughput capabilities, and/or display insufficient sensitivity and specificity required in
the clinical setting.®’

To address the shortcomings of these existing approaches, here, we report the
development of an amplification-free and label-free, solid-state nanoplasmonic sensor for high-
throughput analysis of unprocessed clinical plasma samples. We utilized the unique localized
surface plasmon resonance (LSPR) property of gold triangular nanoprisms (Au TNPs) covalently
attached onto the glass-bottom of a 384 well-plate. The first LSPR-based biosensor had
constructed nearly three decades ago,*® * however, to the best our knowledge, this label-free
sensing approach has yet to be implemented in a 384 well format to prepare an LSPR-based,
solid-state detection technology capable of performing high-throughput assay in real-world
samples. Although biosensing based on photonic crystals and resonant waveguide, while utilizing
384 microplates were developed,40, 41 to the best of our knowledge, this is the first LSPR-based
approach utilizing a 384 well-plate format. The fundamental working principle of this plasmonic-
based technology is based on an LSPR spectra shift of -ssDNA-modified Au TNPs upon
hybridization with microRNAs.** ** Herein, we show a new approach of enhancing the LSPR
sensitivity where modification of -ssDNA with programmably selected organic ligands markedly
enhanced the sensitivity (attomolar range) as a consequence of increased charge transfer at the
nanostructure-biomolecule interface in solid-state.

Uniquely, our nanoplasmonic sensors demonstrate excellent sensitivity and specificity of
the microRNA markers in cohorts of individuals without pancreatic disease (NC, n=60), with CP
(n=35) and with PDAC (n=90, stage I-IV cancer) from blood plasma samples. Although, large
cohort studies involving qRT-PCR-based assay of circulating microRNAs for early detection of
pancreatic cancer have been conducted,44, 45 to the best of our knowledge, this the largest
cohort study has been reported where microRNAs are detected and quantified using label- and
amplification-free detection approach. The sensitivity and specificity of the combined biomarkers
for differentiating between PDAC stage | & Il versus CP and PDAC stage | & Il versus Il & IV
markedly improve compared to each microRNA alone. Our results are a significant advancement
in earlier PDAC detection because qRT-PCR-based plasma assay demonstrated that either
microRNA-10b or -let7a can differentiate PDAC from normal control, but they are not able to
distinguish different stages of PDAC.** Moreover, the microRNA expression levels in matching

pre- and post-surgery PDAC plasma samples show striking differences, further confirming their



specific association with PDAC and suggesting potential tumorigenic roles. Our results
demonstrate that this amplification-free, high-throughput method detecting and quantified
microRNAs in microplasma samples can be used in clinical diagnostic setting not only for PDAC

but also for a wide range of cancers and other diseases.

Results
Development of a high-throughput nanoplasmonic sensor for microRNA assay. When light

interacts with metal nanoparticles (MNPs), the incident electric field drives the collective oscillation
of their conduction electrons known as localized surface plasmon resonances (LSPRs). The
LSPR-active MNPs are considered as nanoantennas because they can transfer and condense
far-field electromagnetic (EM) energy into near-field “hot-spots” at the surface of MNPs. Thus, the
LSPR and EM both depend on MNP size and shape, and their local dielectric environment.3 3°
Recently, we reported the fabrication of a nanoplasmonic sensor in a 96-well format for highly
selective microRNA detection and quantification from 10 uL cancer patient plasma samples with
attomolar (aM, 107" M) limit of detection (LOD, defined as mean of blank + 3 o, 0 = standard
deviation of blank) where an individual well can be considered as a single nanoplasmonic sensor.
Utilizing the basic designer approach, we further improved the fabrication strategy to construct
the first plasmonic-based biosensors in a 384-well format (Figure 1a). The nanoplasmonic sensor
fabrication involved two steps (Figure 1b): (i) chemical attachment of colloidally-synthesized, ~42
or 55 nm edge-length Au TNPs onto mercaptomethoxysilane-modified glass substrate (Figure
1¢,d and Supporting Figure 1, a detailed description of the nanoplasmonic sensor fabrication is
provided in the Method Section); (ii) covalent functionalization of TNP surface with a mixture of
thiolated single-stranded DNA (-S-(CHz)3-ssDNA) as a receptor and polyethylene glycol thiolate
(-S-PEG4) as a spacer. The -S-PEG;4 also served as blocking agents to reduce fouling effects,
which is defined as competing adsorption of unwanted biomolecules at the surface of MNPs.*® Au
TNPs are special nanoantennas with excellent LSPR properties. The finite-difference time-
domain (FDTD) simulation showed near-field enhancement at sharp corners and edges that
together increases the sensitivity (Figure 1e,f).*”*® Their atomically flat surface, which allows the
formation of uniform self-assembled monolayers (SAM) of receptor and spacer molecules to
reduce unwanted adsorption of biomolecules onto the surface of Au TNPs from human biofluids.
Gold-thiolate (Au-S-) bonds are highly stable, which is also important for long-term stability and
reproducibility of the nanoplasmonic sensor. Finally, depending on the edge-length, colloidal
solutions of our synthesized Au TNPs display an LSPR dipole peak (A.spr) in the 750-850 nm

region (Supporting Figure 2) which is important to avoid spectra interference from water



adsorption, specifically crucial for biosensing applications.** The nanoplasmonic sensing
mechanism involves direct hybridization between -ssDNAs and target microRNAs to form a
DNA/RNA duplex, which increases the refractive index around the TNPs and facilitates
delocalization of plasmon excitons®, that together influence the Aispr position by shifting it to
longer wavelengths (red shifts) in a 384-well format (Supporting Figure 3 ). The nanoplasmonic
sensor in a 384-well format was utilized to assay microRNA-10b and the LOD, calculated from
the total LSPR shift (AkLspr = ALsPR, microRNA = ALSPR, ssonA) VErsus the microRNA concentration, was
calculated to be 2.5 femtomolar (fM, 10™"® M) (Figure 1h, Supporting Figure 4, Table S2). We
also calculated the limit of quantification (LOQ) for each system, and the values are provided in
Table S2.
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Figure 1. Fabrication of a high-throughput nanoplasmonic sensing platform for microRNA detection
and quantification. (a,b) Schematic showing the fabrication of nanoplasmonic sensing platform where
microRNA attachment to individual sensor and formation of —ssDNA/microRNA duplex causes an LSPR
(spectra) shift, which is measured to quantify the amount of microRNAs present in the patient biospecimens.
(c,d) Atomic force microscopy images of 42 and 55 nm edge length Au TNPs. Electric (E/Eo) near-field
patterns generated using FDTD calculations of (e) 42 and (f) 55 nm edge-length Au TNPs. (g) UV-vis
extinction spectra of silanized glass substrate-attached 55 nm edge length Au TNPs (blue curve, 859.1



nm), after -S—(CHz)s-ssDNA-10b- and —S-PEGs functionalization (green curve, 882.1 nm), and after
incubation in a 100 nM microRNA-10b solution (orange curve, 893.1 nm). (h) Limit of detection calculated
from an average AiLspr Of six measurements for microRNA-10b assay utilizing 42 and 55 nm edge length
Au TNPs.

The LOD for the 384 well-plate is nearly three orders of magnitude higher than the
nanoplasmonic sensor previously constructed with a 96-well plate,®" which could be due in part
to a lower number of microRNAs in the small sample volume, total 120 and 300 pL for 384- and
96- well, respectively, and a smaller nanoplasmonic sensor area. To achieve our first goal towards
analyzing microRNAs in microliter biofluids, particularly for tumor suppressor microRNAs, it is
extremely important to improve the assay sensitivity. Therefore, we used ~55 nm edge-length Au
TNPs in the current sensor fabrication which resulted in an LOD of 637.7 aM (LOQ = 45 fM) for
microRNA-10b (Figure 1c-h, Supporting Figure S1, Supporting Figure 4A and Table S2). A
large sensing volume and a much red-shifted ALspr (~850 nm in acetonitrile) of 55 nm edge-length
in comparison to 42 nm (~800 nm in acetonitrile) edge-length TNPs are expected to improve the

sensitivity of nanoplasmonic sensors.>?%*

Enhancement of nanoplasmonic sensor performance for PDAC-associated microRNA
analysis. Our overarching goal is to differentiate different pancreatic diseases and achieve early
pancreatic cancer detection utilizing a few microliters of patient biofluids from a large cohort of
samples. There is an unmet need to analyze low abundance microRNAs which may be present
at the disease onset, while maintaining high-throughput capabilities; therefore, improving the
sensitivity of the 384 well-plate nanoplasmonic sensor further is a prerequisite. Increasing the
edge-length of TNPs further should improve the sensitivity, however, that would move A.spr
towards 900-1000 nm region, leading to spectral interference and increasing false responses. To
mitigate such issues while further improving the LOD, we kept TNP edge-length (~55 nm)
constant but modified the structure of -ssDNA. In the LSPR-based analyte detection, the sensing
mechanism exclusively relied on the change in local refractive index.*> *® We believe that for the
microRNA assay, interfacial electronic states between the MNP and attached biomolecules would
play crucial roles to allow charge delocalization,*® similar to DNA-mediated charge transport,®’
and to improve sensitivity. Therefore, we tested the hypothesis that appropriate interfacial dipole
moment would facilitate the transfer of Au TNP electrons in to highly conjugated n-system of -
ssDNA/microRNA duplex, resulting in the modulation of the free electron density and thus shifting
of LSPR peak position. It is known that red-shifting of the LSPR peak of MNPs leads to an

increase of biosensing sensitivity.** ** The proposed charge transfer mechanism, known as



chemical interference damping (CID)%® allows transfer of electrons from MNPs in to the interfacial
electronic states that are formed upon formation of MNP-surface ligand conjugates. According to
Drude-Lorentz model, transfer of MNP electrons will reduce the overall free electron density of
Au resulting in a red shift the LSPR peak.>® Together, the CID effect is controlled by the magnitude
of TNP-ssDNA/microRNA duplex interfacial dipole where a higher interfacial dipole results in
better charge transfer and larger LSPR response.®® We studied this working mechanism by
modifying the -ssDNA backbone, specifically the first thymine nucleic acid present on the 3’ end
of the sequence, with Amino-T and Super-T (Figure 2a). Importantly, attachment of Amino-T and
Super-T to Au TNPs produced ALspr 0f ~886 and 892 nm, respectively. The A spr significantly red-
shifted in comparison to -S—(CH>)s-ssDNA-10b-functionalized (without modification) Au TNPs
(ALspr = 882 nm).

The LODs of microRNA-10b assays for Amino and Super-T modified -ssDNA-10b
receptor were determined to be 381.9 and 83.5 aM, respectively (Figure 2b,c and Table S3).
The calculated LOQ for each system, and the values are provided in Table S3. The sub-
femtomolar detection limit and negligible background response justify our nanoplasmonic sensor
as “highly sensitive bioanalytical sensor.” With the LOD of ~84 aM in PBS buffer, a 10 uL sample
would contain approximately 500 microRNAs. This result is highly intriguing in terms of number
of microRNAs that can be quantified in a small sample volume but is not unique in terms of
detection and quantification capability. Utilizing surface plasmon resonance (SPR) sensors
constructed with gold nanorods, Xue et al., reported LOD of 10 aM where ~30 microRNAs were
detected from 5 uL sample volume.®' Wang and coworkers reported LOD of 100 aM from the
LSPR-based detection of microRNAs.®? Few other LSPR-based nucleic acid detection methods
reported LODs 1-5 pM,% % which ~10° lower than our most improved value of ~84 aM. It is
important to mention that all previously reported methods failed to demonstrate the clinical
applicability of constructed sensors by analyzing real-world samples, which has been carried out
as part of this current work. As shown in Figure 2b, our calibration curve provided linearity of
eleven order of magnitude ranging 10 aM to 100 nM in the logarithmic scale. This extremely large

range of linearity is not too surprising considering previously reported,®" ¢’

plasmonic-based
sensors can display linear dynamic range of 7 to 11 order of magnitudes within the concentration
rage of 100 nM to 1 aM. Perhaps, unique structural and LSPR properties of plasmonic
nanostructures are capable of providing such a large linearity where diffusion kinetics at an
extremely low concentration and supersaturation at a moderately concentration (in nM) can be
avoided. Together, Super T thymine modified -ssDNA-10b resulted in a 7-fold improvement in

LOD compared to the unmodified thymine base. Finally, we determined the binding dissociation



constant (Kq) of -ssDNA/microRNA using a Langmuir isotherm (see Figure S4B) at room
temperature.68 The calculated Ky value of 1.50 x 10° M is in good agreement with the
literature.69, 70 Together, the data further strengthens the validation of our developed calibration
curves. It is important to mention that the -ssDNA/microRNA hybridization with ~20 base-pair
does not fully follow the Langmuir isotherm model because most adsorption experiments were
conducted at room temperature, which is lower than the DNA melting temperature, along with
other factors such as solution pH and ionic strength together can influence to achieve complete
dehybridization of the -ssDNA/microRNA duplex. We plan to investigate this in the future utilizing
our LSPR-based approach.

10



(a) X
HN | X= Oligo-10b

-ssDNA-10b

Super-T

Amino-T

381.9 aM

83.5 aM
0 A0, 9 8 T -6 -5, -4 3 2, A 0 1 2
10710710710710°107107107107107 10” 10" 10 -ssDNA-10b Amino T Super T
Concentration (nM) Oligo-10b
910
(d) (e)
900 - 9004
_ 890 4 8901
£
E 880 £ 880
o
£ 870 8 870+
'} (<—'
850 = P 850 = £
(12 A0D WA AAOP A\et1a
\J NAAE NA 1NPS T et roR! RN
TNPs (TA® roR! croR AU upe’ mic! et
Au Supe 400 o 100 o Sup! “N\ 200 PV

Figure 2. Characterization of the performance of high-throughput nanoplasmonic-based assay with
microRNAs. (a) Structure of sugar ring-attached thymine base in the —ssDNA receptor with different
chemical modifications (X). The figure chemical structure was prepared using ChemDraw Professional 17.0
software. (b) Shift in ALspr peak position (AALspr) of nanoplasmonic sensors as a function of microRNA-
10b concentrations (100 nM to 1 aM) in PBS buffer utilizing —ssDNA-10b (green triangles), Amino-T (red
circles), and Super-T (blue squares) as the receptor molecule. The dotted lines represent blank values
obtained from the average of six measurements. (c) Calculated limit of detections for microRNA-10b assay
as a function of receptor molecules i.e., —ssDNA-10b, Amino-T, and Super-T. (d) Specificity test of
microRNA-10b sensors constructed with 55 nm edge length Au TNPs during different stages of surface
modification: as synthesized TNPs, after -S—(CHz)3-ssDNA-Super T-10b- and —S-PEGa functionalization,
after incubation in 100 nM microRNA-let7a, and after incubation in 100 nM microRNA-10b. (e) Specificity
test of microRNA-let7a under similar experimental conditions as described in (d). Data in (b,c), and (d) are
meanz s.d., n=6 repeated measurements. To examine nonspecific interactions of unwanted biomolecules

11



with nanoplasmonic sensors at lower concentrations, it was plotted on the axis in logarithm scale. The log
scale is commonly used in the LSPR-based biosensing.”": 7

To support our experimental data, we performed density functional theory (DFT)
calculations” to determine the induced surface dipole moment on metal (Umetal) for each -ssDNA
fragments and then subtracting the total dipole moment (pwtal) by the gas-phase dipole moment
(Mags) of the molecule (adsorbate). DFT calculations were performed on -ssDNA structures with
first 3 nucleotides (G-T-A) in a deoxyribose sugar backbone next to the linker (O-CH2-CH,-CHo-
SH), Figure S5. Calculated dipole moments for each -ssDNA structure attached to an Au atom
(“Total Dipole Moment”) and in the gas-phase without presence of any Au atoms (“Gas-Phase
Thiol Dipole Moment”), and the resulting induced dipole moments of the Au surface (“Au Surface
Induced Dipole Moment”) are listed in Table S4. The results of the computational calculations
revealed that an Au atom modified with —ss-DNA-10b and SuperT and AminoT in a thymine
residue exhibited different surface induced dipole interactions. SuperT induced higher dipole
moment on the Au surface (Umetal) (15.3116 D) followed by AminoT (3.1807 D), and finally —ss-
DNA-10b exhibited the lowest Au-surface induced dipole moment (1.3162 D). These values
support our hypothesis that as SuperT has the highest Au-surface induced dipole moment (Umetat),
in response the freely moving fermi level electrons will create the highest number of image dipoles
in plasmonic Au TNP-ligand interface generating additional scattering centers for plasmon
dephasing showing the highest CID effect, the largest LSPR response and the best LOD for
SuperT/Au system.

With the knowledge that utilizing larger Au TNPs (~55 nm edge length) and a Super-T
modified thymine nucleic acid base in the -ssDNA receptor sequence provides a much-improved
limit of detection, we performed microRNA assays in 10% human plasma for PDAC-specific
microRNAs. MicroRNA-10b and microRNA-let7a assays were performed utilizing 100 nM-1 aM
microRNA in 10% human plasma (Supporting Figure 6) and LODs of 133.3 aM and 129.4 aM,
respectively, were obtained (Table S5). Next, the specificity of the biosensor platform was
explored. The successful implementation of any biosensors for disease diagnosis requires
examination of their specificity of target microRNAs in real biological samples. We tested the
specificity of nanoplasmonic sensor by functionalizing Au TNPs with mixed S—(CH:)3-ssDNA-Super
T-10b- and —S-PEG. functionalization. This sensor is very specific to microRNA-10b detection.
Upon incubation in the non-complementary microRNA, i.e., microRNA-let7a prepared in 10%
human plasma, a negligible LSPR dipole peak red shift (<2.0 nm) occurred (Figure 2d). A similar
specificity test was conducted for microRNA-let7a (Figure 2e). The small red shift could be due

to instrumental or background noise. Our result is in agreement with Zhang et al., who reported
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~1.5 nm LSPR shift in serum for a single nucleotide mismatch for microRNA detection utilizing a
nanoplasmonic sensor constructed with Au nanocubes.®® Additionally, they developed calibration
plot of microRNAs in logarithm concentration scale by accepting LSPR shifts as low as 0.9 nm in
determining the LOD of 5 pM in serum. Nevertheless, the high specificity of our nanoplasmonic
sensor appears due to the non-fouling effect of PEG which prevents nonspecific adsorption of
unwanted extraneous biomolecules present in human plasma. Furthermore, high sensitivity of our
nanoplasmonic sensor allows measurements to be conducted in 10X diluted human plasma, thus
improving the specificity by avoiding the interaction and adsorption of non-complementary
microRNAs and/or proteins. We calculated the coefficient of variance (CV) for the concentration
dependent LSPR shifts in plasma (See Figure S6) and found to <10% for microRNA
concentrations up to 1.0 fM, whereas ~15% CV value was obtained for 100 and 1.0 aM
concentrations. Overall, our bioanalytical sensor provided a high sensitivity and specificity,
indicating that it could be used for highly sensitive and specific PDAC disease diagnosis and

monitoring in patient samples.

Performance and accuracy of nanoplasmonic sensors in biofluid-derived, pancreatic
cancer-associated microRNA assay. Overexpressed microRNA-10b leads to tumor
progression, invasion, and metastasis in human PDAC,”* 7 whereas the loss of microRNA-let7a,
downregulated in PDAC, correlates with tumor transformation.”® Analysis of archival plasma
samples showed overexpression and down-regulation of microRNA-10 and -let7a, respectively,
in PDAC compared to healthy individuals (normal control, NC).”” In the first validation of our
nanoplasmonic sensor performance in real biofluids, we assessed microRNA-10b levels in
conditioned media from human pancreatic cancer cells (Pa03C), to quantitate microRNA-10b
from monolayer (2D)- and three-dimensional (3D) spheroid cultures. We specifically selected the
3D cell growth model because it closely resembles actual tumor growth microenvironments.”
Nanoplasmonic sensors were incubated in the diluted conditioned media overnight (~12-14 hr),
and then rinsed with PBS buffer, following by acquisition of LSPR spectra. The calculated
concentrations fall below the LOD, therefore, microRNAs could be detected but were not
quantifiable on Day-1. The concentration steadily increased over time without any linear trend
(Figure 3a,b). MicroRNA levels in the 2D- and 3D-conditioned media cannot be directly compared
because the number of cells and growth conditions were not identical. We were also able to detect
minute concentrations of microRNA-let7a at the last timepoint of the conditioned media

experiments when cell number was the highest (Supporting Figure7).
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Figure 3. Performance evaluation of nanoplasmonic sensors by detecting microRNAs in cell
conditioned media and PDAC patient plasma samples. microRNA-10b (black bars) quantification from
PDAC cell lines (a) Conditioned media from 2D cultures and (b) 3D spheroids cultures of Pa03C cells. Data
in a,b are meant s.d., n=3 triplicate samples per time point. Some concentration values fall below the LOD
of ~130 aM, therefore the level of microRNAs is considered to only be detected and not quantified. c-f,
Direct comparison of microRNA-10b (c) and microRNA-let7a (e) assays and correlation graphs (d, f)
obtained through gold standard PCR (red) and LSPR-based (blue) biosensing platform in 15 PDAC patient

samples (validation cohort). The “r’ is the Pearson correlation coefficient. H&E-stained section of normal
pancreas (g) and PDAC patients (h-j) with black arrow showing anaplastic ducts surrounding the stroma
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and black/red arrow showing Islet of Langerhans. microRNA-10b (k) and microRNA-let7a (I) concentrations
assayed from 75 PDAC patient pre- and and post-surgery plasma samples (study cohort). P values were
determined by Wilcoxon paired t-test. ****P < 0.0001. Data in k,l are meanz s.d., n=2 duplicate per sample.
Researchers performing the PCR and LSPR analyses were blinded to sample identity.

Development of any new disease diagnostic technology requires validation with FDA-
approved “gold standard” techniques. Therefore, we performed a blinded assay of 15 PDAC
patient plasma samples as a validation cohort. The gRT-PCR-based microRNA-10b and -let7a
fold change versus internal controls is in excellent agreement with concentrations determined
using nanoplasmonic sensor, as demonstrated by strong positive correlation between the qRT-
PCR and nanoplasmonic assays with r values of 0.96 and 0.87 for microRNA-10b and -let7a,
respectively (Figure 3c-f). In comparison to normal pancreas (Figure 3g), three of the tumors
from the patients in the validation cohort are shown after H&E staining (Figure 3h-j). Patient 10
has Stage Il PDAC and the anaplastic ducts surrounded by stroma are indicated by the black
arrow (Figure 3h). Patients 2 and 3 have Stage Ill PDAC with P2 demonstrating scattered ductal
adenocarcinoma with ducts of varying size surrounded by large areas of tumor stroma and an
area with an Islet of Langerhans (Figure 3i, black/red arrow). P3 had minimal stroma between
the tumor tissue, also anaplastic ductal adenocarcinoma and the tumor cells are poorly
differentiated (Figure 3j). P3 had one of the highest levels of microRNA-10b and P2 had one of
the lowest levels of microRNA-let7A as determined by both gqRT-PCR and the nanoplasmonic
sensor. The concentration of microRNA-let7a (Figure 3e), microRNA10b in post-surgery samples
(Figure 3k), and microRNA-let7a in pre-surgery samples (Figure 3l) appeared to be below the
LOD value (~130 aM in plasma). In clinical viewpoint, under such circumstances, we must
consider that analytes (microRNAs) can only be detected but are not precisely quantifiable.

Finally, plasma samples obtained from 75 PDAC patients before (pre-surgery) and after
(post-surgery) pancreas resection were analyzed to evaluate the clinical screening applicability
of our nanoplasmonic sensors in terms of microRNA-10b and -let7a levels and their specificity for
PDAC detection. We followed the same incubation time as described for the cell conditioned
media. For microRNA-10b, concentrations were in the 2.9-2076 fM range in pre-surgery PDAC
plasma and significantly decreased 3-5 days post-resection (p <0.0001) (Figure 3k, Supporting
Figure 8). All the patients exhibited low plasma microRNA-10b levels post operatively. In contrast,
plasma microRNA-let7a levels were exceedingly low in pre-surgery PDAC patient plasma
samples and increased significantly after surgery (Figure 3l, Supporting Figure 8). There were
no significant differences in microRNA-10b and -let7a levels between male and female patients
(Supporting Figure 9). Analysis of these pre- and post-surgery plasma samples from the same

patient is especially informative as observed differences in biomarker levels may be associated
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with the presence/absence of the tumor rather than patient-to-patient variation. Thus, the
differential expression of microRNA-10b and -let7a in pre- versus post-surgery plasma identifies
them as promising clinically relevant PDAC-associated biomarkers.
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Figure 4. MicroRNA signature differentiation of pre-surgery PDAC patients from chronic pancreatitis
and normal control group in the study cohort. (a) Comparison of microRNA-10b and -let7a levels in
plasma samples of PDAC (n=75: 5 stage |, 29 stage I, 29 stage lll, and 11 stage IV), CP (n=35), and NC
(n=60). (b,c) The established microRNA-10b (b) and microRNA-let7a (c) concentrations measured in 75
PDAC, 35 CP and 60 NC patient plasma samples showed 100% accuracy between three different groups.
Pairwise comparison P values were determined by one-way ANOVA. ****P < 0.0001. (d-h) Receiver
operating characteristic (ROC) curves of individual plasma microRNA-10b (black squares) and microRNA-
let7a (red circles) levels distinguishing PDAC pre-surgery from NC (d), PDAC pre-surgery from CP (e),
PDAC pre-surgery stage 1&ll from NC (f), PDAC pre-surgery stage I&ll from CP (g), and PDAC pre-surgery
stage I&ll verses Stage I11&IV (h). ROC curves obtained by combining microRNA-10b and microRNA-let7a
levels to differentiate PDAC pre-surgery from NC (i), PDAC pre-surgery from CP (j), PDAC pre-surgery
stage 1&Il from NC (k), PDAC pre-surgery stage 1&ll from CP (I), and PDAC pre-surgery stage 1&ll verses
Stage IlI&IV (m). ROC area under the curve (AUC) values distinguishing different diseases states and
conditions for each group are summarized in Table 2.
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High-throughput nanoplasmonic-based microRNA assay for early PDAC diagnosis. Further
assessment of our nanoplasmonic sensors for clinical cancer diagnostics was conducted by
analyzing microRNA-10b and -let7a in 35 CP and 60 NC plasma samples in a short analysis time.
Our selected 75 PDAC cohort contained 45% stages | & Il patients with remaining patients at
stages Ill & IV (Table 1). The total of 170 patient plasma samples in our cohort is substantially
higher than the capacity of other nanotechnology-based optical assays for PDAC diagnosis
characterizing similar types of patient samples.? ?* The analysis of a large cohort is feasible
because of the high-throughput assay capability of our developed sensors. MicroRNA-10b levels
were significantly higher in late-stage (stages Ill & IV) than early-stage (stages | & Il) PDAC,
whereas microRNA-let7a levels were lower in late-stage versus early-stage PDAC (Figure 4a
and Supporting Figure 10). As illustrated in Figure 4b,c, and Supporting Figure 11 each
microRNA was able to differentiate between PDAC, CP and NC groups with p <0.0001. Each
microRNA provided 100% sensitivity and 98% specificity for PDAC versus NC (Figure 4d, Table
2). The nanoplasmonic sensor-based microRNA assay demonstrated excellent discriminating
power between PDAC and CP (94% sensitivity) compared to CA19-9 (<42% sensitivity at 95%
Cl) (Figure 4e, Table 2, Supporting Figure 12). Although concentrations of microRNA-10b/let7a
showed up below the LOD value (~130 aM), the data presented herein are highly valuable and
can be used to distinguish between different pancreatic pathology.

Further analysis by stage revealed excellent sensitivity (100%) for microRNA-10b and -
let7a in discriminating early stage PDAC versus NC (Figure 4f). MicroRNA-let7a displayed
improved sensitivity (97%) compared to microRNA-10b (82%) in differentiating early stage PDAC
versus CP (Figure 4g). In contrast, CA19-9 showed only 29% sensitivity in distinguishing between
the latter group of patients (Table 2). Interestingly, although microRNA-10b and microRNA-let7a
were each capable of differentiating between early- and late-stage PDAC, significantly better than
CA19-9 (Figure 4h, Table 2, Supporting Figure 13 &14), relatively low sensitivity (62-67%) was
observed for each individual microRNA, suggesting lower performance in discriminating between
stages of PDAC malignancy. Therefore, we evaluated the performance of the combined
microRNA-10b and -let7a markers and obtained excellent sensitivity and specificity for
differentiating between PDAC, CP and NC with AUC >0.94 (Figure 4i-m). Importantly, the
combined microRNAs differentiated between PDAC stages | & Il and stages IIl & IV with 91%
sensitivity and 87% specificity, better than the minimum sensitivity and specificity required to
achieve cost effectiveness and prolong patient survival.”® Table 2 summarizes the performance
metrics of individual and combined microRNAs as well as CA19-9 in distinguishing between the

study cohorts.
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Figure 5. Comparison of nanoplasmonic sensor-based microRNA analyses with conventional
clinical variables. (a,b) Correlation of PDAC microRNA-10b (black circles) and microRNA-let7a (red
squares) signature values with serum CA19-9 concentrations and the tumor volume for 56 and 51 PDAC
pre-surgery patients, respectively. The threshold value of CA19-9 for positive PDAC is 37 U/mL.

As shown in Figure 5a, we next determined whether nanoplasmonic sensor-based
microRNA levels correlated with the clinical gold standard CA19-9 levels in PDAC patients. In our
cohort, only 70% of PDAC patients (39 of 55, stages I-lll) displayed an increased CA19-9
concentration (>37 U/mL, the clinical threshold value). We observed a slight correlation between
microRNA-10b and CA19-9 levels (r = 0.21); however, there was no correlation between
microRNA-let7a and CA19-9 (r =
resulted in a slight increase in correlation with CA19-9 (Supporting Figure S15). The lack of

-0.06). Additionally, combining the microRNA biomarkers

strong correlation between the microRNA markers and CA19-9 is not surprising, given the
superior performance of the microRNAs in predicting PDAC. Finally, analysis of the individual
and combined microRNA levels versus tumor size showed no correlation between them (r = 0.01
or -0.16, r = 0.1594) (Figure 5b, Supporting Figure S15).

Discussion
One in seventy-one Americans will develop PDAC in their lifetime, and <10% of affected

individuals will survive for more than five years post diagnosis.”® Therefore, there is a substantial
need to develop novel diagnostic tests to identify PDAC at an earlier stage to promote early cancer
detection and prevention. Several pancreatic diseases, including CP, increase the risk of
developing PDAC, and thus it is of paramount importance to develop highly sensitive and specific

technology that can detect malignant progression in high-risk patient populations. The major
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conclusion of this study is that an ultrasensitive assay for a combination of circulating oncogenic
and tumor suppressor microRNAs can increase the sensitivity and specificity of a blood test for
early stage PDAC diagnosis. One of the important features of our study design was that we
specifically analyzed marker performance in patients with resectable early-stage PDAC (stages |
& Il) versus CP or controls to identify markers of malignant progression. Markers clearly
correlating with disease progression from healthy or benign states can facilitate screening efforts
by identifying patients at earlier stages amenable to resection. In the present study, we
demonstrated that the level of elevated microRNA-10b returned to close to that of normal healthy
controls within 3-5 days following PDAC resection (p<0.0001), suggesting concomitant
normalization of microRNA levels in circulation following tumor removal (Supporting Figure 16).
Therefore, the nanoplasmonic sensor-based assay has the potential to be used not only for
diagnostics but also to monitor patient care following surgery and/or treatment utilizing microRNAs
as prognostic biomarkers.

In the study cohort, our assay also showed that the selected microRNAs can differentiate
between PDAC cancer grades. Importantly, we show that combining microRNA-10b and -let7a
biomarkers provided ~91% sensitivity and above 87% specificity for differentiating between stage
| & Il versus stage Ill & IV whereas a single biomarker displayed <68% sensitivity (Table 2).
Furthermore, the gold standard biomarker CA19-9 has limited sensitivity and specificity.
Specifically, 27% of our cohort (15 of 55) did not express CA19-9 above the clinical threshold
value (>37 U/mL) and conversely, ~26% CP patients (7 of 26) showed CA19-9 values >37 U/mL.
Overall, in the present study, the combined biomarkers provided outstanding accuracy, above
98% sensitivity and 100% specificity at 95% Cl, in distinguishing PDAC from CP, whereas CA19-
9 alone cannot differentiate between PDAC and CP. Taken together, we believe that our
nanoplasmonic assay can be used as a non-invasive and accurate liquid biopsy for early PDAC
detection and help improve the patient survival rate from this deadly malignancy. Since it is
possible that other diseases or conditions may provide false-positive results, testing more

'6.31 along with a cohort of different cancers® would be necessary to further validate

microRNAs
this technology for clinical use. Nevertheless, specificity, as high as 99%, is the key for any
potential biofluid-based PDAC screening test.

MicroRNAs are short non-coding RNAs which are increasingly recognized as attractive
circulating biomarkers for the clinical diagnosis and prognosis of cancer because of their
unusually high stability in bodily fluids. Current microRNA analysis techniques lack high-
throughput capability, require time consuming isolation procedures, and lack the sensitivity

required for low abundance biomarkers, which together limits potential application in a clinical
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setting. For example, gRT-PCR-based microRNA assay in pancreatic disease-associated plasma
samples failed to differentiate between different stages of PDAC, between CP and normal
controls,16 or produced varying results in case-controlled studies evaluating microRNA profiling
in whole blood31 and plasma/serum.45 The nanoplasmonic sensor presented herein, by utilizing
the LSPR properties of MNPs, specific geometric features, and novel sensing mechanism,
allowed ultrasensitive detection and quantification of microRNAs in unprocessed patient plasma
samples with exquisite sensitivity and specificity. The sensor fabrication strategy and assay are
highly reproducible and affordable (Supporting Figure 17). The multistep process described in
Figure 1a is the standard approach for the fabrication of LSPR-based microRNA sensor. This high
reproducibility of the method is due to reproducible synthesis of Au TNPs, as well as precautions
that are taken during sensor fabrication steps. Specifically, we attach the Au TNP to the glass
substrate with extreme precaution to make sure no damage to the sensing layer occurs through
the whole process. The high-throughput nanoplasmonic sensor constructed here currently costs
$0.92 per biomarker/well (384-well plate costs $13 for supplies and reagents including Au TNPs,
and $342 for -ssDNAs and spacers). The majority of the current costs are mostly associated with
manual manufacture of the sensor and functional -ssDNAs. Current limitations of our developed
nanoplasmonic sensor are: (i) high cost of specifically designed -ssDNAs, (ii) over-night
incubation of sensors in patient biofluids, and (iii) volume of plasma (10 uL) required per
biomarker. We expect that further optimization and bulk production will improve the assay
proficiency and reduce the cost.

Over the years, nanotechnology-based optical device fabrication has gained serious
attention for earlier detection of PDAC because currently this disease has no cure; however, for
very small and localized tumors, the five-year survival increases to almost 60%.2" The advantage
of nanostructured optical devices is that they do not require additional labelling (“label-free”) for
biomarker assays. Regarding the assay of exosomal proteins as potential biomarkers, several
nanotechnology-based optical devices could differentiate between PDAC versus CP, and PDAC
versus normal controls; however, there are some serious limitations of those technologies: (i)
extensive sample processing to isolate exosomes for surface protein analysis, (ii) expensive and
complicated device fabrication strategy, (iii) requirement for specialized instrument that is not
widely available, (iv) lack of high-throughput capability and/or (v) below clinically acceptable
specificity and sensitivity. The ultrasensitive and high-throughput nanoplasmonic sensor that we
have developed does not require any plasma processing, utilizes a simple multi-well plate reader
in the absorption mode for data collection, and has high specificity and sensitivity that are required

for cost effectiveness. Together, our technology overcomes most of the limitations in existing
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technologies that are a pre-requisite for the clinical analysis and diagnosis of PDAC. Despite all
the advantages, there are a few limitations in our study. Firstly, we could not compare the
performance of our nanoplasmonic sensor-based assay results with CA19-9 for PDAC versus
normal controls because CA19-9 was unavailable for control patient cohorts. Second, individuals
with PDAC, CP, and controls were not age-matched, therefore there could be a potential influence
on data analysis and interpretation. Third, IPMN and obstructive jaundice were lacking in our
study cohort which could influence the diagnostic accuracy of our assay. Fourth, in the study
cohort, we had a limited number of Stage | PDAC patients; future validation involving a larger
number of Stage | & Il PDAC patients is required to accurately assess the performance of the
nanoplasmonic sensor-based early diagnostic test. Finally, our current incubation time for
capturing target microRNAs is significantly lengthy (~14 hr). Furthermore, ~3 hr assay time is
required to collect LSPR spectra from all 384 wells. Together, the incubation and assay time are
much longer than conventional PCR technique. However, we should mention that the PCR-based
approach for microRNA detection requires total RNA extraction, labelling, and amplification steps

that are time consuming and labor extensive.

Conclusions
In summary, we have demonstrated the successful design and fabrication of an amplification-

free, nanotechnology-based, label-free optical sensor, which is capable of ultrasensitive detection
and quantification of circulating microRNAs from patient plasma samples without any extensive
sample processing. The enhanced LSPR sensitivity due to appropriate structural modifications of
-ssDNA receptor structure enables patient samples to be highly diluted, resulting in significantly
reduced non-specificity. This assay provides an eight order of magnitude linear dynamic range.
This is particularly important since microRNA levels may vary greatly between PDAC, CP as well
as different stages of PDAC, so it is advantageous to precisely detect and quantify microRNA
levels over a large concentration range to monitor early signs of malignant progression. Based on
the microRNA assays, the nanoplasmonic sensor represents a promising technology for precise
earlier pancreatic cancer detection in the clinical setting. Our chosen two microRNAs when
combined unequivocally distinguish individuals with PDAC from those with CP, and early- and
late-stage PDAC. Our sensor fabrication strategy is highly customizable and thus can be readily
transformed into a multiplexed sensor where many PDAC-associated microRNAs'® 3! 44 can be
included in a single assay by simply attaching appropriate receptors in the device construct. A
pancreatic cancer signature panel could be developed for novel and early diagnostic tests, as

well as for monitoring reoccurrence following resection and/or treatment for this deadly
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malignancy. A large number of microRNA biomarkers have already been reported for the
detection of numerous cancer types.?*%” High-throughput and easily customizable nanoplasmonic
sensors can be utilized for the detection of other cancers in a single instrument run including
multiple microRNAs for each cancer type to increase sensitivity, specificity, and cost

effectiveness.

Experimental Methods

Silanization of coverslips. 25 x 25 mm dimension glass coverslips (Fisher Scientific, 12548C)
were functionalized according to our previously published procedure.82 Coverslips were
sonicated in a 10% (v/v) RBS detergent (Thermo Scientific, PI27952) solution in 90 °C water for
15 min and then rinsed several times with nanopure water (Thermo Scientific Barnstead
Nanopure system), followed by incubation in a 1:1 (v/v) hydrochloric acid: methanol solution for
30 min. Then, coverslips were rinsed several times with nanopure water and were placed in a
vacuum oven at 60 °C overnight. The following day, coverslips were brought to room temperature
and then incubated in a 15% (v/v) solution of (3-mercaptopropyl)-trimethoxysilane (MPTMS,
Thermo Scientific, B23726) in N2 purged ethanolic solution for 30 min. Coverslips were then
sonicated in N2 purged ethanol 3x for 15 min each time. After rinsing, coverslips were placed in
the vacuum oven at 120 °C for a minimum of 3 hrs. The MPTMS-functionalized coverslips were
stored in the vacuum oven up or at 4 °C up to one week for nanoplasmonic sensor fabrication.

Synthesis of gold triangular nanoprisms (Au TNPs). Au TNPs were chemically synthesized
according to our previously published procedure with modifications.®? Briefly, 10.4 mg (0.05 mmol)
chloro(triethylphosphine) gold(l) (EtsPAuCI, 97%, Gelest Inc, OMGO017) was dissolved in 20 mL
of N2 purged acetonitrile (CH3sCN, 99.9% ACS grade, Sigma Aldrich, A21-4) and allowed to stir
for 5-10 min at room temperature. Then, 0.019 mL (0.273 mmol) of triethylamine (TEA, 99%,
Sigma Aldrich, 471283) was added into the gold salt solution and heated on a hot plat to attain
an internal temperature between 30-32 °C.  After stirring for 30 min, 0.3 mL of
poly(methylhydrosiloxane) (PMHS, Mn = 1700-3300, Sigma Aldrich, 176206) was added slowly
and the reaction was allowed to proceed with gentle magnetic stirring. During the reaction, the
color of the solution changed from clear to pink, light blue, dark navy blue, and then light purple.
The reaction was continuously monitored until it was a dark purple color solution, indicating the
formation of Au TNPs. Au TNPs display a stable localized surface plasmon resonance (LSPR)
dipole peak (A.spr) position at 800 or 850 nm for ~42 nm edge length or ~55 nm edge length Au
TNPs respectively. When the solution displayed desired LSPR peak position associated to a
particular dimension of Au TNPs, the solution was removed from heat and centrifuged at 7000
rpm for 10 sec. Finally, previously prepared MPTMS-functionalized coverslips were incubated in
the Au TNP solution for 1 hr immediately after centrifugation. Next, Au TNP-attached coverslips
were rinsed with acetonitrile to remove any loosely bound Au TNPs and were dried with N2 flow.
The Au TNP-attached coverslips were stored under N; at 4 °C for up to one week.
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Fabrication of 384-well nanoplasmonic sensors. The 384-well plate-based nanoplasmonic
sensors were constructed using our previously published procedure, with modification, as
follows:® (1) MPTMS-functionalized coverslips were incubated in a freshly-synthesized Au TNP
solution for one hour and then washed with ACN and dried with N2 flow. (2) Au TNP-attached
coverslips were tape cleaned to remove any non-prismatic nanostructures. Tape clean procedure
is adapted from our previously published procedure.82 Briefly, the coverslip is placed on a granite
block. 3 M scotch tape is gently pressed down onto the coverslip using a thumb and then gently
lifted off at a 90° angle. (3) Tape-cleaned, Au TNP-attached coverslips were glued to the bottom
of a no-bottom 384 well plate (Greiner Bio One, 781000-06). A small amount of glue was applied
around the edges of the wells carefully, with one coverslip covering 25 wells (5 x 5 well area). The
biosensor platform was allowed to dry for 1 hr at room temperature in dark. After 1 hr, each well
in the biosensor platform was incubated in 0.120 mL nanopure water to check for leakage. After
confirming no leakage, wells were incubated in 0.120 mL PBS buffer (pH = 7.2, prepared using
RNAse free water (Fisher Scientific, 04-821-932) and the LSPR extinction spectra of each well
was collected.

MicroRNA assay in healthy human plasma. After the fabrication of the 384-well construct, each
well was incubated in a mixture of 0.120 mL of 1.0:1.0 pyM solution of 3'-SH-(CHz)3-ssDNA-X:
PEG.:-SH in PBS buffer overnight, where X = 10b, Super-10b, Amino-10b, Super-let7a. 3’-SH-
(CH2)3-ssDNA-X was purchased from Integrated DNA technologies (IDT) and PEG4-SH was
purchased from purePEG (367404). Each well where Au TNPs were functionalized with -ssDNA:
PEG.:-SH is denoted as independent nanoplasmonic sensor. Each sensor was rinsed several
times with PBS buffer to remove any loosely adsorbed materials. The LSPR extinction spectra
of each sensor were then collected in PBS buffer to determine the LSPR-wavelength maximum
(Aspr). Then, each sensor was incubated in 0.120 mL microRNA-X solution (IDT), here X=-10b
or -let7a, at different concentrations, ranging from 100 nM to 1.0 aM in PBS buffer or 10% healthy
human plasma overnight. Each sensor was rinsed several times with PBS buffer to remove any
non-adsorbed microRNA-X and then LSPR extinction spectra of each biosensor were collected
in PBS buffer to obtain the A.spr. The change in ALspr (AALspr) Was then calculated and calibration
curves were developed by plotting AALspr verses concentration of microRNA-X in logarithm scale.
False positive analyses were conducted by incubating sensors in 10% healthy human plasma
without any complementary microRNAs. False negative analyses were conducted by incubating
only PEG4-SH functionalized Au TNP bound wells in 100 nM to 1.0 aM microRNA solutions in
PBS.

Conditioned media from monolayer and 3D cell culture. Low passage patient-derived cells,
Pa03C were plated in T-25 flasks for monolayer and in 6-well ultra-low adherence plates (Corning
Inc., Life Sciences) for 3D culture. The media was DMEM+5%FBS for monolayer and
DMEM+5%FBS+3% Reduced Growth Factor Matrigel for 3D spheroid cultures. 4x10* cells were
plated for the 3D assay and spheroids were allowed to form for four days before conditioned
media was collected. 200 pL of cell culture medium was collected from monolayer and 3D cultures
at timepoints indicated and then the media spun down at 2000 rpm for 5 min and immediately
frozen and stored at -80.
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Patient samples. Individuals with pancreatic cancer were treatment-naive prior to undergoing
resection. Diagnosis of pancreatic cancer or chronic pancreatitis as well as PDAC stage (TNM)
and tumor size was obtained from the final pathology report. Patient variables such as age, sex,
and serum CA19-9 values were retrieved from patient medical records. The study was approved
by the Indiana University Institutional Review Board (Protocol # 1011003217 and 15053) and
each subject signed informed consent. Approximately, 15-20 mL blood was collected into EDTA-
coated tubes prior to surgery for the patient cohort and ~3-5 days following surgery for a subset
of PDAC patients from whom pre-surgery blood was collected. Identical procedure was followed
for collecting NC specimens that were quickly placed on ice or refrigerator (4 °C), promptly
processed by centrifugation (1000 x g for 5 min). Plasma supernatants were aliquoted and stored
at -80 °C. For the plasma samples in the validation cohort, a total of 17 participants were included
in this study. Whole blood samples were obtained from 15 patients who were newly diagnosed
with PDAC and treatment naive and from two NC, and each patient provided signed informed
consent. The blood samples included in this study were collected using sodium citrate tubes and
processed within one hour of collection. Whole blood samples were centrifuged at 15009 for 15
minutes to separate the red blood cells and the platelet-rich plasma (PRP). The PRP was
transferred to a clean Falcon tube and centrifuged again at 1500g for 15 minutes to remove any
remaining blood cells and produce platelet-poor plasma (PPP). The PPP was aliquoted into 250
uL fractions, flash frozen in liquid nitrogen, and stored in -80°C.

RNA isolation and RT-qPCR. Frozen aliquots of plasma samples were thawed at room
temperature and RNA was extracted from 250 pl of plasma using miRNeasy Serum/Plasma Kit
(Qiagen, Cat ID# 217184, Germantown, MD, USA) following the manufacturer’s protocol. After
RNA extraction from plasma, microRNA-10b and microRNa-let7a levels were determined in
individual assays by RT-gPCR. To assay the miRNA expression levels, a 4.0 uL RNA aliquot was
reverse transcribed to cDNA using TagMan Advanced miRNA cDNA Synthesis Kit (ThermoFisher
Scientific, Cat ID# A28007, Waltham, MA). The expression levels of microRNA-10b and
microRNa-let7a were determined using hsa-microRNA-10b-5p (Assay ID# 478494 miR) and
hsa-microRNA-let7a-5p (Assay ID# 478575 _miR) and normalized to microRNA-425-3p (hsa-miR-
425-3p, Assay ID# 478093_mir). After normalization to microRNA-425-3p (AC:), the AC; values
for microRNAs in normal controls were averaged and subtracted from the AC; values of each
individual PDAC sample (AAC:). Fold changes of microRNA-10b and microRNa-let7a for each
PDAC patient were calculated using normal controls as baseline using the 222 method.42, 43
All samples were run in triplicates.

Nanoplasmonic sensor-based patient sample assay. For nanoplasmonic sensor-based
assay, stored plasma specimens were analyzed without any further sample processing. Sensors
were incubated in a solution containing 10.0 pL of patient sample (PDAC pre-surgery, PDAC post-
surgery, CP, or NC) diluted with 0.110 mL PBS buffer overnight. Sensors were then rinsed
several times with PBS buffer to remove any loosely bound, unwanted endogenous biomolecules.
LSPR extinction spectra were recorded and A.spr Was obtained. The experimentally determined
ALspr Value was then put into the corresponding microRNA calibration curve equation developed

in 10% healthy human plasma as “y” and the concentration of each microRNA was calculated by

., n

solving for “X”.
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Spectroscopy and other techniques. Absorption and extinction spectra in the range of
400-1050 nm were collected with a SpectraMax M5 microplate reader from Molecular Devices,
LLC. Extinction spectra of Au TNP attached onto glass substrates were measured in air in order
to determine the LSPR peak position (ALspr). In the LSPR-based microRNA assays utilizing Au
TNPs, all extinction spectra were recorded in PBS buffer. All extinction spectra were collected at
room temperature. A silanized blank glass coverslip immersed in PBS buffer was used as a
background. The chemically synthesized Au TNPs attached onto the silanized glass coverslips
inside the multi-well plates were characterized using a JEOL 7800F scanning electron microscopy
(SEM). Atomic force microscopy (AFM) images were acquired using Bruker Dimension 3000
instrument. The instrument was operated in tapping mode using beam shaped super sharp silicon
cantilevers (SSS-NCHR, nanoANDmore) having an average force constant of 42 N/m. The
operation frequency of the cantilevers for all measurements was 330 KHz.

Data processing and statistical analysis. The A.spr Was obtained by using the maxima of the
UV-visible extinction spectra which was determined through curve fitting using Origin software.
AN spr Was determined by taking the difference between the ALspr Of sensors before and after
hybridization with the target microRNA. Calibration curves were constructed by plotting AA.spr VS
microRNA concentration, with concentration being plotted in logarithmic scale in order to
investigate nonspecific adsorption at a lower concentration range. The calibration curve equation
was determined through linear regression using Origin software. The limit of detection (LOD) was
determined by plugging the Z value (Z = mean of blank + 3 0, 0 = standard deviation of blank)
into the calibration curve equation as “y” and solving for “x”. Concentration of microRNAs in
patient samples was determined from the calibration curves developed in 10% healthy human
plasma with AA_spr representing the average of three measurements. Limit of quantification (LOQ)
was determined by plugging in the value obtained from Z =mean of blank + 10 o (standard
deviation of blank) into the calibration curve equation as “y” and solving for “x”. Non-parametric
one-way ANOVA, Wilcoxon t test, and area under the curve (AUC) of the receiver operating
characteristic (ROC) graphs were plotted using GraphPad Prism at the 95% confidence interval.

P values represent: 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), and <0.0001 (****).

FDTD simulations. The FDTD simulations (Lumerical Solutions 8.0, Inc., Canada) was used to
monitor the E-field distributions of the nanostructure based on Maxwell’s equations. During the
simulation, the dielectric constant of gold was taken from Johnson and Christy’s database
provided in the software. Water was used as the surrounding environment (n = 1.33) and the
mesh size was set to 0.5 nm in all spatial dimensions. A Total-field scattered-field source with a
wavelength range from 400 to 1600 nm was launched into the box containing target objects. A
perfectly matched layer (PML) boundary condition was applied to all the directions. A frequency-
domain field and power monitor were placed in XY plane to visualize E-field distributions of the
TNP.
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LIST OF TABLES

Table 1. Summary of validation and study cohorts

Validation

Characteristic Cohort Study cohort Total
Patient Patient Control
Total Cases (n) |15 110 60 185
Patient groups
PDAC pre- ) 75 ) 75
surgery
PDAC post- ) Z)?e(-:rrgir?/s ) 75 (same as pre-
surgery patients) surgery patients)
CP - 35 - 35
Age (years)
Median 76 65 56 -
Range 46-88 18-90 39-80 -
Sex
Male 7 63 29 99
Female 8 47 31 86
Stage
I 1 5 - 6
Il 6 29 - 35
1] 8 29 - 37
v 0 11 - 11
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Table 2. Performance of microRNA-10b and microRNA-let7a (individual, combined) and

CA19-9 in distinguishing between patient and control cohorts.

a,b,c

PDAC

AUC (95% CI) Cutoff Sensitivity (%) (95% CI) | Specificity (%) (95% CI)
microRNA-10b 1.00 (1.00-1.00) >0.03227 100 (95-100) 98.33 (91-100)
PDAC versus NC .
microRNA-let7a 1.00 (1.00-1.00) <54.06 100 (95-100) 98.33 (91-100)
microRNA-10b 0.9890 (0.9763-1.00) >8.182 94.29 (81-99) 94.67 (87-98)
PDAC versus CP microRNA-let7a 0.9943 (0.9856-1.00) <0.08694 94.29 (81-99) 98.67 (93-100)
CA19-9 0.8088 (0.7072-0.9104) >19.00 4167 (24-61) 92.16 (82-97)
Stages 1 & Il PDAC microRNA-10b 1.00 (1.00-1.00) >0.03227 100 (90-100) 98.33 (91-100)
versus NC microRNAlet7a 1.00 (1.00-1.00) <54.06 100 (90-100) 98.33 (91-100)
Stares 1 & Il PDAC microRNA-10b 0.9672 (0.9343-1.00) >8.182 82.35 (66-92) 94.29 (81-99)
gversus o microRNAlet7a 0.9840 (0.9613-1.00) <0.08694 97.06 (85-100) 94.29 (81-99)
CA19-9 0.7682 (0.6322-0.9043) >16.50 29.17 (15-49) 95.83 (80-100)
Stage | & Il PDAC microRNA-10b 0.8610 (0.7633-0.9587) <1343 62.5 (47-76) 88.24 (73-95)
versus Stage IIl & IV microRNA-let7a 0.8180 (0.7155-0.9205) >0.001457 67.50 (52-80) 76.47 (60-88)
PDAC CA19-9 0.6420 (0.4876-0.7964) <3195 44.44 (28-63) 83.33 (64-93)
PDAC versus NC combined 1.00 (1.00-1.00) >1.1526 100 (94-100) 100 (93-100)
PDAC versus CP combined 1.00 (1.00-1.00) <1.1526 98.67 (92-100) 100 (88-100)
Stages | & Il PDAC
ages combined 1.00 (1.00-1.00) >0.8473 100 (87-100) 100 (93-100)
versus NC
Stages 1 & II PDAC combined 0.9975 (0.9854-1.00) <0.9445 97.06 (83-100) 100 (88-100)
versus CP
Stage | & Il PDAC
versus Stage IIl & IV combined 0.9449 (0.8884-1.00) -0.4895 91.18 (75-98) 87.5 (72-95)

Ninety-five percent Cls are indicated in parentheses. "All PDAC samples are pre-surgery
plasma specimens. “Optimum cut-offs were determined by Youden Index.
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