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Pancreatic ductal adenocarcinoma (PDAC) has a relatively low incidence but a
high mortality rate, primarily due to difficulties in early detection. Current
state-of-the-art methods for diagnosing early-stage PDAC tend to be invasive,
time-consuming, and unreliable, primarily due to the difficulties associated
with the early detection of pancreatic cancers. Here we show a quick and
sensitive method for the early diagnosis of PDAC using a signal-enhanced
lateral flow immunoassay called SELFI. We develop SELFI, which generates a
strong colorimetric signal through multiple hotspots formed by plasmonic
gold nanoparticles (AuNPs) assembled on a silica nanoparticle. Our SELFI assay
achieves a 10,123-fold increase in the limit of detection compared to conven-
tional lateral flow immunoassays using 20 nm AuNPs, providing results within
15 min. We demonstrate that SELFI enables early diagnosis of PDAC, as indi-
cated by a receiver operating characteristic curve and a larger area under the
curve compared to the enzyme-linked immunosorbent assay. SELFI’s effective
diagnostic features can enhance the timely identification of PDAC and may
also serve in the early diagnosis of a range of other diseases.

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal
malignancies, with a 5-year survival rate of less than 10%, largely owing
to challenges in early detection, aggressive tumor biology, and therapy
resistance'™. Despite its clinical importance, early diagnosis of PDAC
remains difficult because distinct symptoms are typically absent in the
early stages, and the pancreas is difficult to examine using standard
diagnostic methods due to its deep anatomical location>°. Although
imaging modalities, such as computed tomography (CT), magnetic

resonance imaging, and endoscopic ultrasound are routinely used’,
their invasiveness, high cost, and limited sensitivity for early-stage
disease highlight the need for more accessible diagnostic tools.

As a noninvasive approach, diagnosing PDAC using biomarkers in
biological samples, such as serum has been proposed. Numerous
biomarkers for PDAC detection have been investigated; however,
cancer antigen 19-9 (CA19-9) remains the only FDA-approved
biomarker®™® (Fig. 1a). CA19-9 has demonstrated reliability in
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Fig. 1| Quantification analysis of CA19-9 for early diagnosis of PDAC using the
SELFI system. a lllustration of the pancreas and PDAC cells. PDAC cells are located
in the pancreas, which is situated at a deep anatomical location. Overexpressed
CA19-9 by PDAC cells is released into the bloodstream and elevates the CA19-9 level
in serum samples. b Illustration of the assembled structure of the nanoprobe.
Fabricated nanoprobes have multiple hotspots with nanogap that amplify the
colorimetric signal. ¢ Schematic illustration of the SELFI system for PDAC diagnosis.
The colorimetric signal at the test line is generated by the binding of nanoprobes to
the test line of the strip via interactions between CA19-9 and CA19-9 antibodies.
d Comparison of the SELFI system with ELISA, one of the conventional methods for
biomarker quantification analysis. The SELFI system required only 15 min for
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analysis, whereas ELISA required 285 min. e Changes of E-field norm and colori-
metric signal intensity of nanoprobes according to the gap distance between
AuNPs. As the gap distance between AuNPs decreases, the E-field norm increases
due to the generation of strong hotspots. f Model test for CA19-9 detection using
LFIA, in which single 20 nm AuNPs were used as colorimetric nanoprobes, and
SELFI. Compared with single AuNP-based LFIA, SELFI, which uses colorimetric
nanoprobes with an assembled nanostructure, exhibited increased signal intensity
and a wider dynamic range. g Schematic illustration of the ROC curve for PDAC
diagnosis using ELISA (orange line), LFIA (red line), and SELFI (blue line). The gray
dotted line represents a random classifier.

evaluating treatment responses in advanced PDAC; however, it has
limitations as a screening marker for early-stage resectable PDAC when
used with existing biomarker screening systems, such as enzyme-
linked immunosorbent assay (ELISA)'*". To overcome the limitations
of CA19-9, research efforts like CancerSEEK have aimed to discover
new blood biomarkers beyond CA19-9'*%, Despite these initiatives, the
discovery of novel PDAC biomarkers presents challenges related to
reproducibility and commercial viability. As an alternative, the devel-
opment of a novel quantification system for CA19-9 to replace ELISA
has been explored to enhance the sensitivity and efficacy of early PDAC
diagnosis. For this purpose, PDAC diagnostic systems based on elec-
trochemical immunosensors, photothermal immunoassay, or Raman
spectroscopy have also been reported recently'*". However, even
though exhibited quite low limit of detection (LOD), the developed
diagnosis system still inconvenience to diagnosis because they
required additional specialized instrument (such as electrochemical
workstation'*', laser, thermometer”, or Raman spectrometer'®'?), and
quite long analysis time (25-80 min).

As a solution to the inconvenience of such diagnostic systems, the
lateral flow immunoassay (LFIA), which has been widely used for point-
of-care testing because of its convenience, can be a candidate for
PDAC diagnosis. The LFIA system is more user-friendly than conven-
tional liquid biopsy methods, such as ELISA or electrochemical
immunosensors, and the time necessary to obtain analysis results is
very short (within 20 min)*. Furthermore, compared to other meth-
ods, LFIA generally requires lower-cost instrumentation and simpler
procedures, which could provide significant advantages in clinical
practice. However, the colorimetric signal intensity of gold

nanoparticle (AuNP) probes, which are generally used as colorimetric
nanoprobes, is sometimes insufficient to detect targets at low con-
centrations, necessitating the development of a new probe?.

Consequently, recent reports have demonstrated that not only
silver nanoparticles (AgNPs) but also alloy-type metal NPs, such as Au/
Ag, Au/Pt, and Au/Ir, and nanostructures, where NPs, such as AuNPs,
alloy NPs, or quantum dots are assembled onto silica nanoparticles
(SiO, NPs), can be used as probes for LFIA**%°, The LOD with these
developed probes is enhanced compared to AuNPs, and this advance
has enabled the sensitive detection and quantification of various tar-
gets, such as exosomes”, prostate cancer antigen (PSA)*?%,
hormones®, carcinoembryonic antigen®, and severe acute respiratory
syndrome coronavirus 2?**' using the LFIA system. Nevertheless, the
quantitative analysis of CA19-9 using colorimetric signal-based LFIA for
early PDAC diagnosis has rarely been reported, and in a few existing
studies, the LOD was not adequate for highly sensitive analysis®>*.
Despite our recent report describing a colorimetric nanoprobe plat-
form with enhanced sensitivity for LFIA, achieving an LOD of
0.04 U mL™ for CA19-9, the underlying mechanism responsible for the
high sensitivity remains unclear, and quantitative analysis using clinical
samples has not yet been performed*.

In this study, we design a signal-enhanced lateral flow immu-
noassay (SELFI) system for the early diagnosis of PDAC through the
quantitative analysis of CA19-9 in serum samples. SiO, NPs with
assembled AuNPs (SiO,@Au@Au NPs), which feature numerous hot-
spots due to nanogaps between the assembled AuNPs, are fabricated
as the colorimetric nanoprobes in the SELFI system (Fig. 1b, c). Our
SELFI system requires only 15min after sample loading for the
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quantitative analysis of CA19-9 in serum samples, while the commonly
used ELISA for biomarker quantification requires over 4 h and involves
a complex experimental process (Fig. 1d). The colorimetric signal
intensity of SELFI is significantly higher than that of conventional LFIA
at the same CAI19-9 concentration, thanks to the hotspots in
SiO,@Au@Au NPs, which markedly enhance colorimetric signal
intensity (Fig. 1e). The LOD of CA19-9 in SELFI is 10,123-fold lower than
that of conventional LFIA (Fig. 1f). As a diagnostic system for PDAC
based on the quantitative analysis of CA19-9, SELFI exhibits superior
diagnostic performance compared to both ELISA and conventional
LFIA, as indicated by their receiver operating characteristic (ROC)
curves and area under the curve (AUC) values. Notably, SELFI
demonstrates significant improvement in the early diagnosis of
PDAC (Fig. 1g).

Results

Design of colorimetric nanoprobe for SELFI using numerical
simulation

Reportedly, hotspots induced by plasmonic coupling at the nanogaps
between metal NPs, including AuNPs and Au/Ag NPs, exhibit unique
optical characteristics, such as enhanced electric fields, absorption,
and scattering®. Utilizing these properties, various plasmonic nanos-
tructures, such as metal NP-decorated structures, Au multimer
assemblies, and metal NP 3D clusters, have been developed for appli-
cations in SERS*%, photocatalytic hydrogen production®**, and col-
orimetric biosensing and imaging*>*. In particular, assembling metal
NPs on the surface of core NPs, including Au/Ag hollow-shell-
assembled silica nanospheres for SERS* and plasmonic microgels
for temperature monitoring®’ is an effective strategy for generating
and harnessing plasmonic hotspots. Based on previous studies, we
adopted this approach in designing our plasmonic nanostructures
(Fig. 2a). Previous simulation studies on assembled nanoparticle
structures have investigated electric field enhancement using simpli-
fied geometries*®, optical characteristics using fully three-dimensional
geometries*’, and LSPR wavelength tuning based on gap-to-diameter
ratios®’. However, the relationship between hotspot-enhanced electric
field intensity, which directly affects the colorimetric signal, and key
parameters, such as the gap distance between AuNPs (G,,) and the
diameter of AuNPs (D,,) has not yet been comprehensively investi-
gated from a fully 3D structural perspective. Numerical simulations
were performed to investigate the relationships between the optical
properties of AuNPs-assembled silica NPs and these parameters, par-
ticularly Ga, and Dy, to aid in the in silico design of innovative col-
orimetric nanoprobes for SELFI.

Supplementary Fig. 1 illustrates a schematic of the 3D model
geometry and the various cases considered in the simulation. The
assembled nanostructure comprised SiO, NPs with a diameter of
168 nm, and 270 AuNPs were evenly distributed on its surface. The
electric field was oriented in the y-direction. Six simulation cases
were analyzed, with G, values of 10, 8, 6, 4, 2, and 1 nm. Since the
diameter of the SiO, NP and the count of AuNPs were fixed, Day
increased as Gu, decreased. Using these designed assembled
nanostructures, a wave-optics simulation was performed in the
visible wavelength range, assuming that the assembled nanos-
tructures were immersed in water.

Based on the simulation results, the electric field norm spectra of
each model in the visible wavelength range were analyzed (Supple-
mentary Fig. 2a). The electric field on the surface of the assembled
nanostructure became stronger as Ga, decreased, and hotspots
emerged between the AuNPs when G, was less than 6 nm (Fig. 2b).
The results indicated that the overall intensity of the electric field
increased with decreasing G,,, with a particularly notable increase at
the peak wavelength. In addition, according to the simulation results,
the particle properties associated with the electric field, including
absorption, scattering, and extinction cross-sections, were enhanced

as the electric field intensity increased (Fig. 2c and Supplementary
Fig. 2b, c).

Although the absorption cross-section increased as Gay
decreased, it remained unclear whether this increase was attributed to
the reduction in Ga, or the rise in Dy, as both parameters changed
simultaneously. To determine which parameter had a more significant
impact on increasing the absorption cross-section of the nanos-
tructure, the change in the absorption cross-section of a single AUNP
on the assembled nanostructure was compared with that of a single
AuNP on a SiO, substrate (Supplementary Figs. 3 and 4; Fig. 2d, e). As
shown in Supplementary Fig. 4, the electric field of a single AUNP on
the SiO, substrate increased as Dy, increased. In contrast, the electric
field from the AuNPs on the assembled nanostructure increased dra-
matically with the creation of hotspots between the AuNPs when Ga,
was reduced to a certain distance (Fig. 2d). Because of this phenom-
enon, the absorption cross-section of AuNPs within the assembled
nanostructure was nearly 2.65-fold higher than that of a single AUNP on
an SiO, substrate at the largest D,,, despite being nearly identical at
the smallest D4, (Fig. 2e). In addition, we confirmed that decreasing
Gay While keeping Da, constant induced a more pronounced change in
hotspot formation than increasing Da, with a fixed G, (Supplemen-
tary Fig. 5). This comparison suggests that Ga,, which is closely linked
to the generation of hotspots between AuNPs, plays a more significant
role than D,, in enhancing the electric field, leading to an increased
absorption cross section. This absorption enhancement could directly
contribute to the colorimetric signal intensity of the SELFI system.

We confirmed that the assembled nanostructure exhibited a sig-
nificantly higher absorption intensity than a single 20 nm AuNP, which
is the gold standard nanoprobe for conventional LFIA (Supplementary
Fig. 6). These simulation results suggest that the amplification of the
electric field around the assembled nanostructure, resulting in a strong
absorption intensity, is not solely due to the increase in Dy, but is
mainly driven by the formation of hotspots caused by the decrease in
Gau as Dy, increases.

Based on these simulation results, we could expect that our
designed SiO,@Au@Au NPs should exhibit a more intense colori-
metric signal due to the electric field enhancement effect caused by
hotspots formed between AuNPs with under the specific distance. This
enhancement renders them superior to single AuNPs, which are
commonly used as nanoprobes in conventional LFIA system.

Fabrication and characterization of nanoprobes

Based on the simulation results, we fabricated SiO@Au@Au NPs via a
seed-mediated growth method, with controlling the nanogaps as col-
orimetric nanoprobes for SELFI (Fig. 2f and Supplementary Fig. 7). As
shown in Supplementary Fig. 8, AuUNP growth on the surface of ami-
nated SiO, NPs was systematically controlled by varying the amounts
of Au precursor and ascorbic acid. The resulting nanostructures were
denoted as SiO,@Au@Au; to SiO,@Au@Auy; according to the
reagents used.

Figure 2g shows the Cs-corrected scanning transmission electron
microscopy (Cs-STEM) images of SiO,@Au@Au;, SiO@Au@Aus,
SiO,@AU@AUs, SiO@AU@AU;, SiO,@AU@AuU, and SiO,@AU@AuUy;.
The average G, for each nanostructure was 9.55, 7.63, 5.89, 3.53, 1.33,
and 1.20 nm, respectively. This decrease in Gy, resulted from the
increase in D, which was based on the amount of Au®> precursor used
during the fabrication process (Supplementary Fig. 9).

After fabricating SiO,@Au@Au NPs, the optical properties of each
nanoprobe were characterized to select the optimal colorimetric
nanoprobes for SELFI. First, the degree of visible light extinction,
strongly related to the colorimetric signal intensity of the SELFI sys-
tem, was measured. As shown in Fig. 2h, the extinction of visible light
by the SiO,@Au@Au NPs increased as the Gp, of SiO,@Au@Au NPs
was decreased, following the same trend observed in the numerical
simulation. Based on these extinction spectra, the color of the
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Fig. 2 | Design with numerical simulation, fabrication, and characterization of
colorimetric nanoprobes for SELFI. a Maximum electric field amplification of the
assembled nanostructure induced by hotspots between AuNPs on SiO, NP.

b Electric field distribution at peak wavelength depending on Ga,. ¢ Absorption
cross-section spectra depending on Ga,,. d Comparison of electric field norm dis-
tribution (at each peak wavelength) between a single AuNP and an AuNP on the
assembled nanostructure, depending on AuNP diameter. e Absorption cross-
section intensity of a single AuNP (red line) and an AuNP on the assembled
nanostructure (blue line) at peak wavelength, depending on AuNP diameter.
fSchematic illustration of fabricated nanoprobes with an assembled nanostructure.
AuNPs were located onto the surface of SiO, nanotemplates with controlled
nanogaps. g Cs-STEM images of fabricated SiO,@Au@Au;, SiO,@Au@Aus,
SiO,@AU@AU;, SiO@AU@AU;, SiO,@AU@AUy, and SiO,@Au@Auy;. The average
gap distances between AuNPs were 9.55, 7.63, 5.89, 3.53, 1.33, and 1.20 nm,

respectively. Ga, was measured from 20 individual AuUNP-AuNP gap measurements
per condition, obtained from a representative Cs-STEM image (n =20 individual
measurements). Scale bars, 50 nm (upper images) and 20 nm (lower images).

h UV-vis extinction spectra of fabricated NPs. i Colorimetric signal intensities of
fabricated NPs on NC membrane. The colorimetric signal intensity was measured
using the Image] software. Quantitative data represent mean + SD from three
independent experiments, each performed using separately prepared batches
from the same sample (n =3). j UV-vis extinction spectra of SiO,@Au@Auy; (blue
solid line), AuNPs from SiO,@Au@Auy; (blue dotted line), and 3-5 nm AuNPs (red
dotted line). k Extinction at Ayax exc Of SIO>,@Au@Auy; (blue filled bar), AuNPs from
SiO,@Au@Auy; (blue hatched bar), and 3-5 nm AuNPs (red hatched bar). Bars
represent mean + SD, with individual data points shown as jittered dots from three
independent experiments, each performed using separately prepared batches
from the same sample (n=3).

SiO,@Au@Au NP mixture deepened as the Gy, of SiO,@Au@Au NPs
was decreased (Supplementary Fig. 10). Similarly, the intensity of the
colorimetric signals from the SiO,@Au@Au NPs on the nitrocellulose
(NC) membrane exhibited the same trend, with the colorimetric signal
intensity from SiO@Au@Au;; NPs nearly reaching the maximum
measurable value (Fig. 2i).

To identify the experimental primary factor behind this increase,
the extinction spectra of Au nanoseeds (3-5 nm), SiO,@Au@Auy; NPs,
and AuNPs obtained from SiO,@Au@Auy; NPs after removing the SiO,
nanotemplate were measured (Fig. 2j). The effect of AuUNP diameter
was evaluated by comparing the extinction of Au nanoseeds with that
of single AuNPs from SiO,@Au@Auy; NPs, which could be regarded as
individual AuNPs with large interparticle distances. The effect of gap

distance was assessed by comparing SiO@Au@Auy; NPs with AuNPs
from SiO,@Au@Auy; NPs, as the AuNP diameter remained unchanged
after SiO, nanotemplate removal.

A comparison of the maximum extinction of each nanostructure
at their maximum extinction wavelength (Anaxexe) Showed that the
degree of extinction increased slightly from 0.031 (Au nanoseeds) to
0.120 (single AuNPs from SiO,@Au@Auy; NPs) due to the increase in
AuNP diameter. However, the extinction increased significantly to
0.426 for SiO,@Au@Auy NPs, attributed to the localized surface
plasmon resonance effect of the nanogaps between the AuNPs
(Fig. 2k). These results experimentally confirm that the extinction of
visible light by the fabricated nanostructure is more influenced by the
gap distance between AuNPs than by AuNP diameter.
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with SELFI and LFIA, depending on the concentration of CA19-9. ii Signal intensity
graph as a function of CA19-9 concentration. The blue line, red line, and orange
dotted line represent signals from SELFI, LFIA, and ELISA, respectively. The gray
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d Calibration curve for CA19-9 quantification. e Calibration curve for PSA quantifi-
cation. f Calibration curve for ICAM-1 quantification. g Comparison of SELFI for PDAC
diagnosis with other LFIA-based diagnostic systems and other diagnostic systems,
including ELISA. For b-f, the colorimetric signal intensity was measured using the
Image]J software. For d-f, the blue line and circles represent the results using SELFI,
while the red line and circles represent the results using LFIA. For d-f, the calibration
curves were fitted using sigmoidal curves. Quantitative data represent mean + SD
from three independent experiments, each performed using separately prepared
batches from the same sample (n = 3). Representative images are shown.

To verify the superior optical properties of SiO,@Au@Auy; NPs as
colorimetric nanoprobes, they were compared with 20 nm AuNPs for
conventional LFIA, and 200 nm AuNPs, which are similar in diameter to
SiO,@Au@Auy; NPs. In terms of visible light extinction, the maximum
extinction value of SiO,@Au@Auy; NPs was 58-fold higher than that of
200 nm AuNPs and 1439-fold higher than that of 20 nm AuNPs (Sup-
plementary Fig. 11). As shown in Supplementary Fig. 12, representative
dark-field microscopy images are provided to qualitatively illustrate
the plasmonic scattering characteristics of the nanoprobes. Only
SiO>@Au@Auy; NPs appeared brightly, whereas the other nanoprobes
showed weak scattering.

Finally, the colorimetric signal intensity of SiO,@Au@Auy; NPs on
the NC membrane was significantly higher than that of 20 nm AuNPs
on the NC membrane when the particle concentration exceeded a
certain level (Supplementary Fig. 13). In summary, our fabricated
SiO,@Au@Au;; NPs exhibited superior optical properties as colori-
metric nanoprobes compared to conventional AuNPs.

Quantification of CA19-9 using SELFI

After fabricating and characterizing SiO,@Au@Au NPs, a model test
was conducted for the quantitative analysis of CA19-9 using the SELFI
system, which has the potential to be faster than ELISA and more
sensitive than LFIA (Fig. 3a). First, the change in colorimetric signal
over time was examined to determine the optimal analysis time for
SELFI. As shown in Fig. 3b, the intensity of the test line’s colorimetric
signal increased with time, with no further significant changes obser-
vable by the naked eye after 15 min. This trend was further confirmed
by quantifying the colorimetric signal intensity using ImageJ, which
demonstrated that the intensity saturated after 15 min. These results

Next, the colorimetric signals obtained from the SELFI, LFIA, and
ELISA systems at various CA19-9 concentrations (0-200 U mL™) were
compared (Fig. 3¢). In the SELFI system, represented by a navy-colored
line as a signal, the colorimetric signal of test line signal was detectable
by the naked eye when the CA19-9 concentration exceeded 5U mL™
However, no visible signals were detected in the LFIA system until the
CA19-9 concentration reached 100UmL™, and even at this con-
centration, only a faint red line was observed. These tendencies were
further confirmed by quantifying the colorimetric signal intensity
using the ImageJ software. For the SELFI system, the signal intensity
was 24.67 at a CA19-9 concentration of 1U mL™ and reached 73.17 at
200 U mL™. This increase was significantly greater than that observed
in the LFIA system employing single AuNPs, where the signal intensity
changed from 6.59 to 11.76, over the same CA19-9 concentration range.
Considering that ELISA, a well-established high-sensitivity detection
method for target biomarkers, exhibited a similar signal increase pat-
tern, these results suggest that the SELFI system offers a level of sen-
sitivity comparable to that of ELISA for the detection of target
biomarkers, including CA19-9.

After verifying the fundamental characteristics of the SELFI sys-
tem, calibration curves were obtained for the quantification of CA19-9
using each nanoprobe and corresponding standard solutions. The
colorimetric signals from the test lines of both nanoprobes were
measured using the ImageJ software, and the calibration curve of each
analysis method was determined through sigmoidal fitting (Fig. 3d and
Supplementary Fig. 14). The equation for the calibration curve of the
SELFI is as follows:

(14.75 — 83.84)

indicate that quantification of CA19-9 in the sample using SELFI can be Signalintensity=83.84 + 1+ (Cunce,,t,mo,,)o.ss @
completed in just 15min—significantly shorter than the 285min 2062

required for ELISA.
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For single AuNP-based LFIA, the calibration curve was:

Signal intensity =31.13 + _(645-3113) 31_'13)1'26 )
1+ (Comeggs ™)

The LOD of each system was calculated based on calibration
curves (Supplementary Table 1). The LOD for CA19-9 using SELFI was
0.012 U mL™, which was more than 10,123-fold lower than that of a
single AuNP-based LFIA (121.477 UmL™) and 25-fold lower than that of
commercially available ELISA (0.3 U mL™). Furthermore, the LOD of
SELFI was lower than that of previously reported LFIA systems for
CA19-9 quantification®, indicating that SELFI is among the most sen-
sitive LFIA systems for CA19-9 detection. Similar trends were observed
not only for CA19-9 but also for PSA and intercellular adhesion mole-
cule 1 (ICAM-1), which are frequently used as cancer biomarkers.
Therefore, the SELFI system could serve as a substitute for conven-
tional LFIA systems, regardless of the target biomarker type (Fig. 3e, f).

To further assess the performance of SELFI as a diagnostic system,
CA19-9 quantification-based PDAC diagnostic methods reported in the
literature and those that are commercially available were compared by
plotting analysis time versus LOD (Fig. 3g). The results demonstrated
that SELFI quantification of CA19-9 required a short analysis time,
comparable to conventional LFIA®, LFIA with carbon nanotubes®, and
time-resolved fluorescence microsphere-based LFIA®, all of which
have relatively high LODs. Conversely, SELFI exhibited a lower LOD
than or similar to that of commercially available ELISA kits, electro-
chemical immunosensors*™, and near-infrared photothermal
immunoassays”, which require longer analysis time. These results
highlight that SELFI effectively combines the advantages of previously
published diagnostic platforms and commercially available assays,
providing both rapid analysis and a low LOD.

Diagnosis of PDAC via CA19-9 quantification in serum samples
using SELFI

Using LFIA and the designed SELFI system, quantification of CA19-9 in
serum samples from healthy controls (50 ea.), patients in early-stage
PDAC (40 ea.), and patients in late-stage PDAC (60 ea.) was conducted
to determine the possibility of early diagnosis of PDAC using the SELFI
system. After taking photographs of the test strips, the concentration
of CA19-9 in each serum sample was successfully calculated by mea-
suring the colorimetric signal intensity of the test lines using the
ImageJ software (Supplementary Figs. 15;16 and Supplementary Data-
set 1). To compare the diagnostic performance of SELFI with that of
ELISA, which is commonly used for the quantification of CA19-9, and
LFIA, the ROC curve and AUC values of each system were compared.
The ROC curve and AUC value were calculated after 90% of the sam-
ples were extracted from the mother populations, and this process was
repeated 100 times to enhance statistical reliability (Fig. 4a).

Figure 4b-d shows the average ROC curves of each system, in
which the mother population was set as samples from healthy controls
and early-stage patients (Fig. 4b), healthy controls and late-stage
patients (Fig. 4c), and total samples (Fig. 4d). The average AUC value of
SELFI was significantly higher than that of ELISA for samples from
healthy controls and early-stage patients (0.862 and 0.854, respec-
tively), indicating that our SELFI system performed notably better for
the early diagnosis of PDAC than ELISA. The AUC values of both
diagnostic systems were almost the same for samples from healthy
controls and late-stage patients (0.925 for SELFI and 0.926 for ELISA,
respectively). For the total serum samples, the AUC value of SELFI was
slightly higher than that of ELISA (0.899 for SELFI and 0.896 for ELISA,
respectively). Finally, LFIA, which used 20 nm AuNPs as colorimetric
nanoprobes, showed poor AUC values in all cases compared to the
other two systems (0.550 for healthy controls and early-stage patients,
0.692 for healthy controls and late-stage patients, and 0.634 for total
samples). The calculated AUC values for all repetition steps were

plotted as violin plots to confirm the statistical evaluation of the dif-
ferences in AUC values among ELISA, LFIA, and SELFI (Fig. 4e-g). The P
values for the comparison between ELISA and SELFI were <0.0001,
0.0142, and 0.3363 for healthy controls versus early stage PDAC, whole
PDAC, and late-stage PDAC, respectively (Table 1). For the comparison
between LFIA with single AuNPs and the other systems, all P values
were <0.0001. Based on these results, the superior performance of the
SELFI system for PDAC diagnosis, particularly for early diagnosis, was
statistically proven.

Discussion

We designed and fabricated SiO,@Au@Au NPs, where AuNPs were
embedded on the surface of SiO, NPs, as colorimetric nanoprobes for
the LFIA system for the early diagnosis of PDAC. To the best of our
knowledge, this study reports simulations of the electric field with
controlled gap distances between AuNPs on SiO, NPs and the appli-
cation of AuNP-embedded SiO, NPs as colorimetric nanoprobes in an
LFIA system for the early diagnosis of PDAC.

Our fabricated nanoparticle consisted of SiO, NP and AuNPs,
where the AuNPs were located on the surface of the SiO, NP with
nanogaps. The SiO, NP core was chosen because it can be fabricated
easily with a controlled size using Stober or its modified methods®*,
and the surface of SiO, NP can be modified with silane derivatives, such
as (3-aminopropyl)triethoxysilane (APTES)**. Furthermore, the SiO,
core does not interfere with the growth of AuNPs during the seed-
mediated growth process, and the size and gap distance between the
grown AuNPs can be well controlled. Consequently, the reproducibility
of the morphology of SiO,@Au@Au;; NP was ensured. This advantage
was particularly evident when compared to Au-Au core/satellite
structures, in which AuNPs were located on the surface of the AuNP
core with an uncontrolled gap distance®.

The relationship between the colorimetric signal intensity in LFIA
and electric field enhancement from plasmonic behavior can be
described by the following mechanism: increasing the electric field by
the plasmonic hotspot effect leads to an increase in the absorption
cross-section, which is proportional to the square of the local electric
field. As the absorption cross-section increases, a smaller portion of
the incident light was reflected owing to the increasing absorption
ratio of the incident light by the NPs. As a result, NPs with high
absorption cross-sections appears darker in color owing to the lack of
reflected incident light, and this dark color exhibits high colorimetric
signal intensity because of its high contrast with the white color, which
is the color of the NC membrane. With this mechanism, the
SiO,@Au@Au;; NPs demonstrated more intense colorimetric signals
than commercially used single AuNPs of 20 nm, owing to the presence
of abundant hotspots between the embedded AuNPs.

With this optical characteristic, our SELFI system has several
merits compared to other diagnostic systems, such as ELISA or LFIA
with single AuNPs. First, the quantification of CA19-9 using the SELFI
system was performed within 15 min, whereas ELISA required more
than 4 h for quantification. Second, the LOD of SELFI was 0.012 U mL™,
which was 10,123-fold and 25-fold lower than that of single AuNPs
(12.477UmL™") and commercially available ELISA kit (0.3UmLY),
respectively. Finally, the AUC value of the ROC curve from SELFI was
higher than that from ELISA (0.862 vs. 0.854, P<0.0001 in healthy
controls versus early stage PDAC, and 0.896 vs. 0.899, P=0.0142 in
healthy controls versus whole PDAC). This indicates that SELFI is a
more effective diagnostic system for the early diagnosis of PDAC than
conventional ELISA.

Encouraged by the potential of the SELFI system as a disease
diagnostic platform, we aim to further improve its reliability and
convenience through the following future efforts. First, we will opti-
mize the fabrication conditions for SiO,@Au@Auy; with high repro-
ducibility using a fully assembled kit, including conjugate and sample
pads. Second, we will establish a standardized method for analyzing
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Fig. 4 | Diagnosis of PDAC with clinical serum samples using ELISA, LFIA,

and SELFI. a Schematic illustration of the statistical data analysis process.

b Average ROC curve for ELISA, LFIA, and SELFI using samples from early-stage
PDAC patients and healthy controls (area under the curve (AUC): ELISA = 0.854,
LFIA =0.550 and SELFI=0.862). c Average ROC curve for ELISA, LFIA, and SELFI
using samples from late-stage PDAC patients and healthy controls (AUC: ELISA =
0.926, LFIA = 0.692 and SELFI=0.925). d Average ROC curve for ELISA, LFIA, and
SELFI using total samples (AUC: ELISA = 0.896, LFIA=0.634 and SELFI=0.899).

e Violin plot of AUC values for ELISA, LFIA, and SELFI using samples from early-stage
PDAC patients and healthy controls (P < 0.0001, two-sided Student’s ¢ test). f Violin
plot of AUC values for ELISA, LFIA, and SELFI using samples from late-stage PDAC

patients and healthy controls. Two-sided Student’s ¢ test shows a significant dif-
ference between LFIA and SELFI (P < 0.0001), but not between ELISA and SELFI (ns;
P=0.3363). g Violin plot of AUC values for ELISA, LFIA, and SELFI using total
samples. Statistical significance was assessed using a two-sided Student’s ¢ test
(ELISA vs. SELFI, P=0.0142; LFIA vs. SELFI, P<0.0001). For b-g, data from ELISA,
LFIA, and SELFI are depicted in orange, red, and blue, respectively. The ROC curves
and AUC values were obtained using a homemade R program code with the pROC
library. For b-d, the average ROC curves were obtained by averaging 100 ROC
curves using linear interpolation, with the black dotted line representing a random
classifier. For e-g, the median value is depicted as a solid line, and the interquartile
range boundaries are depicted as dotted lines in each violin plot.

colorimetric signals. Third, we will determine an optimal cutoff for
PDAC diagnosis using the SELFI system by applying machine-learning
algorithms to the data analysis framework. Fourth, samples will be
collected from additional independent cohorts with diverse ethnic and

geographic backgrounds to further enhance statistical robustness and
generalizability, as guided by the post-hoc power analysis of the cur-
rent dataset (Supplementary Table 3). Fifth, we will seek to reduce
potential misclassification in Lewis-negative cases®® by integrating
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Table 1| AUC calculations for ELISA, LFIA, and SELFI results at 95% Cls (100 repetitions)

Samples Diagnosis system

ELISA LFIA SELFI

AUC 95% Cl AUC 95% Cl AUC 95% CI
Early-stage (n = 40) + healthy control (n=50) 0.854 0.834-0.881 0.550 0.528-0.556 0.862 0.841-0.888
Late-stage (n = 60) + healthy control (n=50) 0.926 0.917-0.940 0.692 0.676-0.713 0.925 0.914-0.949
Early-stage (n = 40) + late-stage (n =60) + healthy control (n=50) 0.896 0.885-0.913 0.634 0.619-0.647 0.899 0.884-0.919

quantitative information from additional biomarkers with CA19-9.
Finally, we will extend the application of the SELFI system to other
biomarkers to enable the diagnosis of additional critical diseases for
which early detection is essential. With these efforts, the SELFI system
may provide improved convenience, sensitivity, and reliability, and
could offer an alternative approach for the early diagnosis of PDAC,
with potential applications in preventive healthcare.

Method

Ethics statement

Ethical approval was obtained from the Human Bioresource Center of
Seoul National University Bundang Hospital (Affiliated College of
Medicine, Seoul National University). The study protocol was reviewed
and approved by the Institutional Review Board (IRB approval number:
X-2011-651-903) and conducted in accordance with the Declaration of
Helsinki. All private patient information was anonymized and de-
identified prior to analysis.

Written informed consent was obtained from all participants for
the use of their samples for scientific research and publication. Parti-
cipants consented to (1) donation of blood or tissue samples, (2)
provision of basic clinical information, and (3) exemption from the
requirement for additional consent for future related research. These
consent provisions were reviewed and approved by the IRB of Seoul
National University Bundang Hospital and were confirmed to be
exempt from further approval.

Study population

This study was conducted as part of a National Research Funding
project under the BRIDGE Convergence R&D program of the Ministry
of Science and ICT of the Republic of Korea, entitled “Development of
Early Detection Technology for Pancreatic Cancer via Liquid Biopsy
Using Fiber Optic-Based Raman Spectroscopy and Artificial Intelli-
gence System” (Project number: NRF-2021M3C1C3097204).

A total of 150 human subjects were enrolled at a single tertiary
hospital and categorized into three groups: 50 healthy controls, 40
patients with early-stage (resectable) PDAC, and 60 patients with
advanced-stage PDAC (locally advanced or metastatic). Peripheral
blood samples and associated clinical information were collected
prospectively following approval by the IRB of Seoul National Uni-
versity Bundang Hospital. The established database has been
approved for use in multiple research publications focusing on dif-
ferent engineering-based measurement methodologies.

Baseline demographic and clinical characteristics, including age,
sex, tumor location, and tumor size, are summarized in Supplementary
Table 2. The healthy control group was propensity-matched to the
cancer groups with respect to age and sex, resulting in no statistically
significant differences in these variables across the three groups.
Healthy controls were selected from a health-screening population
and had no history of pancreatic cystic neoplasm, chronic pancreatitis,
familial pancreatic cancer, or other high-risk conditions. Individuals
with evidence of diabetes mellitus, defined as hemoglobin Alc
(HbAIc) > 6.5%, were excluded.

Tumor location did not differ significantly between the resectable
and advanced PDAC groups, with pancreatic head tumors accounting

for approximately 46% of cases. Tumor size was significantly larger in
the advanced PDAC group (median, 3.8 cm) than in the resectable
PDAC group (median, 2.2 cm). All participants were Far East Asians
(South Koreans).

Consideration of sex and gender (SAGER compliance)

Sex of participants was determined based on self-report at the time of
enrollment and recorded in the clinical database. Sex and age were
explicitly considered in the study design through propensity matching
between healthy controls and patients with PDAC in order to minimize
demographic confounding,.

Sex- or gender-specific analyses were not performed in this study.
This decision was made because the primary objective of the study was
to evaluate the overall diagnostic performance of the assay across
clinically relevant disease stages rather than to investigate biological or
diagnostic differences between sexes. In addition, the available sample
size was not powered to detect statistically meaningful sex-specific
effects. Nevertheless, sex-disaggregated demographic data are pro-
vided in Supplementary Table 2, and individual-level sex information is
included in the Source data files where applicable.

Participant compensation
No financial compensation was provided to participants for the
donation or use of their biological samples.

Materials

Tetraethylorthosilicate ~ (TEOS),  (3-aminopropyl)triethoxysilane
(APTES), gold (IlI) chloride trihydrate (HAuCl,-3H,0, 99.9%), sodium
borohydride (NaBH,), ascorbic acid, 1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide hydrochloride (EDC-HCI),
N-hydroxysulfosuccinimide (sulfo-NHS), bovine serum albumin (BSA),
11-mercaptoundecanoic acid (11-MUA), 4-morpholineethanesulfonic
acid (MES), AuNPs (20 nm diameter, 1 OD, stabilized suspension in
citrate buffer), 96-well plate, and polyvinylpyrrolidone (PVP; Mw
~40,000) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Hydrochloric acid (HCI; 35-37%), ethanol (99%), potassium hydroxide
(KOH), and buffer solution (pH 9.0 +0.02) were purchased from
Samchun Chemical (Seoul, Republic of Korea). Ammonium hydroxide
(NH4OH, 27%), sodium hydroxide (NaOH), and isopropyl alcohol (IPA)
were purchased from Daejung (Busan, Republic of Korea). Phosphate-
buffered saline (PBS; pH 7.4) and 0.5% (v/v) Tween 20 in PBS (PBST; pH
7.4) were purchased from Dyne Bio (Seongnam, Republic of Korea).
Goat anti-mouse IgG antibody (Ab), backing card, NC membrane, and
absorbent pads were purchased from Bore Da Biotech Co., Ltd.
(Seongnam, Republic of Korea). An ELISA kit for CA19-9 (Cat#
EHCA199) was purchased from Thermo Fisher Scientific (Waltham,
MA, USA). CA19-9 monoclonal antibodies (A46300 and A46400) and
CA19-9 antigen (J66100) were purchased from BiosPacific Inc.
(Emeryville, CA, USA). Deionized water (D.W.) was used for all
experiments.

Instruments and analysis
TEM images of the NPs were obtained using a JEM-F200 instrument
(JEOL, Akishima, Tokyo, Japan) at a maximum accelerated voltage of
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200kV. Cs-STEM images of the NPs were obtained using a JEM-
ARM200F(NEOARM) (JEOL, Akishima, Tokyo, Japan). The UV-vis-NIR
extinction spectra of the NPs were obtained using an Optizen UV-vis
spectrometer (Mecasys, Daejeon, Republic of Korea).

The solutions for the test and control lines were dispensed using
an automated lateral flow reagent dispenser (Claremont Bio, Upland,
CA, USA). The colorimetric signal intensities of the test line on the NC
membrane were measured by using the ImageJ program. The colori-
metric signal intensities of 96-microplate well after ELISA were mea-
sured by using BioTek Epoch 2 spectrophotometer (Agilent, Santa
Clara, CA, USA).

Numerical simulations were performed using COMSOL Multi-
physics 5.4. Calibration curves for CA19-9 were obtained using Origi-
nPro 8.5. The ROC curve and AUC values of each analysis system were
calculated using homemade R program code with the pROC library”.

Numerical simulation of nanostructures
A wave optics simulation was performed to evaluate the optical
behavior of the assembled nanostructure as a function of Ga,. TE-
polarized electromagnetic waves in the wavelength range of
400-800 nm was applied. The wavelength dependence of the refrac-
tive index of Au was obtained from the database of Werner®, Periodic
conditions in the x- and y-directions and ports in the z-direction were
applied for the backfield modeling. A perfectly matched layer in the x-,
y-, and z-directions was set for scattered-field modeling.

To build an assembled nanostructure with evenly distributed
AuNPs, we placed an AuNP in contact with the SiO, NP and rotated it to
a specific angle to form similar gaps, as observed in the experiment.

Fabrication of SiO, NPs

SiO, NPs of approximately 145 nm in diameter were fabricated using a
modified Stober method*%. TEOS (1.5 mL) and NH,OH (1.5 mL) were
added to absolute ethanol (35 mL) while stirring at 50 °C and 700 rpm
with a magnetic bar. After 2 h, the fabricated SiO, NPs were washed five
times with ethanol via centrifugation at 8885 x g for 10 min. The con-
centration of SiO, NPs was adjusted to 50 mgmL™ with absolute
ethanol.

Amination of SiO, NPs (SiO,-NH, NPs)

For the amination of SiO, NPs, 12.5mg of SiO, NPs (in 250 pL of
ethanol) was mixed with APTES (15.5pL) and NH,OH (10 pL). The
mixture was shaken overnight, after which the SiO,-NH, NPs were
washed three times with ethanol via centrifugation at 6809 x g for
10 min. The concentration of the washed SiO,-NH, NPs was adjusted to
10 mg mL™ with absolute ethanol.

Fabrication of Au nanoseeds

Prior to introduction, Au nanoseeds with diameters of 3-5nm were
prepared using the Martin method®. Briefly, 5.67 mg of NaBH, in a
50 mM NaOH solution (3 mL) and 19.6 mg of HAuCl,-3H,0 in a 50 mM
HCI solution (1 mL) were sequentially added to 96 mL of D.W. while
stirring at 1000 rpm. The color of the mixture changed to ruby-red
after a short time, and the reaction continued for an additional 1 h. The
prepared Au nanoseed mixture was stored at 4°C for 2-3 days
before use.

Fabrication of Au nanoseed-introduced SiO, NPs (SiO,@Au NPs)
To fabricate the Au nanoseed-introduced SiO, NPs (SiO,@Au NPs), Au
nanoseeds (10 mL) and PVP (20 mg) were mixed. To this mixture, 2 mg
of Si0,-NH, NPs (in 200 pL of ethanol) was added, and the mixture was
incubated overnight at room temperature. The fabricated SiO,@Au
NPs were washed three times with ethanol via centrifugation
at 8885 x g for 10 min. The washed SiO,@Au NPs were redispersed
in ImL of 2% (w/v) PVP solution to adjust the concentration to
ImgmL™

Fabrication of AuNP-assembled SiO, NPs (SiO,@Au@Au NPs)
To fabricate the SiO,@Au@Au NPs, 0.2 mg of SiO,@Au was added to
9.8 mL of 2% (w/v) PVP solution, and the mixture was stirred at
500 rpm. While stirring, 20 pL of a 10 mM HAuCl, solution and 40 pL
of a 10 mM ascorbic acid solution were added to the mixture every
5 min, with the number of injections cycles varyingas1,3,5,7,9, and 11
times. The mixture was stirred for an additional 10 min after the final
addition. The fabricated SiO,@Au@Au NPs were washed five times
with ethanol via centrifugation at 8885 x g for 10 min.

Removal of SiO, NPs from SiO,@Au@Auy; NPs

First, 50 pg of SiO,@Au@Au;; NPs was dispersed in 750 pL of IPA.
Then, 250 pL of 4 M KOH was added, and the reaction was conducted
for 24 h using an incubator mixer at 60 °C and 300 rpm. After the
reaction was complete, the supernatant was removed by centrifuga-
tion at 27,237 x g for 15 min. The remaining AuNPs were sequentially
washed twice with D.W. and 0.1% PBST (pH 7.4) via centrifugation at
27,237 x g for 15 min. The washed AuNPs were redispersed in 1 mL of
0.1% PBST (pH 7.4).

Conjugation of antibodies onto SiO,@Au@Au,; NPs

Prior to the conjugation of antibodies, a carboxylic acid group was
introduced by attaching 11-MUA onto SiO,@Au@Auy; NPs. To achieve
this, 0.1 mg of SiO,@Au@Auy; NPs was redispersed in 90 pL of ethanol
and mixed with 10 pL of a 2mM 11-MUA solution. The mixture was
shaken at room temperature for 1 h. After the reaction, the NPs were
washed three times with ethanol via centrifugation at 8885x g for
10 min. The surface-modified SiO,@Au@Au NPs were then redis-
persed in 100 pL of ethanol.

Following the attachment of 11-MUA, the carboxylic acid group
was activated. To activate the carboxylic acid group on the nanop-
robes, a SiO,@Au@Auy; NPs mixture (0.1 mg in 700 pL of D.W.) was
sequentially mixed with 100 pL of a 2 mM EDC-HCI solution, a 2 mM
sulfo-NHS solution, and a 500 mM MES solution. The reaction mixture
was shaken for 30 min, after which the supernatant was removed by
centrifugation at 9425 x g for 10 min. The remaining nanoprobes were
redispersed in 1mL of 50 mM MES individually, and then 10 pL of a
CA19-9 monoclonal Ab (A46400) solution (1mgmL™ in pH 7.4 PBS)
was added to each mixture. The mixture was shaken at room tem-
perature for 2 h.

The nanoprobes were washed twice with 50 mM MES via cen-
trifugation at 9425 xg for 10 min and then redispersed in 1mL of
50 mM MES after washing. After the reaction was complete, both
nanoprobes were washed twice with 0.5% (v/v) PBST and 0.5% (w/v)
BSA/PBS via centrifugation at 9425xg for 10 min. The washed
nanoprobes were stored at 4 °C prior to use.

Preparation of Ab-attached single AuNPs

Prior to the attachment of antibodies onto the surface of single AuNPs,
1mL of AuNP solution (6.54 x 10" particles mL™, in citrate buffer) was
removed via centrifugation, and the AuNPs were redispersed in 1 mL of
buffer solution (pH 9.0). Then, 10 uL of CA19-9 monoclonal Ab
(A46400) solution (1 mg mL™, pH 7.4 PBS) was added. The mixture was
shaken at room temperature for 30 min and stored in a refrigerator at
4°C for 24 h. Next, 100 pL of 10% (w/v) BSA/PBS was added to the
mixture and shaken for 1h. After the reaction was complete, the mix-
ture was washed twice with PBS (pH 7.4) via centrifugation at 8885 x g
for 10 min. The washed mixture was stored at 4 °C before use.

Preparation of test strips for CA19-9 detection

Test strips for SELFI and LFIA were prepared as follows. After assem-
bling the NC membrane on the backing card, 1 mg mL™ of goat anti-
mouse IgG Ab solution was dispensed onto the control line. Subse-
quently, an anti-CA19-9 capture Ab solution (1mgmL™ in pH 7.4 PBS)
was dispensed onto the test line. The distance between the control and
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test lines was set at 4.0 mm. All solutions were dispensed onto the NC
membrane at a flow rate of 1.9 uLcm™. After dispensing, the NC
membranes were dried in a desiccator for at least 2 h. After drying, the
absorbent pad was attached to the backing card. The assembled strips
were cut into 4 mm widths to fabricate individual test strips. This
approach follows standard practices commonly used in LFIA
fabrication®.

Optimization of analysis time for SELFI

Prior to conducting SELFI analysis, the solvent of the SiO,@Au@Auy;
NPs mixture was changed to 0.5% (v/v) PBST. A CA19-9 solution with a
concentration of 370UmL™ in PBS (pH 7.4) was prepared. As a
developing mixture, 33 pL of a mixture consisting of 3 pL of CA19-9
solution, 5 pL of SiO,@Au@Au;; NPs mixture, and 25 pL of 0.5% (v/v)
PBST were mixed. The mixture was developed along each test strip for
1,2, 5,10, 15, 30, and 60 min. After development, the intensity of the
colorimetric signal from the test strips was measured using the ImageJ
software.

Model test for detection of CA19-9 with known concentrations

For SELFI and LFIA, the solvent of the SiO,@Au@Auy; NPs mixture and
single AuNPs was changed to 0.5% (v/v) PBST. Subsequently, CA19-9
solutions of known concentrations (0-200UmL™) in PBS (pH 7.4)
were prepared. Developing mixtures were prepared by mixing 3 pL of
CA19-9 solution, 5 pL of SiO@Au@Auy; NPs or single AuNPs mixture,
and 25 pL of 0.5% (v/v) PBST. The developed mixture was allowed to
flow along the test strips for 15 min. The intensities of the colorimetric
signals from the test lines were measured using the ImageJ software
after capturing photographs of the NC membranes. For ELISA, the
signal intensities of the prepared CA19-9 sample solutions were mea-
sured using a BioTek Epoch 2 spectrophotometer.

Calibration curves for quantification of biomarkers using SELFI
and LFIA

Prior to the quantitative analysis of CA19-9, the solvent of the
SiO,@Au@Au;; NPs mixture and single AuNPs was changed to 0.5% (v/
v) PBST. CA19-9 solutions with concentrations of 0, 0.0037, 0.037,
0.37, 3.7, 37, 370, 3700, and 37000 UmL™ in pH 7.4 PBS were pre-
pared. After preparing, developing mixtures by mixing 3 pL of CA19-9
solution, 5pL of SiO,@Au@Auy;; NPs or single AuNPs mixture, and
25 pL of 0.5% (v/v) PBST, the developing mixtures were allowed to flow
along the test strips for 15min. The intensities of the colorimetric
signals from the test lines were measured using the ImageJ software,
and the calibration curve was obtained by sigmoidal fitting. The gen-
eral form of the sigmoidal-fitted (logistic model) calibration curve is as
follows:

()

1+ Concentration P
Xo

Signal intensity=A, + 3)

where Xj, A;, A,, and p are the calibration curve parameters. As next,
Eq. (3) was rearranged in terms of concentration as follows:

A, — Signal intensity)f’ )

Concentration=X, % | = > .
0 <51gnal intensity — A,

Before calculating the LOD concentration using Eq. (4), the signal
intensity at the LOD was calculated®. Signal intensity at LOD (I, op) was
calculated using the following equation:

1100 = 1tank * 3 % Opiank )

where /gpank is the signal intensity of the blank sample and 0gan is the
standard deviation of the signal intensity in the blank sample. By

substituting the parameters and / op for each case into Eq. (4), LOD of
biomarker was calculated.

For PSA and ICAM-1 as target biomarkers, the entire process
remained the same, except that the sample solution was substituted
with PSA solutions (at concentrations of 0, 0.004, 0.04, 0.4, 4, 40,
400, 4000, and 40,000 ng mL™ in pH 7.4 PBS) or ICAM-1 solutions (at
concentrations of 0, 0.002, 0.02, 0.2, 2, 20, 200, 2000, and
20000 ngmL™ in pH 7.4 PBS).

Supplementary Table 1 presents the parameters for the calibra-
tion curves: /gjank, Oglank, and LOD, for each case.

Quantification of CA19-9 in serum samples using ELISA

The concentration of CA19-9 in serum samples was measured using
ELISA kits for CA19-9 according to the manufacturer’s instructions.
Serum samples were measured in duplicate, starting with a four-fold
dilution and continuing up to a 200-fold dilution. CA19-9 concentra-
tions were determined from standard curves of control proteins from
the kits using a four-parameter logistic nonlinear regression model
with a BioTek Epoch 2 spectrophotometer.

Quantification of CA19-9 in serum samples using SELFI and LFIA
Prior to the quantification of CA19-9 in the serum samples, the solvent
of the nanoprobe mixture was changed to 0.5% (v/v) PBST. After that,
3L of serum samples, diluted 10-fold with 0.5% (v/v) PBST, were
placed individually into a 96-well plate. The subsequent procedures
were the same as those in the model test. The concentration of CA19-9
in each serum sample was calculated based on the signal intensity of
the test lines and the calibration curves obtained in the model test.

Statistical analysis of quantified CA19-9 concentration using
ELISA, LFIA, and SELFI
For the statistical analysis of quantified CA19-9 in the diagnosis of
PDAC and comparison of each analytical system, an R program code
incorporating the pROC library was designed and used”. The total
sample set consisted of three groups: 50 healthy controls, 40 patients
with early-stage PDAC, and 60 patients with late-stage PDAC. To
ensure robustness, 90% of the original samples (135 samples in this
case) were selected by randomly excluding 10% of the samples from
each group.

The ROC curves and AUC values were generated from these
135 samples, and this process was repeated 100 times to obtain 100
ROC curves and corresponding AUC values. The average ROC curves
for ELISA and SELFI were determined using linear interpolation,
whereas the ROC curve for LFIA was constructed using discrete deci-
sion thresholds derived from the minimum and maximum observed
signal values. The average AUC values and 95% confidence interval (CI)
ranges were calculated from the 100 AUC values obtained. This pro-
cess remained consistent across all other cases, except for variations in
sample group composition.

Statistics and reproducibility

No statistical method was used to predetermine sample size. Sample
sizes were determined based on the availability of clinical specimens.
All collected clinical samples were included in the quantitative ana-
lyses, and no data were excluded from the analyses. The experiments
were not randomized. The investigators were not blinded to allocation
during experiments and outcome assessment. Reproducibility was
ensured through resampling-based statistical analyses, as described in
the statistical analysis section. Random subsampling was performed
using a fixed random seed, and model performance metrics were
evaluated across repeated iterations.

Post hoc power analysis for sample size
Since this study leveraged all eligible cases recruited during the pre-
defined enrollment period, a post hoc power analysis was performed

Nature Communications | (2026)17:2768

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69204-7

to assess whether the primary outcome measure was adequately
powered. Based on the quantified results described above, the stan-
dardized effect size (Cohen’s d), 95% CI, and statistical power were
calculated using a custom R script incorporating the cohen.d and
pwr.t2n.test functions from the effsize and pwr packages®** (Supple-
mentary Table 3). All tests were two-sided with a=0.05.

Antibody use and validation

Antibodies used in this study and their applications are summarized
here. Detector antibodies (anti-CA19-9; BiosPacific, Cat. No. A46400,
anti-ICAM-1; Abcam, Cat. No. ab288641, and anti-PSA; Bore Da Biotech,
Cat. No. 14801) were used for conjugation onto SiO@Au@Auy
nanoprobes and single AuNPs at a concentration of 1 mg mL™. Capture
antibodies (anti-CA19-9; BiosPacific, Cat. No. A46300, anti-ICAM-1;
Abcam, Cat. No. ab288641, and anti-PSA; Bore Da Biotech, Cat. No.
14803) and goat anti-mouse IgG antibody (Bore Da Biotech, Cat. No.
20300) were used at 1mgmL™ as test line (capture antibodies) or
control line (goat anti-mouse IgG antibody) reagents for LFIA test
strips. An ELISA kit for CA19-9 (Thermo Fisher Scientific, Cat. No.
EHCA199) was used according to the manufacturer’s protocol,
including all antibody concentrations and incubation conditions pro-
vided in the kit. Antibodies for ICAM-1 (Abcam, Cat. No. ab288641),
supplied as a matched capture-detector pair, have been discontinued.
All primary antibodies were validated by the manufacturers for human
antigen detection in ELISA or sandwich immunoassays, as indicated in
the respective datasheets.

Figure preparation

Figures 1a-c and 2f were created by the authors using Cinema 4D and
Adobe Photoshop. Figure 2b was generated using COMSOL multi-
physics and assembled for figure presentation. Figure 3a was assem-
bled using Clip Studio Paint and Microsoft PowerPoint. Figure 4a was
created using Microsoft PowerPoint. Supplementary Figs. 1 and 3c
were rendered in Blender 4.2 LTS based on geometries generated
using COMSOL Multiphysics. Supplementary Fig. 7 was created using
Rhino 8, Cinema 4D, and Adobe Photoshop. Supplementary Fig. 11 was
created using Cinema 4D.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The processed quantitative data generated in this study, including
assay readouts and data used for statistical and ROC analyses, are
provided in the Supplementary Tables associated with this paper.
Individual-level clinical data derived from human serum samples are
not publicly available due to ethical and legal restrictions related to
participant privacy and the terms of informed consent. These data are
stored in controlled-access repositories at the Human Bioresource
Center of Seoul National University Bundang Hospital. Access to the
restricted clinical data may be granted to qualified researchers for non-
commercial research purposes, subject to approval by the Human
Bioresource Center and the relevant Institutional Review Board.
Requests for access should be directed to the corresponding author
(Jong-chan Lee; ljc0316@snubh.org), who will coordinate the appli-
cation process. A response to access requests is typically provided
within 2-4 weeks. Data will remain available for the duration permitted
by institutional and ethical regulations. Source data for all figures are
provided with this paper. Source data are provided with this paper.

Code availability

The code used in this study is available at GitHub (https://github.com/
JKim-45/SELFI) and has been archived on Zenodo with a https://doi.
org/10.5281/zen0d0.17958691.
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