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ARTICLE INFO ABSTRACT

Keywords: Surface-Enhanced Raman Scattering (SERS) offers great potential for label-free molecular diagnosis, especially in
Aptamer detecting disease biomarkers. However, the complexity of the biological environment in clinical human serum
Origami

often significantly impairs detection accuracy. In this study, we present a highly effective SERS strategy utilizing
aptamer origami-collapsed nanofingers for the precise qualitative and quantitative detection of specific targeted
biomarkers in clinical serum. Here, the biomarker-specific aptamers are anchored to gold nanofingers, which
then collapse during liquid evaporation, forming sub-nanometric gaps that enhance near-field strength. The
serum is introduced directly into these stabilized nanofingers, where targeted biomarkers are selectively
captured in aptamer hotspots, yielding pure Raman spectra of the biomarkers without interference from other
serum molecules. The ratio of the biomarker’s characteristic Raman peak to that of the aptamer allows for ac-
curate quantification. This approach was validated with alpha-fetoprotein (AFP) for hepatocellular carcinoma
and cardiac troponin I (cTnl) for acute myocardial infarction in clinical serum, achieving detection within 3 min.
This strategy represents a significant advancement in SERS-based medical diagnostics, offering exceptional
sensitivity and specificity in complex biological samples.
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1. Introduction fluorescence, resulting in highly sensitive detection down to

single-molecular SERS detection (Xu et al., 1999; Nordlander et al.,

Surface-Enhanced Raman Scattering (SERS) was widely thought to
be a promising approach in disease identification because biomarkers
can be directly fingerprinted through their Raman spectra (Shin et al.,
2023; Wang et al., 2023; Schliicker and Choi, 2024; Wu and Qu, 2015;
Seth et al., 2024). The plasmonic dimers with sub-nanometer scale gaps
can create a coupled electromagnetic (EM) enhancement up to 102 fold
which enables the Raman cross-section compared with that of
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2004; Savage et al., 2012; Moskovits, 2013; Baumberg et al., 2019; Le Ru
and Auguié, 2024). In addition, SERS can provide a fast assay and
real-time monitoring for biomarkers up to several seconds, and requires
a tiny amount of samples (Graham et al., 2017; Langer et al., 2020; Lin
et al., 2021; Ma et al., 2024). These capabilities of SERS hold significant
potential for advancing medical diagnosis (Schliicker and Choi, 2024).
Usually, target biomarkers associated with different diseases remain in
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clinical blood for a prolonged period, and thus, the serum is selected as a
sample in modern medical diagnosis (Seth et al., 2024). However, when
serum is directly used as samples in SERS for the ground truth mea-
surement (Yu et al., 2020), both the qualitative and quantitative bio-
markers detection still face challenges that limit its applications in
medical diagnosis (Lee et al., 2024a). As is well known, in qualitative
SERS analysis for biomarkers in serum, besides biomarkers, there are
over thousands of diverse molecules and direct measurement using
serum will form a mixture of Raman spectra, so the specific biomarkers
cannot be directly identified (Shi et al., 2023). Further, in quantitative
SERS analysis, multiple factors, including uncontrollable molecular
absorption or desorption in hotspots, heterogeneous SERS enhancement,
and optical operations, induce notable Raman signal intensity fluctua-
tions, which produce larger errors in quantification (Zhang et al., 2023).

The strategies to overcome these limitations based on plasmonic
dimers nanostructures have been broadly introduced. The first strategy
employing bottom-up self-assembly methods is that versatile plasmonic
dimer metallic colloidal nanoparticles by DNA assisted technology have
been designed in solution, making known pure small molecules be
embedded just inside the DNA cavity where the EM field reaches the
maximum value (Cao et al., 2002; Cheng et al., 2017; Hilal et al., 2022;
Lee et al., 2024b; Lee et al., 2024c; Yang and Lim, 2020; Yesjlyurt et al.,
2023; Schuknecht et al., 2023; Liu et al., 2023a). However, these ap-
proaches are basically not practical for the biomarkers because the
target biomarkers in serum are difficult to be selectively trapped into the
DNA cavity. The second strategy employing top-down etching methods

a Lift-of Underlayer

Water Objective Lens

Resist etching
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is that different dimer solid chips have been fabricated in which the gap
sizes are currently limited to several nanometers (Le Ru and Auguié,
2024; Ma et al., 2024; Shvalya Abdulhalim et al., 2020; Shrivastav et al.,
2024; Singh et al., 2023). The main difficulty is that present solid chips
require the sample purification process to avoid the formation of a
mixture spectra but are impractical for clinical serum (Ma et al., 2024).

In this work, we propose that by combining the flexible Au nano-
fingers solid chip with aptamer origami-assisted technology, specific
biomarkers in clinical serum can be exclusively captured in highly
uniform hotspots of aptamer gaps between pairs of nanofingers,
achieving a fully pure SERS spectrum only including biomarkers and
aptamer without the disturbance of other molecules so that the quali-
tative analysis can be achieved. In addition, this sub-nanometer aptamer
gap can provide a highly enhanced near field so that SERS detection can
reach up to single-molecule level. Furthermore, a uniform single-layer of
aptamers on the Au nanofingers can be selected as the internal standard,
and the Raman intensities ratio of specific biomarkers to aptamer en-
ables highly accurate quantification. As proof of concepts, both a spe-
cific biomarker of alpha-fetoprotein (AFP) for hepatocellular carcinoma
(HCC) (Zhu et al., 2019), and the cardiac biomarker of cardiac troponin I
(cTnl) for acute myocardial infarction (AMI) (Lee et al., 2024d), were
successfully demonstrated in serum. The strategy significantly expedites
the practical applications of SERS in medical molecular diagnosis.

Patient’s
serum

. |

v Filling into Chip

;

A mixture of AFP and Aptamer
(without other proteins)

Resist polymer

Fig. 1. Schematic strategy for biomarkers’ SERS detection in clinical serum. (a) First, flexible nanofingers are fabricated by NIL. Then, Au nanofingers are
incubated in an AFP-aptamer solution. Finally, a collapsible process induces gap plasmons between pairs of nanofingers. In SERS measurement, the liquid serum is
directly filled into the chip and AFP is uniquely captured in hotspots by aptamers which are detected by a water lens. (b) Clinical serum is filled into the chip. As a

result, a mixture of the Raman spectra of AFP and aptamers is acquired.
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2. Materials and methods

The flexible Au nanofingers were fabricated by the well-developed
nanoimprint lithography (NIL) (Hu et al., 2010; Song et al., 2017; Liu
et al., 2018). The fabrication procedure of flexible Au nanofingers is
described schematically in Fig. 1. First, UV-curable NIL was utilized to
transfer the original hole pattern to a polymeric reverse-tone (pillar)
daughter mold. Then subsequent NIL, residual layer etching, metal
evaporation, and lift-off steps were performed to create an Au caps
array. As the pattern can be defined precisely by the initial interference
lithography and duplicated reliably by NIL, an array of nanofingers can
be fabricated uniformly over a large area with high throughput after
etching the uncovered UV nanoimprint resist. To form ordered
quadramer-like nanofinger collapsing with the polarization indepen-
dence, the aspect ratio of fingers is well controlled to ~4 because high
aspect ratio will result in a random collapse with a large number of
fingers. The incubation process of aptamers on Au nanofingers was
shown in the supporting materials. The current clinical trial was per-
formed from April 2021 to August 2024 by the Third Affiliated Hospital
of Naval Medical University, which was approved by the institutional
review board of Shanghai No. 10 People’s Hospital
(SHSY-IEC-5.0/23K31/P01). The criteria for enrollment for HCC and
AMI patients were shown in the supporting materials. The concentration
of certain substances in each patient was conducted following the gold
standard method as shown in the supporting materials.

3. Results and discussion

The strategy for specific biomarkers’ SERS detection in clinical
serum is schematically shown in Fig. 1, in which AFP is first selected as a
proof of concept (Zhu et al., 2019). It is noted here that the use of Au
nanofingers is mainly attributed to their good chemical stability and
biological activity. These fabricated nanofingers are incubated in an
aptamer solution in which the aptamers are pre-connected to the Au
surface via thiol-binding (Zhao et al., 2019; Li et al., 2018). During the
air-drying process, Au disks on top of flexible nanofingers physically
touch each other driven by capillary force (Lee et al., 2024d).
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Au/aptamers/Au gap plasmonic structures are consequently achieved in
which double-layer aptamers are used as the spacer layer between pairs
of nanofingers (Su et al., 2023; Li et al, 2007). Au/aptamers/Au
nanofingers are pre-stabilized at the bottom of the biocarrier glass-slide,
which forms a solid SERS chip. When serum is directly filled into this
chip, AFP can be exclusively captured in hotspots between aptamers’
origami-collapsed nanofingers (Fig. 1a). Using a water objective lens
finely focusing on the surface of nanofingers, only captured AFP near
hotspots can be directly detected, thereby avoiding the disturbance from
other molecules. Finally, a mixture of AFP and aptamer Raman signals is
acquired (Fig. 1b). Through the identification of AFP-characterized
Raman bands, AFP can be exclusively detected.

The SEM images of Au nanofingers indicate that the diameter of
nanofingers and lattice spacing are 70 nm and 130 nm, respectively, as
shown in Fig. 2a & b. HR-TEM further demonstrates the successful for-
mation of the collapsed Au/aptamers/Au structure (Fig. 2e). The height
of nanofingers is 300 nm including 250 nm polymer support and 50 nm
Au disks on top (Fig. 2e). The measured transmittance spectra indicate
that a localized surface plasmon resonance (LSPR) centered at approx-
imately 650 nm for un-collapsed nanofingers can be observed, which is
ascribed to a plasmon-induced dipole resonance of a single Au nano-
finger (Fig. 2c). After collapsing, this LSPR has a significant redshift to
750 nm (Fig. 2c), which is ascribed to the stronger near-field in-
teractions of the two collapsed Au nanofingers (Lee et al., 2006; Li et al.,
2016). In addition, the simulations were performed using COMSOL
Multiphysics, in which the model matched the experimental observa-
tion. The permittivity of Au is interpolated from the experimental data
(Johnson and Christy, 1972), and the refractive index of the polymer is
set as 1.41 (Liu et al., 2018). The incident EM field was polarized along
the dimer axis. As shown in Fig. 2d, the LSPR of Au nanofingers showed
a redshift from 650 nm to 750 nm before and after collapse (Liu et al.,
2018), which was consistent with the experiment. The EM field of
collapsed nanofingers under 785 nm excitation, which is the Raman
excitation wavelength, showed that the strongest EM field would reach
up to thousands times of the incident field at the nanoscale gap region
(Fig. 2f). It is widely acknowledged that the SERS enhancement factor is
proportional to the fourth power of the local EM field enhancement

g9
849 1025y AFP
1463
819
R 674 922 AFP
=
© 734* Aptamer Nanofinger/Aptamer
= 783 1470
)
[ =
2 ! Aptamer
= M\.AI‘M/\M—M'\»/\M.«W
Nanofinger

800 1200 1600

Raman shift (cm™)

2000

h

EF~10%

]

\

2 nm gap

L Au 1 Au
T

! [

I \

1
1 Polymer \
1 ] \

1

!
\ |
1 Ea. 3

.5

Lg(E/E) 0 M 1000

Raman mapping

Fig. 2. Characterizations for aptamer origami-collapsed Au-nanofingers. SEM images of nanofingers before collapse (a) and after collapse (b). (c¢) & (d)
Experimental and calculated transmittance spectra. (e) HR-TEM cross-sectional-view of collapsed Au-nanofingers. (f) Cross-sectional distribution of calculated EM
field at 785 nm excitation. (g) Standard Raman spectra of pure AFP, pure aptamer, aptamer/Au-nanofingers, and Au nanofingers, respectively. (h) Raman mapping at
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((E/Ejne) (Wu and Qu, 2015)) (Moskovits, 2013). In this case, the
resultant SERS enhancement factor is ~1 x 10!, which enables the
single-molecule SERS detection.

To demonstrate the effectiveness of this strategy, standard Raman
spectra of pure AFP, pure aptamer and aptamer/Au-nanofingers were
first acquired, as shown in Fig. 2g. The results indicate that pure aptamer
shows characteristic peaks centered at 734 cm ! (adenine, A), 783 cm
(cytosine, C), 1093 cm ™! (P-0), 1470 cm ™! (C-H) and 1570 cm ™! (C=C)
(Barhoumi et al., 2008). Aptamer/Au-nanofingers have shown charac-
teristic peaks at 734 cm Y, 783 em™Y, 1093 em ™Y, 1470 em ™! and 1570
cm ™! which still mostly remain consistent with pure aptamer, and a little
difference can be ascribed to the chemical agent of Tris-EDTA (TE)
solvent because the Au nanofingers show no Raman signals. Thus, the
characteristic Raman peaks of aptamer/Au-nanofingers are used as a
standard in later analysis. The Raman spectra of pure AFP are mainly
centered at 674 cm ™}, 819 cm ™}, 849 cm ™!, 1025 cm ™! (phenylalanine),
and 1463 cm™! (C-H) (Er et al., 2021). The significant difference be-
tween aptamer’s and AFP’s Raman fingerprints, which can serve to
indicate the existence of AFP, makes them highly distinguishable.
Typical Raman peaks at 734 cm ™" for aptamer and at 1025 cm ™! for AFP
are selected for later mapping analysis. The mapping was performed for
aptamer/Au-nanofingers in which the relative standard deviation of the
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intensity data was ~11.5 %, showing good uniformity (Fig. 2h). Though
there are some inevitable defects of nanofinger array, the use of the
intensity ratio of AFP to aptamer can greatly decrease the errors in
quantification analysis.

The aptamer/Au-nanofingers were first used to detect pure AFP so-
lution with concentrations ranging from 0.001 ng/mL to 10 ng/mL. The
criterion of detection sensitivity for AFP in hospital is 1 ng/mL. The
Raman mapping with a step of 10 pm was performed over a square re-
gion of 100 pm x 100 pm in which 785 nm excitation with 3 mW
incident power was used, and the collection time for a single spectrum
was 0.5 s. Time-resolved dynamic Raman mappings were monitored at
2-min intervals. As expected, as time interval gets longer, the detected
counts of AFP will increase, as schematically shown in Fig. 3a. As shown
in Fig. 3¢, the dynamic Raman mappings for 0.01 ng/mL AFP basically
confirm that the detected counts and Raman intensity of AFP at the same
spots marked by dotted circles increase over a longer time interval by
the continuous capture. Through extracting Raman spectra in dotted
circles, AFP intensity at 1025 em~! increases over the time interval,
which proves that the aptamers can continuously capture AFP into the
hotspots in the liquid, as shown in Fig. 3b. However, the Raman in-
tensity of the captured AFP at some position has fluctuations at the same
spots with the time interval, which can be ascribed to molecules’
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absorption or desorption in the liquid, and thermal effect by incident
laser (Zhang et al., 2023). The results of other AFP concentrations
(Fig. S1 in supporting materials) indicate the same observation.

Furthermore, the Raman intensity and the counts of captured AFP
molecules also increase with the increase of concentrations at the same
time interval (Fig. 3c and Fig. S1), which can be used for quantification.
But the aptamer Raman signals at 734 cm ™ !nearly remain unchanged
with different AFP concentrations (Fig. 3c and Fig. S2). Thus, the ratio of
Raman intensity of AFP to aptamer can be used to accurately quantify
AFP so that optical fluctuation can be avoided. Considering that the
absorption or desorption of AFP over time intervals induces the change
of its Raman intensity at the same position, the average of Inpp (1025
em™Y) divided by the average of Iaptamer (734 cm™ 1) can be a readout to
predict the concentration of AFP. Here, Raman mapping spectra at 5-
min intervals are selected for analysis, mainly because AFP at this
time instant can be obviously captured with enough detected counts
(Fig. 3e). The respective Raman spectra for different AFP concentrations
at 5-min are shown in Fig. 3d. The recorded Iapp/Iaptamer With AFP
concentrations ranging from 10 ng/mL to 0.01 ng/mL are shown in
Fig. 3f. The results indicate a nearly linear relation y = 1.83x + 5.30
with R? = 0.9933 between Iarp/Iaptamer (y) and AFP concentration (x).
For the ultralow concentration of 0.001 ng/mL, there are few captured
counts and the statistical average is not accurate for predicting the ul-
tralow concentrations by present mappings.

To prove effectiveness in medical diagnosis, clinical liquid serum
samples were further tested. The patient’s information was shown in
Table S1 and AFP was pre-determined by the gold standard method
(supporting materials). Time-resolved dynamic Raman mappings for
AFP in the patient’s serum (21 ng/mL) and healthy serum are shown in
Fig. 4b & c. The results clearly indicate that there is hardly any signal of
the AFP molecules in healthy serum even with a 5-min interval, while
AFP can be easily captured even at a 1-min interval in patient’s serum.
This is mainly attributed to the fact that the concentration of AFP mol-
ecules in healthy serum is extremely low so that only very tiny AFP
molecules can be possibly captured by the aptamers after such a short
time interval. At the same spots as dotted circles shown in Fig. 4b, AFP
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Raman signals show an increase from 1 min to 3 min and then keep
stable from 3 min to 5 min, as proved by the extracted typical Raman
spectra shown in Fig. 4a. It may be ascribed to a high concentration in
which large amounts of AFP are easily captured and become saturated in
a short time interval.

To further illustrate the exclusive capture of AFP by aptamer in liquid
serum, the Raman spectra of pure AFP and AFP in patient’s serum are
integrated for clear comparison, as shown in Fig. 4d. The results indicate
that the Raman spectrum for clinical serum is not a mixture of other
proteins and only includes the AFP (819 ecm %, 930 em™ !, 1025 em Y,
1465 cm™1) and aptamer (734 cm’l, 1093 ecm™}, 1465 em ™) signals
which can be characterized by standard Raman spectra of pure AFP and
aptamer/Au-nanofingers. However, when the serum was dripped
directly onto the surface of the nanofingers and air dried, numerous
Raman peaks appeared which could be ascribed to a mixture of Raman
spectra containing over thousands of other molecules in serum, pre-
venting direct fingerprint Raman detection for specific biomarkers in
serum (Liu et al., 2023b; Leong et al., 2023; Kim et al., 2024). If the
samples are washed, the Raman spectra may become clear, but they
cannot be used for quantification because it is not a ground truth mea-
surement. Therefore, our strategy provides a highly effective detection
for specific biomarkers in a complex clinical serum.

To further demonstrate accurate quantification in patient’s serum,
the ratio of the average Iapp (1025 em ™) and Iaptamer (734 em™Y) is used
as a readout to predict the concentration of AFP. The Raman spectra at 3-
min intervals are selected for quantification because AFP with different
concentrations can be obviously captured and the respective Raman
spectra are shown in Fig. 4e. The results indicate a good linear relation
with R? = 0.9987 between I¢25/I734 and AFP concentration in clinical
serum, and the slope of the correlation line is 2.52, as shown in Fig. 4f.
By comparing the linear equations of y = 1.83x + 5.30 (for pure AFP)
and y = 2.52x + 0.88 (for AFP in serum), the difference can be ascribed
to the solvents used in which the solvents in clinical serum are more
complex. Nevertheless, the relative error between them is only 27 %
((2.52-1.83)/2.52) which is acceptable in the application of in vitro
diagnostic (IVD) products.
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The above results successfully demonstrated the detection of specific
biomarkers in serum within 3 min which is very helpful for a time-
critical and high-risk disease, for example, acute myocardial infarction
(AMI) with high mortality worldwide. cTnl molecule is one of the most
important biomarkers for AMI. Here, the cTnl-aptamer Raman signals at
740 cm ™! nearly remain unchanged with time interval (Fig. 5a). Time-
resolved dynamic Raman mappings for c¢Tnl at 1060 cm ™ in clinical
patient’s serum (6.796 ng/mL) and healthy serum are shown in Fig. 5b
& c. The results indicate that cTnl in serum can be easily captured even
at 1-min intervals, which is much shorter than that by immunofluores-
cence (~12 min in hospitals). In addition, as shown in Fig. 5d, the
Raman spectrum of patient’s serum by suggested strategy is not a
mixture and only includes both cTnlI (852 em™Y, 913 cm™?, 1060 cm™ Y,
1125 ecm™}, 1480 ecm™!) and aptamer (740 em ), 852 ecm™), 913 em ™Y,
1480 cm™ ). All results, including both AFP and cTnl measurements,
demonstrate the robustness and high accuracy of the suggested method,
highlighting its potential as a reliable diagnostic tool that can be inte-
grated into clinical workflows for prompt and accurate medical
diagnosis.

4. Conclusions

In summary, this study demonstrated an effective SERS platform for
the detection of specific biomarkers in a patient’s serum with accurate
qualitative and quantitative analysis. Through the pre-connection be-
tween aptamer and Au surface, the flexible Au nanofingers then collapse
onto each other to form aptamer origami-collapsed nanofingers. Liquid
serum is directly filled into nanofingers and the biomarkers can be
uniquely captured without any disturbance from other molecules in a
complex clinical serum within 3 min. In addition, the ratio of

c Healthy

cTnl mapping in serum varying from time
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biomarkers’ Raman intensity to aptamer can provide high accuracy for
quantification. This strategy indicates promising potential for SERS
applications in a broad range of antigen-aptamer reactions for bio-
markers detection in clinical serum, and it can enable SERS in practical
medical diagnosis.
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