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ABSTRACT: Prostate cancer remains a major health concern, with Multiplexing glycoprofile
°

prostate-specific antigen (PSA) being a key biomarker for its i )

detection and monitoring. However, PSA levels often fall into a WSER ?

“gray zone”, where PSA levels are not clearly indicative of cancer, thus \SERS nanotags }‘ \ \“ av

complicating early diagnosis and treatment decisions. Glycosylation y e Glycan Barcode i

profiles, which often differ between healthy and diseased cells, have - M)-LL orostate Cancer_resist;t
M treatment

emerged as potential biomarkers to enhance the specificity and

sensitivity of cancer diagnosis in these ambiguous cases. We propose :

the integration of two complementary techniques, namely quartz- :I ? '\,f’
crystal microbalance with dissipation (QCM-D) and surface- o
enhanced Raman scattering (SERS) to study PSA glycan profiles. Glycan Barcode ¢

Aptamer functionalized Quartz Microbalance

QCM-D offers real-time operation, PSA mass quantification, and
label-free detection with high sensitivity, as well as enhanced
specificity and reduced cross-reactivity when using nucleic acid aptamers as capture ligands. Complementary SERS sensing enables
the determination of the glycosylation pattern on PSA, at low concentrations and without the drawbacks of photobleaching, thereby
facilitating multiplexed glycosylation pattern analysis. This integrated setup could retrieve a data set comprising analyte
concentrations and associated glycan profiles in relevant biological samples, which may eventually improve early disease detection
and monitoring. Prostate-specific antigen (PSA), a glycoprotein secreted by prostate epithelial cells, serves as our proof-of-concept
analyte. Our platform allows multiplex targeting of PSA multiplex glycosylation profiles of PSA at “gray zone” concentrations for
prostate cancer diagnosis. We additionally show the use of SERS for glycan analysis in PSA secreted from prostate cancer cell lines
after androgen-based treatment. Differences in PSA glycan profiles from resistant cell lines after androgen-based treatment may
eventually improve cancer treatment.
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Glycosylation is a vital process in biology, whereby the side Enzyme-linked immunosorbent assay (ELISA) is commonly
chains of biomolecules, typically proteins and lipids, are used to detect glycoprotein biomarkers in clinical diagnosis.’
modified with carbohydrates, significantly affecting their However, ELISA relies heavily on specific antibodies, which
biological functions. Nearly half of all eukaryotic proteins are prone to suffer from low stability and reproducibility.”*
undergo glycosylation, with glycoproteins commonly found in Therefore, alternative diagnostic tools have been developed,
human serum taking the lead at around 70%." The distinctive such as electrochemical impedance or quartz-crystal micro-
aspect of glycosylation lies in its remarkable complexity, which balance with dissipation (QCM-D).’

stems from the complex enzyme machinery governing glycan Conversely, traditional glycoprofiling methods involve
synthesis.” These enzymes are susceptible to environmental releasing glycans from biomolecules and quantifying them,
factors like pH levels, ionic strength, hormonal signals, and usually through capillary electrophoresis and liquid chroma-
distant intercellular interactions. Such a sensitivity to external tography, often combined with mass spectrometry.'’ These

conditions has significant implications, particularly in disease

diagnosis and monitoring.”* Glycan profiles often differ Received: May 23, 2024
between healthy and diseased cells, rendering glycans valuable Revised:  August 5, 2024
biomarkers. Analysis of these profiles offers insights into Accepted: August 8, 2024
disease presence, progression, and type, with a strong focus on Published: August 30, 2024
conditions like cancer, where detection of glycan alterations

can facilitate early diagnosis and tailored treatment strategies.’
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Figure 1. Schematic representation of the proposed diagnostic platform. A gold-covered QCM-D electrode is first functionalized with a PSA-
specific aptamer, to determine protein concentration through frequency changes. After capturing PSA, the system is incubated with lectin-
functionalized gold nanostars, which recognize PSA glycosylation, so that the glycan content is indirectly determined through relative SERS

intensities.

methods are however time-consuming, require specialized
equipment and personnel, and often do not provide
information about glycan isomers. An alternative glycoprofiling
approach utilizes lectins—proteins that selectively recognize
specific glycan epitopes — in combination with transduction
methods, typically based on fluorescent probes.'"”'> Therefore,
accurate detection of glycosylated cancer biomarkers in the
clinically relevant ranges requires novel approaches for the
quantification of biomarker concentrations, together with the
corresponding glycosylation profile.

Our proposed solution addresses these clinical challenges by
combining two powerful tools; QCM-D and surface-enhanced
Raman scattering (SERS) in a sandwich configuration
approach (Figure 1), which are known to provide comple-
mentary sensing capabilities.'”> QCM-D, based on the
piezoelectric effect of a quartz crystal, offers real-time, label-
free detection of molecular binding events, with a remarkable
sensitivity to changes in areal mass densities, as low as 1 ng/
cm?'* Additionally, the QCM-D electrode can be produced
with various metallic coatings, including gold, which facilitates
the implementation of aptamers as capture probes. Nucleic
acid aptamers are single-stranded oligonucleotides (with a
length of 10—100 nucleotides), which fold into well-defined
three-dimensional structures that recognize and bind onto
specific targets with high affinity and selectivity.'>'® Due to
their nucleic acid nature, they lack glycosylation, thus avoiding
the cross-reaction and false recognition frequently occurring
with standard biorecognition macromolecules (lectins and
antibodies). For glycoprofiling, we use an indirect SERS-based
method that provides amplified glycan detection.'” This
double sensing approach aims at the capture and quantification
of biomarkers at low concentrations through aptamer-modified
QCM-D surfaces, while providing information on glycosylation
patterns by multiplex SERS detection. As a proof-of-concept
target, we focused on the prostate-specific antigen (PSA), the
most widely used biomarker for prostate cancer screening
(Figure 1).

In the diagnosis of prostate cancer, men with a PSA
concentration in blood between 4 and 10 ng/mL face a
diagnostic “gray zone”, with a 25% chance of developing
prostate cancer.'® In these cases, invasive techniques such as
biopsies are needed for differential diagnosis. We propose that
this diagnostic challenge can be addressed by incorporating
complementary glycan profiling to enhance the assay’s
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precision and improve early diagnosis. Evaluation of the PSA
glycosylation ratio may provide the complete information
required for a more reliable diagnostic tool, compared to
currently available technologies for PSA detection (see Table
S1)."” Additionally, alterations to specific glycan structures
have been recognized as a universal feature of malignant
transformation and tumor progression. Changes in fucosylation
pathways have a major influence on core fucosylation levels,
which correlate with poor prognosis;”” for example, decreased
concentrations of triantennary trigalactosylated glycans and
increased tetra-sialylated core-fucosylated glycans have been
reported to increase the risk of a metastatic outcome.”’
Therefore, the determination of glycosylation changes in
cancer biomarkers may find application in early diagnosis.””

In our focus on PSA modifications, we note that recent
studies have revealed that glycosylation is an androgen-
regulated process in prostate cancer cells. This connection
reflects the interplay between hormonal regulation and
molecular processes in cancer development. We thus extended
our study to investigate PSA secreted from prostate cancer cell
lines, under agonist/antagonist treatment. The examination of
glycans in such samples offers a novel perspective on cases of
resistant prostate cancer. Understanding the glycan profile,
particularly under agonist/antagonist treatment, may impact
diagnostic and therapeutic strategies.””*

B MATERIALS AND METHODS

Materials. Hydrogen tetrachloroaurate trihydrate (HAuCl,-3H,0,
>99.9%), silver nitrate (AgNO; >99.9%), L-ascorbic acid (AA,
>99%), sodium borohydride (NaBH,, 99%), 6-mercaptohexanol
(MHC, 99%) and 2-mercaptoethyl ether acetic acid (HS-PEG-
COOH, MW 5000 g/mol) were all purchased from Sigma-Aldrich. 4-
nitrothiophenol (NTP), 2-naphthalenethiol (2-NAT), biphenyl-4-
thiol (BPT), and bovine serum albumin (BSA) were purchased from
Aldrich. DMEM, fetal bovine serum (FBS), penicillin-streptomycin
(PS), and Coomassie (Bradford) Protein Assay were purchased from
ThermoFisher. Native human prostate specific antigen protein was
purchased from Abcam. Lectins Aleuria aurantia lectin (AAL),
Erythrina cristagalli agglutinin (ECA) and Sambucus nigra agglutinin
(SNA) were purchased from Vector Laboratories. Sa-Androstan-17/-
ol-3-one (DHT) and spironolactone were purchased from Merk.
Biotinylated and thiolated PSA aptamers were purchased from
Integrated DNA Technologies (IDT) AS 5702 silicone was purchased
at Advanced Proser S. L. (APS Adhesive Experts). Milli-Q water was
used in all experiments, and in the case of aptamer manipulation,
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Milli-Q DNase and RNase-free water were used for the stock.
Subsequent stock solutions were made by using autoclaved tips and
Eppendorf tubes.

Preparation of Glycan-Targeting SERS Nanotags. Gold
nanostars were prepared via a surfactant-free method,” with
modifications that facilitate surface functionalization. Briefly, 20 uL
of 0.128 M HAuCl, and 20 uL of 1 M HCI were added to 10 mL of
deionized water under moderate stirring. After 1 min, 100 uL of 15
nm gold seed dispersion (= 0.5 mM, Extinction,g ,, = 1.2), prepared
by citrate reduction, was added. After 20 s, 100 uL of 12 mM AgNO;
and 100 uL of 50 mM ascorbic acid were added. The reaction was
allowed to proceed for 3 min, and then 1 mL of 1 mM mercaptoethyl
ether acetic acid (HS-PEG-COOH) was added under vigorous
stirring for 30 min. After that, 10 yL of an ethanol solution of 10 mM
Raman reporter (BPT, NTP, or 2NAT) was added and stirring was
maintained for 30 min. Finally, AuNSs were washed by centrifugation
(1192 g 10 min).”® Subsequently, 300 ug of each lectin (AAL, ECA
and SNA, in HEPES buffer) and 1 mg of BSA (in 1X PBS) were
incubated overnight at 4 °C with the AuNS dispersion. Finally, AuNSs
were washed by centrifugation and stored in 1X PBS filtered buffer for
further use.

To characterize the size and shape of Au NSs, transmission electron
microscopy (TEM) images were collected with a JEOL JM1400
PLUS TEM operating at 120 kV, using carbon-coated 400 square
mesh copper grids. UV—vis extinction spectra were obtained using an
Agilent 8453 UV—vis diode array spectrophotometer to monitor the
functionalization of AuNSs. The zeta potential of pegylated AuNSs,
after functionalization with the Raman reporter and protein (lectin or
BSA) in 1x PBS, was monitored using a zeta potential analyzer
(Malvern Zetasizer Ultra). Bradford assay (Thermofisher) was used to
determine the protein content following the manufacturer’s
instructions.

Preparation of the QCM Sensor Surface. For QCM-D
measurements, we used a Q-sense E4 instrument and gold-
polystyrene-coated QSX 301 sensors (14 mm diameter, 0.3 mm
thickness, S MHz resonance frequency) purchased from Biolin
Scientific. Frequency shifts of seven harmonics were recorded
simultaneously: S MHz (1st harmonic), which is the fundamental
frequency, 15 MHz (3rd harmonic), 25 MHz (Sth harmonic), 35
MHz (7th harmonic), 45 MHz (9th harmonic), 55 MHz (11th
harmonic), and 65 MHz (13th harmonic). All data presented in this
work are the averages from of data points recorded over 1 min (1-2s
average acquisition rate), for at least three different harmonics, unless
otherwise stated. Before each experiment, all QCM-D electrodes were
cleaned by soaking them in piranha solution for 15 min and then
washed with filtered Milli-Q water and ethanol. Each electrode was
then dried under nitrogen atmosphere.

Two biofunctional surfaces were employed to test their perform-
ance as a competent biosensor for the PSA antigen. For the first
surface functionalization, the QCM-D gold electrodes were coated
with a self-assembled monolayer (SAM) by immersing overnight the
sensors in a 1:4 mixture of ethanol solution of MHC and 1 mM of the
biotin-alkylthiol HS-(CH,),,-EG;-biotin, followed by rinsing with
ethanol and drying under nitrogen. After being mounted in the QCM-
D cell (QFM 401), the frequency shift and energy dissipation were
allowed to equilibrate for at least 20 min in 1X filtered PBS, thus
establishing a stable starting point. All subsequent solutions were
added in continuous flow, at a flow rate of 50 yL/min, starting with a
1 mL solution of 20 pg/mL of streptavidin in 1X filtered PBS, until
the frequency and dissipation curves were stabilized. A 1 mL solution
of 400 nM PSA aptamer was then added and kept until stabilization.
Each solution was incubated for 3 h with the QCM-D surface and
washed for 30 min with 1X filtered PBS before adding the following
solution. For the second surface modification, a systematic study was
first performed with a long aliphatic chain (11-mercaptoundecyl)-
hexa(ethylene glycol) (MUHEG), as a substitute for the PSA
aptamer. Increasing MUHEG concentrations (25, 50, 100, and 200
uM) were added with the same concentration of MHC to study the
organization of the final monolayer and its stability after the washing
step. With the chosen experimental conditions, the electrodes were
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mounted in the QCM-D cell (QFM 401) and coated with a SAM, by
adding (at a flow rate of 20 yL/min) a 1 mL mixture of 25 uM MHC
and S uM of the thiolated PSA aptamer. After stabilization of
frequency and dissipation, and incubation for 3 h, the electrodes were
washed for 30 min with 1X filtered PBS.

QCM Measurements. All QCM-D measurements were carried
out on a Q-Sense E4 instrument (Biolin Scientific, Sweden).
Frequency and dissipation response were analyzed using the Qtools
software. Considering the properties inherent to the two layers
formed within the experimental setups, the streptavidin (SA) layer
and the PSA aptamer layer, a conventional Sauerbrey model was
employed to evaluate the SA layer. However, deposition of the
aptamer creates a more hydrated layer, causing damping of the QCM-
D electrode oscillation. A more sophisticated Voight viscoelastic
model,”” which also considers dissipation (ratio between lost and
stored energy from the system during one oscillation cycle), allowed
for a more precise calculation and accurate determination of mass
variations, considering the decrease in frequency and increase in
dissipation.

PSA Detection. In each of the biofunctional surfaces, a competent
biosensor for the PSA antigen was tested by addition (at continuous
flow rates of 50 uL/min and 20 uL/min, for the streptavidin/
biotinylated aptamer and the thiolated aptamer, respectively) of a 40
nM solution of pure PSA antigen in 1X filtered PBS. After
stabilization, it was incubated for 3 h and then washed for at least
30 min with 1X filtered PBS. To determine the sensitivity toward PSA
in more complex media, four solutions of 40 nM PSA were mixed
with 0, 25, 50, and 75% BSA, and added under the same conditions as
detailed above. For the detection of PSA in human cancer cell lines
after treatment with an agonist or antagonist of the androgen
receptor, each supernatant was centrifuged at 1000g for S min to
discard cells, and then concentrated with Amicon Ultra 15 mL 10K
centrifugal filter (Merck) in 1X filtered PBS. S00 uL was added in
continuous flow (flow rate 50 pL/min), incubated for 3 h, and then
washed with 1X filtered PBS until stabilization of frequency and
dissipation.

SERS Sandwich Glycan Profile Determination. For the
determination of the glycosylation pattern of the PSA antigen, 100
pL of a mixture of the three Raman reporters NTP, BPT, and 2NAT
in 1X filtered PBS (at 0.1 mM [Au]) was added in continuous flow to
the QCM-D cells. It was then incubated for 30 and washed by adding
1X filtered PBS in continuous flow (20 yL/min) for 15 min. QCM-D
electrodes were then unmounted from the cells, dried under a
nitrogen atmosphere, and stored at 4 °C until use.

Glycoprotein Array. To ensure the affinity of the lectin-
functionalized gold nanoparticles for their specific glycans, a
glycoprotein array was prepared. Glass slides covered with active N-
hydroxysuccinimide (NHS) hydrogel (NEXTERION Slide H,
Schott) were used to immobilize several glycoproteins. To facilitate
incubations and washes, a multiheaded 3D Discovery bioprinter
(RegenHU, Switzerland) was used to print silicone wells. A
transparent silicone adhesive AS 5702 (ACC silicones Europe) was
extruded using a pneumatic pressure-driven cartridge at 0.2 MPa and
a conical plastic needle with an inner diameter of 0.20 mm and 10
mm/s printing speed. The G-code was produced using BIOCAD
software (RegenHU, Switzerland) to produce wells with S mm
diameter and 4 mm height. The printed objects were allowed to
harden at room temperature for 24 h prior to use.

20 puL of 1.5 mg/mL fetuin and asialofetuin and 20 4L of 1 mg/mL
mucin solutions were incubated overnight at 4 °C in PBS containing
0.01% Tween-20. Subsequently, excess liquid was removed, and the
remaining NHS-free groups were deactivated by incubating with 20
uL of ethanolamine (50 mM) in sodium borate buffer (S0 mM at 4
°C) for 1 h. Each well was then washed with PBS containing 0.01%
Tween-20 and dried. Finally, 20 yL of 1 mM [Au] lectin-
functionalized AuNSs was incubated in each well for 30 min, washed
with PBS containing 0.01% Tween-20 and air-dried.

Cell Culture. PC3 (androgen-independent human prostatic small
cell carcinoma) and LnCaP (androgen-sensitive human prostate
adenocarcinoma) cells were grown in Dulbecco’s modified Eagle
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Figure 2. Characterization of lectin-SERS nanotags. (a) Schematic representation of PEGylated gold nanostars functionalized with a characteristic
Raman reporter and a sugar-binding protein (lectin). (b) Representative TEM image of freshly prepared PEGylated gold nanostars. (c) Table
listing the different RaR/lectin pairs. (d) Representative SERS spectra for each AuNS@RaR: BPT (orange), NTP (green), and 2NAT (purple),
normalized to 1 for the maximum peak intensity. Framed in red is one representative peak for each RaR, selected for multiplexing SERS
measurements: 1280 cm™' for BPT, 1342 cm™' for NTP, and 1380 cm™! for 2NAT.

media (DMEM) and Roswell Park Memorial Institute (RPMI) 1640,
respectively, with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. Cells were detached for passages or investigations when
they reached 80% confluence. Flasks containing LnCaP cells were
pretreated with poly-L-lysine to enhance cell adherence. In all the drug
supplementation assays, the cells were harvested in 12-well plates at
10° cells/mL in 1 mL DMEM or RPML. Then, the cells were exposed
to the selected drugs: 125 nM Sa-androstan-17f-ol-3-one (DHT) or
125 nM spironolactone, beyond the initial 24 h of cell seeding. After
72 h of supplementation, supernatants were collected for further
examination.

SERS Measurements. SERS spectra were recorded using an InVia
Reflex Raman microscope (Renishaw plc), including an optical
microscope (Leica) with an XYZ scanning stage coupled to a high-
throughput Raman spectrometer equipped with a 1024 X 512 front-
illuminated CCD (charged coupled device) detector and a grating of
1200 grooves mm™" for the 785 nm laser. SERS maps of 10 X 10
points were recorded with an L50X objective, an integration time of
2s, and 8.6 mW laser power. For measurements on the QCM-D
electrode surface, the average of 10 maps was used to generate SERS
spectra, using Renishaw’s WiRE software in every experiment; in the
case of the glycoprotein array, the average was obtained with S maps
per well.

PLS Regression. We employed Partial Least Squares Regression
(PLSR), utilizing the Scikit-learn library in Python, to develop a
multivariate regression model. This model estimates the contribution
of each SERS tag (NTP, BTP, and 2-NAT) to the final spectra. Our
calibration data set comprised 300 spectra, representing 25 different
conditions with varying concentrations of all three components.
These conditions included pure samples for acquiring spectra of each
component in isolation, balanced samples with equal proportions of
all three components, and randomly proportionated samples where
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the concentration of each component was varied arbitrarily. To
construct the PLS calibration model, we used four latent variables and
selected a subset of significant variables. This selection was optimized
to achieve the lowest root-mean-square error (RMSE) with respect to
the training data. The model’s accuracy was subsequently evaluated
on a test set, resulting in RMSE values of 7.94, 6.27, and 8.65 for
NTP, BTP, and 2-NAT predictions, respectively (Figure SI).
Ultimately, this regression model was applied to approximate
alterations in PSA glycosylation patterns following cellular exposure
to the specified agonist.

B RESULTS AND DISCUSSION

Preparation of Glycan-Targeting SERS Nanotags.
SERS can be used to detect a specific target through
recognition molecules adsorbed on so-called SERS nanotags
as labels.”® Our SERS nanotags comprise Au nanostars (Au
NSs), with a localized surface plasmon resonance (LSPR)
around 785 nm, and an outer layer made of lectins for both
nanotag stabilization and PSA glycosylation recognition
(Figure 2a). To investigate the carbohydrate composition
(glycosylation) of PSA, three different lectin proteins were
incorporated on different nanotags, namely: Erythrina
cristagalli agglutinin (ECA), which recognizes the terminal
galactosylated structure, specifically the Galf1—4GIcNAc
disaccharides;”” Sambucus nigra agglutinin (SNA), specific
against terminal a2,6-linked sialic acid residues;*° and Aleuria
aurantia lectin (AAL), which binds to fucosylated oligosac-
charides.””*" As detailed in the experimental section, the
synthesis of AuNSs was optimized to match the LSPR
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Figure 3. Characterization of the QCM-D-based PSA biosensor. (a) Schematic representation of the two types of biofunctional surfaces tested for
the PSA biosensor: a thiolate/aptamer coassembly model (left) and a streptavidin/biotinylated aptamer model (right). (b) Plot of PSA aptamer
mass deposition (ng/cm”) and detection of PSA antigen (from a 40 nM solution in water), for each model, as labeled. (c) Time course of
frequency (blue) and dissipation (red) during assembly in the streptavidin/biotin model. The arrows mark the addition of 40 nM PSA antigen
solution. (d) Average SERS spectra recorded from the QCM-D electrode after addition of PSA antigen solution spiked with 0%, 25%, 50%, and
75% BSA. The characteristic peaks for each RaR are color coded: BPT (orange), NTP (green), and 2NAT (purple). SERS measurements were
recorded with a L50X objective, 2 s integration time of a 785 nm laser, 8.6 mW power at the surface.

maximum with the Raman laser excitation wavelength at 785
nm. AuNSs comprising a central core (51.7 = 7.9 nm in
diameter) and multiple spikes with an average core-to-tip
length of 17 nm (Figure 2b) were first functionalized with
thiolated polyethylene glycol (AuNS@PEG).”° After PEGyla-
tion, different thiolated Raman reporters (RaR), 4-biphenylth-
iol (BPT), 2-naphthalenethiol (2NAT), or 4-nitrothiophenol
(NTP), were attached onto the AuNS surface, leading to an
LSPR redshift, from 736 to 789 nm (Figure S2). After RaR
functionalization, protein conjugation was carried out by
physisorption of lectins, as previously reported for targeted
sensing nanoprobes.””** For multiplex analysis, each AuNS@
RaR was functionalized with a different lectin (SNA, ECA, or
AAL), thereby generating three different glycan-targeting
nanotags: BPT-AuNS@SNA, NTP-AuNS@ECA, and 2NAT-
AuNS@AAL (Figure 2c). The stability of the probes was
monitored by UV—vis spectroscopy for 24 h (Figure S3).
Protein adsorption was evaluated through Zeta potential
measurements (Figure S2) and quantified using the Bradford
assay. The RaR/lectin pairs, BPT-AuNS@SNA, NTP-AuNS@
ECA, and 2NAT-AuNS@AAL, exhibited changes in Zeta
potential from —27.6 + 0.8 to —20.5 + 1.2 mV; from —32.3 +
1.8 to —19.6 + 1.4 mV, and from +13.8 + 1.1 to —14.4 + 1.1
mV, respectively, suggesting successful lectin functionalization.
All lectin SERS nanotags exhibited a similar negative net
charge, which is consistent with previously reported Zeta
potential values for protein—AuNP conjugates.”* Bradford
assay was applied to quantify the amount of protein adsorbed
on the Au NS surface, by indirectly measuring the amount of
lectin in the supernatant after optimized adsorption. The
results indicated depositions of 73—87% (with respect to the
initial amount of lectin, Table S2). Higher lectin/AuNS ratios
did not result in higher amounts of immobilized lectins.

The SERS performance of each AuNS@Ilectin nanotag was
evaluated individually after functionalization (Figure S4).
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Table S3 summarizes the characteristic Raman peaks and
assigned vibrations for all three RaRs. In the context of
multiplex detection, we ultimately selected the most intense
peaks within each SERS fingerprint that can be readily
distinguished in mixtures comprising all three SERS nanotags,
namely: 1280 cm™!, 1342 em™}, and 1380 cm™, for BPT,
NTP, and 2NAT, respectively (Figure 2d). Apart from single
peak selection, we built a Partial Least Squares (PLS)
calibration model to correlate entire spectra with the ratios
between nanotags (see Materials and Methods).

Tandem SERS/QCM-D Detection of Glycosylated PSA.
QCM-D measurements were initially used to monitor the
assembly of PSA aptamers onto biofunctionalized quartz
substrates. Two different strategies were employed, one
based on thiol-gold chemistry (coassembly model) and
another through biotin—streptavidin interactions (Figure 3).
In QCM-D, a real-time piezoelectric sensor provides
information on the amount of mass binding onto the gold-
covered quartz crystal, as well as changes of viscoelastic
properties over time.”> Both strategies were optimized to
enhance the interaction between the PSA aptamer and its
protein target (Figure 3a). We first optimized the parameters
potentially affecting the coverage of the PSA aptamer, i.e,, flow
conditions (#L/min), incubation periods, and washing steps.

In the thiol—gold chemistry model, an aliphatic thiol was
introduced to stabilize the orientation of the PSA aptamer
layer on the gold surface.”**” This process was fine-tuned
through a systematic study using MUHEG, to ensure optimal
conditions to form a self-assembled monolayer (Figure S5).
The experiments with the coassembly biosurface once the PSA
aptamer was included (see Materials and Methods for details)
resulted in a decrease in QCM frequency, indicating the
adsorption of thiolated molecules on the gold electrode. The
observed stabilization period (about 15 min) was consistent
with the formation of a monolayer (Figure S6). Quantitatively,
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Figure 4. (a) Calibration curve for the detection of commercial PSA from seminal fluid in PBS buffer. Each point is the average of three different
harmonics from three simultaneous measurements. The definition of PSA clinical ranges is shown for clarity. (b) Determination of the affinity of
lectin-covered SERS nanotags for their specific glycans. Scheme of a glycoprotein array with a specific glycoprotein for each AuNS@RaR@Lectin
and AuNS@RaR@BSA as a negative control. (c) SERS maps for individual wells from glycoprotein arrays, treated with a selective lectin-SERS
nanotag for BPT (SNA lectin), NTP (ECA lectin), and 2NAT (AAL lectin), together with BSA negative controls. SERS measurements were
recorded with a L50X objective, integration time of 2 s and 8.6 mW power of a 785 nm laser.

for a deposition of 131.8 + 26.7 ng/cm” PSA aptamer (after
subtracting the mass of MHC), we determined an average of
45.6 + 11.3 ng/cm? of PSA antigen deposited onto the QCM-
D electrode surface (Figure 3b, coassembly model).

For the biotin—streptavidin model, by increasing the
streptavidin surface density from 100 to 400 ng/cm? a 4-
fold increase in PSA aptamer deposition was achieved,
reaching a value of 123.9 + 15.9 ng/cm’ (Figure 3b). This
result is comparable to that for the coassembly model when a
biotinylated PSA aptamer was used, which indicates reliable
PSA antigen detection and facilitates direct comparison
between both models. This model additionally demonstrated
better reproducibility, with PSA antigen deposition of 36.9 +
1.6 ng/cm? comparable to the coassembly model (45.6 + 11.3
ng/cm® of PSA). The lower dissipation observed in the
coassembly model suggests the formation of a more rigid film
compared to the biotin—streptavidin model.

These results can be explained as follows: the isoelectric
point of PSA falls within the range between 6.9 and 7.2.°°
Consequently, its interaction with the PSA aptamer introduces
a subtle increase in negative charge to the biosensor surface,
mainly when operated at pH 7.0—7.4 (PBS buffer). The
binding of PSA onto the PSA aptamer additionally triggers a
conformational change, causing the aptamer structure to
change from a single-chain into a complex and stable chain
structure.”” This transformation amplifies the charge density
on the aptamer and expands its geometrical area, thereby
facilitating"”*" the approach of other molecules to the surface
during the binding process.”” Therefore, the distance between
the QCM-D electrode surface and the newly formed protein
layer is significantly reduced in the coassembly model,
producing a more rigid and compact layer (Figure S6).
Whereas the biotin—streptavidin model allows more free space
between the PSA layer and the QCM-D electrode, evident in
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the dissipation patterns registered during the addition of PSA
antigen (Figure 3c). The biotin—streptavidin model displays a
more viscoelastic behavior, with higher AD,* around 4 X 10°
(Figure 3c) At the same time, AD decreases to a situation
comparable to a Sauerbrey model (see Materials and Methods)
in the coassembly model, with AD around 0.5 X 10° (Figure
$6).*> With a better understanding of the distinct structural
and dynamic characteristics of both models, we set to analyze
their sensitivity for PSA recognition.

We then tested the antifouling capabilities of each
biosurface, by incubating them with a 40 nM PSA antigen
solution. Then, either SNA lectin-functionalized or BSA-
functionalized (negative control) AuNS were added, and their
adsorption was studied by scanning electron microscopy
(SEM). SEM images (Figure S7) revealed negligible adhesion
of BSA-functionalized AuNs, but significant deposition of
lectin-functionalized AuNSs, in agreement with a specific
binding of AuNSs that carry a lectin recognizing PSA antigen
glycans on the QCM-D electrode surface. These results were
confirmed by SERS mapping, showing high SERS intensity
throughout the surface for lectin-functionalized AuNS, but
negligible signal in the maps obtained with BSA-functionalized
AuNS (Figure S8). Incidentally, in the control (BSA-
funcionalized AuNSs), SERS signal was only appreciated in
the area outside the biofunctional surface, ie., on the rough
edges of the electrode.***

We next studied the antifouling efficacy of both biosurfaces,
in the presence of increasing concentrations of bovine serum
albumin (BSA), up to the typical concentration in serum
(60%). For the coassembly model, we observed a decrease in
frequency when exposed to increasing amounts of BSA, which
is indicative of strong unspecific interactions (deposited mass:
462.0 + 12.6 ng/cmz, 336.6 + 2.5 ng/cmz, and 323.2 + 3.0
ng/ cm?, for 25, 50, and 75% BSA concentrations, respectively,
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see Figure S9). We thus concluded that the coassembly
biosurface exhibited poor antifouling properties. On the other
hand, the biotin—streptavidin model exhibited robust antifoul-
ing properties, maintaining consistent results even when
exposed to higher concentrations of BSA, with an average
deposited mass of 27.5 + 1.6 ng/cm?, in the same range as the
value of 36.9 + 1.6 ng/cm” obtained with PSA buffer (Figure
$10).

Ultimately, glycan profile characterization and PSA detection
were performed in tandem by QCM-D monitoring and
subsequent SERS measurements. Lectin-coated SERS nanotags
were added and compared with the known spectra of a 1:1:1
mixture of SERS nanotags (Figure S11), as described in the
Materials and Methods section. SERS spectra were then
recorded from the QCM-D electrodes (Figures 3d and S12),
which confirmed the differences in antifouling efficiency. In the
thiol-gold chemistry model, the SERS signal specific to surface
glycans (corresponding to 2NAT; peak at 1380 cm™'),
exhibited a decrease in intensity as BSA concentration was
increased, while a new peak at 1390 cm™' increased at the
same rate (Figure S12). This suggested that the interaction
between lectin-functionalized AuNS and surface glycans was
affected by the biosurface response to BSA, in agreement with
the poor antifouling character of the coassembly model
Conversely, the SERS data for the biotin—streptavidin model
retained the intensity of the characteristic peaks for all the
lectin-covered nanotags, even under conditions approaching
clinical sample complexity. The signal corresponding to 2NAT
at 1380 cm™' remained stable across different BSA
concentrations, indicating that nonspecific interactions did
not compromise the interactions with lectin-functionalized
AuNS (Figure 3d).

Given the superior properties of the biotin—streptavidin
model in terms of antifouling, consistent detection results, and
preserved SERS signal quality, we selected this model for
further experiments, thus discarding the coassembly model.

Sensitivity and Specificity. One of the main objectives of
the dual sensor is to distinguish potential cancer-related events
from other confounding factors, such as inflammation,
particularly in the clinical range referred to as the “gray
zone” in prostate cancer. This diagnostic challenge required a
critical assessment of the sensor’s sensitivity within the context
of clinical diagnosis. To assess the sensitivity of the QCM-D
biosurface platform for PSA detection, a series of assays were
conducted on a commercial PSA solution in PBS buffer. We
started from the highest PSA concentration of 40 ng/mL
(Figure 4a), mirroring the diagnosis of an aggressive prostate
cancer, which was found to produce significant alterations in
both Af and AD, indicating substantial PSA binding onto the
biosurface. We then transitioned toward clinically relevant PSA
levels for prostate cancer diagnosis and monitoring. We thus
lowered the commercial antigen concentration to 20, 10, 4,
and 2 ng/mL, effectively capturing the concentrations
characteristic of the clinical “gray zone”. The sensitivity of
the biosensor was still sufficient at these lower concentrations,
as shown by meaningful shifts in both Af and AD. The
resulting mass bindings were calculated to be 22.7 + 3.5 ng/
cm? 83 + 12 ng/cmz, 47 + 0.1 ng/cm2 and 2.3 + 0.6 ng/
cm?, for PSA concentrations of 20, 10, 4, and 2 ng/mL,
respectively. These data confirm the feasibility to detect
varying levels of PSA concentration using QCM-D. The
working concentrations employed by the QCM-D platform
toward PSA in buffer were derived from 3 independent
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experiments, obtaining a limit of detection (LOD) of 1.9 ng/
mL, ie., within the healthy patient zone (Figure 4a). For
clarification, we define the LOD as the minimum concen-
tration of the analyte that can be detected by the sensor,
calculated from the standard deviation of the blank and the
slope of the calibration curve.””**™** Blank measurements
were performed by adding PBS buffer to the biosurfaces and
recording the response of frequency and dissipation.

A control experiment was additionally conducted to ensure
that lectins adsorbed on AuNSs could effectively recognize
carbohydrates. A model glycoprotein array was employed to
visualize the interaction of lectin SERS nanotags with their
specific glycans (Figure 4b,c). Three glycoproteins—fetuin,
asialofetuin, and porcine mucin—were covalently immobilized
on microarray glass. The glycoprotein surfaces were then
incubated with SERS nanotags functionalized with the
appropriate lectin, to bind onto the glycoprotein surface. In
parallel, AuNSs functionalized with BSA were employed as a
negative control (see scheme in Figure 4b). A comparative
analysis of spatial distributions and signal intensities was
performed for sugar-binding (lectin-functionalized) AuNS and
those derived from the negative, nonspecific (BSA-function-
alized) AuNS controls.

SERS maps were recorded for each spot in the array, offering
a visual validation and valuable insights into the specificity of
the interactions under investigation. These images allowed us
to examine the distribution of high-intensity pixels across
maps, associated with the characteristic peaks of the RaRs used
for multiplexing: 1280 cm™! for BPT, 1342 cm™ for NTP, and
1380 cm™! for 2NAT. Such high-intensity pixel distributions
were prominently observed in each well subjected to
incubation with lectin-functionalized AuNS. This result
confirms the binding of lectin-functionalized SERS nanotags
onto their target glycans (Figure 4c). Conversely, in the
control experiment involving BSA-functionalized AuNSs, the
observed signal was significantly less intense (Figure 4c) and
limited to isolated pixels, corresponding to small clusters of
unspecifically bound BSA-functionalized AuNS on the glass
surface. Additionally, the signal obtained from the background
(hydrogel-modified glass surface) was more prominent because
of the low intensity from BSA-functionalized AuNS (Figure
S$13). These results are consistent with the unspecific nature of
the control, because BSA-functionalized probes hardly exhibit
any interaction with glycoproteins.

In summary, the average SERS spectra and maps obtained
from the glycan array collectively confirm the selective binding
of lectin-functionalized AuNSs onto their target glycans, while
also highlighting the possibility of minor nonspecific
interactions in the control experiments involving BSA-
functionalized AuNSs. It is therefore important to note that
PSA captured by the QCM crystal after flowing with BSA-
functionalized AuNSs does not provide any appreciable signal
from the SERS nanotag.

Monitoring Glycosylation Patterns on PSA Secreted
from Cancer Cells. Prostate cancer is recognized as an
androgen-driven tumor, where the growth and progression of
cancer cells largely depend on activation of the androgen
receptor pathway. Consequently, many therapeutic strategies
for prostate cancer aim to disrupt this pathway.”” We were
specifically interested in tumors that do not respond to
androgen suppression treatment, with a poor prognosis, and
whether PSA glycosylation might be a determining aspect to be
considered toward a more personalized therapy in resistant
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prostate cancer. We thus aimed at the determination of
potential changes in the glycosylation of secreted extracellular
PSA, upon activation of androgen receptors in prostate cancer
cells. Antagonist treatment was introduced as a control of PSA
concentration-dependent detection. The dynamic evolution of
secreted PSA was assessed after both agonist and antagonist
treatments.

We selected two different prostate cancer human cell lines:
LnCaP, sensitive to hormone treatment, and PC3, which lacks
the androgen receptor.”” The experimental process was
initiated by introducing in the QCM-D sensor the supernatants
from three differently treated replicates. We first measured the
dynamics of PSA concentration after incubation with both
agonists and antagonists of the androgen receptor, for both cell
lines, to validate the expected cellular response toward each
metabolite, i.e., an increase or a decrease of PSA concentration
in the medium (scheme in Figure S14).

As a control, we replicated the experiment with the cell line
lacking sensitivity toward the androgen receptor, PC3, to
ascertain that any observed alterations would be due to
interactions with the androgen receptor. The results were in
accordance with our expectations. In the hormone-sensitive
cell line, a substantial rise in PSA concentration within the
supernatant was evident in the presence of the agonist (Figure
S15). However, a slight reduction was observed in the presence
of the antagonist. Conversely, the nonsensitive cell line, lacking
the androgen receptor, displayed no discernible changes, with
any observed variations being attributed to inherent variability
in the QCM-D system itself (Figure S15). Furthermore, we
implemented an additional control point to ensure the
consistent and reproducible deposition of the PSA aptamer.
These results emphasized the confidence that the detected
PSA concentrations in each experimental condition, for both
cell lines, were solely influenced by the actual concentrations in
the supernatant and not by any variations in the fabrication of
the biosurfaces (Figure S15).

Once the desired environmental conditions were estab-
lished, we measured the SERS signal intensities for each
experimental condition. The primary peaks associated with
multiplexing (1280, 1342, and 1380 cm™') were readily
distinguishable in the corresponding SERS spectral profiles,
and their intensities correlated well with antigen concentration.
Although the spectra obtained under varied experimental
conditions can be initially assessed through simple visual
inspection as depicted in Figure Sa, this approach falls short of
the accuracy required for in-depth analysis of peak/
glycosylation profiles. To address this limitation, we developed
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a partial least-squares (PLS) regression model that establishes
a link between the entire spectra and the relative concen-
trations of the three Raman reporters (BPT, NTP, and 2NAT).
This PLS mode, which goes beyond previous peak ratio
analyses, was then applied to predict the glycosylation profiles
of secreted PSA by the cells, across the different biological
conditions (control vs agonist, as illustrated in Figure Sb).
Specifically, there was a noticeable decrease in the contribution
of lactosamine to the final spectra upon agonist treatment,
dropping from 20% to residual levels. This shift contrasts, in
turn, with the observed dominance of fucose and sialic related
peaks.

The glycan-enhanced or reduced expression might provide
new insights for accurate diagnosis of disease state including its
aggressiveness, as well as information about progression and
treatment effectiveness. The lectins chosen in the present study
recognize epitopes that have been correlated with different
stages of prostate cancer, such as fucosylation and sialylation.
Besides, the output of the PLS model reflects an increase in
fucosylation, a well-documented mechanism in aggressive
prostate cancer types, accompanied by a slight increase in a-
2,6-sialylation upon activation with androgen receptors, in
agreement with literature data.>"*> We also detected a
prominent decrease in terminal lactosamine (Galf-1,4-
GlcNAc) moieties, which may indirectly provide evidence of
a switch from a-2,6 to a-2,3 sialic acids, which are not
recognized by the SNA lectin. Still, their presence would
hinder the recognition of internal lactosamine moieties by the
ECA lectin. The presence of a-2,3 sialic acids in PSA has been
correlated to prostate cancer aggressiveness.

B CONCLUSIONS

This study presents a multifaceted biosensing platform for the
detection and characterization of glycoproteins, focusing on
the prostate-specific antigen (PSA). Our approach relied on
the use of lectin-covered gold nanostars as SERS functional
probes (nanotags). The selection of Sambucus nigra, Erythrina
cristagalli, and Aleuria aurantia lectins as sugar-binding proteins
yielded highly specific and functional nanotags, capable of
precisely recognizing their target glycans. Furthermore, we
developed a sensitive and selective QCM-D surface through
aptamer-based sensing, tailored for PSA detection. The devised
biosurface exhibited excellent antifouling properties, ensuring
reliable performance, even in the presence of interfering
proteins. Our QCM-D surface demonstrated high selectivity
for the PSA antigen, a crucial characteristic for reliable
biomarker detection. To enhance the capabilities of our
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biosensing platform, we integrated the QCM-D functional
surface with SERS multiplexing. This combination allowed for
the simultaneous detection of multiple glycan patterns, thereby
providing a comprehensive assessment of glycoproteins and a
reliable multiplexing system. Our platform can detect PSA
antigens within the clinically significant range known as the
“gray zone,” thus offering a sensitive and quantitative approach
to clinical diagnostics. Coupling the QCM-D system with
multiplex SERS allowed us to detect glycosylation patterns.
Our work demonstrates the integration of various techniques
to create a powerful platform for glycoprotein analysis. This
platform holds promise for improving the accuracy of clinical
diagnostics, particularly in prostate cancer screening and
treatment monitoring, by providing both quantitative antigen
detection and detailed glycan pattern profiling.
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