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ABSTRACT: Alzheimer’s disease (AD) is a debilitating neurological v A @MYI0iQ]
condition characterized by cognitive decline, memory loss, and behavioral Multlayered gold g A
skill impairment, features that worsen with time. Early diagnosis will likely Y

be the most effective therapy for Alzheimer’s disease since it can ensure )
timely pharmacological treatments that can reduce the irreversible
progression and delay the symptoms. Amyloid f-peptide 1—42 (Af (1—
42)) is considered one of the key pathological AD biomarkers that is
present in different biological fluids. However, A (1—42) detection still
relies on colorimetric and enzyme-linked immunoassays as the gold
standard characterized by low accuracy or high costs, respectively. In this
context, optical detection techniques based on surface-enhanced Raman P .
spectroscopy (SERS) through advanced nanoconstructs are promising “man bioorthogonal \“‘e“s\\*
alternatives for the development of novel rapid and low-cost methods for

the targeting of Af pathological biomarkers in fluids. Here, a multilayered

nanoprobe constituted by bioorthogonal Raman reporters (RRs) embedded within two layers of gold nanoparticles (Au@RRs@
AuNPs) has been developed and successfully validated for specific detection of A (1—42) in the human cerebrospinal fluid (CSF)
with sensitivity down to pg/mL. The smart double-layer configuration enables us to exploit the outer gold NP surfaces for selective
absorption of targeted peptide whose concentration controls the aggregation behavior of Au@RRs@AuNPs, proportionally reflected
in Raman intensity changes, providing high specificity and sensitivity and representing a significant step ahead of the state of the art
on SERS for clinical analyses.

KEYWORDS: multilayered nanoparticles, SERS-based sensors, bioorthogonal Raman, cerebrospinal fluid, Af} (1—42) peptides,
neurodegenerative biomarker
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Izheimer’s disease (AD) is the leading cause of dementia linked antibodies and dedicated expensive laboratory equip-

affecting about 47 million people worldwide. Due to the ment not accessible to every structure.”~” Thus, the develop-
longer life expectancy, this number is supposed to increase ment of rapid low-cost AD diagnostic tools with improved
over time with a staggering economic and social impact." It is sensitivity remains an area of intense investigation. In the need
recognized that the AD pathological hallmarks develop over to identify an alternative approach, metallic nanoparticles
decades before patients express the initial cognitive changes.”” (NPs) have been proven to be attractive and efficient materials
Therefore, precocious AD diagnosis is crucial to ensure timely for a wide range of biomedical applications both for diagnostics

treatments that can reduce AD progression and limit the
difficulties related to the emotional, physical, and financial
aspects of the disease. Current methods for AD diagnosis
include immunoassays (IAs) that analyze cerebrospinal fluid
(CSF) to target specific biomarkers, whose abnormal
concentrations are indicators of AD.*™° In this context, the
detection of 8-amyloid peptide (AR) content in CSF is crucial
and can provide useful information for the diagnosis of AD and
among all, AB (1—42) peptide is the main factor of toxic
amyloid plaque formation, which leads to a loss of cognitive
function in AD patients. Despite their sensitivity, conventional
IAs require days for test results as well as expensive enzyme-

and therapy. In particular, gold NPs (AuNPs) have received
enormous attention for the detection of AD biomarkers due to
their unique optical properties, biocompatibility, and high
surface area, which led to great adsorption capacity on binding
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Figure 1. Synthetic strategy implemented for the preparation of RR-embedded double-shell nanoparticles (Au@RR@AuNPs) (a). TEM
micrographs of Au@RR@AuNPs; the scale bar is 100 nm. The inset shows a 2X magnification TEM image (scale bar is S0 nm) (b). Size
distribution and {-potential values for AuNPs and Au@RR@AuNPs (c). UV—vis absorption for RR@AuNPs and Au@RR@AuNPs (d). Raman-
SERS spectra of RR@AuNPs and Au@RR@AuNPs. The inset shows the Raman-SERS spectra in the range of 2100—2350 cm™ (e).

the proteins. Indeed, AuNPs can be used simultaneously to
modulate Af} aggregation and as sensing elements in optical
assays. The study by Zhou et al. reported on the development
of a colorimetric-based sensor for the detection of A (1—40)
conjugated to AuNPs. They exploited the aggregation induced
by Cu®* metal ions, driven by the formation of ternary
coordination complexes between the metallic ions and
nitrogen and oxygen ligands from AB.'’ Yokoyama et al.
tested the possibility of self-assembled Af (1—42) on spherical
AuNPs and investigated the conformational changes using
absorption spectroscopy.'' In these studies, the amyloid / was
tested over the range of 7.5—500 nM with limits of detection
(LODs) significantly higher with respect to Aff (1—42) levels
in real CSF samples. Therefore, the development of novel
strategies is crucial to improve the sensitivity of the NP-based
technology, to quantify lower Aff (1—42) levels and to pave the
way for the lab-to-clinic technological transfer. In this
direction, detection methods based on surface-enhanced
Raman scattering (SERS) through gold NPs represent a
powerful approach for revealing target analytes in biological
fluids down to fg/mL. 1213 The surface chemistry of NPs as
SERS substrates can be engineered to selectively sense AD

3694

biomarkers and to monitor the CSF biochemical changes even
in the picomolar range, discriminating between physiological
and pathological conditions even for asymptomatic patients. In
addition, NP surfaces can be labeled with bioorthogonal
Raman reporters (RRs), a novel class of molecules
characterized by larger Raman cross sections with respect to
biomolecules and narrow peaks in the biological Raman-silent
region, ensuring a higher signal-to-noise ratio and drastically
decreasing the LOD."' Therefore, the characteristic peak of
these RRs conjugated to the NP surface (RR@AuNPs) that
aggregate in the presence of the analytes can be used to
indirectly detect the target molecules, taking advantage of
changes in Raman intensity due to analyte—RR@AuNPs
interactions. Herein, we successfully envisioned to combine the
simplicity of aggregation behavior triggered by the target
peptide with the high sensitivity of bioorthogonal SERS assays
to reveal A (1—42) in clinical human samples down to pg/
mL. To this end, we designed and developed extremely
efficient SERS nanotags in which the RRs are embedded
between a spherical gold core and a protective shell of gold
(Au@RRs@AuNPs). In our NP-based assay, we simply
exploited the high affinity of A (1—42) toward gold for
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NP—Ap specific interaction to trigger controlled NP
aggregation as a function of analyte concentration. Then,
bioorthogonal SERS signal variations were successfully
exploited to reveal small changes in A concentration among
CSF samples with very small LODs, thus providing a concrete
contribution for amyloid-linked pathologies as Alzheimer’s
disease.

B RESULTS AND DISCUSSION

Multilayered Au@RR@AuNPs were realized starting with the
synthesis of 50 + 1 nm diameter gold nanospheres, which
serve as cores, followed by immediate exchange of the
stabilizing agent (sodium citrate) with a Raman reporter,
recently synthesized and characterized by our group.' Then,
an additional gold shell of desired thickness was grown by
adding gold salt (HAuCl,) with citrate ions serving as both
capping and mild reducing agents. The volume and the
concentration of the RR solution in the ligand exchange step
were critical parameters to be adjusted to avoid particle—
particle aggregation as well as to achieve full gold surface
covering, resulting in a higher Raman signal (Figure SI,
Supporting Information). Transmission electron microscopy
(TEM) images, reported in Figure 1b, revealed a quite uniform
size distribution displaying spherical shape, confirmed by a
hydrodynamic diameter distribution of 85 + S nm with a
polydispersity index of 0.30 + 0.02 measured through dynamic
light scattering (DLS) measurements (Figure 1c). A (-
potential value of —45 + 2 mV further assessed the stability
of the colloidal system dispersed in aqueous solution (Figure
1c). Ultraviolet—visible (UV—vis) extinction spectra showed a
bathochromic shift of about 5 nm for Au@RR@AuNPs with
respect to the original plasmonic peak of RR@AuNPs,
confirming a variation in the chemical environment at the
NP surface after ligand exchange, which directly affects the
extinction coeflicient value and therefore the maximum
absorbance wavelength (Figure 1d). To further attest the RR
embedding, UV—vis measurements acquired at the intermedi-
ate step consisting in RR-covered NPs showed the tendency to
aggregate in water with the appearance of a red-shifted peak
with respect to the starting seeds (Figure S2). Moreover,
Raman measurements demonstrated that a 10-times increase
of the characteristic Raman peak at 2135 cm™' was obtained
for multilayered Au@RR@AuNPs with respect to RR@
AuNPs. This could be likely ascribed to the fact that by
embedding the Raman emitters molecules within two nano-
metric layers of gold, the Raman molecules are exposed to
enhanced local electromagnetic fields, locally generating “hot
spots” at noble metal nanostructure junctions, thus positively
strongly impacting the limit of detection of such systems
(Figure le).

Besides the intrinsic Raman enhancement, the crucial point
of this novel SERS sensor is that the outer surface of naked
gold NPs could be exploited as substrates to selectively capture
the analytes of interest exploiting the high affinity between the
AR (1—42) peptide and gold surfaces. Then, their aggregation
was induced by the addition of Cu** ions (Figure 2). First,
UV—vis spectra of AR (1—42)-decorated NPs were acquired at
increasing concentration of metal ions to attest the Cu®'-
dependent aggregating behavior. The spectra reported in
Figure S3 confirmed that only upon addition of the ions, the
plasmonic profile was changed. More interestingly, keeping the
Cu®* concentration at 0.48 mM, the plasmonic variation of the
colloidal system as a function of # amyloid concentration was
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Figure 2. Schematic representation of the aggregation working
principle for the developed multilayered gold nanoparticles.

investigated. The pure Au@RR@AuNPs solution was
originally stably dispersed due to the electrostatic repulsion
of capping-agent molecules, displaying a maximum absorbance
value at 524 nm. Upon the addition of Af (1—42) proteins
together with Cu®* ions, a new strong absorbance peak was
observed to rapidly appear at around 680 nm due to the Cu*'-
mediated bridging between AfS-AuNP complexes (Figure 2).
Therefore, the red shift was expected to be more pronounced
as the quantity of A (1—42) increased due to more A-AuNP
complex formation.

We first investigated the possibility to exploit this Ap-
dependent aggregating behavior induced by the complexation
of the peptide by Cu®* to set up a UV—vis condition by
analyzing the optical spectral changes obtained at varied Au@
RR@AuNPs:Af(1—42) ratios through three quantitative
descriptors (aggregation indexes, Als), which are deeply
explained in the “Aggregation Indexes” Section in the
Supporting Information. These were properly defined to be
independent, thus guaranteeing neither errors nor generation
of false results during data analysis while proving the
robustness and fidelity of the adopted method (see Figure
3a—c). Starting from the pure NP solution showing the
characteristic 520 peak (blue spectrum), the 680 nm peak was
observed to appear and increase until a Af (1-42)
concentration of about 30 ng/mL (pink curve) as reported
in Figure 3d—f. Then, Al values were calculated and plotted
(Figure 3g—i). The trend is clearly the same for all three
indexes with a linear behavior to A (1—42) concentrations of
around 10 ng/mlL, thus perfectly working in the detection
range considered of clinical interest (Figure 3j—1). The reverse
in aggregation behavior observed is probably because when the
amount of amyloid monomers is higher than 30 ng/mL (which
it is important to highlight that are far from real content in
CSF), A} (1—42) exceeds a critical aggregation concentration
at which it preferentially interacts with the other Af (1—42)
peptides forming other larger species (e.g, oligomers) that are
no more available for Au binding, thus perturbing the colloidal
system less. Consequently, the colloidal system tends to retain
its optical properties when nonaggregated (with the peak at
680 nm strongly reduced). These results attested that the UV—
vis assay based on multilayered Au@RR@AuNPs can be used
for the A (1—42) detection in the range of 0.4—30 ng/mL,
with a limit of detection (LOD) calculated to be 1.2 ng/mL
(0.3 nM), which was lower than that previously reported for
colorimetric methods for Af (1—42)."° The 30 ng/mL
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Figure 3. Graphical representation of parameters extracted from the normalized absorbance extinction spectrum for the calculation of aggregation
Index 1, Al, (a); aggregation index 2, AL, (b); graphical representation of parameters extracted from the first derivative spectrum for the calculation
of aggregation index 3, Al (c). Table resuming the mathematical calculation for Al;, Al,, and Al,. UV—visible spectra acquired for Au@RR@
AuNPs mixed with different quantities of A (1—42) ranging from 0.4 to 10S ng/mL. Spectra are reported normalized to 1 (d, e) and after a first
derivative operation (f). Aggregation indexes (Als) as a function of the A (1—42) concentration calculated from UV—vis data normalized to 1 (g,
h) and after a first derivative operation (i). Linear concentration dependence of Als as a function of the Af} (1—42) concentration, in the range of
0.4 to 31 ng/mL (j, k, 1). (n = 3; error bars represent standard deviation; the black solid line shows linear fitting).

threshold value does not represent a drawback for the potential
real application of this method considering that both
physiological and pathological Af values in real samples are
always below 1 ng/mL, as discussed later in the work.
Despite these remarkable findings, considering that real
biological fluids are heterogeneous matrices rich in proteins, it
was crucial to demonstrate that this “aggregation behavior” is
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not perturbed by the presence of other proteins at their
plausible range in CSF. To this aim, the experiment was
replicated by mixing multilayered Au@RR@AuNPs with
bovine serum albumin (BSA), a ubiquitous protein present
in all biological fluids, at concentrations ranging from 0.4 to 20
ng/mL, and by triggering again the aggregation by adding Cu*
at 0.48 mM concentration. As reported in Figure S4, the trend

https://doi.org/10.1021/acssensors.3c00225
ACS Sens. 2023, 8, 3693—3700
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Figure S. UV—visible spectra acquired for Au@RR@AuNPs mixed with different CSF samples. Spectra are reported raw (a), normalized to 1 (b),
and after a first derivative operation (c). Aggregation indexes (Als) as a function of the A (1—42) concentration in CSF samples calculated from
UV—vis data normalized to 1 (d, e) and after a first derivative operation (f). (n = 3; error bars represent standard deviation).

observed for BSA was opposite to that of the peptide, with AI; an increase in the stability of the colloids due to the formation
linearly decreasing upon increasing BSA concentration, thus of a compact and bulky BSA corona around the NPs that acts
corresponding to poor NP clustering. This could be ascribed to as a stabilizing agent, shields the metallic surfaces, and
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Figure 6. Raman-SERS spectra acquired against Au@RR@AuNPs mixed with different CSF samples with A (1—42) concentrations ranging from
347 to 825 pg/mL (a) and plot of the Raman intensity at 2135 cm™" against the A (1—42) concentration, with linear dependency in the range of
347—629 pg/mL (b). (n = 4; error bars represent standard deviation; the black solid line shows linear fitting). TEM images of different aggregation
behaviors of Au@RR@AuNP:s for the original colloidal solution (c) and at 347 pg/mL (d) and 629 pg/mL (e) Af concentrations. The scale bar is
250 nm in all cases. The inset shows magnified images of the same samples (the scale bar is 100 nm in all cases).

counterbalances the aggregating behavior induced by Cu* ions
desorbing citrate from gold surfaces. In addition, the BSA
molecules or albumin-derived molecules typically present in
human fluids do not hinder the binding sites for target peptides
(Figure SS). These results were fundamental to attest that only
with the formation of NP—Af complexes, the presence of Cu®*
ions induces aggregation, thus pointing out the feasibility to
apply the method for the screening of real samples. Before
proceeding with this step, SERS response of multilayered
aggregating NPs was investigated for Af (1—42) quantification
by exploiting the intensity values of the Raman peak at 2135
cm™ from RR located in a spectral region completely free from
background interferences. The SERS spectra were acquired
from colloids after mixing with peptide solution in the 0.04 to
105 ng/mL range (Figure 4a), and it can be found that SERS
response increased with increasing Af (1—42) peptide. As
reported in Figure 4b—d, by plotting the intensity of the RR
peak against peptide concentration, a linear trend was observed
until about 7 ng/mL with the peak visible down to 0.04 ng/mL
(0.01 nM). The LOD of the multilayered SERS system was
calculated to be 0.65 ng/ml (10 pM), at least two times lower
than the LOD previously obtained with the UV—vis approach.
Ap (1—42) concentrations higher than 30 ng/mL induced the
trend inversion as previously observed. To further attest the Af
(1—42)-dependent aggregation behavior, the synthetic Af (1—
40) peptide was mixed with multilayered NPs and the
aggregation was triggered by Cu®', following the same
experimental procedure implemented for Af (1—42).
Raman-SERS spectra were acquired for A (1—40) concen-
trations ranging from 0.5 to 15 ng/mL. As shown in Figure S6,
the intensity of the bioorthogonal Raman peak acquired at
varied Af} (1—40) concentrations does not vary significantly,
thus demonstrating that there is no direct dependence of AS
(1—40) peptide concentration on the NP aggregation
behavior, triggered by Cu’" ions. As reported from the
literature, this could be ascribed to the much lower apparent
affinity constant for A (1—40) with Cu** ions (5.0 X 107"
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M) with respect to the one for Af (1—42) with Cu** (7.0 X
107'% M)."”"® This great difference in the way of complexation
of the ion probably leads to different aggregation behaviors in
terms of time and number of particles interacting.

Finally, the bioorthogonal SERS-based sensor for the
detection of A (1—42) based on the Cu?>*—AuNP—Ab
complex formation was applied and exploited for the
quantification of Af (1—42) in human CSF. Samples were
collected from patients with neurocognitive disorders and
previously analyzed by standard fluorescence-based diagnostic
kits to quantify Af (1—42) and Af (1—40), whose values are
reported in the table in Figure S7 (values from standard kits
were taken as a benchmark). Each CSF sample was mixed with
Au@RR@AuNPs and Cu** to induce Af (1—42)-dependent
aggregation of the colloidal system, and UV—vis spectra were
acquired to determine Als. However, as shown in Figure 5, no
clear trends were observed as a function of peptide
concentration. This could be ascribed to the strong depend-
ence of the plasmonic properties of metallic nanoparticles on
their size and shape, interparticle distance, number, and
disposition in the aggregate, as well as the local environment of
the matrix. Therefore, the complexity of CSF containing high
concentrations of sodium, chloride, and magnesium ions
introduces a gap of uncertainty in the optical response,
consequently worsening the performance of Au@RR@AuNPs
sensors when applied to real biofluids with respect to the
simplified synthetic model of fluids.

Contrarily in the SERS-based approach, this limitation could
be overcome considering that the configuration of the gold
NPs, constituted by inner and outer layers of gold at fixed
distances with an embedded Raman probe, guarantees high
stability of the signal and strong repeatability of the
measurements, which is not altered by changing conditions
in the solution. Furthermore, the enhancement of the Raman
signal was expected to be proportional to the collective effect
of the particles participating in the aggregation, triggered
uniquely by amyloid peptides that are in solution. The higher
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the amount of A (1—42), the higher the number of NP—Af
complexes aggregating, thus enhancing the cooperative effect
and increasing the Raman signal proportionally. SERS spectra
reported in Figure 6a successfully confirmed this hypothesis.
Indeed, signals were characterized by Raman intensity @ 2135
cm™!, increasing proportionally to the Af (1—42) quantity in
the CSF batches. Plotting the Raman intensities as a function
of the Af} (1—42) concentration in the CSF samples (Figure
6b), data follows the trend previously identified with the
synthetic model, with LOD values in the same pM range
(Figure S10). This successful result was trivial, considering the
enormous complexity of human fluids in terms of composition,
pH, the presence of ions and salts, and proteins with respect to
the Af synthetic model. Clearly, the uncertainty when working
with real samples is higher with respect to synthetic models
with no significant differences between concentrations.
However, we then added a categorical scatterplot to attest
that the NP sensors can consistently (p < 0.0001) distinguish
two populations based on a A (1—42) decisional threshold of
670 pg/mL (Figure S8). This value was quantified with
standard clinical analytical methods (chemiluminescent
enzyme immunoassay—CLEIA)" and is currently used, in
combination with other AD biomarkers quantification. More-
over, TEM analyses of NP—AfS (1—42) solution further
attested the clustering behavior as a function of peptide
concentration. At Af (1—42) lower concentrations, AuNPs
mainly kept dispersed states of the original solution of NPs
(Figure 6¢) with the formation of aggregates composed of few
particles, while at higher concentrations, larger aggregates
composed of a higher number of particles consistently increase
(Figures 6d,e and S9).

Even if the linearity range of NP-based sensors is lower with
respect to the A (1—40) content measured by standard kits
(column 3 of table in Figure S7), to cross-check the specificity
of the systems, the intensity of the Raman signals was plotted
also against the concentration of Af§ (1—40). Reported data do
not show a correlation with the analyte concentration, thus
attesting that no quantification is possible for Af (1—40)
(Figure Sll).“’zo

B CONCLUSIONS

In conclusion, a novel rapid and low-cost optical assay for the
detection of Af (1—42) was successfully developed by
combining the simplicity of UV—vis detection with the
sensitivity of the SERS method based on the bioorthogonal
approach. This approach relies on the straightforward synthesis
of novel multilayered SERS nanoprobes whose smart
configuration, with bioorthogonal Raman reporters embedded
within two layers of gold, enabled for fast revealing and
quantification of Af (1—42) AD biomarkers with a sensitivity
of pg/mL in highly complex human samples. Then, we
demonstrated that the level of aggregation of NP—Ap
complexes could be simply modulated by the Af content
itself and therefore proportionally reflected in the Raman
intensity changes. Finally, based on these promising results, by
switching the chemistry of NP surfaces, we envision the
possibility to extend the Au@RR@AuNPs-based assay for the
quantification of the other AD biomarkers (Af (1—40);
protein Tau and phosphorylated Tau) as well as for the
analysis of less-invasive biological fluids. Our pioneering
approach based on bioorthogonal multilayered NPs represents
a significant step ahead of the state of the art on SERS for
biofluids analyses as well as a powerful contribution in the
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worldwide attempt to find more effective tools for the j
amyloid-linked pathologies as Alzheimer’ s disease diagnosis.
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