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Abstract

Alzheimer’s disease (AD) is the most common neurodegenerative disorder, resulting in memory loss, cognitive decline, bodily function
impairment, and finally death. The growing number of people suffering from AD increasingly urges the development of effective early
diagnosis and monitoring techniques. Here, we review the most recent developments in the field of Raman-based techniques, which have
shown a significant potential in identifying AD by detecting specific biomarkers in biological fluids, as well as in providing fundamental
insights into key molecules involved in the disease progression or in the analysis of histological specimens of patients with AD. These
techniques comprise spontaneous and resonant Raman spectroscopies, exploit plasmon- or fiber- enhanced effects, such as surface-,
tip- or fiber- enhanced Raman spectroscopies, or involve non-linear techniques like coherent Raman scattering. The scientific efforts
employed up to now as well as the rapid technological advancements in optical detection instruments (spectrometers, lasers, substrates
for analysis, etc.) and the diffusion of advanced data processing methods suggest a leading role of Raman techniques in the perspective
of a preclinical or clinical detection of AD.
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1. Introduction

Alzheimer’s disease (AD) affects tens of millions of
patients worldwide, representing the most common neu-
rodegenerative disease [1]. Due to the increment of life ex-
pectancy, the number of people affected by AD and other
forms of dementia is likely to reach about 152 million
by 2050 [2]. AD occurs in most cases in subjects over
65, causing memory loss, cognitive decline, progressive
impairment of physiological functions and death, usually
within 5-12 years from the onset of the symptoms [3]. De-
spite the fact that the pathogenic mechanism is not com-
pletely understood, AD is characterized by the aggregation
in the brain of two different proteins: (i) the amyloid-3 pep-
tide, which accumulates in the inter-neuronal space forming
amyloid plaques; and (ii) the tubulin-associated unit (Tau),
which accumulates in the intra-neuronal space forming neu-
rofibrillary tangles [1,4]. Reduced levels of Af42, a lower
ApB42/ABy ratio, and elevated levels of total Tau or hy-
perphosphorylated Tau, are established cerebrospinal fluid
(CSF) biomarkers that are utilized in the clinical practice
to diagnose AD [5,6]. In addition, other biomarkers de-
tected in both CSF and blood have been related with AD,
such as: neurofilament light chain (NfL), neuron-specific
enolase (NSE), heart fatty acid binding protein (HFABP),
chitinase-3-like protein 1 (YKL-40) and visinin-like protein
1 (VLP-1) [5].

AD is commonly detected when irreversible damages
in the brain have occurred, and the definitive diagnosis can
only be made post-mortem, upon the identification of the
aforementioned aggregates. Therefore, a sensitive and af-
fordable method for the diagnosis of AD, which would al-
low an early therapeutic intervention, represents one of the
main challenges in the field.

Raman-based detection techniques have shown a sig-
nificant potential for the early diagnosis of AD [1,7]. Ra-
man spectroscopy provides the molecular fingerprint of
biosamples in a non-invasive, non-destructive and label-
free manner. Weak Raman signals of biomolecules, as
well as frequent fluorescence interferences, have fuelled
recent technological breakthroughs aimed at overcoming
these constraints through signal enhancement techniques,
which were then proposed as investigation and diagnos-
tic tools for AD. Previous reviews extensively discussed
Raman-based techniques employed in the study and the di-
agnosis of AD [7—12]. Consequently, here we will focus on
the latest advancements in the field.

2. Raman Spectroscopy (RS)

RS, described by V.C. Raman in 1928, provides in-
formation on the molecular vibrations of a sample, by col-
lecting its inelastic scattering signal under a monochromatic
excitation wavelength in the UV, visible or near-infrared
(NIR) range (Fig. 1) [13]. The interaction of incident light
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Fig. 1. Schematic representation of the energy level diagram of Raman scattering processes. From left to right: spontaneous Raman

Stokes (ws) and anti-Stokes emission (was) upon excitation by a laser beam pump wyp; resonant Raman scattering (RRS) that involves the

excitation of electronic excited states; coherent Raman scattering (CRS) emissions due to the combination of different laser pump/probe

in non-linear effects, such as stimulated Raman scattering (SRS) or coherent anti-Stokes Raman scattering (CARS).

with the vibrational modes of molecules gives rise to an en-
ergy loss (Raman Stokes, ws) or gain (Raman anti-Stokes,
was) of the scattered photons, comprising a quantitative and
qualitative description of the sample under investigation.

Specifically, information on the chemistry and struc-
ture of biomolecules, such as protein secondary or tertiary
arrangements, folding states, aggregation, or pH dependent
conformations, can be obtained from the analysis of Raman
spectra [ 14—17]. Exploiting these peculiarities, RS demon-
strated great potential for the analysis of AD biosamples,
such as histologic specimens and biological fluids. Sev-
eral studies have shown that Raman experiments can allow
detection of amyloid plaques and neurofibrillary tangles in
unlabelled samples as derived from human brain tissue of
AD patients or in animal models, as well as distinguish them
from the surrounding areas [18—22]. For example, a Raman
study in mice demonstrated the ability to differentiate AD
from healthy subjects with an accuracy of 85.9%, identi-
fying distinctive disease-related biochemical alterations in
retina samples [23].

RS has also shown a high potential in the identifi-
cation of early-stage AD and its discrimination from late
forms of AD and other types of dementia, like dementia
with Lewy bodies (DLB), by screening of biological flu-
ids, such as CSF, blood serum and saliva, and analysis of
spectral data by machine learning techniques [5,6,24,25].

Exosomes are small extracellular vesicles (SEVs) released
from cells into surrounding body fluids. They have been de-
tected in different biological fluids and are now subject of
extensive investigation because of their rich protein content
involved in a variety of pathological processes. RS has re-
cently been proven as an effective tool for the characteriza-
tion of SEVs isolated from MC65 cells, and associated with
the toxic AfB42 peptide [26]. Furthermore, the involvement
of AB42 in sEVs membrane fluidity, due to an alteration to
the fatty acid chain lengths, has been identified. These find-
ings could point to a possible mechanism of propagation of
neurodegeneration by sEVs carrying toxic oligomers.

3. Resonance Raman Spectroscopy (RRS)

In RRS the energy of the incident photons or, in other
words, the wavelength of the excitation laser, is tuned to
match the electronic transition of the sample under exam-
ination. Such frequency coincidence (or resonance) leads
to increased Raman scattering signals, allowing the analy-
sis of molecules that are scarcely or not detected in non-
resonance conditions. In essence, selecting the appropriate
laser illumination, RRS can highlight signals from desired
molecules of the sample, excluding interference from other
components or from the background [11]. This technique
has been employed in the study of the aggregation and de-
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position processes of amyloid-3, mediated by metal ions,
such as Zn?* and Cu?* [11,27], which are found at high
concentration in amyloid plaques. More precisely, RRS al-
lowed to investigate the conformational properties of Cu?*-
amyloid-/3 complexes, which were proposed to play a key
role at the initial stages of aggregation [26]. Furthermore,
through ab initio calculations of RRS signals it has been
possible to identify and characterize fibril-like conformers
with an aggregation mechanism mediated by AI3* [28].

4. Surface-Enhanced Raman Spectroscopy
(SERS)

Although spontaneous RS provides excellent chemi-
cal specificity, it is an intrinsically weak scattering tech-
nique that does not allow the detection of analytes at low
concentrations (typically below mM). This is a key con-
straint when it comes to biosample analysis. SERS relies
on the enhanced electromagnetic field arising from the col-
lective oscillation of conduction band electrons, under vis-
ible or NIR laser excitation of the surface of noble metal
nanoparticles [29]. Thanks to this phenomenon, known
as localized surface plasmon resonance (LSPR), the Ra-
man signal of an analyte placed nearby or adsorbed on a
nanostructured metal surface (the so-called “hot-spot”) can
be enhanced by a factor of up to 10'° [29,30]. Such sig-
nal enhancement allows both the detection and the chemo-
structural characterization of trace amounts of main AD
biomarkers, such as AB4o and AS42 amyloid peptides and
Tau protein in biological fluids, opening the way to the de-
velopment of sensitive, non-invasive and label-free meth-
ods for the early diagnosis of AD [7,31]. For example,
SERS coupled with multivariate statistical analysis was em-
ployed to probe blood serum, obtaining a sensitivity of up to
96% in the discrimination of AD samples from healthy con-
trols [32,33]. Moreover, human tears were characterized
by SERS coupled with multivariate data analysis allowing
a discrimination between AD, mild cognitive impairment
(MCI), and control subjects [34].

SERS has been also proposed to study key species as-
sociated with AD, their structure and aggregation process,
in order to shed light on their role in the neurodegenera-
tive mechanism of AD. The secondary structure of differ-
ent amyloid- peptides was inspected by SERS to obtain
information on the structural rearrangement processes in-
volved in self-aggregation and fibrillation [35]. Similarly,
recent SERS studies focused on establishing a relationship
between neurotoxicity and structure of different forms of
ApB42 [36,37].

So far, several SERS nanostructured substrates have
been proposed to improve the signal quality and repro-
ducibility or to increase the affinity toward a particular tar-
get analyte. They span from colloidal solutions of spheri-
cal or quasi-spherical gold and silver nanoparticles, to more
complex, assembled or hybrid substrates. For example, dot
arrays of silver nanowires were deposited on a hydrophobic
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substrate of polytetrafluoroethylene for the rapid and sensi-
tive detection of AB4s oligomers in liquid [36,37]. Todide-
modified silver nanoparticles were used to assess the anti-
aggregating properties of some compounds, such as Cro-
cein G toward amyloid compounds [38]. Furthermore, an
acoustofluidic multimodal sensing platform, based on sil-
ver nanoparticles deposited on ZnO nanorods, was devel-
oped for the isolation and detection of AD biomarkers in
blood plasma [39]. An immobilized-metal affinity strategy
was recently employed for the ultrasensitive discrimination
of Tau carrying a single phosphorylation on the aminoacid
S396 [40]. Employing a hexagonal array of gold pyra-
mids coated with a single molecular layer of graphene dif-
ferent isoforms of AJ peptide were successfully discrimi-
nated by combined SERS and principal component analy-
sis (PCA) [41]. Exploiting a carboxylic acid-functionalized
and graphitic nanolayer-coated three-dimensional SERS
substrate, composed of a uniform gold nanowire array, the
secondary structural changes of amyloid-5 and Tau were
quantitatively analysed [42]. Ultrasensitive detection of
AB42 was also achieved by exploiting chiral triangular gold
nanorings with a platinum framework [43].

Metal nanostructures can be further conjugated with
different functional molecules in order to confer affinity
toward specific analytes and improve the detection limit.
Nanogap silver cells, conjugated with antibodies specific
for AB 4o or ASB42, were employed to develop a SERS-based
immunoassay for the sensitive and multiplexed detection in
human serum [44]. Similarly, a multiplexed SERS biosens-
ing platform, which relies on a specific dye-coded polyA
aptamer-gold nanoparticles allowed the simultaneous de-
tection of AfB4s oligomers and Tau in artificial CSF [45].
For the quantitative determination of Tau in the plasma
of AD patients, a SERS-based sensor with a femtomolar
detection limit was developed, which involves the use of
half antibody fragments immobilized onto gold nanopillars
[46]. Tau was also identified by antibody- or streptavidin-
conjugated magnetic core SERS substrates [47,48]. Finally,
it was shown that the introduction of a microfluidic platform
can overall improve the sensitivity, reproducibility and de-
tection limit of SERS [49].

5. Tip-Enhanced Raman Spectroscopy
(TERS)

TERS combines the chemical specificity of Raman
spectroscopy with the high spatial resolution of scanning
probe microscopy (SPM), providing a non-destructive, di-
rect and label-free chemo-structural characterization at the
nanoscale [50-52]. In a typical TERS experiment a laser
excitation wavelength generates a hot-spot on to the apex
of a nanometric tip, that is equipped and driven by a scan-
ning probe microscope (including scanning tunnelling mi-
croscopy, STM, or atomic force microscopy, AFM). The
interaction of the tip with the sample surface reconstructs
the morphological image and, upon amplification of the Ra-
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man signal, provides a chemo-structural map of the sam-
ple with a spatial resolution comparable to the size of the
tip’s apex. TERS allowed to study the relationship between
structure and neurotoxicity of protein oligomers, such as
those formed by the HypF-N model protein [53], providing
a direct characterization of the specific amino acid residues
that are exposed on the surface of toxic and nontoxic species
[54]. Such evaluation provides important information about
how the amyloid aggregates can affect cell membrane in-
tegrity and signalling pathways. Natural Af3,s fibrils, as
well as two synthetic mutants, were chemically character-
ized at the scale of a single structure by TERS [55]. In this
case, the examination of amide I and III bands allowed to
distinguish different geometries of the S-sheets, in highly
and less toxic species. Recently, another study performed
on AB4o fibrils proved that TERS can be used to identify
the spectral signatures of specific amino acids and to char-
acterise the secondary structure of the fibrils with a spatial
resolution of ~16 nm [56]. Similarly, the morphology and
the secondary structure of Tau fibrils were probed by TERS
[57]. Furthermore, TERS was used to map the presence
of amyloid-{ aggregates in proximity of neuronal spines,
which have been directly correlated with synapse dysfunc-
tion [58].

6. Fiber-Enhanced Raman Spectroscopy
(FERS)

The intensity of the Raman signal is directly propor-
tional to the power of the excitation laser and the concen-
tration of the analyte molecules. However, the laser power
cannot be increased beyond certain thresholds for techni-
cal reasons and without incurring uncontrolled temperature
increases, which can damage the sample. FERS can over-
come this problem by expanding the interaction between
the excitation laser and the analyte molecules. In particular,
the use of hollow core fibres (HCFs) permits to confine the
excitation and the Raman scattered light in a transmission
channel, matching the channel where the sample flows. As
a result, the interaction volume is increased through mul-
tiple internal reflections, thus raising the Raman scatter-
ing events and improving signal collection [59]. For ex-
ample, an HCF was successfully integrated with a conven-
tional Raman spectroscopic system, and the signal of A4
was 20-fold amplified compared to the conventional Ra-
man signal [60]. The signal was further boosted 10 times
by decorating the fiber core with plasmonic nanostructures,
which generated an additional SERS effect. Flexibility,
cost-effectiveness and low sampling volumes of the HCFs,
combined with the portability of handmade Raman systems,
makes this approach one of the most attractive tools for in-
vivo, label-free and sensitive early diagnosis of AD.

7. Coherent Raman Scattering (CRS)

CRS, that typically includes coherent anti-Stokes Ra-
man scattering (CARS) and stimulated Raman scattering

(SRS) effects, is based on nonlinear optical processes that
employ multiple photon excitations to stimulate charac-
teristic molecular vibrations of the target molecule. In
this way a coherent signal is produced, which is orders of
magnitude stronger than the spontaneous Raman scatter-
ing [11,30,61]. Both of these nonlinear technologically ad-
vanced techniques use a first laser beam (wp) to pump the
sample in an excited virtual energy state. Then, in SRS, a
second laser beam tuned at the same Stokes frequency of the
desired vibration mode (ws), promotes the stimulated emis-
sion. On the other hand, in CARS, the Stokes laser beam
is combined with a third pump/probe beam (wy;, typically
tuned at the same frequency of the pump, wp,r = wp) to reso-
nantly enhance and detect anti-Stokes photons (was = wp,+
wp—ws = 2wp—ws) (Fig. 1). CARS and SRS were recently
employed to characterize amyloid-3 plaques by comparing
high-resolution images from brain tissues of an AD mouse
model [62,63]. SRS microscopy demonstrated ability to de-
tect disease-induced histological changes, differentiating /3-
sheets of misfolded amyloid-3 from normal proteins and
lipids [62]. Similarly, CARS experiments performed on
AD human brain tissues, extracted from pre-fontal cortex,
highlighted the composition and organization of lipids ag-
gregates on the plaques, contributing to explain the interac-
tions between lipids and amyloids that occur in the forma-
tion of toxic AS plaques [64].

The main features of RS techniques described in this
review, are summarized in Table 1 (Ref. [5,6,18-22,24,25,
27,28,31-38,42-48,52,54-57,60—64]).

8. Concluding Remarks and Future
Perspectives

Together with the increase in life expectancy, an in-
crease in the number of people with AD is expected in the
near future and this will subsequently lead to an increase in
the cost of medical care, as well as in the social cost of sup-
porting the families of people with AD. To date, AD can be
diagnosed when irreversible brain damage has already oc-
curred. Therefore, the implementation of efficient methods
for early diagnosis could facilitate the adoption of adequate
healthcare strategies and the design of more effective ther-
apies.

Herein, we reviewed the most recent advancements in
Raman spectroscopies in the investigation and diagnosis of
AD, highlighting their potential in revealing the fingerprint
of AD biomarkers from biological samples and in discrim-
inating between healthy and diseased specimens. Small
amounts of sample required, label-free detection, versatil-
ity, sensitivity, and cost convenience of Raman-based tech-
niques, make them very promising in AD research. In this
context, AD has recently been linked to neurovascular al-
terations [65,66], which could represent a promising target
for future Raman investigations of brain tissue [62,67].
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Table 1. Key aspects of the Raman-based techniques for the investigation and diagnosis of AD, as described in this review.

Technique Physical principles/adaption Benefits Drawbacks Target samples and concentration/dimensional range
. . - Non destructive - Weak signals - Brain tissue: resolution at cellular level [18-22]
Raman spectroscopy Inelastic scattering of . .. . . . . . .
- Label free - Resolution limited by diffraction - Biological fluids: CSF, blood, serum, saliva [5,6,24,25]

(RS)

UV-Vis-NIR light

- Fluorescence background

Resonant RS (RRS)

Excitation of electronic
transitions of the sample

- Signal enhancement due to the “reso- - Fluorescence signal enhancement

nance effect”

- ab initio simulations of amyloid-3 aggregates [11,27,28]

Surface-enhanced
RS (SERS)

Plasmon resonance effects
on metal nanoparticles

- Huge signal enhancement (up to 1010) - Metal nanostructures required
- Low detection limit - Signal variability due to nanostructured substrate

- Quenching of fluorescence

- Biological fluids: CSF, blood, serum, saliva, tears [31—
34,44,46,47], down to tens fM [31]

- AP monomers or aggregates, mM-uM [35-38], down to
pM* [43,45]

- Tau protein, pM-pM [42,43,46—48], down to M * [46]

Tip-enhanced
RS (TERS)

Plasmon resonance effects
on a metal SPM tip

- Huge signal enhancement (up to 10%) - Experimental complexity and expensive setup
- Nanometric spatial resolution - Signal variability due to tip response
- Low detection limit - Sample heating at the apex of the tip

- Quenching of fluorescence

- Single structure analysis: oligomer, fibril [54-57], down
to uM [52,54,57]

Fiber-enhanced
RS

Confinement of light-sample
interaction within an optical fiber

- Enhanced signal due to increased light- - Requires fine alignment between the spectrometer

sample scattering events and the fiber

- Integrable with handheld Raman systems - Requires coupling with a microfluidic system
- Small samples volumes

- Can be coupled with SERS

- nL-pL volumes of sample solution, down to uM [60]

Coherent RS

Non-linear optical effects that use

multiple photons excitations, tuned - Fast imaging

at defined vibrational frequencies,
to generate coherent signals

- Increased coherent signals - Single wavelength selection

- Expensive setups due high-rate pulsed laser excitation

- Brain tissues: resolution at cellular level [61-64]

* calculated values.
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The continuous advancements in the technology and
physics of instruments, such as fibers, lasers, confocal sys-
tems, microscopes and spectrometers or in the efficacy of
the substrates and of the tools for analysis will further con-
tribute to increase the quality of the spectroscopic informa-
tion. In addition, RS can be coupled with other techniques,
such as magnetic resonance imaging (MRI), computed to-
mography (CT), positron emission tomography (PET), im-
munohistochemistry and micro-Fourier transform infrared
(1FTIR) spectroscopy, to provide more accurate and pre-
cise information on the disease and, by means of Big Data
Analytics methods and machine learning algorithms, to
ultimately distinguish different phenotypes of the pathol-
ogy. As a result of these advancements, people with AD
will have the opportunity to initiate medical treatments ear-
lier during the progression of the disease, benefiting from
a more effective therapeutical effect, just as doctors will
be able to intervene even before the onset of the disease.
Therefore, we can foresee a leading role of Raman tech-
niques in future applications aimed at a preclinical or clini-
cal detection of AD.
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