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ABSTRACT: Protein misfolded proteins are among the most toxic endogenous species of
macromolecules. These chemical entities are responsible for neurodegenerative disorders such as
Alzheimer’s, Parkinson’s, Creutzfeldt—Jakob’s and different non-neurophatic amyloidosis. Notably,
these oligomers show a combination of marked heterogeneity and low abundance in body fluids,
which have prevented a reliable detection by immunological methods so far. Herein we exploit the
selectivity of proteins to react with metallic ions and the sensitivity of surface-enhanced Raman
spectroscopy (SERS) toward small electronic changes in coordination compounds to design and
engineer a reliable optical sensor for protein misfolded oligomers. Our strategy relies on the
functionalization of Au nanoparticle-decorated polystyrene beads with an effective metallorganic
Raman chemoreceptor, composed by AI** ions coordinated to 4-mercaptobenzoic acid (MBA) with
high Raman cross-section, that selectively binds aberrant protein oligomers. The mechanical O 0 o0 T
deformations of the MBA phenyl ring upon complexation with the oligomeric species are registered

in its SERS spectrum and can be quantitatively correlated with the concentration of the target

biomolecule. The SERS platform used here appears promising for future implementation of

diagnostic tools of aberrant species associated with protein deposition diseases, including those with a strong social and economic
impact, such as Alzheimer’s and Parkinson’s diseases.
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B INTRODUCTION diagnosing protein misfolding diseases in their earliest,
presymptomatic, and most treatable stages.

The accumulation of specific peptides or proteins as misfolded
The interest in detecting aberrant oligomers present in body

amyloid fibrils is at the basis of a large number of human

pathologies, ranging from neurodegenerative disorders, such as fluids has grown strongly in recent years. Most of the detection
Alzheimer’s and Parkinson’s diseases, to non-neuropathic methods proposed recently are based on enzyme-linked
amyloidoses, including dialysis—related and type 1L diabetes immunosorbent assays (ELISA) that rely on using labeled
amyloidoses." There is increasing evidence that, at least in some antibodies to capture and quantify the protein. These methods

protein-deposition diseases, the pathogenic species are the
oligomeric assemblies that precede the formation of mature
amyloid fibrils.>® For example, it is now widely accepted that
soluble oligomeric forms of f-amyloid, which are generated
during the first stages of Alzheimer’s disease, are responsible for

have been popular during the last years;*” however, the risks of
detecting false positives and of inaccurate determinations of the
toxic species have been reported by some authors.'®"!

Additionally, the preparation of reliable substrates for oligomer

impairing the cognitive function.”® Importantly, the molecular detection involves several critical steps,'” which, de facto, has
events leading to f-amyloid oligomers are supposed to appear
10 to 20 years before the symptoms become apparent.”” As a Received: October 17, 2014
consequence, tests focused on monitoring aberrant protein Accepted: April 21, 2015
oligomers are expected to represent a promising tool for Published: April 21, 2015
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prevented ELISA assays from moving from lab to clinical
practice so far.

Surface-enhanced Raman scattering (SERS) spectroscopy
has emerged as a powerful ultrasensitive analytical technique in
biosensing.">~'” The SERS effect relies on huge electro-
magnetic fields concentrated at the nanostructured metal
surface to dramatically enhance the Raman signal of molecules
when localized surface plasmon resonances (LSPRs) are excited
by an external incident electromagnetic wave."*" Large and
efficient SERS enhancements are commonly confined within ca.
2 nm from the metal surface, therefore hampering the direct
acquisition of the vibrational spectra of large biomolecules,
especially of those with low Raman cross sections, such as most
of the proteins."> Additionally, the SERS spectroscopy of
proteins usually yields extremely complicated spectral patterns
as a consequence of their inherent molecular complexity and
the varied composition of their surrounding media. This often
poses severe obstacles in sample-to-sample reproducibility. To
overcome such limitations, several indirect SERS-based
methods have been developed."*~'*** As opposed to direct
SERS,*' these strategies do not acquire the characteristic
vibrational fingerprint of the biomolecule but usually exploit
molecular receptors anchored to the plasmonic surface to
selectively bind the target molecule. This recognition event is
then followed by a change in the Raman spectrum of a SERS-
active molecule (also indicated as Raman probe or reporter)
that indirectly inform about the presence of the biomolecule
and, possibly, its concentration in the media. These
perturbations of the SERS signal can be broadly associated
either with (i) a variation of the overall intensity or (ii) an
alteration of the spectral profile. In the first class of indirect
biosensing approaches, the most notable example is represented
by the development of SERS tags'*™'®** combining, at least,
three constitutive units: plasmonic nanoparticles as the optical
enhancers; reporter molecules with high SERS cross sections;
and a bioselective element (such as antibodies, DNA strands,
etc.) toward the target biomolecule. SERS tags were widely
used in a large set of different fashion for the detection of
DNA,3™% proteins,zs_28 and small biomolecules.”’ In the
second class of indirect SERS-based strategies, the bioselective
capture agent also acts as a Raman reporter. In this case, rather
than the increase or decrease of the overall SERS intensity, the
structural changes induced on the chemical receptor upon
complexation with the biomolecule are registered in its SERS
profile and can be quantitatively correlated with the
concentration of the target biomolecule. For example, vibra-
tional changes in the SERS spectra of bacterial membrane
protein receptor ZipA were used to monitor its interaction with
the soluble FtsZ polymeric protein.*® Similarly, SERS label-free
detection of viral nucleoprotein was achieved by monitoring the
spectral changes of a polyvalent anti-influenza aptamer
immobilized onto silver nanorod arrays.3’l However, for the
same reasons that can hamper the direct detection of high
molecular weight biomolecules, the use of bioreceptors as dual
SERS reporter/recognition elements is often limited mostly
due to size and low cross-section. Very recently, a few
works®*~>* have reported a novel attractive strategy based on
the use of bioreceptors, such as an antibody or a protein,
chemically modified to incorporate into the lower extremity a
highly SERS-active aromatic linker that firmly binds the
plasmonic surface. As a result, the SERS spectrum of the
functionalized receptor is dominated by the features of the
linker, which, upon the binding event with the target
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biomolecule, undergo distinctive changes associated with the
mechanical deformation of the aromatic ring.32_34 In this case,
the Raman reporter acts as an effective molecular spring
sensitive to the structural rearrangements imposed by the
formation of the receptor/analyte complex.

In this article, we demonstrate the potential use of SERS for
the detection of toxic aberrant protein oligomeric species
exploiting the selective high affinity of these species toward
specific transition metallic ions. The proposed SERS platform
rests on the sensing properties of hybrid gold-decorated
polystyrene beads (PS@Au) that are engineered with an
effective metallorganic Raman chemoreceptor, composed by
AP* jons coordinated to 4-mercaptobenzoic acid (MBA). The
thiol group of MBA firmly binds the gold surface via Au—S
covalent bonds, whereas the carboxylic groups of MBA chelate
the AP* ions forming a coordination complex and offering
effective adsorption sites for oligomer interaction. AI** ions are
known to exert a marked complexation activity against proteins
such f-amyloid®**® and promote a sort of “freezing” of the
peptide structure in its oligomeric state’’ by increasing its
surface hydrophobicity.>® The SERS platform was tested on
oligomers formed from the N-terminal domain of the
Escherichia coli protein HypF (HypF-N). This 91-residue
small protein is a valuable model system as it was shown to
form amyloid-like fibrils similar to those associated with
diseases as well as toxic oligomers.”’40 In addition, a particular
type of HypF-N oligomer called type A oligomers, were found
to cause cell dysfunction, colocalize with synapses in rat
hippocampus primary neurons, inhibit long-term potentiation
in rat hippocampal slices, and cause cognitive impairment when
injected in rats’ brains, thus reproducing all the biological
effects of A oligomers.*' ~** Importantly, type A oligomers are
sufficiently stable to maintain their structure and properties in
different experimental conditions.** The latter feature is
beneficial for a profitable setting up of a reliable and solid
experimental methodology. The structural deformation im-
posed by the adsorption of the oligomeric proteins on the
metallorganic MBA-AI’* complex leads to characteristic
changes in its SERS profile, which can be quantitatively
correlated with the concentration of the HypF-N oligomers.

B EXPERIMENTAL SECTION

Materials. HypF-N was expressed and purified as described
previously.*> Apo-Transferrin human, Holo-Transferrin human, IgG
from human serum, and a-Crystallin from bovine eye lens were
purchased from Sigma-Aldrich. All the other chemicals were purchased
from Sigma-Aldrich and used as received. Milli-Q water was used
throughout the experiments.

Synthesis of PS@Au Microbeads. The fabrication of the PS@Au
microbeads was performed as previously described.*’ First, gold
nanoparticles of ca. 55 nm diameter were synthesized by a seeded
growth method.*® As a first step, 15 nm diameter gold nanoparticle
seeds were prepared via the common Turkevich—Frens method.*”**
An aqueous solution of trisodium citrate (1% w/w, 4.5 mL) was added
under vigorous stirring to a boiling solution of HAuCl, trihydrate (15
mg in 150 mL of milli-Q water). After 30 min under reflux, the mixture
was allowed to cool to room temperature. Growth process of the gold
seeds was performed by quickly adding 3.75 mL of the 15 nm gold
nanoparticles and 2.56 mL of an aqueous solution of trisodium citrate
(1% w/w) to 125 mL of a boiling solution of HAuCl, trihydrate
(14.57 mg) in milli-Q water. The mixture was refluxed for 30 min
before the addition of an extra-aliquot of trisodium citrate solution
(8.6 mL, 2.3% w/w). The solution was left boiling for another hour
and then let to cool to room temperature.
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Three micrometer diameter polystyrene microbeads (PS) were
wrapped with alternating polyelectrolyte monolayers via a layer-by-
layer electrostatic self-assembly protocol.*** 0.5 mL of a 100 mg/mL
PS suspension was added to 25 mL of a 2 mg/mL polystyrenesul-
fonate (PSS, Mw = 1000 000) solution containing 0.5 M NaCl. The
mixture was sonicated for 30 min and left under mild shaking for
another 2 h. Then, three centrifugation/washing cycles were
performed to remove the excess of unbound polymer from the PS
beads. Identical protocol was applied for depositing subsequent layers
of branched-polyethylenimine (PEI, Mw = 25000) polyelectrolytes,
and then again in an alternate fashion PSS and PEI polymers. The
polyelectrolytes-wrapped PS beads were finally redispersed in 10 mL
of Milli-Q water (final concentration S mg/mL).

The adsorption of 55 nm gold nanoparticles to the so-functionalized
microbeads was accomplished by simply adding a large excess of
colloids (25 mL) to 1 mL of PS beads 5 mg/mL under sonication.
After 30 min of sonication followed by 2 h of shaking, the beads were
left decanting overnight. The reddish color of the supernatant ensures
the full saturation of the bead surface with gold nanoparticles. The
precipitate was extensively washed three times with milli-Q water by
centrifugation (2000 rpm, 25 min) followed by three steps of
decantation to remove any unbound nanoparticles from the mixture.
Finally, the PS@Au beads were redispersed to 1 mL in Milli-Q (S mg/
mL final concentration).

Functionalization of PS@Au Beads with 4-Mercaptobenzoic
Acid and APP*. Functionalization of PS@Au beads with MBA was
achieved by addition of 1 mL of PS@Au beads (S mg/mL) to 9 mL of
a1 X 1072 M ethanolic solution of MBA. The mixture was placed for
24 h on a wheel for agitation and repeatedly sonicated during this time
to guarantee the optimal dispersion of the beads. Removal of the
unbound MBA from solution was ensured by three centrifugation/
washing cycles with ethanol followed by three centrifugation/washing
cycles with milli-Q. At the end of this washing step, PS@Au@MBA
beads were redispersed in 2 mL of milli-Q water (2.5 mg/mL). 0.5 mL
of such suspension were then added to S mL of a S mM aqueous
solution of AICl; to promote the coordination of AI** on MBA
molecules (PS@Au@MBA-AI**). The mixture was sonicated for 20
min and then left under agitation for 3 h before being exposed to three
centrifugation/washing cycles with 10 mL of milli-Q water. PS@Au@
MBA-AI** beads were finally redispersed in 10 mL of milli-Q water
(0.25 mg/mL).

Functionalization of Au Nanoparticles with 4-Mercaptoben-
zoic Acid and AP* for SR-EELS Measurements. A solution
containing 176 uL of NaOH (29% aqueous solution) and 15 uL of
MBA (5 mM in EtOH) was rapidly added under vigorous stirring to
10 mL of gold colloids ([Au’] = 0.3 mM). The MBA concentration
(ca. 15 molecules per nm*) was calculated to provide a full coating of
the gold surface (ca. 2.3 molecules per nm?). The solution was left
under gentle stirring for another 30 min to allow full MBA adsorption
onto the gold surface (Au@MBA). Subsequently, 15 uL of a AICL; S
mM aqueous solution was added under stirring to the colloidal
suspension and then left aging overnight to yield the corresponding
Au@MBA-AP* nanoparticles. One centrifugation cycle (5.4 K, 30
min) was performed to remove the excess of unbound MBA and AI**
ions. The resulting nanoparticles were redispersed in 10 mL of Milli-Q
water. Supporting Information, Figure S1 illustrates the extinction
spectra of the gold colloids at different stages of the surface
functionalization, showing that a minimal broadening of the LSPR
occurs during the process (ie, the nanoparticles preserve their
colloidal stability with marginal formation of aggregates). Finally, 10
uL of phosphate buffered solution (24 mM, pH 7) of HypF-N
oligomers were added to 50 uL of Au@MBA-AI** colloidal suspension.
Samples were left unperturbed overnight before being investigated by
spatially resolved electron energy loss spectroscopy (SR-EELS).

Transmission Electron Microscopy. The transmission electron
microscopy (TEM) samples were prepared by dispersing the
nanoparticle powders in ethanol. The dispersions were ultrasonicated
and subsequently deposited on holey carbon 3 mm copper grids.

Surface-Enhanced Raman Spectroscopy Detection of
Proteins. Phosphate-buffered solution (10 uL, 24 mM, pH 7) of
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HypF-N oligomers, Apo-Transferrin, Holo-Transferrin, IgG, and a-
crystallin at different concentrations, were added to 50 L of sonicated
PS@Au@MBA-AI** suspension. Samples were left unperturbed
overnight and then investigated by SERS using a 785 nm laser and
a long working distance objective (ca. 30 mW laser power, S
accumulations, 10 s exposure time). HypF-N type A toxic oligomers
are prepared as previously reported.*’ Because of the difficulty of
producing highly concentrated solutions of stable HypF-N oligomers,
the SERS analysis was limited to the 0 to 1.2 uM range (final
concentration of the corresponding monomer in the investigated
sample).

Instrumentation. SERS experiments were conducted using a
Renishaw InVia Reflex confocal microscope equipped with a high-
resolution grating with 1200 grooves/cm for near-IR wavelengths,
additional band-pass filter optics, and a CCD camera. UV—vis spectra
were recorded using a Thermo Scientific Evolution 201 UV—visible
spectrophotometer. Environmental scanning electron microscopy
(ESEM) was performed with a JEOL 6400 scanning electron
microscope.

SR-EELS measurements were performed on probe-corrected
scanning TEM (STEM) FEI Titan Low-Base 60—300 operating at
80 keV (fitted with a X-FEG gun and Cs-probe corrector (CESCOR
from CEOS GmbH)). Furthermore, to avoid the effects of electron
beam damage, these measurements were performed using a liquid-
nitrogen-cooled cryo-holder at —170 °C. EEL spectra were recorded
using the sgectrum-imaging (SPIM in 2D or spectrum-line (SPLI) in
1D) mode®®" in a Gatan GIF Tridiem ESR 865 spectrometer. The
convergent semiangle was of 25 mrad, the collection semiangle was of
20 mrad, and the energy resolution was ~1.2 eV.

Bl RESULTS AND DISCUSSION

A robust and highly SERS-active composite material consisting
of PS beads of 3 ym in diameter fully loaded with gold
nanoparticles of ~55 nm (Au) in diameter was synthesized as
described elsewhere.*> The external dense shell of interacting
nanoparticles concentrates a large number of hot-spots on each
bead. As a result, the averaged SERS enhancement performance
has been shown to have very good bead-to-bead homoge-
neity.>>>* Furthermore, all the SERS measurements reported in
this study were obtained under an averaged bulk SERS
regime.>* In our experimental setup, the laser simultaneously
investigates a large ensemble of beads in suspension within the
scattering volume of a long working distance objective. The
averaging effect of these numerous contributions is a critical
factor for obtaining ensemble signals that are stable and
reproducible. Figure 1A,B shows representative ESEM and
TEM images, respectively, of a single PS@Au bead. Figure 1C
illustrates the shift of the plasmon resonance of the isolated Au
nanoparticles from 536 to 550 nm upon assembly onto the
bead surfaces (PS@Au) as a result of the plasmonic coupling of
adjacent nanoparticles.

The gold surfaces in the PS@Au substrates were further
functionalized by immersion into a S mM ethanolic solution of
MBA. MBA molecules self-assemble into a dense monolayer
over the metal surface adopting a preferable perpendicular
orientation with respect to the gold surface and exposing the
carboxylate groups toward the bulk solution® (Figure 2). The
resulting functionalized PS@Au particles are called here PS@
Au@MBA. In our sensing scheme, the aim of the chemical
modification of the PS@Au particles with MBA is twofold: to
introduce carboxylate groups as chelating moieties for AP*
immobilization and provide the sensing platform with an
effective Raman probe whose intense SERS zpectrum is
sensitive to changes in metal ion coordination.’® Metal ion
coordination with the COO™ moiety of MBA leads to
characteristic spectral changes, as illustrated in Figure 2A

DOI: 10.1021/acsami.5b01056
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Figure 1. Representative (A) SEM and (B) TEM images of PS@Au
beads. (C) Extinction spectra of the AuNPs, PS, and PS@Au

suspensions (the intensity of the spectra was modified for
comparison).

where the normalized SERS spectra of PS@Au@MBA before
and after the exposure to a S mM AICl; water solution are
compared. The SERS spectrum of MBA is dominated by the
ring modes at 1589, 1079, and 522 cm™} explicitly assigned to
C=C stretching, ring breathing, and out-of-plane ring
deformation, respectively.>>>” However, the main spectral
changes resulting from the metal ion coordination are observed
in those Raman bands associated with the carboxylic group.
Specifically, we observe a marked decrease of the C=O
stretching contribution at 1702 cm™, a drastic shift of the
symmetric stretching of the COO™ moiety from 1395 to 1436
cm™, and a similar shift of the band at 844 cm™, ascribed to
the COO™ scissoring mode, up to 857 cm™. In particular, the
COO™ symmetric stretching was shown to be extremely
sensitive to changes in local pH®® as well as metal ion
coordination.’® Differently from what observed for other
organic molecules, the coordination of AI** on MBA does
not cause the appearance of any new vibrational features in the
ligand SERS spectrum. Therefore, the corresponding ratio of
the peak intensities at 1436 and 1395 cm™ (Ij436/I305)
represents a truly spectral marker for the monitoring of the
MBA-AIP* complex formation. The inset in Figure 2B describes
the evolution of the I;,34/I;395 spectral ratio as a function of AI**
concentration: detection of AI** can be achieved below the
nanomolar regime, whereas saturation was observed above 1 X
10™* M for PS@Au@MBA concentrations of 0.25 mg/mL.

In the previous report,56 MBA was used as an effective SERS-
active chemoreceptor for the identifications of metal ions in +1
and +2 oxidation state. Thus, as an intermediate result of the
construction of the metallorganic-decorated plamonic hybrid
composite for toxic protein oligomers detection, we also report
the first example of SERS identification and quantification of
AP** by using MBA as effective chemoreceptor. Importantly,
metal ion chelation to MBA is known to induce, especially in its
carboxylate-associated vibrations, spectroscopic shifts that are
specific to the coordinated analyte®®® (Figure 2C and
Supporting Information, Figure S2). The recognition of these
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Figure 2. (A) Normalized SERS spectra of 0.25 mg/mL PS@Au@
MBA beads before and after the exposure to S mM AICl;. An outline
of the sensing platform is also included (at neutral pH, the carboxylic
group exists in the deprotonated form, pK, = 4.19). (B) Ratio between
the intensities of the bands at 1395 and 1436 cm™ is plotted against
the AI** concentration (logarithmic scale). Error bars equal to two
standard deviations (N = 3). (C) Details of the 770—890 cm™' and
1330—1520 cm™ spectral ranges for SERS spectra of 0.25 mg/mL
PS@Au@MBA beads before and after the exposure to 1 mM aqueous
solutions of: AlICl;, ZnCl,, FeCl,, FeCl;, CoCl,, Cu(NO;),, CdCl,
MgSO,, and PbCl,.

different spectroscopic patterns is at the basis of the multiplex
SERS detection of different metal ions with MBA-function-
alized plasmonic surfaces.*®

The SERS platform was then tested by exposing the fully
aluminum saturated PS@Au@MBA-AI*" beads to phosphate-
buffered solutions of misfolded HypF-N type A toxic oligomers
(final protein concentration 1.2 uM). The SERS spectrum of
PS@Au@MBA-AP** in phosphate buffer (blank) shows rather
subtle differences with respect to those acquired in the presence
of HypF-N oligomers (Figure 3), which can be however fully
disclosed by digital removal of the blank signal. The resulting
difference spectrum (A Oligo HypF-N) highlights several
spectral changes in the MBA (Figure 3). In addition to a
relative intensity increase in the metal ion-coordinated COO™
symmetric stretching at 1436 cm™, the difference SERS profile
reveals, among others, a relative intensity increase and slight
shift to lower wavenumbers of the C=C stretching at 1589
cm™', an opposing drop in the 522 cm™' band intensity,
whereas the ring breathing band at 1079 cm™ undergoes an
increase in bandwidth. These changes are consistent with the
binding of the large oligomeric species to the metallorganic

DOI: 10.1021/acsami.5b01056
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Figure 3. Normalized SERS spectra of the PS@Au@MBA-AL**
suspension before (red curve) and after (violet curve) the addition
the HypF-N oligomer in phosphate buffer (final protein concentration
of 1.5 uM). The corresponding difference spectrum (AOligo HypF-N,
pink curve) was obtained by digital subtraction of the (MBA-AI*")
spectrum from the (MBA-AI** + Oligo HypF-N) spectrum. Prior to
the subtraction, all the spectra were normalized to the ring breathing
band at 1079 cm™'. Top scheme: outlines of the oligo HypF-N
coordination onto PS@Au@MBA-AI** beads.

chemoreceptor leading to a mechanical deformation of the
MBA phenyl ring sandwiched between the adsorbed bio-
molecule and the metal surface (Figure 3).>>7** As a control
experiment], PS@Au@MBA beads were exposed to HypF-N
oligomers. Their corresponding SERS spectra (Supporting
Information, Figure S3) do not reveal significant alterations
upon the addition of the toxic oligomers, indicating that no
significant interaction takes place in the absence of AI*".

The possibility of a selective detection of aberrant oligomers
by our sensor was investigated over different proteins, including
immunoglobulin G (IgG) and transferrin (HOLO-Tf and
APO-Tf), which are typically found in serum and cerebrospinal
fluid,*" human serum albumin (HSA), and of a small heat shock
protein, a-crystallin (@-Cr), which is known to colocalize with
aberrant oligomer deposits®*®® and to have solvent-exposed
hydrophobic moieties similarly to aberrant protein oligomers.**

The difference spectra for the other proteins are shown in
Figure 4 and reveal rather different spectral changes with
respect to those observed for the toxic oligomers. Apart from
the case of IgG, which appears to leave unperturbed the surface
complex MBA-AI**, we observe a very similar, unspecific
spectral pattern for a-Cr and HOLO- and APO-Tf.
Interestingly, the set of changes of the SERS profile perfectly
matches those observed upon removal of AI** from the beads
(see the AMBA difference spectrum in Figure 4, which is the
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Figure 4. Digitally subtracted spectra obtained by subtracting the
MBA-AP** spectrum shown in Figure 3, from the SERS spectra of:
HypF-N oligomer, immunoglobulin G (IgG); a-crystallin (a-Cr);
APO- and HOLO-transferrin (APO-Tf and HOLO-Tf); and human
serum albumin (HSA). The final protein concentration was 1.5 uM for
HypF-N oligomer and 2.5 yM for the remaining proteins. The
spectrum AMBA is the result of the digital subtraction of MBA-AI**
from the spectrum of MBA in the absence of AI*". Prior to the
subtraction, all the spectra were normalized to the ring breathing band
at 1079 cm™.

result of the digital subtraction of the SERS spectrum of MBA-
AP* from the SERS spectra of the free MBA ligand). These
data suggest a partial removal of the coordinated Al** ions from
the carboxylic groups upon addition of a-Cr and transferrin
proteins, which could be the result of different processes, such
as the sequestration of metal ions from unbound proteins in the
bulk solution, followed or not by their subsequent adhesion
onto the metal surface. Finally, the set of features in the HSA
difference spectrum further diverge from the rest illustrated in
Figure 4, revealing a spectral pattern that appears to be
somehow intermediate between the toxic oligomers and the
other proteins. It has been shown that bovine serum albumin
can perturb the SERS spectra of MBA adsorbed on silver
surfaces even though the exact mechanism has not yet been
elucidated.®® In any case, the intense vibrational fingerprint of
the metallorganic Raman chemoreceptor undergoes character-
istic spectral changes upon selective anchoring of HypF-N
aberrant oligomers, while other protein species induce null or
different, nonspecific perturbations.

The efficiency of the retention of the HypF-N oligomers and
their distribution was also studied with SR-EELS measure-
ments.%~® Because of the physical impossibility of operating
the experiments directly on microbeads, the SR-EELS analysis
was performed using, as a sensing substrate, monodispersed
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Figure S. (A) HAADF image of a couple of Au particles exposed to the oligomer solution. EELS-SPIM was recorded in the marked green area of this
micrograph. (B) Carbon and oxygen elemental maps extracted from the SPIM after background subtraction. (C) EEL spectra collected in the
HAADF-image in the marked areas denoted as (i), (ii), and (iii). (i) is a reference recorded in the carbon membrane. The C—K edge is visible in all
the spectra. The O—K edge is only visible in the spectra (ii) and (iii). (D) C—K edge fine structures (ELNES) extracted from the EEL spectra of

(©).

gold nanoparticles functionalized with a monolayer of the
metallorganic complex MBA-AP* in place of hybrid PS@Au@
MBA-AI** microparticles. The experiments were performed
under cryogenic conditions (—170 °C) and low acceleration
voltage (80 kv).%® An EELS spectrum-image (SPIM) was
acquired in the green marked area depicted in the high angle
annular dark field (HAADF)-STEM image (Figure SA).
Chemical maps of carbon and oxygen were extracted from
the EELS-SPIM (Figure SB). The analysis of the elemental
maps reveals clear correlations between C and O, which are
localized at specific areas on the surface of the functionalized
NP. Figure SC displays three EEL spectra extracted in the
white, blue, and red areas marked in Figure SA, respectively.
Carbon K edge is present in all of these three EEL spectra. By
comparing the energy loss near-edge fine structures (ELNES)
of the C—K edge from three areas of the sample: (i)
corresponds to the supporting carbon film of the TEM grid,
while (ii) and (iii) correspond to areas where the organic
materials are localized (Figure SB). The C—K ELNES signal of
the supporting C membrane was used as reference. This signal
corresponds to amorphous carbon showing the characteristic as
fingerprints of sp> carbons at 285 eV (7*) and a band starting
at 292 eV (6*).°” ELNES features acquired in the areas (ii) and
(iii) differ significantly from those of amorphous carbon.
Besides the peak at 285 eV, two other signatures can be
observed in Figures SD (i) and (iii) at 288 and 291.5 €V. The
288 eV contribution can be assigned to C=C z* (from CH,
groups, after reduction by the electron beam) or to C=0 7*
excitations.”® The signal at 291.5 eV correspond to C=0 z*
excitations.”® In addition, the features corresponding to the o*
excitations (band formed by two peaks at ~295 and ~299 eV)
are very different to these ones of the graphitic or amorphous
sp? carbons.% Since analysis over 1000 eV is not feasible due to
the low signal-to-noise ratio, Al cannot be assessed at the
present concentrations. The signals of C and O nanometers far
from the surface (Figure SB) indicate the positive retention of
HypF-N oligomers on the NPs surface.

To assess the existence of a quantitative correlation between
the concentration of HypF-N oligomers and the spectral
changes illustrated in Figure 6, the intensity difference between
the positive C=C stretching mode at 1589 cm™' and the
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Figure 6. Difference SERS spectra, AOligo HypF-N, obtained for
different HypF-N concentrations. The difference spectra were
obtained by digital subtraction of the (MBA-AI’*) spectrum from
the (MBA-AP** + Oligo HypF-N) spectra acquired at a final protein
concentration of: 1.2, 0.4, 0.2, 0.1, and 0.04 uM. Prior to the
subtraction, all the spectra were normalized to the ring breathing band
at 1079 cm™". (inset) Dependence of the intensity difference between
the bands at 1589 and 522 ecm™ (AI) on HypF-N oligomer
concentration. Error bars equal to two standard deviations (N = 3).

negative out-of-plane ring deformation at 522 cm™ (AI) was
selected as a spectral marker. The plot of the AI values versus
oligomer concentration (Figure 6, inset) shows a linear
correlation (r* > 0.98) and detection limit of 0.1 uM, which
corresponds to less than 6 pmol in the analyzed sample volume
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(60 pL). It is worth of noting, however, that the actual volume
investigated by the laser focused onto the sample is below the
sub-microliter range under the current experimental con-
ditions,”’69 and, therefore, the corresponding amount of
analyzed oligomers is in the subpicomole regime.

B CONCLUSION

The proposed method is rapid, reliable, and easy to set up and
perform, circumventing a number of problems typically
associated with previous analytical methods, such as ELISA
assays. In fact, ELISAs based on amyloid capture by using
specific antibodies have been mainly proposed for the detection
of amyloid oligomers during the past decade. However, positive
initial results were rarely supported by follow-up studies, which
might be due to technical difficulties of the protocols that
contain several critical steps in sample preparation with
antibodies and measurement procedures. An additional
disadvantage of ELISA assays is the presence of heterophilic
antibodies in body fluids, which recognize immunoglobulins of
other species. As a result, false-positive results or under-
estimation of the amyloid species are generated.

The present work has been performed on HypEF-N type A
toxic oligomers, which have the advantage of reproducing all
biological effects of Af oligomers but, unlike these, are very
stable and are thus amenable to experimental investigation. The
MBA-AI** chemoreceptor decorating PS@Au beads undergoes
mechanical deformations of its phenyl ring upon complexation
with HypF-N oligomer species, which are registered in their
SERS spectrum and serve for their quali-quantitative detection.
This is not the case of other body fluid compounds here tested
and that include antibodies, metal-binding proteins, and species
colocalized with toxic protein oligomers in the body.

In summary, the SERS platform used here appears promising
for future implementation of diagnostic tools of aberrant
oligomer species associated with protein-deposition diseases,
including those with a strong social and economic impact, such
as Alzheimer’s and Parkinson’s diseases.
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