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Abstract: We propose a sensing platform based on graphene oxide/silver nanoparticles arrays
(GO/AgNPs) for the detection and discrimination of the native and toxic fibrillar forms of an
amyloid-prone protein, lysozyme, by means of a combination of Quartz Crystal Microbalance
(QCM) and Surface Enhanced Raman Scattering (SERS) measurements. The GO/AgNPs layer
system was obtained by Langmuir-Blodgett assembly of the silver nanoparticles followed by
controlled adsorption of GO sheets on the AgNPs array. The adsorption of native and fibrillar
lysozyme was followed by means of QCM, the measurements provided the kinetics and the
mechanism of adsorption as a function of protein concentration as well as the mass and thickness
of the adsorbed protein on both nanoplatforms. The morphology of the protein layer was
characterized by Confocal Laser Scanning Microscopy experiments on Thioflavine T-stained
samples. SERS experiments performed on arrays of bare AgNPs and of GO coated AgNP after
native, or fibrillar, lysozyme adsorption allowed for the discrimination of the native form and toxic
fibrillar structure of lysozyme. Results from combined QCM/SERS studies indicate a general
construction paradigm for an efficient sensing platform with high selectivity and low detection limit
for native and amyloid lysozyme.

Keywords: graphene oxide; Ag nanoparticles; metasurfaces; QCM; SERS; lysozyme fibrils sensor;
amyloid protein

1. Introduction

Neurodegenerative disorders such as Parkinson’s and Alzheimer’s disease are
chronic, degenerative pathologies that irreversibly damage the functional capabilities of
the affected individuals. The common theme for all these pathologies is the neuronal
misfunction and death flanked by the progressive loss of cognitive and motor abilities.
Clinical studies associate these different neuropathies to different precursor proteins, or
peptides, malfunctioning sharing a common pattern: the formation of misfolded fibrillar
aggregates of protein, or oligomeric species, with high content of B-sheet secondary
structure [1,2]. Such fibrillar aggregates eventually evolve in mature bundles of amyloid
fibrils detected once the disease has proceeded to irreversibly impair the patient's
functions. Magnetic Resonance Imaging or Positron Annihilation tomography of the brain
may evidence dark zones corresponding to cerebral damage in a stage too advanced to
allow for remission. In recent years, it has become clear that amyloid begins accumulating
in the brain decades before memory loss and major symptoms appear whereas growing
consensus indicates that the crucial key point is the beginning of pharmacological
interventions earlier in the disease process. Yet, robust and reliable diagnostic methods to
detect the occurrence of low concentrations of toxic fibrils are still lacking, although
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extensive scientific efforts have been recently devoted to the identification of suitable
detection systems [3,4].

The aim of the present work is the design, construction, and characterization of a
novel sensing platform for an amyloid prone protein, i.e., lysozyme, used as a
representative model of fibrillar aggregates to establish an efficient sensing method for
the detection of early stages of neurodegenerations combining two powerful experimental
techniques: Quartz Crystal Microbalance (QCM) and Surface Enhanced Raman
Spectroscopy (SERS). With this approach, not only could we quantify the amount of
lysozyme present in the solution, but we could also ascertain whether the QCM signal
was due to the native form or to the toxic amyloid fibrils of lysozyme by careful
examination of the specific SERS fingerprint of the protein secondary structure.

Lysozyme is a natural antibacterial protein ubiquitously distributed in diverse
organisms including bacteria, viruses, plants, and animals that in its compact native
globular form has a secondary structure consisting of 30% of a-helix structures, 64%
random coil, and only a small fraction (6%) of B-sheets [5]. In acidic conditions and high
temperatures, lysozyme secondary structure rapidly converts to amyloid fibrillar forms
with high -sheet content becoming a representative model of amyloid-prone proteins
[2,6-8]. The detection of native lysozyme is important on its own right, for example, real-
time monitoring of lysozyme concentration in biological fluids would act as an early
warning for many diseases including bacterial infections, rheumatoid arthritis [9], breast
cancer [10] leukemia, and kidney disorders [11]. Even more crucial is the detection of trace
amounts of amyloid aggregates of lysozyme in biological fluids not only in connection
with the early diagnosis of neurodegenerative diseases [12] but also for lysozyme
amyloidosis [13]. This latter pathology, caused by the precipitation of lysozyme
aggregates within the body, is characterized by multi-organ dysfunction, but its diagnosis
still remains challenging [14,15].

Conventional methods for native lysozyme detection in solution, including
electrochemical sensors [16], enzyme-linked immunosorbent assays [17], or molecularly
imprinted film assays [18,19] require expensive antibodies and awkward experimental
procedures. More recently, Pereira-Barros et al. proposed an aptamer-based Surface
Plasmon Resonance method to selectively detect lysozyme concentrations as low as 0.5
pumol/L [20,21]. Lower detection limits were obtained using more complex procedures
involving Fluorescence Energy Transfer [22], luminescent G-quadruplex Iridium(III)
complexes [23], field-effect transistor (FET)-based sensing [24], and fluorescent biosensor
coupled with gold nanoparticles [25,26]. On the other hand, studies on the detection of
the fibrillar form of lysozyme are only in their infancy.

In the present work, we propose a sensing platform that detects and discriminates
between native and fibrillar lysozyme based on a hybrid metasurface formed by silver
nanoparticles and graphene oxide layers that can be coupled to both QCM and SERS
detection systems. Our approach builds on previous experiments on a simpler prototype
of this platform that revealed a superior analytical performance in the detection of small
probe molecules such as Rhodamine G and alanine [27,28] by means of Surface Enhanced
Raman Spectroscopy (SERS).

SERS, proven to be an ultrasensitive label-free detection technique for a variety of
chemical species [29,30], exploits the enhancement of the Raman signal of any molecule
adsorbed on a metallic surface or located in the proximity of the metallic surface. The
process proceeds via electromagnetic or chemical interactions [31] and occurs either on
planar metallic surfaces with roughness at the nanometer scale or on metallic
nanoparticles [32-34]. Large SERS effects are strictly dependent on the gap distance of
adjacent nanoscale domains with a strongly enhanced local electromagnetic field [31]
commonly termed ““hot spots” [35]. In addition to the strong enhancement largely due to
the excitation of Surface Plasmon Resonance (SPR), closely spaced arrays of metallic
nanoparticles offer an additional sensing capability based on the Localized Surface
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Plasmon Resonance (LSPR) sensitivity to subtle changes in the refractive index of the
surrounding molecular environment [36].

As a major barricade in SERS detection, it is often difficult to precisely control the
number and density of hot spots [37]. Here, we propose as a SERS-active platform an
ordered layer obtained from a combination of silver nanocubes and nanospheres in order
to improve the surface packing of the nanoparticles while preserving a high density of hot
spots on the surface. The nanoparticle arrays were prepared to transfer a floating
condensed monolayer of nanoparticles from the air/water interface onto solid support
using the Langmuir-Blodgett technique, a well-known method for the fine-tuning of the
density of the nanoparticles at the water-air interface that is readily transferred onto the
solid support [27].

SERS measurements of lysozyme immobilized on the nanoparticle arrays is expected
to reveal the secondary structure of the protein discriminating the native globular form
from the neurotoxic fibrillar structure rich in amyloid (3-sheet motifs thanks to the change
of vibrational intensities of the bands due to the peptide backbone modes, i.e., amide I and
amide III bands [38,39] while ensuring protein conformational stability during the
measurement [40].

Recently, SERS was proposed for the ultrasensitive determination of lysozyme using
a four-way helical junction molecule probe for signal amplification or surfactant-assisted
galvanic reaction [41-43] to amplify the signal but all these methods rely on the signal of
a popular SERS probe, Rhodamine 6G, either free or attached to the plasmonic
nanoparticles. In the present work, amplification of the SERS signal was accomplished by
veiling the AgNPs array with a Graphene Oxide (GO) layer. GO has benefited manyfold
in sensing applications: firstly, GO coating attracts reproducibly and homogeneously a
large fraction of the molecules in the proximity of the hot spots thanks to the combination
of a hydrophobic structure with oxygenated surface functional groups. The GO-lysozyme
interaction is so strong that recently GO-lysozyme bio-conjugates have been proposed as
nanocarriers for the targeted therapy of B-cell-mediated autoimmune diseases [44].
Secondly, the GO veil can be readily prepared by direct physisorption on the
nanoparticles” assembly with precise control of surface coverage and thickness as opposed
to complex vapor deposition techniques often used for graphene. Moreover, GO is stable
in an aqueous environment and does not alter the SERS spectrum of the analyte as found
for graphene or metals while supplying the SERS signal with additional and remarkable
uniformity.

Nevertheless, the quantitative determination of the protein fibrillar form is not an
easy task with SERS measurements and only a few reports are currently found (see Table
S4). To overcome this drawback, we combined SERS analysis with QCM investigation that
allows for determining, through a calibration procedure, the amount of lysozyme fibrillar
form in solution.

QCM, a well-known nanogram mass sensing device, has been widely used in
biological research [45] due to its superior performance, high sensitivity, and facile
operation. QCM can detect cumulative effects in a non-invasive way with high sensitivity
providing not only the kinetics and the mechanism of adsorption but also the mass and
thickness of the adsorbed protein as a function of protein concentration in solution. QCM
structural characterization was flanked by Phase Contrast Microscopy and Confocal Laser
Scanning Microscopy experiments on ThT-stained AgNPs and GO-AgNC/NS arrays
covered with a saturated layer of the protein to confirm the presence of either the native
or fibrillar form of lysozyme in the samples.

Surface Enhanced Raman Spectroscopy (SERS) experiments were then performed on
AgNC/NS and on the hybrid GO-AgNC/NS array after native, or fibrillar, lysozyme
adsorption to obtain a description of the secondary structure of the protein. Principal
Component Analysis (PCA) was carried out on the whole set of the collected SERS spectra,
the analysis showed a significant data grouping allowing for the discrimination of the two
different structures of lysozyme: native globular conformation and toxic fibrillar forms.
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Comparison with experiments carried out on bare silver nanoparticles evidenced a signif-
icant enhancement of fibrillar lysozyme adsorption and a higher amplification of the SERS
signal in the presence of the graphene oxide coating.

Taken together the results can be hopefully extended to other proteins heavily in-
volved in the early stage of neurodegenerative syndromes as « -synuclein, tau-protein, or
A- {3 peptides that share with lysozyme the same amyloid -sheet motif in their fibrillar
conformation.

2. Materials and Methods
2.1. Materials

Hen egg-white lysozyme (14,400 Da), HWL-N, Thioflavine T, ThT, chloroform, and
methanol were purchased from Sigma (Milano, Italy). Ethylene Glycol (EG, 299%) was
obtained from Scharlab (Milano, Italy). Sodium sulfide nonahydrate, PVP (Mw 55000),
silver nitrate, GO solution (4 mg/mL) were obtained by Sigma Aldrich (Milano, Italy). All
aqueous solutions were prepared using ultrapure Milli-Q water obtained from a Milli-Q
set-up (Millipore pH = 5.6 at 20 °C). Suprasil quartz slides were purchased from Hellma
(Muellheim, Germany), 5-MHz AT-cut gold-coated QCM sensors were provided by Biolin
(Espoo, Finland).

2.2. Synthesis of AGQNC/NS

AgNC/NS nanoparticles were obtained following a procedure previously described
through a polyol synthesis, in the presence of poly(vinylpyrrolidone) (PVP) as a stabiliz-
ing agent [46]. Briefly, EG (10 mL) was placed into a flask and heated under magnetic
stirring in an oil bath at 150 °C for 1 h under a nitrogen flow. Then, 0.175 mL of a 0.72 mg
mL-! sodium sulfide solution and 3.75 mL of a 20 mg mL-' PVP solution in EG were sub-
sequently added to the flask. The flask was thermostated for an additional 10 min until
the temperature of 150 °C was again established. A silver nitrate solution (1.25 mL) in EG
with a concentration of 48 mg mL-' was added dropwise to the reaction flask at a rate of
approximately 1 mL min. The reaction was stopped after 40 min by placing the flask in
an ice bath and by adding 30 mL of acetone. Nanoparticles were then centrifuged at
10,000 g for 30 min and then dispersed in ethanol or chloroform by using an ultrasonic
bath. The washing procedure was repeated at least three times to ensure the complete
removal of the reagents. The resulting nanoparticles contained mainly 45 nm size
nanocubes, a smaller contribution of Ag nanospheres, and a negligible fraction of irregu-
lar aggregates [27,47]. A typical TEM image obtained for the samples is reported in the
Supporting Information (Figure S3) confirming the reproducibility of the synthetic proce-
dure.

2.3. Preparation of Native and Fibrillar Lysozyme Solution

Native lysozyme, HWL-N, solution was freshly prepared in TRIS/HCI 10 mM buffer
before each experiment. Lysozyme concentration was estimated from the absorption peak
at 280 nm using € = 37,980 mol cm™! [48]. Lysozyme aggregation was achieved using an
established protocol [49] incubating 100 uM native lysozyme stock solutions in HCI (pH
= 2) in a glass flask at 60 °C. Aliquots of the incubated solutions were withdrawn at a
different time interval and characterized using Thioflavine T assay [50], 60 uL of the ThT
solution in HCl (pH = 2) were added before each measurement to ensure equilibrium dis-
tribution of the probes. Final Thioflavine T concentration was 3 x 10 M in all samples.
Fluorescence intensity of the monomer and dimer species of ThT spectra acquired along
the progression of fibrillation is reported in Figure S1 of the Supporting Information and
confirmed the presence of fibrillar lysozyme, HWL-F.
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2.4. Photophysical Characterization

UV-Vis absorption spectra were recorded using a Lambda900 spectrophotometer
(Perkin Elmer, Milano, Italy) with a 1 nm slit and 200 nm min' scan rate for solution sam-
ples. Absorption spectra of samples transferred on quartz slides were the average of 10
scans with 2 nm slit and 200 nm min-! scan rate.

Fluorescence spectra were recorded on an LS50B spectrofluorimeter (Perkin Elmer,
Milano, Italy), excitation and emission slits were set to 15 nm. QS cells with 1 cm optical
path length from Hellma (Muellheim, Germany) were used for absorption and fluores-
cence measurements of solutions. All cuvettes and quartz slides were cleaned with pira-
nha solution and carefully rinsed with water and ethanol. The cuvettes were dried by
nitrogen flushing prior to each measurement. All fluorescence measurements were run at
room temperature.

2.5. Circular Dichroism

Circular dichroism spectra were also run to ascertain the 3-sheet content in fibrillar
samples (see Figure S2 of the Supporting Information) before use. CD spectra were rec-
orded using a J-715 Jasco spectropolarimeter with a 50 nm min scan speed and data
points were collected from 250 to 185 nm at room temperature with a 0.5 cm Hellma
quartz cell or on Hellma quartz slides. Experiments were carried out in 10 mM TRIS/HCl
buffer at pH 7.5. The protein concentration in the sample 1 mM. Random errors and noise
were reduced for each spectrum acquiring at least 3 spectra. The signal acquired for the
buffer was subtracted from the spectra recorded for the protein samples.

2.6. Preparation of Langmuir-Blodgett Films of AQNC/NS

A KSV3000 trough (KSV Instruments Ltd., Helsinki, Finland) filled with Milli-Q wa-
ter (resistivity = 18 MQ cm, pH = 5.6 at 20 °C) was used to prepare the Langmuir mono-
layers under symmetric compression. A total of 1.65 mL of a 3.1 mg mL-! suspension of
AgNC/NS in a chloroform/methanol (4:1 v/v) solution was dropwise deposited over the
water surface and the monolayer was kept undisturbed for an additional 40 min to allow
for complete solvent evaporation. Continuous spreading isotherms and hysteresis cycles
were obtained using a barrier speed of 20 mm/min; surface pressure was measured with
a platinum Wilhelmy plate as a function of the surface area at constant T = 20 °C. The
temperature was controlled by means of a thermostatic bath (Haake, Berlin, Germany),
accuracy in the temperature was 0.5 °C. The reported results are the average of at least
three independent measurements. The shape and position of m-A isotherm strongly de-
pend on factors such as the time allowed for solvent evaporation before starting compres-
sion, the amount of substance spread at the interface, and the compression speed. Careful
optimization of these parameters generated reproducible isotherms up to 7@ = 20 mN/m,
compression beyond this value leads to unstable monolayers due to incipient collapse of
the film and formation of 3D structures. Langmuir-Blodgett films were transferred onto
quartz substrates by vertical dipping at a rate of 2 mm min-, at the target surface pressure
of e =15 mNm™. Monolayers of AgNC/NS were transferred on Au-covered QCM quartz
sensors with the same procedure. All substrates were cleaned with mild piranha solution,
then carefully rinsed with ethanol, and treated in a plasma cleaner before LB transfer. To
ensure reproducibility, four different substrates were dipped together into the trough well
to be simultaneously coated by the same AgNC/NS layer.

2.7. Quartz Crystal Microbalance Measurements

QCM experiments were performed on a QCM-Z500 (KSV Instruments Ltd., Helsinki,
Finland) with impedance monitoring equipped with a thermoelectric (TE) module (Oven
Industries, Mechanicsburg, PA, USA) employing a gold-coated AT-cut 5 MHz quartz
crystal (Biolin, Espoo, Finland) with frequency stability and resolution of + 0.05 Hz in wa-
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ter. The resonant frequency shift (Af) and the change in energy dissipation (AD) were sim-
ultaneously measured at the fundamental resonant frequency (fo) and at five odd over-
tones (n=3, 5, ..., 11), corresponding to resonance frequencies of fn = 5, 15, 25, 35, 55 MHz.
The measuring cell was kept at T = 20.0 + 0.1 °C with a Peltier element connected to the
TE module; room temperature was 22.0 + 0.1 °C.

For thin, uniform, and rigid films in solution, the measured frequency shift Af is lin-
early proportional to the mass density, Am/A, of the deposited film according to the Sau-
erbrey Equation (1)

Af =— N —— (1)

where n is the overtone number and q (2.648 g/cm?®) and piq (1011 g/cms?) are the density
and the shear modulus of the quartz crystal, respectively [51]. For thicker or softer films,
the resonance frequency is affected not only by the mass attached to the surface but also
by the rigidity of the adsorbed layer since frictional losses occurring in the adsorbed layer
may lead to a damping of the oscillation that depends on the viscoelastic properties of the
material. Thickness and viscoelastic properties of the adsorbed film were obtained by
means of the commercial software QCMBrowse (KSV Instrument Ltd., Helsinky, Finland)
fitting the data to a two-layer model that relates the measured Af and AD of all overtones,
to the viscoelastic properties of the adsorbed layer and the surrounding solution using a
Voigt-based model previously used for similar systems [52,53].

2.8. Confocal Laser Scanning Microscopy (CLSM) and Phase Contrast Microscopy

Imaging of ThT-stained lysozyme adsorbed on the nanostructured platform was per-
formed by confocal microscopy (Leica Microsystems, Heidelberg, Germany) in inverted
configuration (DM IRE2) with head CT scan SP2, and electronic control unit CTR MIC
Box. All images were scanned using a 63x objective for immersion in water and an Argon
laser for the 458 nm excitation line.

Phase contrast images were obtained with a Nikon Diaphot 300 Fluorescence Phase
Contrast Inverted Microscope (Tokyo, Japan).

2.9. SERS Measurements

Raman measurements were performed at room temperature on RENISHAW
RM2000 micro-Raman apparatus (Pianezza, Italy) with a 785 nm laser as excitation source
unless otherwise stated in the text. The relatively lower photon energy of the 785 nm laser
was chosen to avoid thermal degradation of the protein. We used a 50x objective with
accumulation times of 30 s per spectrum and a 70 pW power on the sample. The accumu-
lation times and the laser power were the same for all Raman measurements.

SERS measurements were performed directly on AgNC/NS and GO-AgNC/NS
coated QMC sensors after monitoring the adsorption of native Hen egg-white lysozyme
(HWL-N) or fibrillar Hen egg-white lysozyme (HWL-F).

In the case of SERS measurements on glass substrates coated with GO-AgNC/NS lay-
ers, the coated slides were immersed in HWL-N or HWL-F solution for two hours to en-
sure that adsorption equilibrium was reached, then repeatedly rinsed with buffer and
dried under nitrogen flux before each SERS measurement.

3. Results and Discussion
3.1. Fabrication of the GO-AgNP Sensor Platform

SERS enhancement with uniform distribution of the analyte requires a series of care-
fully devised and realized steps: a cartoon of the nanostructured platform composed of
AgNC/NS veiled with GO leaflets is reported in Figure 1la. The proposed architecture is
obtained by sequential transfer of a compact array of AgNC/NS on solid support followed
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by adsorption of GO platelets. The procedure involves two distinct steps reported here
separately: fabrication of an ordered array of Ag nanoparticles and coating of the nano-
particle monolayer with graphene oxide. GO-AgNC/NS architectures were obtained ei-
ther on Ag coated quartz crystals for combined QCM and SERS measurements, the same
procedure was used on quartz substrates for optical characterizations and control SERS
experiments. The AgNC/NS dispersion was preliminarily characterized by UV-Vis spec-
troscopy (Figure 1b) that evidenced a sharp peak around 450 nm due to the Localized
Surface Plasmon Resonance (LSPR) of the nanocubes and a small shoulder at 510 nm. Ac-
cording to previous reports, the position of the LSPR band marks the presence of
nanocubes with edge size close to 50 nm in agreement with TEM (Figure S3) and AFM
[28] results. Minor peaks (348 and 380 nm) are likely due to the small population of Ag
nanospheres and nanoparticles with different morphology as reported earlier [54].

(@) (b)

Graphene Oxide veil

1LB layer
of AgNPs

Naked QCM sensor

Transfer

Surface Pressure, mN/m
3

o

0 ' L 3, T T
1000 2000 3000 4000 5000 00 05 10 15 20 25 30 35
Surface Area/ Nanocube, nm’ Time, hours

(c) (d)

Figure 1. (a) Cartoon of the layered GO-AgNC/NS structure built on the QCM sensor. (b) Absorp-
tion spectra of AgNC/NS dispersion (blue dashed line) and of 1 LB layer of AgNC/NS transferred
at 15 mN/m (black solid line). (c) Surface pressure-area Cs™'-A isotherm for a monolayer of AgNC/NS
at water-air interface; inset: optical microscopy image in reflection mode of a single AgNC/NS mon-
olayer. (d) GO adsorption on AgNC/NS monitored by QCM.

3.1.1. Fabrication of Ag Nanoparticle Layers with Fine Tuning of Nanoparticles Surface
Density

Compact arrays of silver nanoparticles were obtained by the Langmuir-Blodgett (LB)
technique, this choice was supported by previous work from this group [28] that selected
the LB transfer as the optimal procedure to produce reproducible, SERS-active substrates
with a large fraction of AgNC/NS clusters with a small interparticle distance that permits
the creation of efficient distribution of hot-spots. In addition, measurements of localized
surface plasmon emission via delayed femtosecond laser pulses confirmed that small clus-
ters lead to a plasmonic response that provides the highest peak intensity [55].

PVP capped silver nanoparticles were spread at the water-air interface from a chlo-
roform dispersion in a Langmuir trough to fabricate a monolayer of Ag nanoparticles. In
agreement with recent works from this group [28] we found that AgNC/NS easily spread
at the water air-interface giving ordered and stable floating monolayers, a typical m-A
isotherm for AgNC/NS is reported in Figure 1c as a function of surface area. Surface pres-
sure increases monotonically as the available surface area decreases showing a subtle
phase transition at m = 4 mN/m in agreement with previous findings [28]. The surface
compressional modulus was computed from the experimental m-A data using Equation

)
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The surface compressional modulus, related to the elasticity and fluidity of the mon-
olayer [28] identifies the different monolayer phases with different rigidity. The spreading
isotherms of Figure 1a shows a series of different packing transition marked by disconti-
nuity in the Cs? which were not present in the compression of monolayers of Ag
nanocubes [21]. The low value of the maximum Cs™ indicates that the nanoparticles form
a fluid and elastic monolayer, similar low values of the surface compressional modulus
(Cs <50 mN/m] were found for nanoparticles trapped at the air-water interface also by
other authors [56].

Compression-expansion cycles were performed on AgNC/NS monolayers arresting
compression below 20 mN/m, the results showed only a negligible hysteresis that van-
ished completely after the second cycle. These findings exclude loss of material in the sub-
phase upon compression and support the formation of an elastic array of AgGNC/NS that
quickly recover their closely packed morphology after expansion thanks to the presence
of the PVP polymer surrounding the nanoparticles. Such features are essential to warrant
a successful transfer of the film from the water subphase to the solid support when a fast
re-organization of the nanocubes at the interface upon transfer to the solid substrate is
needed. Langmuir-Blodgett layers were transferred onto glass and Au coated quartz sup-
ports at =15 mN/m after two expansions-compression cycles. We always obtained stable
values of surface pressure along the transfer process and transfer ratios close to one (TR =
0.98 + 0.10) over the entire surface of the solid support indicating an optimal quality of the
transferred layer [57], a result likely due to the stabilizing effect of the PVP cushion cap-
ping the surface of the nanoparticles. Formation of compact arrays of nanoparticles
through monolayer compression by the Langmuir-Blodgett technique is facilitated by the
presence of small quantities of nanospheres that easily slide and accommodate in the in-
terstitial spaces among the AgNC clusters.

Optical microscopy in reflection mode of LB monolayers of AgNC/NS transferred at
15 mN/m on quartz slides are reported in the inset of Figure 1c, the image shows a near-
continuous and dense monolayer of nanoparticles with the presence of some 3D clusters
of nanoparticles probably due to incipient monolayer collapse at this surface pressure.

A typical extinction spectrum of 1 LB layer transferred on quartz at 15 mN/m is re-
ported in Figure 1b and reveals a peak at 412 nm and a broader band centered at 640 nm.
The strong peak is ascribed to the blue-shifted intense quadrupolar resonance expected
for arrays of nanocubes [58], in previous studies on LB arrays of DOPC/AgNC/NS of sim-
ilar sizes [59] the authors assigned the signal observed at 414 nm to quadrupolar coupling
modes and observed a red-shifted dipolar contribution. In our case the dipolar peak as-
signment is hindered by the superposition of the signal of non-cubic aggregates. More
importantly, we observed a broad intense band due to strong interparticle dipole-dipole
coupling centered at 640 nm, experimental and theoretical studies [60] on two dimen-
sional (2D) arrays of AgNPs with the different edge-to-edge distances showed that delo-
calized long range LSPR results in a broad band centered 640 nm for interparticle distance
d =3 nm and that the band red-shifts with increasing d.

Monolayers of AgNC/NS were transferred also on naked QCM sensors, from the
change in frequency of the piezoelectric sensor measured before and after the LB transfer
we estimated the mass of the transferred AgNC/NS applying the Sauerbrey equation
(Equation (1)), the results showed an excellent reproducibility of the LB procedure and
provided an average value of the nanocubes surface density that translates in an average
distance between single particles over the entire sensor surface of 10 nm. Similar values
were obtained also for an LB layer of AgNC/NS [28] of similar size although local interpar-
ticle distance estimated by AFM evidenced much smaller gaps of 1-3 nm between face-
to-face 50 nm thick nanocubes clustered in separated aggregates.
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3.1.2. Veiling the AgNP Arrays with Graphene Oxide

The GO-AgNP platform was carefully constructed veiling with Graphene Oxides on
the surface of one LB layer of silver nanoparticles, this procedure was already proven
successful in providing a uniform coating of GO leaflets on the nanocubes [28]. The precise
control of GO architecture and its influence on the distribution of the silver nanoparticles
is of crucial importance for the realization of efficient and reproducible SERS sensors
where GO coating should assure a homogenous signal while amplifying the SERS effect.

Briefly, the physisorption of GO on AgNC/NS arrays deposited on a silver-coated
QCM sensor was monitored recording the change of the normalized frequency of the third
overtone, Afs3/3, and dissipation, ADs, as a function of time as shown in Figure 1d. Meas-
urements were performed at 20 °C using [GO] =400 mg L, previous works [29] demon-
strated that such concentration ensures saturation adsorption. According to Sauerbrey
Equation (1), a decrease in Afs/3 corresponds proportionally to an increase in the GO mass
adsorbed on the QCM sensor, such increase is flanked by an increase in ADs that reflects
an increase in elasticity of the adsorbed layer. Interestingly, the change of Af3/3 e ADs in
time follows two different kinetic regimes likely associated with a first adsorption step
followed by a slower reorganization of GO at the surface.

This behavior reflects a first adsorption step driven mainly by the hydrophobic inter-
actions between the hydrocarbon backbone of PVP with the sp? domains of GO, after a
first surface anchoring the self-assembly process of GO is regulated by the competition
between the repulsive electrostatic forces exerted by the negative carboxylic groups on
the GO surface and the van der Waals attraction between graphene oxide sheets due to -
nt staking. At low surface density repulsive electrostatic force due to negatively charged
carboxylic groups prevail but as GO flakes accumulate in the boundary layer van der
Waals attraction guides a dense packing of GO at the surface [61,62]. Interestingly, the
increase in dissipation factor, ADs, indicates that GO is not adsorbed flat as a rigid mono-
layer, but that partly folded GO sheets cover the surface as also shown by AFM measure-
ments on similar samples [29]. The high flexibility of graphene oxide sheets favors the
interactions between the hydrophobic domains and could be responsible for crumpling, a
behavior reminiscent of crumples GO phases reported also by other authors [63].

Surface saturation with GO is reached after 60 min as shown by Afs/3 and ADs behav-
ior (see Figure 1d), the results also show how water-rinsing induces only a small decrease
in the adsorbed mass without significant detachment of GO flakes from the surface con-
firming that GO is firmly adsorbed on the AgNC/NS array. Saturation corresponds to the
maximum quantity of GO that can adsorb on the AgNC/NS array, further coating is hin-
dered by electrostatic repulsion between partly folded flakes that can be easily removed
by water rinsing. Similarly, veiling of the AgNC/NSs transferred on quartz slides for
SERS, Phase Contrast Microscopy and CLSM measurements were obtained by direct im-
mersion in a 400 mg L aqueous dispersion of GO followed by water rinsing. The UV-Vis
spectrum (see Figure S4 in the Supporting material) shows the characteristic band cen-
tered at 229 nm, assigned to the layer of physiosorbed GO flakes [64], while the signal
due to the plasmonic band of the nanoparticle, not observable in this scale, remains unal-
tered.

3.2. Comparative Adsorption of Fibrillar and Native Lysozyme on AGNC/NS and GO-
AgNC/NS Monitored by QCM

The nanosensor platform prepared on the QCM sensor described above was used to
study the adsorption and capture of both native globular lysozyme, HWL-N, and fibrillar
lysozyme, HWL-F. For each protein form, solutions at different protein concentrations
were added directly in the QCM measuring chamber containing either the AgNC/NS or
the GO-AgNC/NS coated sensor. The change in frequency and dissipation was recorded
as a function of time for all overtones, once constant frequency values were reached, rins-
ing with buffer was performed to remove the protein not adsorbed at the surface.
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Typical results obtained for HWL-N are reported in Figure 2 but similar plots were
obtained for all studied systems, the data clearly show a progressive decrease in Afnas
HWL is added in the measuring chamber, flanked by an increased shift in dissipation that
reveals the formation of an elastic adsorption layer of HWL-N and a high-affinity type
adsorption [65]. Buffer rinsing evidenced only a minor decrease in the adsorbed mass al-
lowing to exclude any release of silver ions observed by other authors [66] likely due to
the protection of PVP molecules at the surface.
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Figure 2. HWL-N adsorption on GO-AgNC/NS nanostructures monitored by QCM measurements.
Afn (a) and ADn (b) are the frequency shift and the dissipation factor for the fundamental frequency
(yellow) and for the third (green), fifth (blue), seventh (red), and 11th (purple) overtones. The addi-
tion of increasing concentrations of HWL-N for 1 x 10 M < [HWL-N] <1 x 10~ M was followed by
water-rinsing; temperature was kept constant at 20 °C for all measurements.

The measurements were performed using differently coated QCM sensors:
AgNC/NS arrays and GO-AgNC/NS meta-structures exploring the same range of concen-
trations of lysozyme in solution. We observed that the presence of GO highly enhances
the adsorption of both forms of lysozyme as shown in Figure 3, furthermore the kinetics
of adsorption clearly indicate that the process is faster and more homogeneous in the pres-
ence of a GO veil.

0 0
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Figure 3. Change of Af3/3 after addition of HWL-N (a) and HWL-F (b) to the nanostructured plat-
form. Bare AgNC/NS arrays: red circles; GO veiled AgNC/NS arrays: black squares. Concentration
of lysozyme =1 x 10 M in all cases.

Figure 3 shows that the amount of HWL adsorbed on GO veiled surfaces is always
much larger compared to bare AGNC/NS arrays both in the case of the fibrillar and of the
native form. Interestingly also, the kinetics of adsorption is markedly different for the two
HWL forms as shown in Figure S5 in the Supporting Material. In the case of GO veiled
samples, we always found a single exponential behavior corresponding to diffusion and
adsorption on homogeneous surface sites. In contrast, when HWL-F adsorbs on AgNC/NS
arrays, we observed two kinetic regimes: fast adsorption followed by a slow reorganiza-
tion on the surface of the nanoparticle’s array (see Table S1). A similar time evolution of
the spectra due to the conformational changes of the surface-adsorbed lysozyme with time
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was also found by Chandra et al. [67]. Control experiments using bare gold did not evi-
dence the presence of significant quantities of HWL on the sensor confirming that the
protein is interacting specifically with the capped nanostructures or with the GO sheets.

The adsorbed mass and thence the surface density for each HWL concentration was
obtained from the normalized value of Afsat equilibrium, the resulting adsorption iso-
therms are reported in Figure 4 together with the QCM thickness, 6.

AgNC nanoplatform GO/AgNC nanoplatform
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Figure 4. Surface density and thickness for HWL-N (green triangles) and HWL-F (blue circles) on
(a) AgNC/NS and (b) GO-AgNC/NS platforms.

Both HWL-N and HWL-F were found to follow a Langmuir type adsorption with
monolayer saturation on AgNC/NS arrays (Figure 4a) whereas, on GO-coated nanocubes,
the behavior of the two HWL forms differs (Figure 4b): only HWL-N saturates the surface
at monolayer coverage whereas HWL-F density is continuously increasing with increas-
ing solution concentration.

The values of the surface density of the native and fibrillar forms of HWL adsorbed
at equilibrium versus protein concentration shown in Figure 4 were fitted using a Lang-
muir adsorption model described in Equation (3)

A

Am (Am)sm Kaas[HWL] o)

“\a 1+ K, [HWL]

where Am/As is the HWL surface density at saturation, i.e., at monolayer coverage, and
Kass is the adsorption constant. The molecular area occupied by HWL-N at surface satura-
tion was obtained on the surface, Amon, Obtaining from Equation (4)

A — MWHWL 4
o T N, (Am /2 4)

Sat

where MWhaw. is the protein molecular weight, (Am/A)s« is the surface density at mono-
layer coverage obtained from the Langmuir fit and Na is the Avogadro number. In the
case of HWL-F, molecular areas could not be calculated since the effective molecular
weight of an average fibril cannot be determined.
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For all the examined systems, the structural and energetic parameters obtained from
the fit are shown in Table 1 together with the experimental thickness determined from the
analysis of all the harmonics obtained from QCM measurements.

Table 1. Structural characterization of HWL-N and HWL-F adsorption on the nanosensor platforms
obtained from the fit of the experimental data to the Langmuir model.

OMC Data Langmuir Model
Saturation = Maxi-
Protein  Nanoplatform Surface Cov- mum Amon, A2 Kats, M1 AG?, kJ/mol
erage, ng Thick-
cm~2 ness, nm
HWL-N  AgNC/NS 190 1.9 1258 7.6x10° 385
GO-AgNC/NS 1249 12.5 192 8.6x10° 333
HWL-F  AgNC/NS 1174 5.1 - 8.9 x10* 278
GO-AgNC/NS 4918 40.9 -- -- --

The data evidence that HWL-N adsorption leads to a different conformation of the
protein at the surface depending on the outer layer: for naked AgNC/NS system the mol-
ecule forms layers with a smaller thickness (1.9 nm) and larger Kass and AGads whereas
when GO veils the nanoparticles the thickness increases and the surface area decrease
resulting in a larger mass adsorption.

Our findings on the adsorption behavior on AgNC/NS are supported by previous
adsorption studies of HWL-N onto negatively charged silica using dual-polarization in-
terferometry (DPI) [68]. Lysozyme was observed to adsorb from sparse monolayer to mul-
tilayer coverage although the authors observed that the multilayer structure was easily
removed by rinsing with a protein-free buffer solution leaving only a single monolayer of
protein.

Previous crystallographic studies have shown that native lysozyme has an ellipsoidal
shape with dimension 45 x 30 x 30 A [69] (see Figure S6) and previous adsorption studies
suggest that HWL-N may adsorb in at least two possible orientations, namely the ‘side-
on’ where the long axis of lysozyme is parallel to the surface and the ‘end-on’ orientation
where the long axis of lysozyme is perpendicular to the surface. Lysozyme can as well
adsorb in between side-on and end-on orientations where the long axis of lysozyme and
the surface form an angle, referred to as the ‘edge-on’ orientation [70]. Moreover, due to
the higher height-to-width ratio and therefore larger interstices between the protein and
the surface, the edge-on and the end-on orientations would be expected to show higher
water solvation [71] and therefore larger QCM thickness.

After buffer-rinsing we observed HWL-N conformations corresponding exclusively
to the slightly deformed side-on orientation of the protein with a thickness at monolayer
coverage of ca. 2 nm as also reported by other authors [72] for AgNP-lysozyme bio-con-
jugated for SERS application. In contrast to previous studies on HWL adsorption on flat
metal surfaces [73], we did not observe an edge-on adsorption even at low surface cover-
age, a difference evidently due to the presence of discrete nanoparticles or nanoparticle
clusters and to the presence of the PVP capping agent. In the case of bare silver surfaces,
the main driving force to HWL adsorption was identified in electrostatic interaction be-
tween the positively charged protein at neutral pH and the negative charge distribution
of the silver surface, a feature partly screened by the presence of PVP. The entropy gain
due to conformational changes is recognized to contribute to a very small extent to the
driving force for HWL-N adsorption onto the silver surface since HWL-N —in contrast to
“soft” proteins like albumin, immunoglobulin, and transferrin that show low internal con-
formation stability —is a small and rigid globular protein with a minor tendency for con-
formational changes upon surface adsorption [74].
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The data in Table 1 also show that adsorption of HWL-N on GO covered surfaces is
significantly larger than on Ag nanoparticles resulting in larger thickness and adsorbed
mass, a behavior ascribed to the interplay of hydrophobic and electrostatic interaction be-
tween the protein and the hydrophobic and polar groups of the graphene oxide that may
lead to multilayer coverage. Strong interaction between lysozyme and graphene oxide has
been repeatedly reported in previous literature [75] and the general consensus is that the
interaction forces results from the synergy of various forces including covalent interac-
tions, based on the chemical reaction between the amino acid side groups and the func-
tional groups available on the surface of graphene oxide [76], non-covalent adsorption
through weak van der Waals forces, hydrophobic forces,  — m stacking interactions and
electrostatic forces. The geometry of GO allows the hydrophobic region of GO to interact
with the HWL hydrophobic region whereas the oxygen-containing functional groups of
GO are responsible for hydrogen bonding to function [77].

A different picture emerges for the adsorption of the fibrillar form, the thickness of
the adsorbed layer span from 5 nm on AgNC/NS to 41 nm onto GO veiled nanoparticles.
Since the thickness of lysozyme of a single fibril is in the 2-3 nm [2] the data show that the
fibrils are either folded on the surface in the former case or present as soft multilayered
structures or bundles. Moreover, in the case of HWL-F due to the stable although the flex-
ible structure of the fibrillar form, the large AG of adsorption is only marginally due to
entropic reasons since the fibrillar forms are not expected to undergo conformational
changes upon adsorption leaving the leading role in driving surface adsorption to elec-
trostatic and hydrophobic interactions.

Although the interaction between GO and HWL has been widely studied, most of
the literature uses Trp fluorescence quenching due to GO, or other spectroscopic methods,
to determine GO-HWL dissociation constant in solution, in the present study we assessed
a direct quantification of adsorbed lysozyme on the surface providing at the same time
structural information on the adsorption layer.

3.3. Morphological Inspection with Phase Contrast Microscopy and Confocal Laser Scanning
Microscopy Using ThT

The difference in the adsorption behavior observed for the native and the fibrillar
forms of HWL was further investigated by direct imaging of the proteins adsorbed on
AgNC/NS and GO-AgNC/NS prepared on quartz slides using Phase Contrast and Con-
focal Laser Scanning Microscopy using Thioflavine T, ThT, for fluorescent staining. ThT
is well known to intercalate among the p-sheets of amyloid fibers giving rise to a specific
emission at 480 nm upon excitation at 450 nm [8] due to the restricted rotational mobility
sensed by ThT in the confined (-sheet environment and formation of closely spaced di-
mers. Scanning the surface of the sample containing HWL-F clearly evidenced the pres-
ence of fluorescent fibrillar aggregates. The images reported in Table 2 show interesting
features on the morphology of the adsorbed layer and the peculiar localization of the fi-
brillar aggregates on the AgNC/NS arrays: the fibrillar bundles adsorb preferentially fol-
lowing the border of the AgNC/NS clusters, in contrast to the case of GO-AgNC/NS layer
where the HWL-F fibrils are homogeneously and randomly adsorbed on the GO veil.

In the case of native HWL, CLSM did not evidence the fibrillar fingerprint on either
of the two platforms but interestingly, if the native lysozyme sample is left aging on the
AgNC/NS platform, a progressive transition to aggregated HWL-F forms is clearly ob-
served (Figure S7) suggesting that the longer interaction of lysozyme with the Ag surface
may lead to denaturation and aberrant misfolding of the native HWL.
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Table 2. Phase contrast and Confocal Laser Scanning Microscopy images of HWL-F adsorbed on
AgNC/NS and GO-AgNC/NS platforms.

AgNC/NS GO-AgNC/NS

HWL-F

3.4. Calibration Curve for Fibrillar HWL on GO-AgNC/NS

Taken together the previous findings indicate the use of GO-AgNC/NS platforms
may be efficiently used to sequester HWL-N and HWL-F forms from solution in a con-
centration-dependent manner. The adsorbed quantity can readily be quantified by QCM
measurements paving the way for the use of these devices as sensors for both the native
and the fibrillar forms of HWL. This result is particularly important for the detection of
the fibrillar forms of the protein and may serve as a link to bridge the SERS signal coming
from the nanoparticle array to the protein concentration in the original solution. We con-
structed a calibration curve for HWL-F measuring the QCM signal on GO-AgNC/NS cov-
ered sensors for a series of samples spiked with increasing quantities of HWL-F. The re-
sulting adsorbed mass at equilibrium after buffer rinsing is reported in Figure 5 as a func-
tion of HWL-F concentration in solution for concentrations lower than 1.5 x 108 M.
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Figure 5. Adsorbed mass (solid line, left y-axis) and adsorbed layer thickness (dashed
line, right y-axis) for HWL-F adsorbed on the GO-AgNC/NS platform.

In fact, for HWL-F concentrations lower than 100 nM, we observed a first adsorption
saturation threshold with a layer thickness corresponding to a single fibril suggesting that
a monolayer of extended fibrils is formed at these concentrations. The data in Figure 5
show the existence of a linearity interval between the mass of the protein on the GO-
AgNC/NS array and the initial concentration of HWL-F in solution, a typical example of
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a calibration curve for this nanostructure is reported in Figure S8b together with the re-
sults of the linear regression fit (Table 52). In the low concentration regime, we found a
linear correlation between the signal and [HWL-F], from the analysis of the calibration
straight line we estimated the experimental limit of detection, LOD [78] for fibrillar lyso-
zyme to be LOD = 1.97 nM. Recent literature on the analytical concentration detection of
the fibrillar form of lysozyme reports LOD similar or higher than the value reported in
this work (see Table 54).

For higher concentrations, the thickness increases above the value accepted for single
fibril dimensions indicating that the adsorption layer is formed by multilayers of fibrils,
or of entangled fibrils, as shown also in the CLSM and phase contrast microscope images
(Table 2). Even though there is a correlation between adsorbed fibrillar mass and solution
concentration also in this range (Figure S8), the results are less reproducible and depend-
ent on the real “fibrillar concentration” in a solution that cannot be determined and varies
according to the fibrillation process.

The mass-density to concentration curve for HWL-N also shows a linear portion be-
fore reaching monolayer saturation (Figure S8), in this case, the LOD reported in Table 52
is significantly larger (LOD = 14.8 nM). Although more complex sensing procedures have
been shown to provide lower detection limits, many papers report LOD falling in our
range of values (see Table S3) for similar clinical applications [79]. Considering that lyso-
zyme levels can be significantly elevated to more than 1 or even 7 mM in patients suffering
from leukemia, renal disease, and sarcoidosis the present results might be successfully
used for HWL-N detection in body fluids.

3.5. Comparative SERS Study of Native and Fibrillar Lysozyme (1 x 10~ M) on AGQNC/NS and
GO-AgNC/NS Platforms

SERS experiments were performed on the same QCM samples of native and fibrillar
lysozyme adsorbed on AgNC/NS and GO-AgNC/NS arrays to obtain a description of pro-
tein conformation focusing on the spectral features and {3-sheet content that allows for
discriminating between the HWL-F from HWL-N. Changes in protein structures induced
by the fibrillation process can be readily monitored using vibrational spectroscopy moni-
toring the occurrence of the amide I band corresponding to organized (3-sheet structure
present in amyloid fibrils [80], Raman scattering is highly sensitive to changes to the con-
formational changes of amino acid residues, as well as to the variations of the aromatic
functional groups and most importantly of the amide groups that directly correlate to the
secondary structure of proteins [81,82]. The amide I band with a major contribution of
C=0 stretching vibration is generally observed ranging between 1630 and 1700 cm™,
whereas amide II (N-H bending coupled with C-N stretching) and amide III (C-N stretch-
ing mixed with N-H bending vibration) are observed in the range between 1530-1580 and
1220-1300 cm™, respectively.

Lysozyme is a globular protein that contains 129 amino acid residues of which three
are Phenylalanine (Phe), three Tyrosine (Tyr), six Tryptophan (Trp), and one Histidine
(His), the bands due to the aromatic side groups are expected to be strong and their rela-
tive intensities when HWL adsorbs on the silver surface reflect the state of adsorption on
the silver colloid as the vibrational modes lying close to the surface are preferentially en-
hanced than those extending far apart [80].

The amide bands in HWL consist of mainly three structural components—three
stretches of a-helix, antiparallel pleated {3 sheet, and random coils, which are folded in an
irregular way as shown in Figure S6. The positions and intensities of the SERS signal for
the vibrational peptide backbone modes, i.e., amide I and III bands, can be used for an
empirical estimate of the protein secondary structures, in particular the contributions of
a-helix, B-sheet, and random coil for the amide I are expected to occur over the spectral
windows 1640-1658 cm™, 1665-1680 cm™, and 1660-1665 cm™, respectively [83,84]. The
amide III band extends over the spectral range between 1230 and 1310 cm™! with the spec-
tral peaks of a-helix, 3-sheet, and random coils units located in the range 1260-1320 cm™,
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1235-1242 cm™!, and 1250-1260 cm™, respectively [85]; the region 1254-1260 cm~! has been
assigned to 3-turn. A summary of the major peaks for normal Raman of lysozyme in so-
lution for both the native and fibrillar forms is reported in Table S5. Additionally, changes
in position and intensity of SERS peaks provide information on the orientation of the mol-
ecule at the surface as well as on the group involved in chemisorption to the metal surface
since SERS signals are preferentially detected from components closer to the surface [86].

SERS measurements were performed using both quartz and gold as substrates for
the metasurfaces, but we observed that the different nature of the support did not signif-
icantly affect the quality of SERS spectra although a better visual contrast was obtained
for GO-AgNC/NS on quartz (Figure S9). SERS spectra recorded between 400 and 1700
cm™ for HWL-N and HWL-F adsorbed on SERS AgNC/NS and GO-AgNC/NS substrates
are reported in Figure 6.
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Figure 6. SERS spectra of HWL-N (black line) and HWL-F (red line) on AgNC/NS (a) and GO-
AgNC/NC (b) platforms. [lysozyme] = 1 x 10° M. Distinctive peaks are marked by asterisks.

It is evident in all graphs that the native lysozyme always presents higher intensity
spectra on both platforms, since QCM data demonstrated a larger adsorption mass for the
native form, this result confirms that HWL-N resides completely on the surface as a mon-
olayer while HWL-F extends further away from AgNP hot-spots protruding into the so-
lution. As expected, we observed that the presence of GO improves the sensitivity and the
stability of the signal protecting AgNC/NS from oxidation but more importantly veiling
the nanoparticles array with GO notably enhances the intensity and the uniformity of the
SERS signal.

The spectra in Figure 6 also reveal substantial differences between HWL-N and
HWL-F and evidence the role of GO coating in amplifying such differences although the
presence of signal due to GO may in some regions render the interpretation ambiguous.
GO is known to present two main SERS bands located at 1351 cm™ and 1590 cm™ corre-
sponding to the D and G bands, respectively. The D band represents disordered sp3 car-
bon while the G band is associated with the stretching mode of ordered sp2 crystalline
graphite-like structures [22]. The spectra of Figure 6b were tentatively normalized to the
G band of GO at 1580 cm™! but the analysis of the normalized spectra provided substan-
tially the same results.

The contribution to the intensity of the peak at 518 cm™! comes from the four pairs of
S-S bonds present in lysozyme: two of them are situated near the a-helix regions, while
the other two are near the 3-sheet regions. This suggests that the low intensity of this peak
in both lysozyme forms could be due to a fraction of the S-S bonds which are not adsorbed,
nor close to the substrate surface. In the case of HWL-F, the intensity is even lower sug-
gesting that the Cys groups are located even further away from the surface with distortion
of the dihedral angles with respect to the native form. Podstawka et al. [87] who utilized
Raman and SERS to investigate the adsorption of proteins containing disulfide bonds onto
colloidal silver surfaces, revealed that bonding to the silver surface takes place at disulfide
bridges located between Cys(5)-Cys(127) and Cys(30)-Cys(115) in HWL-N without any
cleavage of the S-S bonds. The same study confirmed our results showing that HWL-N
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did not undergo any denaturation or large conformational change upon bonding to the
colloidal silver surface since both the amide I and amide II peaks persist in the SERS spec-
tra.

The sharp band at about 1005 cm™ of the symmetric ring-breathing vibration mode
is present in all SERS spectra but the peak is always more intense in the case of HWL-F
suggesting that the benzene ring adopts a standing up geometry or at least a tilting one if
considering the surface plane in this case. When this band is missing or weaker, as found
for HWL-N, the benzene ring lies almost flat on the surface [41]. Trp orientation might be
similar to Phe, as is shown by the presence of a strong 1015 cm ~! band.

SERS spectra in Figure 6 evidence the distinctive peaks of HWL-N and HWL-F
(marked with asterisks), all spectra show bands that originate mainly from the aromatic
amino acids, i.e., Tyr, Trp, His, and Phe in the 630-720 cm™ range, the intensities of the
bands associated with aromatic amino acids Phe and Tyr and with the stretching vibration
C-S are of similar intensities on AgNC/NS.

SERS spectra clearly show the importance of the GO addition in revealing the pres-
ence of small concentrations of lysozyme, thanks to the Tryptophan-Indole breathing
band (763 cm™) and the Phenylalanine ring breathing band (1004 cm™).

The presence of strong vibrational modes of Trp and Phe residues in the SERS spectra
of lysozyme indicates that both residues are close to the Ag surface occupying adjacent
sites in the adsorbed molecule. Further support for the localization of Tyr residues in
HWL-N close to the surface is provided by the presence of a doublet in the 800-850 cm™.

Therefore, it is most likely that the lysozyme molecules are adsorbed on the Ag sur-
face via the region marked in Figure S6, closer to the a-helix region which includes both
Trp-123 and Phe-34 residues of the molecule as proposed also by other authors [41,88]. In
the case of GO veiled nanoparticles, the intensities of these bands are much larger for
HWL-N than for HWL-F indicating a preferential interaction of these amino acids with
the surface in the case of the native form.

More importantly, we observed that the peak at 1239 cm™ due to the amide III con-
tribution of organized B-sheet is detected with much higher intensity for the fibrillar
HWL-F form compared to the HWL-N case; also, in this case the presence of GO provides
larger amplification of the signal.

Interestingly, the peak at 758 cm™ due to the indole ring breathing mode of the Trp
residue is always more intense for the fibrillar form and the effect is even amplified on
GO-covered sensors suggesting that this residue is located closer to the surface when the
protein is in a fibrillar form and in an environment of lower hydrophobicity compared to
naked AgNP where the intensity of the signal was much smaller [40].

Taken together the results show that the aromatic amino acid residues sidechains
Phe, Cys, and Tyr are close to the sensor surface in the case of HWL-N, while Trp is the
main active protein site directly in contact with the substrate surface in the case of HWL-
F.

The native and the fibrillar forms can also be easily discriminated in the 1200-1600
cm! spectral range by the presence of the peak at 1398 cm™! assigned to the adsorption of
carboxylate groups [89] of the amide I: the intensity of this group is larger for HWL-F than
for HWL-N especially when the protein is adsorbed on GO-AgNC/NS.

Although in the spectra with excitation at 785 nm reported in Figure 6, the amide I
band typical of 3-sheet structures of the fibrillar form is only present as a shoulder at 1666
cm, SESR spectra obtained with 532 nm excitation evidenced the peak much more clearly
for the HWL-F adsorbed on GO-AgNC/NS as shown in Figure 510.

Interesting information was obtained also from SERS spectra in the range 180400
cm! reported for all systems in Figure S11. Vibrations in this spectral range refer to the
bonds involving the Ag atoms, previous literature reports SERS bands at 220 cm™1, 238
cm™, and 243 cm™ for Ag-O, Ag-N, and Ag-S, respectively [67,89,90]. SERS spectra evi-
dence a Raman shift for these typical bands as shown in Table 3; the assignment of an
intense and sharp peak at 235 cm™ to Ag—N vibrations suggests the direct chemisorption
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of the proteins on the Ag-NPs surface as reported also by other authors [67,91]. In the case
of HWL-N on GO-coated AgNP arrays, the same signal is present although superimposed
to the Ag-O signal at 227 cm™ due to the interaction of silver with the oxygen-containing
groups of GO. In principle, a contribution to the Ag-O bands may derive also from resid-
ual PVP that binds to the AgNC surface through the oxygen atom in the amide group of
PVP [92]. Nevertheless, such contribution is probably negligible since previous studies
have shown that PVP is massively displaced from the surface both by protein adsorption
and by copious rinsing [93]. Furthermore, there is no band stretching in the 1500 cm™ and
1700 cm™! range which is the typical feature of the C-N and C=O vibrations of PVP mole-
cules [94].

For HWL-F on naked AgNP, the spectrum shows a shoulder at 234 cm™ and a peak
corresponding to Ag-S interactions suggesting a change in the interaction of Ag with the
functional groups of the protein and a change in the orientation of the adsorbed species.
The effect is even stronger for GO coated samples and the data describe changes in the
surface interaction site with HWL-F, the fibrillar form is adsorbed with the Cys groups
exposed and closer to the interface. Recent fluorescence quenching studies also support
this hypothesis suggesting that lysozyme and GO form a stable complex followed by con-
formational changes of the protein [95].

Table 3. Average position of SERS peaks in the 180-400 cm™ range.

Protein Peak Position, cm! Assignment Peak Position, cm~! Assignment
AgNC/NS GO-AgNC/NS

HWL-N 235 Ag-N 226,238 sh Ag-O, Ag-N

HWL-F 234 sh, 243 Ag-N, Ag-S 243 Ag-S

Although the most evident spectral differences are due to the aromatic side groups
adsorbed on the sensor surface, experiments as a function of the excitation laser line al-
lowed to reveal even more clearly the fingerprint of an organized organization of [3-sheet
corresponding to fibrillar lysozyme in the 1660 cm™ amide I band (see Figure S10) [96].

Preliminary Principal Component Analysis (PCA) was performed on a set of SERS
spectra collected for different excitation wavelengths for GO-AgNC/NS nanosensors con-
sidering the spectral range 200-2000 cm™. The analysis of these preliminary results
showed a significant data grouping (Figure 7), which was ascribed to different structures
of lysozyme and/or the presence/absence of GO on the surface of the sensor substrate.
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Figure 7. Scores plot of the whole collected SERS spectra.

Briefly, the scores plot referred to this first set of samples and shows a satisfactory
grouping of the spectra essentially on the PC-1 axis, for which the major contribution
arises from the spectral shift of the band in the 200-250 cm™ range, typical of the interac-
tion between Ag and O, N or S. The information from the loading plot of PC1 evidence
the trend towards higher wavenumbers along the series GO-HWL-F, GO-HWL-N, HWL-
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F, and HWL-N, suggesting both a stronger interaction between the protein and the AgNPs
due to the presence of GO and in general a more stable interaction of HWL-F with respect
to HWL-N.

The outline of PC-3 in the loading plot shows spectral variations in the range attribut-
able to amide I group (1660-1670 cm™!) evidence discrimination due to the formation of 3-
sheet structures.

We also exclusively analyzed the 380-2000 cm™' range eliminating from the PCA cal-
culation the major contribution to the variability of the data comprised in the range 200-
380 cm™! to better evaluate subtle differences. The results distinctly demonstrated a higher
enhancement in presence of GO especially HWL-F.

The differentiation of the probe molecules based on the peaks in the 200-250 cm™
region has not been studied in the literature, even if it could represent an advantageous
tool for fine discrimination of probe molecules and it will be faced in a specific study. In
the present work, this step of analysis is proof of the superior SERS efficiency when using
GO and it is a proof-of-principle that shows the possibility to spectrally discriminate
HWL-F from HWL-N also in the low wavenumber region.

4. Conclusions

The body of the results shows that the combination of QCM and SERS measurements
allows for the quantification of a model amyloid-prone protein, lysozyme, providing at
the same time a way to discriminate between native conformation and fibrillar amyloid
structures. We constructed a powerful capturing metasurface on the QCM sensor by
Langmuir-Blodgett assembly of a mixture of AgNC/NS followed by the controlled ad-
sorption of GO sheets on the AgNC/NS array. The procedure was found to be highly re-
producible and adaptable to various solid substrates. The adsorption of native as well as
fibrillar HWL from solution to the metasurface was followed by QCM and the data un-
veiled that the adsorption process proceeds with a Langmuir-type mechanism for both
AgNC/NS and GO-AgNC/NS systems but with different maximum surface density at
monolayer saturation, different adsorption constant Kass and adlayer structure. More im-
portantly, in the case of monolayers of single fibrils of HWL-F, a calibration curve was
constructed with spiked samples correlating the concentration of HWL-F in bulk solution
with the adsorbed quantity on the GO-AgNC/NS nanosensor. SERS spectra acquired on
the QCM samples reflect the orientation of the protein layer and the difference in the sec-
ondary structure for HWL-N and HWL-F containing samples deriving from the presence
of B-sheets in the fibrillar form.

Additional SERS signal amplification and improved signal uniformity were supplied
by the GO coating, this allowed for the detection of small concentrations of lysozyme
monitoring the Tryptophan-Indole breathing band and the Phenylalanine-ring breathing
band. Together with the differences in the spectral region associated with the presence of
[-sheet in the fibrillar form, a preliminary multivariate analysis approach in the low wave-
numbers range was proved to be promising for the discrimination of the amyloid form of
HWL. Although the determination of HWL-N is important in its own right, sensing the
fibrillar forms of the proteins is crucial in connection with the diagnosis of many diseases
that involve the presence of fibrillar aggregates in biological fluids. These results may
hopefully be extended to other proteins such as a-synuclein, tau-protein, or A- 3 peptides
that, sharing with HWL the same amyloid [3-sheet motif in their fibrillar conformation, are
considered as biomarkers of the onset of neurodegenerations.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/sl, The following are available online at www.mdpi.com/arti-
cle/10.3390/nan012040600/s1, Figure S1: THT fluorescence emission as a function of time of incuba-
tion. Figure S2: Circular Dichroism spectra for lysozyme solution along the aggregation process.
Figure S3: TEM images of the AgNC/NS nanoparticles. Figure S4: Absorption spectrum of GO-
AgNC/NS metasurface prepared on quartz slides. Figure S5 (a) Kinetics of adsorption of HWL-N
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and HWL-F. Table S1. Fitting of the kinetic curves of adsorption. Figure S6: Native lysozyme con-
formation. Figure S7: Phase contrast (a) and Confocal Laser Scanning Microscopy (b) images. Figure
S8: (a) Adsorbed surface mass density as a function of bulk concentration for spiked samples of
HWL-N (a) and HWL-F (b) on GO-AgNC/NS sensors. Solid lines are the linear regression fit. (b)
Calibration curve obtained for HWL-F for monolayers of fibrils (concentration regime 0-1.5 x 10
M). Table S2: Linear regression fit parameters and LOD. Table S3: Summary of relevant studies on
native lysozyme detection. Table S4: Summary of relevant studies on fibrillar lysozyme detection.
Figure 59: Optical microscopy in reflection mode of SERS samples. Table S5: Assignment of the main
peaks observed in SERS spectra. Figure S10: SERS Spectrum for HWL-F adsorbed on GO-AgNC/NS,
excitation at 532 nm. Figure S11: SERS spectra in the 180-300 cm™! spectral range. References [97-
108] are cited in the Supplementary Materials.
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