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ABSTRACT: Alzheimer’s disease (AD) has become highly relevant in aging
societies, yet the fundamental molecular basis for AD is still poorly understood. New
tools to study the undergoing structural conformation changes of amyloid beta (Af)
peptides, the pathogenic hallmark of AD, could play a crucial role in the
understanding of the underlying mechanisms of misfolding and cytotoxicity of this
peptide. It has been recently reported that Zn*" interacts with Af and changes its
aggregation pathway away from less harmful fibrillar forms to more toxic species.
Here, we present a versatile platform based on a set of sub-10 nm nanogap electrodes
for the manipulation and sensing of biomolecules in the physiological condition at a
low copy number, where molecules are trapped via dielectrophoresis (DEP) across
the nanogap, which also serves as a surface-enhanced Raman spectroscopy hotspot.
In this study, we demonstrate that our electrode nanogap platform can be used to
study the structural difference between AfS40 and ZnAp40 peptides at different
aggregation stages in the physiologically relevant concentration and in solution phase.
The Raman spectroscopic signatures of the DEP-captured neuropeptides prove the device to be attractive as a label-free bioanalytical
tool.

Izheimer’s disease (AD) is the most common form of Knowledge of the structure of the different Af species would

dementia in the elder population after the age of 65." This be helpful in further understanding the underlying mechanisms
neurodegenerative disorder causes an increasing economic and of misfolding and cytotoxicity, requiring appropriate tools.
social impact due to longer life expectancy and the increase of Techniques commonly used for the structural analysis of
such population.” Thus, the treatment for AD has become more proteins include X-ray diffraction, nuclear magnetic resonance
relevant, yet failure of clinical trials suggests that the (NMR), circular dichroism (CD), Fourier transform infrared
fundamental molecular mechanism of AD pathogenesis is still spectroscopy, and Raman spectroscopy. Af is a natively
not fully understood.® The prevalent explanation of the cause of unfolded protein and does not crystallize, which makes X-ray
AD is the amyloid hypothesis, postulating the fundamental role diffraction and solution NMR studies problematic.’ Raman
of amyloid beta (Af) peptides in the development of the spectroscopy is a noninvasive technique that is able to determine
disease.” Af3 peptides, which are natural products of metabolism, protein structures in physiological conditions even for
consist of 39—42 amino acids and are the major constituents of disordered structures, ‘l‘?d for which light absorption by water
senile plaques in the brains of AD patients.” However, it has is not a limiting factor.”” It can be used to characterize proteins

been found that the soluble A oligomeric species, formed in various states, precipitated fibrils, amorphous aggregates,

. 16 . . ) .
during the early stage of misfolding and aggregation of nontoxic solids, and crystals. Qne major dra.wback of this .techmque 1s
AB monomers to insoluble f-sheet rich fibrils, were more the low Raman scattering cross section of most biomolecules.
cytotoxic than the final fibrillar form of Aﬂ6’7 AB is further Raman enhancement techniques using plasmonic nanostruc-
known to bind with metal ions, such as Zn*, Cu®*, Fe3*, and tures,A suc};1 as surface-enhanced Raman spectroscopy (SERS)
APP*®° Those metal ions were found to interact with histidine and tip-enhanced Raman spectroscopy (TERS), can overcome

residues at the N-terminus of the peptide.'” Dyshomeostasis of

metal ions, including Zn**, Cu?*, Fe*", and A**, has been linked Received: April 9, 2021
with AD pathology.”” It has been shown in previous studies that Accepted:  November 10, 2021
the presence of metal ions has distinct effects on the kinetic Published: November 24, 2021

pathway of Af3 aggregation. While Cu’*, Fe**, and AP promote
the formation of amorphous aggregates,"' ~"* Zn?* was reported
to form oligomeric species'® with increased cytotoxicity.”"*
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Figure 1. (a) Wire-bonded chip (7 X 7 mm) with 15 pairs of Au electrodes. (b) Optical microscopy image of one pair of microelectrodes and
nanoelectrodes. (c) Our sensing system on a custom-made printed circuit board. (d) Scanning electron microscopy image of the electrode nanogap

(tilted view).
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Figure 2. Fluorescence microscopy images of FAM-labeled Af oligomers trapped inside the nanogap after (a) 0's, (b) S's, and (c) 7 s of AC field
application (see Movies S1 and S2); (d) fluorescence intensity vs time of the A oligomer trapped inside the nanogap. Fluorescence images were
running-averaged over five frames. AC field parameters: 3 MHz, 15 Vyp; and peptide concentration was 500 nM.

this problem by providing enhancement up to 14 orders of
ma%n}gude compared with nonresonant Raman spectrosco-
py-

‘While resonance Raman enhancement offers the possibility to
probe selectively with high sensitivity regions around certain
chromophores, SERS/TERS enhancement can enhance spectral
features of entities in a “hotspot” independent of their molecular
composition.w’20

Other challenges in characterizing biomolecules lie in
preparation, isolation, and stability of the sample, as this might
have an impact on the result. Sample isolation is usually a critical
factor as the molecules of interest are often present only in trace
amounts.”' Molecular diffusion also adds to the challenge: while
unperturbed molecular conformation in solution is preferred for
analysis, Brownian motion tends to prevent the molecules from
getting to the SERS hotspot.

In this work, we have addressed these issues by developing a
platform for the manipulation and sensing of biomolecules in
physiological conditions. This device features an array of
nanogap electrode pairs that enable trapping of molecules via
dielectrophoresis (DEP)**~° as well as nanoantenna-enhanced
Raman detection.”’ ~** This work extends the performance of a
platform previously developed by our group”* by increasing the
Raman enhancement capability of the nanoantennae by adding a
plasmonic enhancement from the gold substrate. This improved

platform is then used to study conformational differences of Af
peptides upon interaction with zinc ions.

B RESULTS

Figure 1 shows the design of our nanogap device, and a
schematic diagram of the experimental setup is given in Figure
S1. The device contains 15 pairs of Ti/Au microelectrodes, each
extending in between with one pair of Ti/Au nanowire
electrodes. The array of electrodes is arranged in three groups,
each consisting of five identical electrode pairs. The groups differ
by the internal angle of the nanoelectrode tips, namely, 40°, 60°,
and 80°. For simplicity, the tip angle used in experiments is
assumed to be 60°, unless specified. The size of the
interelectrode distance used for the experiment is in the range
of 5—15 nm. In contrast to our previous work, we used a Ti/Au
double layer instead of Ti as material for the nanoelectrodes
because Au is widely known for its superior plasmonic
enhancement properties.*®

In order to find the experimental conditions and field
parameters for the DEP trapping of Af peptides, we performed
experiments with fluorophore-labeled Af and monitored the
process using fluorescence microscopy. For larger, -sheet rich
aggregates, such as Af fibrils, ThT fluorescent dye was used,
while smaller species with much less f-sheet structures were
labeled with FAM fluorescent dye. In our setup, Af fibrils were
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Figure 3. (a) ThT fluorescence assay. SERS spectra of Af40 in solution trapped with the nanogap device (b) without Zn>* and (c) with Zn®* after 0, 43,
79, and 144 h. The amide III -sheet mode at 1240 cm™" is highlighted (yellow bars). Peptide concentration was 50 nM (as per A monomer) for the
Raman experiment and 50 4#M for ThT assay. Raman spectra were normalized to the intensity of the C—C—N stretching mode at 1144 cm™". Spectra
were background-subtracted, each averaged over three spectra, and offset vertically for better visibility.

successfully trapped with a DEP field frequency of 1 MHz, while
for Ap oligomers, a frequency of 3 MHz was appropriate. In all
cases, Af} peptides were only trapped above a threshold of 10 Vpp
for the electric field amplitude. Because of the short range of the
DEP interaction (~um), trapping occurred rapidly and reached
saturation within seconds (Figure 2). To show the reversibility
of the trapping process, we performed experiments where we
switched the AC field on and off in intervals of 10 s (Movies S1
and S2). Figure S3 shows the time course of the fluorescence
intensity during those cycles of DEP trapping, indicating the
reversible trapping/operation of the device.

In order to locate and confirm the position of the nanogap for
Raman measurements, spectral maps were obtained (Figure
S2a—c). In a spectral map acquired without baseline correction,
aregion of high intensity was identified after integrating over the
luminescence background, revealing the position of the Raman
hotspot. As described and explained in our previous paper, the
luminescence is enhanced in the vicinity of the metal nanogaps
due to increased excitation intensity consistent with an
electromagnetic mechanism.”* A Raman map integrated over
the amide III region (1225—1280 cm™") confirms that peptides

16322

are being trapped, and their Raman spectra are enhanced in the
very same hotspot (Figure S2c).

A concentration of 50 uM was used to grow the samples; for
Raman experiments, samples were diluted to an initial monomer
concentration of 50 nM. We used the same dilution for all
samples, implying that after aggregation, the final concentration
of oligomers and fibrils is expected to be much lower than 50
nM. However, only a rough estimation can be given for the
concentration for the oligomeric and fibril species because they
vary in size (see Lee et al.” for the size distribution of ZnAf3). For
example, ZnAp after 100 h of incubation has a molecular weight
ranging from 152 to 214 kDa (~33- to 49-mer), so the
concentration is expected to be between 1 and 1.5 nM, allowing
for a low-copy number detection.

We have measured the Raman signature of AB40 at different
aggregation stages, namely, after 0, 43, 79, and 144 h incubation
times. According to the well-established aggregation character-
istics of amyloid peptides, at 0 h, the monomeric state
dominates; at 43 h, in the lag phase, the oligomeric state is
more noticeably present than in other stages; after 79 h, in the
elongation phase, the fibril formation is happening at its highest
rate; and after 144 h, an equilibrium state (plateau phase) is

https://doi.org/10.1021/acs.analchem.1c01521
Anal. Chem. 2021, 93, 16320—16329


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c01521/suppl_file/ac1c01521_si_002.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c01521/suppl_file/ac1c01521_si_003.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c01521/suppl_file/ac1c01521_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c01521/suppl_file/ac1c01521_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c01521/suppl_file/ac1c01521_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c01521/suppl_file/ac1c01521_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c01521?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c01521?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c01521?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c01521?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c01521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

reached that is dominated by fibrils.* This is consistent with our
observations (Figure 3a). Figure 3b,c shows a comparison of
Raman spectra of A at those four aggregation stages in the
presence and absence of Zn**, with each Raman spectrum being
a cumulative spectrum of three individual SERS spectra in order
to show most of the bands, but at the same time not using too
many spectra, as this might obstruct the visibility of the bands of
interest. Temporal fluctuations frequently encountered in SERS
spectra stem from the diffusion of single molecules occupyin
several conformations and orientations at the probing site.’
Large proteins such as Af fibrils can only fit partly into a small
enhanced active volume (~few nm®); thus, SERS measurements
may probe only a few building blocks, namely, amino acids,
thereby leading to unavoidable spectral fluctuations.”” However,
this was not a problem in our case, as A fibrils are formed by a
repeated structure of beta-sheet-stacked monomers. For large
proteins with a less homogenous structure, with different parts
producing different Raman signatures, a larger number of
spectra would be necessary to probe the whole molecule with
our setup.

Raman bands, listed in Table 1, were assigned on the basis of
the existing literature and typically consist of vibrational modes

Table 1. Assignment of Bands in SERS Spectra of Af

Raman shift

(em™) assignment references
1000 Phe 20722
1036 Phe 2021
1144 C—C~—N stretching 20
12351245 amide III (f-sheet) 2022
1264—1279 amide III (a-helix) 20-22
1455 CH, deformation 20,23
1574 stretching vibration of histidine imidazole 24

rmg

1600 Phe, Zn-histidine 23,24
1640—1654 amide I (a-helix) 25,26
1665—1680 amide I (f3-sheet) 25:26

from amide bands and aromatic as well as nonaromatic amino
acid side chain residues.’®~**

With increasing incubation time, as shown in Figure 3b, a
band appeared in the amide III region at around 1240 cm™" with
a higher intensity, which was identified as an indicator for f-
sheet formation according to Table 1. In contrast, we observed a
low intensity of the band at 1240 cm™" (Figure 3c) throughout
the samples incubated with Zn*". These changes in the Raman
intensity of the f-sheet bands are shown in Figure 4a, with the
intensities being normalized to bands, which do not depend on
conformation, such as the CCN stretching mode at 1144 cm™
and the CH, bending mode at 1455 cm™.* Similar tendencies
in the changes of the normalized intensity can be seen in both
cases. In addition, the Raman signature of A and ZnAf was
measured in the dried state on our nanogap chip, likewise
showing a decreased intensity of the 1240 cm™" band for the
Zn*" incubated sample (Figure S). We observed strong bands in
the amide I region (1640—1680 cm™") for dried A} samples.
The amide I mode consists of C=O stretching and C—N
stretching vibrations.*”*° Interestingly, no obvious bands were
observed for samples in solution. Possible reasons for this
observation will be discussed later. Furthermore, Thioflavin T
(ThT) assays were performed, as shown in Figure 3a. A
significantly higher increase in ThT fluorescence was observed

in the absence of Zn?*, as compared to the presence of Zn**, in
which case the ThT signal was retained without much increase.

Further, a band at 1574 cm™ was observed, which can be
assigned to the C,=C; stretching vibration of the imidazole ring
of histidine. This mode has been reported to shift upon binding
of Zn®* from 1574 to 1605 cm™',** where a phenylalanine band
originally resides. Such frequency upshift is found in all ZnAp
samples (Figure 3c), supporting previous reports of histidine
being the main binding site for Zn*.*?

B DISCUSSION

Fluorescent Signal Fluctuations. With the field parame-
ters and peptide concentration used in our fluorescence
experiments, the signal usually reaches saturation within a few
seconds (Figure 2). In SERS experiments, however, the signal
plateaus in roughly 2 min (Figure S6). This is due to the fact that
a higher peptide concentration (500 nM) was used for
fluorescence observations than for SERS measurements (~1—
50 nM).

While it is obvious from Figure 2d that trapping equilibrium is
reached quickly, it can be seen in Figure S3 that the overall
fluorescence intensity as well as the intensity fluctuations vary
significantly between each cycle of DEP trapping. We would like
to point out that the mechanism of DEP trapping is fully
reversible, and the trapping efficiency of the electrodes remains
unchanged after repeated trapping cycles. In contrast, we ascribe
the observed fluctuations to two effects. On the one hand, this is
due to photobleaching because the illuminated area exceeding
the image boundaries, or field of view (d > 40 um), is much
larger than the bright spot around the DEP hotspot that was
integrated for signal analysis (d & 2 ym), such that molecules
present in the surrounding areas outside the trapping volume are
also subject to photobleaching. On the other hand, the statistical
nature of a low-copy-number trapping experiment with a
nonuniform sample also plays a role.

In our previous publication,”* we demonstrated the low copy
number of protein detection capability of our technology. The
DEP trapping volume is defined as the space within which the
DEP force is strong enough to overcome the effect of diffusion
so that any molecule immediately gets trapped into the DEP
hotspot, and it can be determined for a known uniform sample.*”
Equilibrium is reached when the concentration gradient is high
enough to generate a rate of diffusion directed outward of the
trapping volume equal to the rate of inward diffusion. Once
equilibrium is reached, molecules enter and leave the DEP
hotspot at equal rates, and the number of trapped molecules
observed at any given time follows a Poisson distribution.
Because we aim to keep the expected value of that statistics low,
higher relative fluctuations of the fluorescence intensity are
observed, like in Fluorescence Correlation Spectroscopy (FCS)
or other single-molecule experiments.**~°

Considering another sample with similar dielectric properties
but a different uniform particle size, the Stokes—Einstein
equation implies that larger particles take a longer time to diffuse
into or out of the trapping volume and reach equilibrium than
smaller particles. The DEP force in turn scales with the volume
of the target particle,” effectively increasing the size of the
trapping volume for larger particles compared to smaller ones.
We may therefore observe that smaller target particles quickly
reach an equilibrium of trapping rate and escape rate, while
larger target particles continue to accumulate in the hotspot for a
longer time.
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Figure 4. Analysis of peak height versus time of A40 in the presence and absence of Zn** for (a) amide III f-sheet band at 1240 cm™ in aqueous
solution normalized to the C—C—N stretching mode at 1144 cm™' and the CH, bending mode at 1455 cm™" (exponential curve fitting was
performed). (b) Phe bands at 1000 and 1030 cm™". (c) Transmission electron microscopy images of the end-point products of Af alone or ZnAp. The
scale bars are 100 nm.
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Figure 5. SERS spectra of A40 in the dried phase (a) without Zn?* and (b) with Zn?* after 0, 43, 79, and 144 h. The amide III $-sheet mode at 1240
cm™ is highlighted (yellow bars) as well as the amide I modes at 1650 and 1670 cm™" (red and green bars). Raman spectra were normalized to the
intensity of the C—C—N stretching mode at 1144 cm™". Spectra were background-subtracted, each averaged over three spectra, and offset vertically for
better visibility.
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The FAM-Af sample used for recording fluorescent videos
has a nonuniform oligomer size distribution with unknown
number density distribution. The sample is tagged with one
fluorescent marker per monomer, so that larger oligomers
appear brighter than smaller ones. As explained above, the
timescale to reach equilibrium and the size of the trapping
volume are expected to vary significantly for oligomers of
different sizes. On the one hand, the time evolution of the
fluorescent signal reflects the counting statistics of the number of
trapped molecules in a state of equilibrated trapping and
escaping rates within a given ensemble. On the other hand, the
particular composition of all the oligomers located within the
trapping distance from the electrode nanogap at any given time
fluctuates as well, even after reaching a steady state, and in the
regime of low-copy-number trapping, these fluctuations may be
obvious on large timescales, giving the impression that the DEP
trap becomes more or less effective over time, which is not the
case.

Raman Spectroscopy Analysis. The amide III band
(1200—1300 cm™"), one of the most informative parts of the
protein Raman spectrum regarding the secondary structure, is
associated with C—N stretching, N—H bending, and C-C
stretching of the peptide group;'® amide bands which originate
from such polypeptide backbone vibrations have been correlated
to different secondary structural conformations of proteins.>">*
In this work, the band associated with f-sheets around 1240
cm™ was interpreted to indicate S-sheet formation in Af
peptides in the absence of Zn®*, in contrast to inhibited S-sheet
formation in the presence of Zn*. This interpretation is further
supported by ThT assay results (Figure 3a). Because this
fluorophore displays enhanced fluorescence upon binding to -
sheet-rich structures,” a clearly growing signal upon incubation
in the absence of Zn** implies evident #-sheet formation, while a
stagnating signal in the presence of Zn>* indicates suppressed /-
sheet formation, leading to the conclusion that Zn®* inhibits the
formation of f-sheet-rich fibrils. This claim is backed by
transmission electron microscopy images of the aggregated
amyloids (Figure 4c). These findings are consistent with the
work of Lee et al., who reported that even after 6 days of
incubation, the CD spectra of AB with Zn** did not show evident
f-sheet signature, whereas Af}40 without Zn*" readily formed /-
sheet fibrils.” Our results also corroborate the picture that the
native-like secondary structure of the monomeric peptide in the
absence of Zn** is converted to f-sheet-rich fibrils during the
aggregation process, as established by other reports.”®*” To
prove that the effect of Zn>* prohibiting the formation of fibrils is
not a charge-induced effect but an ion-specific effect, we
measured the Raman spectra of Af trapped in solution using our
nanogap device, as well as in the dried state in the presence of
Mg?*, which has the same charge as Zn?*, after 0 and 144 h
incubation. The results given in Figures S4 and S5 show a
significant increase in J-sheets after 144 h, indicating fibril
formation, as in the Zn**-free scenario, clearly indicating the ion-
specific effect.

For SERS measurements, mostly 5 or 6 nm gap sizes were
used for Af} samples without Zn>*, while for Af} samples with
Zn**, the gap sizes ranged from 6 to 15 nm. Given the variation
of the gap size due to the fabrication difficulties for their exact
reproduction, it does not alter the overall trend of f-sheet
formation, as indicated in Figure 4a, where the variation (error
bars) of the peak height for the f-sheet signal of ZnAf samples is
small compared to that of the A samples, regardless of the larger
variation in gap size (6—15 nm).

In addition to the amide III band, the signature of
phenylalanine has been analyzed as an independent indicator
for aggregation processes. The results for A both in the absence
and presence of Zn** show that the phenylalanine bands at 1036
and 1000 cm ™" exhibit a significant Raman intensity decrease as
incubation time exceeds 43 h (Figure 4b), where Af in the
presence of Zn®* showed a greater extent of decrease. In the case
of Af3 without Zn**, this may be explained by fibril formation: as
explained in the previous paragraph, our results of the amide III
band analysis indicate, in accordance with the literature, that in
the absence of Zn**, Af} undergoes fibril formation in which
amino acids 16 to 20 (KLVFF) that form a 8-strand are crucial in
fibril stacking.”* In the cases of insulin and lysozyme, amyloid
fibrils have been linked to an increased appearance at the surface
and exposure to the surrounding solvent of phenylalanine,***°
while Xu et al. have demonstrated that phenylalanine yields a
reduced Raman signal when in contact with water.”” In analogy
to these papers, we attribute the decreased presence of
phenylalanine in the Raman signature to its exposure to the
surrounding water. In the presence of Zn*', the development of
the amide III band intensity suggests no fibril formation.
However, the phenylalanine Raman band intensity after more
than 43 h incubation time is not stationary, but further decreased
even more than the case of Af without Zn>*. This indicates that
the phenylalanine residues are increasingly exposed to water.
Because two phenylalanine residues in Af3 are located in the core
region of Af fibrils, the result reflects the conformational change
caused by nonfibrillar aggregation of ZnAp leading to the
exposure of the essential fibril core segment. These findings
again support the claim by Lee et al. that ZnAp forms large
soluble aggregates but no fibrils.”

Although amide I bands could be clearly observed in the SERS
spectra of dried Af samples, they were absent from some of the
ZnAp spectra (43,79, and 144 h). A number of cases of amide I
mode suppression in SERS and TERS of various proteins (in
dried phase) can be found in the literature.**>"*>>*%% In bulk
confocal Raman spectroscopy, however, the amide I mode is
always being observed in both dried state'®*"***° and
solution.””***?%° Consequently, the amide I absence is a
SERS/TERS-specific phenomenon; the exact reason for it is
under debate. Blum et al. consistently observed a suppression of
amide I bands in all their scanning tunneling microscopy—TERS
and SERS spectra, ruling out a possible electromagnetic
shielding effect of the side chains.*® On the other hand, it has
been reported that the electrically enhanced Raman intensity
decays exponentially by a factor of 2.3 to 10 per nm.®" This close
proximity effect might be even stronger if electrochemical
interactions are taken into account.”’ Af} monomers have a cross
section of 635 A? or more,”” which under the assumption of a
roughly spherical particle gives a diameter of several nanometers.
This means that the molecular subdomains nearest to and
farthest from the region of high field at the hotspot might
experience enhancement factors that differ by several orders of
magnitude, giving a plausible explanation for a decrease of
certain Raman bands below the detection limit, if the originating
structure is highly localized at the molecular surface. In the
region of the hotspot, the intensity of a mode is determined by
both the localization in the hotspot and the orientation of the
molecular element and its accompanying Raman tensor, as well
as the polarization of the incoming light. This work will not
elaborate further on these aspects due to the lack of appropriate
experimental data, and it is beyond the scope of the current
study.
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Another possible explanation, more specifically for the
weakening of amide I bands, could be the binding of several
side chains to the Zn®*, forcing the peptide backbone into a
highly strained conformation, which does not produce a narrow
Raman signature like relaxed monomers and f-sheet forming
structures do. It is known that an increase in fraction of the
ordered backbone structure during the formation of S-sheet and
a-helix leads to an increase and sharpening of the amide I band
compared to protein in a random coil conformation.®® It seems
plausible that a strain of Zn** embedding alters the protein
structure in a way that would lead to a further decrease and
broadening of the amide I signal up to the point where it cannot
be detected any more.

A possible reason for “missing” amide I signals in the case of
solution samples might be an orientational effect during DEP
trapping: peptides in solution that are dielectrophoretically
trapped at the gap between the nanoelectrodes are able to rotate;
as elaborated above, molecular subdomains must be at close
proximity to the strong electric field near the nanogap in order to
yield a measurable Raman signal. It has been shown that the
Clausius—Mossotti factor of nonspherical objects depends on
their orientation in the electric field.”* We therefore conclude
that the (nonspherical) Af peptide in the DEP field will tend to
minimize its energy by adopting an orientation with respect to
the shared DEP and Raman hotspot that maximizes the DEP
interaction, which explains the presence or absence of Raman
signatures of various subdomains prone to be located near to or
far from the hotspot region, respectively. In contrast, for the
measurement in the dried state, the sample was drop-cast over
the nanogap chip and dried in the desiccator prior to the
experiment without applying the trapping field; therefore, the
peptides should have no preferred orientation.*

B CONCLUSIONS

In summary, it has been shown in this study that the
combination of DEP and SERS may serve as a novel and
powerful tool for protein conformation studies, with the DEP
force controlling the molecular orientation in the hotspot and
enabling the acquisition of more consistent SERS spectra from
repeated experiments than most other techniques. Using our
platform, experiments under identical conditions can be
repeated on the same SERS hotspot in an identical target
solution, potentially yielding SERS spectra with different
features of the target enhanced within the same experiment,
where all parameters are the same except the positioning of the
target molecule within the hotspot. The increased SERS
sensitivity of the Au nanoelectrodes enables clear distinction
of features in the Raman spectrum, while the DEP force provides
a method to trap and detect peptides in solution without further
modification, thus preserving their natural state and bioactivity.
The DEP force can be tuned by different means, enabling the
selection of molecules trapped in time-average. In this way, it can
be made sure to acquire data from a low copy number of the
desired target molecules in solution phase originating from a
heterogeneous sample. This eliminates issues of the experiments
using dried samples on roughened surfaces and provides
information from the molecular conformation and kinetics.
Therefore, this new approach is superior to methods that result
in random target orientation, such as drop-casting and spin-
coating or mixing suspended plasmonic nanoparticles with the
sample solution. Here, we have demonstrated that this
technique is capable of distinguishing aggregates from
monomers by comparing the phenylalanine signal in the

solution phase, while fibrils can be distinguished from other
aggregates via amide bands in our SERS data. Results from
previous work could be corroborated through analysis of the
amide III and phenylalanine bands, confirming that Af peptides
in the absence of Zn>" aggregate by forming f-sheet abundant
fibrils, whereas A8 peptides in the presence of Zn** show a
signature of aggregation without f-sheet formation and
therefore without fibrillization. The capability of this platform
to study and distinguish different conformations of peptides,
when combined with the ability to selectively capture peptides
with different sizes, opens up possibilities for multiple future
applications. Regarding AD, this platform showed for the first
time to provide spectroscopic structural information in
physiological concentration because Af in plasma and cerebral
spinal fluids is in the sub-nanomolar range.”>*® This platform
could serve as a diagnostic tool for A as a biomarker, if further
coupled to fluidic channels and specific bioconjugation
approaches, or it might be used for the screening of novel
therapeutic drugs, such as zinc chelators which have recently
been found to restore Af fibrillization, leading to the production
of the less neurotoxic fibrils.” Being the real-time spectroscopic
observation of oligomer/fibril formation in the early stages
(from monomers) and a totally different experiment from the
one over prolonged aggregation stages described in our article,
one could envision the observation of the oligomer formation
kinetics from the spectroscopic data. The technology can further
facilitate the understanding and characterization of hetero-
genous oligomers/aggregates in a plethora of neurodegenerative
diseases, not limited to Af and AD.

B METHODS

Device Fabrication and Characterization. E-beam
lithography and e-gun evaporation with a subsequent lift-off
process were used to fabricate the nanostructures of our device.
The platform for this experiment is fabricated on a 7 mm X 7
mm silicon substrate with a 1 ym SiO, layer. The pattern for the
microwire structure is defined by UV lithography. RIE etching
50—100 nm into the surface before subsequent e-gun deposition
of a Ti/Au double layer equal in thickness to the etching depth
and lift-off of excess material ensures that the resulting electrode
surface is even with the surrounding substrate. Following this,
the nanoelectrode structure is defined by e-beam writing in
alignment with the microelectrodes. In the same way, we
fabricated marks on the chip, which indicate the location of each
nanogap. Analogous to the process described above, the
electrode material is fabricated by e-gun deposition of a Ti/Au
double layer with a thickness of 40 nm and subsequent lift-off.
Every chip was inspected by scanning electron microscopy (FEI
Nova) with acceleration voltage of 10 kV, 0.54 nA, and a
working distance of 5 mm to look for fabrication defects,
determine the dimensions, and confirm the quality of each
nanogap.

DEP Trapping. A custom-made printed circuit board with
signal amplification, filtration, and data acquisition capabilities
with 0.02 nA current measurement resolution and 1 ms temporal
resolution was used. To avoid interference of low-frequency
field-induced electrohydrodynamic flow with the DEP force, as
discussed in our previous publication,'® trapping was performed
using high-frequency AC field (1—3 MHz), which was applied
by a function generator (33220A, Agilent) and monitored by an
oscilloscope.

Ap Synthesis and Preparation. Af$40 peptides were
synthesized using Fmoc N-(9-fluorenyl)methoxycarbonyl solid
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phase chemistry by the peptide synthesis core of Genomics
Research Center, Academia Sinica, Taiwan, and further purified
by reverse-phase high—gerformance liquid chromatography as
previously described.”®”~"° Af peptides were dissolved in
1,1,1,3,3,3-hexafluoro-2-propanol (Sigma-Aldrich, St. Louis,
MO, USA) in 1 mg/mL to dissolve preformed aggregates.
The solution was lyophilized, then treated with 10% NH4OH,
and lyophilized again. Finally, lyophilized A40 was dissolved in
10 mM Tris—HCI buffer, pH 7.4. The 50 uM Af solution was
prepared in the presence or absence of 50 M Zn**. The samples
were incubated for 0, 43,79, and 144 h at 25 °C with agitating 60
s per h and then diluted to the final concentration of 50 nM in
deionized water for Raman experiments. For fluorescence
observations, FAM-Af42 was purchased from Biopeptide (San
Diego, CA, USA). FAM-Af42 oligomers were prepared,
following the protocol for producing Ap-derived diffusible
ligand, ADDL.”" Briefly, $ mM of FAM-Af342 was prepared in
anhydrous DMSO and diluted to 100 yM using Ham’s F12
medium. The solution was further quiescently incubated at 4 °C
for 1 day. Oligomeric FAM-Af42 was aliquoted, frozen by liquid
nitrogen, and stored at —20 °C for later use. For experiments,
samples were diluted to a concentration of 500 nM; a droplet of
1 uL sample solution was placed at the center of the chip and
encapsulated by a small fluidic chamber defined in 70 pm thick
double-sided tape with a circular coverslip of S mm diameter
(Knittel Glaeser) on top.

Fluorescence Microscopy. Images were acquired using an
inverted fluorescence microscope (Leica DMI6000) with an
LED lamp as the light source and a K3 filter cube (Ex/Em: BP
470—490 nm/LP 515, Leica). A 100X oil-immersion objective
(Leica, N.A. 1.4) and an EMCCD camera (IXon-888, Andor
Technologies) were used for the observations.

Raman Measurements. Raman spectra were obtained
using a WITec alpha300 confocal Raman microscope with a 640
nm excitation laser. A 100X air objective (N.A. 0.9) was used to
deliver 1—2 mW laser power after the objective to the sample
with an approximate spot size of 1 um. The recorded
wavenumber axis was calibrated for each spectrum by setting
the Si phonon peak to 520 cm™". All peak wavenumbers are
reported with an error of +£3 cm™. The polarization of the laser
light was aligned to be parallel to the nanoelectrode axis, and
spectra were taken with 10 s integration time. SERS spectra of
ApPA40 were taken in aqueous solution in the presence and
absence of Zn®*, each at four different stages of aggregation,
namely, after 0, 43, 79, and 144 h. All spectra have been
background-subtracted and normalized to the C—C—-N
stretching mode at 1144 cm™'. Each Raman spectrum of a
single aggregation stage is averaged over three measurements.

ThT Assay. A 50 uM Ap solution was prepared in the
presence of S M Thioflavin T (ThT, Sigma-Aldrich, St. Louis,
MO), as previously described.”” Briefly, the samples were
incubated at 25 °C with agitating 60 s per hour. Fluorescence of
ThT was monitored at 485 nm by an ELISA microplate reader
SpectraMax MS (Molecular Devices, Sunnyvale, CA, USA),
with an excitation wavelength of 442 nm. The experiments were
repeated at least three times, averaged, and presented as mean +
S.D.
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