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Abstract

High resolution localized surface plasmon resonance (HR-LSPR) sensors were combined with matrix
assisted laser desorption ionization mass spectrometry (MALDI-MS) for the first time. LSPR sensors
provide real-time label-free detection of molecular adsorption. Subsequent MALDI-MS analysis
enables identification of the adsorbed molecules. This synergistic LSPR-MS approach was applied
to the detection and identification of amyloid beta oligomers which play an important role in the
molecular pathogenesis of Alzheimer’s Disease.

Introduction

The ability to detect and identify small quantities of biomolecules is essential for characterizing
ligand-receptor interactions and ultimately elucidating the molecular basis of disease. Real-
time, label-free detection techniques based on quartz crystal microbalances (QCM),
microcantilevers, optical cavity resonators, propagating surface plasmon resonance (SPR),1
and localized surface plasmon resonance (LSPR) spectroscopy2~4 are widely used to measure
the thermodynamics and kinetics of binding. These techniques are analyte general and require
receptor functionalized surfaces for specificity. In order to identify unknown molecules bound
to the surface, a complementary analytical technique is needed, such as matrix assisted laser
desorption ionization mass spectrometry (MALDI-MS). The advantages of integrating
propagating SPR sensors with MALDI have been previously demonstrated.5:6 We report here
the first experiments combining real-time, high resolution LSPR (HR-LSPR) and MALDI (See
Figure 1). The techniques were applied to the detection of amyloid-beta derived diffusible
ligands (ADDLSs) which play an important role in the molecular pathogenesis of Alzheimer’s
Disease.’

ADDLSs are neurotoxic oligomers of amyloid beta-protein (Ap), intermediate in size between
monomers and the fibrils found in the senile plaques of Alzheimer’s patients. ADDLs
specifically target synapses® and selectively block long term potentiation.9 In transgenic
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Alzheimer’s mouse models, 12-mers of Ap develop when memory failure first occurs; injection
of these isolated 12-mers into normal mice causes memory deficiency.10 In human patients,
there is a strong correlation between the presence of Alzheimer’s Disease and the concentration
of ADDLSs in cerebrospinal fluid and cerebral cortex tissue.11713 Measuring Ap oligomer
concentrations and studying their aggregation rates is therefore important for understanding
pathology and developing diagnostics and therapeutics.

LSPR shift assays detect molecular adsorption to noble metal nanoparticles. These
nanoparticles intensely absorb and scatter light at wavelengths that depend on the nanoparticle
size, shape, composition and local refractive index.2=* Molecular adsoption to the
nanoparticles increases the local refractive index, and leads to a red-shift in the extinction
spectrum. With improvements in instrumentation and software, real-time LSPR shifts can now
be monitored in solution with picometer spectral resolution.3# Indeed the sensitivity is
sufficiently high to detect the conformational changes that accompany calcium binding to
calmodulin.? LSPR shift assays have also been used to detect ADDL concentrations down to
100 fM by measuring the LSPR wavelength in nitrogen before and after ADDL binding.13

To demonstrate the combination of HR-LSPR and MALDI-MS, we first used HR-LSPR to
monitor binding of ADDLs to an anti-ADDL antibody (1gG, NU-1). Next, we acquired MALDI
spectra from ADDLs on a stainless steel plate. Finally, we acquired MALDI spectra from an
LSPR substrate after first recording real-time LSPR.

Experimental Methods

Preparation of Amyloid ADDLs

ADDLSs were prepared according to previously published protocols.” Ap1_ao peptide
(California Peptide Research, Napa, CA) was dissolved in hexafluoro-2-propanol (HFIP) and
aliquoted to microcentrifuge tubes. HFIP was allowed to evaporate overnight in a fume hood,
after which residual traces of HFIP were removed by drying for 15 min in a SpeedVac (Savant
Instruments) at 6 mTorr. The tubes were stored desiccated at —80°C. To prepare the soluble
oligomer solution, an aliquot of AB1_4» was dissolved in neat, cold dimethylsulfoxide (DMSO;
freshly opened vial) to make a 5 mM solution. The DMSO stock was immediately diluted into
cold phenol-free F12 medium (Life Technologies, Gaithersburg, MD) to make a 100-uM AR
solution. This solution was then incubated at 4 °C for 24-30 hours, centrifuged at 14,000xg
for 10 min, and the supernatant was collected. Protein concentration was determined using the
Coomassie blue assay, with the monomer AB1_4 peptide as the molar reference. SDS-PAGE
separation of these ADDLSs shows a series of oligomers including higher order oliogmers > 50
kDa.” SDS-PAGE studies with cross-linked ADDLs suggest that pentamers and hexamers are
more stable configurations.14

Nanosphere Lithography (NSL)

Silver nanoprisms attached to a glass substrate were prepared using nanosphere lithography
(NSL).1> Nanospheres (Interfacial Dynamics Corporation, Portland OR, d=390 nm) were drop
coated onto a #2 18 mm glass coverslide to create a close-packed hexagonal monolayer. Silver
was then deposited through the triangular spaces in the sphere mask to a height of 80 nm. The
spheres were removed by attaching a layer of tape to the sample and then peeling it off, followed
by sonicating the sample in ethanol for 10 seconds. The sample was then functionalized with
a self-assembled monolayer (SAM) by incubation in an ethanolic solution of 0.75 mM
octanethiol and 0.25 mM 11-mercaptoundecanoic acid (MUA) for at least 24-48 hrs. The SAM
protects the nanoprisms by reducing the effect of solvent annealing as well as providing
carboxyl groups onto which biomolecules can be covalently linked.
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Silver nanoprism substrates, prepared by NSL, were placed in a home built flow cell.
Unpolarized light from a BPS100 lamp (BWTek Inc., Newark, DE) was focused on the
substrate (1 mm spot size), and transmitted light was analyzed with a BRC711E photodiode
array spectrometer (BWTek Inc., Newark, DE). A clear region on the substrate, made by
masking with Kapton tape during silver deposition, was used as a spectral reference.
Transmittance at each wavelength was calculated as T=(sample-dark)/(reference-dark), and
extinction was calculated as —logy(T). A program written in Labview (National Instruments,
Austin, TX) acquired spectra at 1 s intervals, calculated the maximum wavelength by fitting a
100 nm spectral region around the peak to a fourth order polynomial, and displayed Apax in
real-time. Solutions were injected into the flow cell with a syringe. To switch solutions, the
solution within the flow cell was aspirated with the syringe, and a new solution was added:;
spectral acquisition was paused during the roughly 10 s that this process took.

The binding curves for each step were fit to a single exponential with a linear drift correction
term: y(t)= ysat — b exp(-t/t) — c t. The linear correction term accounted for the particle shape
annealing in aqueous solvent, and was less than 0.001 nm/s in all cases. The total LSPR shift
due to adsorption of biomolecules to the LSPR surface varies from sample to sample by +/—

30% due to differences in nanoparticle morphology and initial Ayax, Which is known to affect
the sensitivity of nanoparticles to refractive index changes.

MALDI on stainless steel plate

The ADDLSs were spotted onto a MALDI plate using the sandwich method with sinapinic acid
as the matrix. A sinapinic acid stock solution (SA) was prepared as 10 mg/mL sinapinic acid
in a solvent of 50% (v/v) acetonitrile, 49.95% water, 0.05% trifluoroacetic acid. 0.5 pL SA
was pipetted onto the stainless steel plate and aspirated to leave a thin film. After drying, 0.5
pL of ADDLs solution was added, and 0.5 pL of SA was added to the droplet and allowed to
dry. The mass spectra were acquired on a MALDI time of flight (TOF) instrument, Axima
CFR (Shimadzu, Tokyo, Japan/Kratos, Manchester, UK) which uses a 337 nm nitrogen laser.
The Instrument was calibrated using mass calibration standards of bovine insulin and insulin
oxidized B chain.

MALDI on an LSPR sample

The LSPR sample consisted of silver nanoprisms on a glass slide prepared by NSL. The
nanoprisms had been previously exposed to ADDLSs, and the adsorption was monitored in real-
time using HR-LSPR. The sample was then spotted with 1 pL SA and allowed to dry. On some
spots, we also co-deposited 5 pmols of bovine insulin and insulin oxidized B chain as
calibration standards. Subsequently, the sample was attached to a stainless steel MALDI plate
using kapton tape and introduced into the MALDI instrument.

Results and Discussion

Figure 2 shows an HR-LSPR sensorgram of ADDLSs binding to silver nanoprisms fabricated
using nanosphere lithography. The nanoprism substrate was incubated in 10 mM phosphate
buffered saline (PBS) at pH 7.4, followed by ADDLs (10 pM in AB), a PBS rinse, and a final
incubation in 200 nM anti-ADDLs. All binding curves were fit to a sum of an exponential plus
a linear drift term: y(t)= ysat — b exp(-t/t) — ¢ t. Upon incubation with ADDLs, the LSPR
extinction shifted by 5.0 nm with a 24 s exponential time constant (t) due to adsorption. Rinsing
in PBS resulted in a small blue-shift (0.4 nm) due to removal of weakly bound ADDLs.
Subsequent adsorption of antibody resulted in an additional 6.8 nm shift (t=725 s). Figure 2b
shows the real-time tracking of the peak wavelength. Figure 2c shows extinction spectra at
each stage of ADDLSs binding. A control experiment using bovine serum albumin (BSA, MW
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66 kDa) resulted in a similar initial shift of 5.0 nm (t =19 s), but minimal antibody adsorption
(0.52 nm), see Figure 2d and 2e. These results indicate that a similar amount of BSA and
ADDLSs adsorb to the nanoprisms, and at a similar rate, but that the antibody binds specifically
to the ADDLs functionalized surface. The signal to noise ratio of these measurements is high
(~500) and measurements can be made over many hours with no photobleaching. Although
previous researchers have used propagating SPR to examine Ap oligomerization,16 this marks
the first time that LSPR sensors detected real-time binding of ADDLSs and antibody.

ADDLSs were spotted onto a stainless steel MALDI plate along with the MALDI matrix,
sinapinic acid (SA). Approximately 35 pmol of Ap was deposited per spot. MALDI spectra
were acquired on an Axima CFR instrument (Shimadzu, Tokyo, Japan). In addition to the
AP peak, we observed a second set of peaks shifted by 16 mass units (see supplemental Figure
S1). Previous researchers have also observed this peak, and attributed it to oxidation of the
methionine.1” It is reported that high concentrations of the oxidized species of Ap are found
in senile amyloid plaques, although invitro, it is less prone to oligomerization and fibrillization.
17,18 The oxidized ADDLSs are reported to have decreased toxicity over periods of less than 24
hours, with restored toxicity after 96 hours.17+18

The MALDI spectrum also displays a series of oligomers up to at least 30-mers (see
supplemental Figure S2). The observed ions are likely a combination of intact molecular ions,
fragments from larger oligomers, and gas phase aggregates. Indeed, post source decay of the
dimer into monomer was observed using reflectron mode (see supplemental Figure S3). Hung
and coworkers published the first MALDI spectra of Ap oligomers up to octomers.19 Their
studies of AP peptides and oligomers adsorbed to hydrophobic C-6 modified surfaces showed
that the GxxxG peptide repeat sequence of AB is important in oligomerization. Replacing any
of the glycines in those repeat sequencies with leucine residues reduced both the amount of
oligomerization and toxicity of the AB. The present results demonstrate that that even larger
oligomers can also be observed with MALDI. Work is ongoing to acquire MALDI from
electrophoretically separated ADDLSs as well cross-linked ADDLs and isotope labeled ADDLSs
to elucidate the aggregation and dissociation mechanisms in the MALDI spectra.

We next performed MALDI directly on an LSPR sample after adsorption of ADDLs (Figure
3). Figure 3a shows real-time binding of 5 uM ADDLS to an LSPR substrate. The shift is ~6.5
nm (t=49 s); the reduced adsorption rate compared to Figure 2 may be due to lower
concentration, while the similar total shift indicates that the surface saturates after long
incubation times at 5 uM concentration. Next, we pipetted 1 pL SA onto the substrate and
allowed it to dry. The number of moles of ADDLSs on the nanoprisms spotted with matrix is
estimated to be approximately 4 orders of magnitude less concentrated than on the samples
directly drop coated onto the MALDI plate (Figure S2). As a result, oligomers are obscured
by background. The monomer peak is clearly observed and resolved into two peaks due to
normal and oxidized AB. Such posttranscriptional modifications could not be resolved using
LSPR alone.

Conclusion

The LSPR-MS approach offers detection and identification capabilities similar to the
established SPR-MALDI approach.>:6 In addition, LSPR systems display less interference
from bulk refractive index changes,2® observation of protein conformational changes,* and
higher spatial resolution down to single particles.? Nanoparticles also provide advantages for
mass spectrometry because nanoparticles may also be suspended in solution and concentrated
through centrifugation.?! In addition, nanoparticles have been reported to enhance desorption
and ionization processes in MALDI imaging.22:23
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In conclusion, we have demonstrated the first use of MALDI-MS on an LSPR sample. The
LSPR provided real-time binding data, while the MALDI allowed the identification of normal
and oxidized AP in ADDLs. Integrating LSPR with MS therefore represents an important
advance in the analytical capability of LSPR. We expect complementary LSPR and MS
analysis will be important in the in vitro analysis of AP aggregation and interaction with
biomolecules, as well as the characterization and analysis of Ap in tissue samples and cerebral
spinal fluid.13:24

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Schematic of the experimental setup for LSPR extinction spectroscopy. (b). Schematic of
the experimental setup for for MALDI-MS on the LSPR substrates.
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(a) Schematic of the experimental protocol for binding of ADDLs and antibody. (b) Sensorgram
showing Amax as a function of time during binding of ADDLSs, rinsing, and addition of antibody
(1 spectrum/s collection rate). (c) Extinction spectra for SAM functionalized substrate in
solution before ADDLSs adsorption (Amax = 602.70 nm), after ADDLSs adsorption (Amax =
606.67 nm), and after NU-1 antibody binding (Amax = 613.13 nm). (d) Control experiment
showing binding of BSA but minimal antibody binding. (e) Extinction spectra for SAM
functionalized substrate in solution before BSA adsorption (Amax = 577.90 nm), and after BSA
adsorption (Amax = 582.82 nm); the spectrum after NU-1 antibody incubation largely overlaps

with the spectrum after BSA and is not shown.
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(a) Experimental protocol. (b) Real-time detection of ADDLSs binding to octanethiol/11-MUA

functionalized nanoprisms. (c) MALDI mass spectrum of A monomers bound to the
nanoprisms, using a layer of sinapinic acid as the matrix.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2010 March 24.

40
/5 1M ADDLs
% I i I . 1 0 ! R | FR
1000 2000 3000 4450 4500 4550
Time (s) Mass/Charge



