
Regenerable and Simultaneous SPR Detection of Aβ(1–40) and
Aβ(1–42) Peptides in Cerebrospinal Fluids with Signal
Amplification by Streptavidin Conjugated to an N-Terminus-
Specific Antibody

Ning Xia†, Lin Liu‡, Michael G. Harrington§, Jianxiu Wang†,*, and Feimeng Zhou‡,*
†College of Chemistry and Chemical Engineering, Central South University, Changsha, Hunan,
People's Republic of China 410083
‡Department of Chemistry and Biochemistry, California State University, Los Angeles, Los
Angeles, California 90032
§Molecular Neurology, Huntington Medical Research Institutes, Pasadena, California 91101

Abstract
A major constituent in the deposit in Alzheimer’s disease (AD) patient brain is the aggregates/
fibrils of amyloid-β (Aβ) peptides containing 39–43 amino acids. The total Aβ levels and the
concentration ratio between the most abundant Aβ(1–40) peptide and the more aggregation-prone
Aβ(1–42) in body fluids (e.g., cerebrospinal fluid or CSF) have been suggested as possible criteria
for early diagnosis of AD. By immobilizing capture antibodies specific to the two peptides in
separate fluidic channels, surface plasmon resonance (SPR) has been used to quantify Aβ(1–40)
and Aβ(1–42) present in CSF samples collected from AD patients and healthy donors. With signal
amplification by streptavidin conjugated to an antibody that is selective to the common N-
terminus of the Aβ peptides, concentrations as low as 20 pM can be readily measured. The range
of Aβ peptide concentrations measurable by this method spans four orders of magnitude. The
ability of regenerating the sensor surface for repeated measurements not only improves the
reproducibility, but also enhances the sample throughput. Our data reveal that the ratio of Aβ(1–
40) concentration versus Aβ(1–42) concentration in CSF samples from AD patients is almost
twice as high as that from healthy persons. In contrast to the commonly used enzyme-linked
immunosorbent assay (ELISA), SPR obviates the need of a more expensive and less stable
enzyme conjugate and the use of carcinogenic substrate for the signal detection, and allows the
binding events to be monitored in real time.

Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder whose defining
features include neuritic (senile) plaques in brain of AD patients.1, 2 A major constituent of
the neuritic plaques is the amyloid-β (Aβ) peptides containing 39–43 amino acid residues.3,
4 These Aβ peptides were segments proteolytically cleaved from the amyloid precursor
protein (APP).5 Both postmortem analyses of the senile plaques of AD patient brain extracts
and in vitro Aβ peptide aggregation studies have firmly established that Aβ(1–42), the 42-
residue-long peptide, has a greater tendency to misfold and aggregate than the much more
abundant Aβ(1–40). Although the role of Aβ peptides in AD pathogenesis is not well
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understood, on the basis of the analogy to systemic amyloidosis (deposition of β-sheet-
pleated insoluble aggregates/fibrils),1 Aβ peptides are widely believed to be an important
biomarker and drug target for AD research and therapy.6–8 A range of methods have been
developed to detect Aβ monomers and its aggregates in brain extract,9 including the Aβ-
derived diffusible ligands (ADDLs)5 that are currently believed to be the most pernicious
among the various Aβ aggregates. However, most of these methods are only applicable to
postmortem analyses. For early diagnosis, it is highly desirable to develop sensitive and
selective methods9, 10 that are amenable to the detection of Aβ and other AD biomarkers in
body fluids (e.g., plasma, urine, and cerebrospinal fluid or CSF). Polyacrylamide gel
electrophoresis (PAGE), immunoprecipitation, mass spectrometry, fluorescent staining, and
enzyme-linked immunosorbent assay (ELISA) have been employed to detect Aβ species
from body fluids and cell media.9, 10 Among them, ELISA has the best sensitivity,
selectivity, and versatility.11–14 However, a typical sandwiched ELISA requires 1–2 days,
the use of a relatively expensive enzyme-linked antibody, and the need of carcinogenic
substrates for the chemiluminescent detection step.15

In recent years, various spectroscopic and electrochemical methods have been developed for
detecting monomers, intermediates, and aggregates/fibrils of Aβ16–18 and related
amyloidogenic proteins (e.g., α-synuclein19–21). In particular, surface plasmon resonance
(SPR)22–24 has also been shown as a promising technique.25–28 SPR is based on the
detection of changes in mass concentration of an analyte (also known as prey or target
molecule) that is bound to a capture (also known as bait or probe) molecule preimmobilized
onto a sensor chip. For analyte concentration determination and kinetic studies of
biomolecular interactions, the attractive features of SPR include the high sensitivity, label-
free and real-time measurements, relatively simple procedure, and low sample consumption.
22–24 Homola and coworkers employed SPR to detect the 17β–hydroxysteroid
dehydrogenase type 10 (17β–HSD10) enzyme and a peptidic analog in artificial CSF
solutions.27 The interaction between 17β–HSD10 and Aβ has been suggested as a possible
cause for mitochondrial dysfunction in AD.11 Lee et al. reported the use of gold
nanoparticle-antibody complex for amplified SPR detection of synthetic Aβ(1–40) peptide
in buffer solution.28 However, in that work unmodified gold sensors were used for
immobilization of the capture antibody and selectivity and the extent of non-specific
adsorption inherent in the method were not examined. The work performed by Van Duyne’s
group is particularly noteworthy and appears to be most clinically relevant.25, 26 Using an
array of Ag nanotriangles fabricated with nanosphere-lithography, 29 localized SPR effect
was demonstrated to be attractive in enhancing the detection sensitivity of the detection of
ADDL (soluble Aβ oligomers). Although CSF samples from only one AD patient and one
control were measured, the feasibility studies clearly highlight that SPR is a powerful
technique for clinical assay of AD biomarkers. To our knowledge, SPR has not been
explored for sensitive and simultaneous quantification of concentrations of Aβ(1–40) and
Aβ(1–42) monomers in human CSF. On the basis that more Aβ(1–42) molecules than their
Aβ(1–40) counterparts have aggregated and deposited in AD brain, the concentration ratio
between Aβ(1–40) and Aβ(1–42) will be elevated in CSF samples withdrawn from AD
patients when compared to that from healthy persons. Therefore, the variation of such
concentration ratios has been suggested as a criterion for early diagnosis of AD.

Previously we employed a dual-channel SPR instrument for simultaneous determination of
wild-type and mutant p53 (a tumor suppressor protein30) present at low to sub-nanomolar
levels in cancer cell lysates.31 The difference in the wild-type and total p53 concentrations
reveals the extent of p53 mutation, which is indicative of cancer development. In this work,
we utilized such a dual channel SPR for determining the ratio of Aβ(1–40) versus Aβ(1–42)
concentrations by immobilizing antibody that specifically recognizes the respective peptide
onto the two fluidic channels. Since Aβ peptides (4330 and 4514 Daltons for Aβ(1–40) and
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Aβ(1–42), respectively) are smaller in size than p53 (53000 Daltons) and their
concentrations in CSF are at low (sub-nanomolar) concentrations,12, 32, 33 a signal
amplification scheme was devised by using a conjugate preformed between streptavidin and
a biotinylated monoclonal antibody that can bind to the common N-terminus of the Aβ(1–
40) and Aβ(1–42) peptides. Upon evaluating the analytical figures of merit of this method,
its viability for clinical assays was demonstrated by analyzing multiple sets of CSF samples
from AD patients and healthy donors for their Aβ(1–40)/Aβ(1–42) concentration ratios.

Experimental Section
Chemicals and Materials

N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), ethanolamine hydrochloride, streptavidin (SA), triethylene
glycol mono-11-mercaptoundecyl ether (HSC11PEG3-OH), NaOH, KH2PO4, and K2HPO4
were acquired from Sigma (St. Louis, MO). Hexaethylene glycol mono-11-mercaptoundecyl
acid (HSC11PEG6-COOH) was purchased from Sensopath Technologies (Bozeman, MT).
Aβ(1–40) and Aβ(1–42) peptides were purchased from American Peptide Inc. (Sunnyvale,
CA). Monoclonal antibodies (mAbs) of Aβ(1–40) (clone 11A50-B10) and Aβ(1–42) (clone
12F4) specific to the C-termini of Aβ(1–40) and Aβ(1–42), respectively, and an mAb
capable of binding to the common N-terminus of these two peptides (clone 6E10) were
obtained from Covance Inc. (Dedham, MA). Other reagents were all of analytical purity and
used as received. All stock solutions were prepared daily with deionized water treated with a
water purification system (Simplicity 185, Millipore Corp, Billerica, MA).

Instruments
The FI-SPR measurements were conducted with a BI-SPR 3000 system (Biosensing
Instrument Inc, Tempe, AZ). Phosphate-buffered saline (PBS buffer, pH 7.4, 10 mM
phosphate/10 mM NaCl/0.01% (V/V) Tween 20) was degassed via vacuum pumping for 30
min and used as the carrier solution. The samples were preloaded into a 200-µL sample loop
on a six-port valve and then delivered to the flow cell with an internal volume of ca. 1.0 μL
by a syringe pump (Model KDS260, Kd Scientific, Holliston, MA). The instrument is
capable of cutting off the dispersed front and tail ends of injected sample plugs prior to
introducing samples into the SPR sensing areas.

Procedures
Solution Preparation—HSC11PEG6-COOH and HSC11PEG3-OH were dissolved in
anhydrous ethanol. Samples of Aβ(1–40), Aβ(1–42) and antibodies were diluted with PBS
buffer. The Aβ stock solutions (0.5 mM) were prepared daily as in our previous studies.34

Briefly, lyophilized Aβ samples were dissolved in 10 mM NaOH solution in which the
aggregation of Aβ is known to be effectively inhibited. Upon sonication for 1 min, the
solution was centrifuged at 13,000 rpm for 30 min to remove any insoluble particles, and the
supernatants were pipetted out and diluted by PBS buffer for the experiments. The stock
peptide concentrations were determined from the UV-vis spectra using the extinction
coefficient at 276 nm (ε = 1410 M−1cm−1). Ethanolamine was dissolved in water.

SPR Sensor Surface Modification—Au films coated onto BK7 glass slides were
purchased from Biosensing Instrument Inc., and annealed in a hydrogen flame to eliminate
surface contaminants. The PEG (polyethylene glycol)-covered SPR chip was formed by
immersing the cleaned substrate in a mixed solution of HSC11PEG6-COOH and
HSC11PEG3-OH in the dark for 48 h. The final concentrations of HSC11PEG6-COOH and
HSC11PEG3-OH were maintained at 0.2 and 1.8 mM, respectively. Upon formation of the
PEG self-assembled monolayers (SAMs), the chips were removed from the solution, rinsed
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with absolute ethanol and deionized water, and then dried with nitrogen. For SA
immobilization, 100 µL aliquots of the EDC/NHS mixture were cast onto the chip surface
for 10 min. EDC/NHS solution was prepared by mixing 0.4 M EDC with 0.1 M NHS in
water right before the PEG film activation step. These activated chips were then washed
with water and soaked in an SA solution for 0.5 h. An SA sensor chip was preformed by
cross-linking SA molecules onto a mixed SAM composed of carboxyl- and hydroxyl-
terminated PEG molecules via the standard amine coupling reaction. The mixed PEG SAM
has been shown to be effective in eliminating nonspecific adsorption but allowing
controllable attachment of sensing molecules.35 This was followed by casting 1.0 M
ethanolamine onto the chips to block the unreacted sites. The resultant chip was mounted
onto the SPR instrument for measurements. After a stable baseline had been obtained, in the
parallel flow configuration, the biotinylated mAbs for Aβ(1–40) and Aβ(1–42) were injected
separately into the two different fluidic channels. Once the mAb plugs had entered the
channels, the solution flows were stopped to allow solution contact with the sensor surface
for 1–2 h.

CSF Samples—The Huntington Hospital Institutional Review Board for Human Research
approved the study protocol and informed consent forms. Consecutive controls and AD
patients from the Pasadena area were recruited through advertising. Signed informed
consent was obtained, supplemented by consent from the durable power of attorney for all
AD participants. Criteria for diagnosis of clinically probable AD were met, using the
national criteria.36 Controls were subject to a full history and physical examination that
excluded any active, untreated disorder. CSF samples were collected between 1:00 and 6:00
pm by lumbar puncture using a 22-gauge Quincke-type needle, aliquoted and stored at −80°
C until thawed for SPR assay.

Simultaneous SPR detection of Aβ(1–40) and Aβ(1–42) concentrations—In a
serial flow configuration, buffer solutions containing synthetic Aβ(1–40) and Aβ(1–42) or
CSF samples were injected into the fluidic channels covered with the respective antibody of
Aβ(1–40) or Aβ(1–42). To achieve low detection level and to conserve sample, a slow flow
rate of 5 μL/min, unless otherwise stated, was used. For signal amplification, the conjugate
preformed between biotinylated Aβ(1–16) mAb and streptavidin was injected into the SPR
cell to react with the Aβ(1–40) and Aβ(1–42) peptides that had been captured by their
respective antibodies. Duration of the conjugate injection was 900 s at 10 µL/min. After
each measurement, the surface was regenerated via one or more injections of 10 mM NaOH.

Results and Discussion
A schematic representation of the simultaneous SPR determination of Aβ(1–40) and Aβ(1–
42), amplified by using a conjugate of streptavidin-biotinylated Aβ(1–16) mAb (referred to
as the detection conjugate hereafter), is illustrated in Figure 1. The biotinylated Aβ(1–40)
and Aβ(1–42) antibodies (referred to as the capture antibodies henceforth), respectively
depicted in blue and green (Figure 1), were individually immobilized onto the sensor regions
covered by the two fluidic channels. If the sample contains relatively high concentrations
(5.00–150.00 nM) of Aβ(1–40) and/or Aβ(1–42), the specific binding between a capture
antibody and its cognate Aβ peptide enables the direct and label-free determination of the
corresponding Aβ concentration (first step in Figure 1). If the Aβ peptide concentration is
too low to give an appreciable SPR signal, injection of detection conjugate can be made
(second step). The SPR signal is known to be proportional to the amount of mass deposited
on the sensor surface. Aβ(1–16) mAb (shown in red) on the detection conjugate can
recognize the N-terminus of both Aβ(1–40) and Aβ(1–42), resulting in amplified SPR
signals. Such an amplification stems from the much greater molecular weights of SA (52800
Daltons) and Aβ(1–16) mAb (150000 Daltons) than those of the Aβ(1–40) and Aβ(1–42)

Xia et al. Page 4

Anal Chem. Author manuscript; available in PMC 2011 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



peptides (4330 and 4514 Daltons, respectively). Because of the low (sub-nanomolar) Aβ
concentrations in CSF, we found that signal amplification by the detection conjugate,
capable of determining Aβ peptide concentrations between 0.02 and 5.00 nM (vide infra),
was necessary for the real-sample measurements.

A direct injection of 1.00 nM Aβ(1–40) into a channel covered with its capture antibody did
not produce a detectable signal (curve a in Figure 2). However, directly injecting a sample
containing 50.00 nM Aβ(1–40) resulted in a signal change by 7.51 mDeg (equivalent to 75.1
resonance units in curve b). Interestingly, the channel that originally produced curve a gave
rise to a much more pronounced baseline shift after 30.00 nM Aβ(1–16) mAb had been
injected (curve c). A net change of 69.58 mDeg was observed at ca. 1200 s in the
sensorgram (or 200 s after replacing the injected sample with the carrier solution). The
signal amplification is originated from attachment of Aβ(1–16) mAb whose molecular
weight is greater than that of Aβ(1–40). The transient increase and decrease at the beginning
and end of the injection peaks in curves c are attributed to the slight refractive index
differences between the Aβ(1–16) mAb and the carrier solutions. Notice that the net change
in the baseline of curve d is 2.06 times of that of curve c and recall that SA is a much
smaller molecule than Aβ(1–16) mAb. Thus the difference in the changes between curves c
and d is largely contributed by the mAb molecules and suggests that, on an average, two
Aβ(1–16) mAb molecules are bound to one SA molecule, as alluded by the schematics
shown in Figure 1. This is conceivable, given the steric hindrance imposed by Aβ(1–16)
mAb, that not all of the four sites in the tetravalent SA are occupied by the Aβ(1–16) mAb
molecule. We also found that injection of gold nanoparticles capped with Aβ(1–16) mAb
molecules resulted in much greater nonspecific adsorption at the PEG SAM.

We first examined the selectivity of and efficacy for eliminating nonspecific adsorption by
the capture antibody-covered surface by injecting the conjugate into fluidic channels
covered with different molecules. Shown in Figure 3A are four overlaid sensorgrams
acquired from surfaces covered with Aβ(1–40) capture antibody (curve a), Aβ(1–40) capture
antibody to which 0.50 nM Aβ(1–42) had been exposed (curve b), Aβ(1–42) capture
antibody with which 0.20 nM Aβ(1–42) was allowed to react (curve c), and Aβ(1–40)
capture antibody that had been in contact with a 0.20 nM Aβ(1–40) solution (curve d). When
no peptides were captured, little SPR dip shifts appeared in the sensorgrams (~ 3.02 mDeg
in curve a and 5.27 mDeg in curve b). When a given Aβ peptide has been captured by its
cognate capture antibody, injections of the detection conjugate produced large SPR dip
shifts (77.23 and 83.51 mDeg in curves c and d, respectively). These data suggest that the
method is quite selective and the rather small nonspecific adsorption is indicative of the
efficacy of the mixed PEG SAM in reducing nonspecific adsorption.37–40

We found that reproducible signals can be obtained by injecting 10 mM NaOH into the
fluidic channels to regenerate the surface (i.e., desorbing both the conjugate and Aβ
peptide). After 10 regenerations, the binding signal decreased by less than 8%. Therefore, a
single chip can be repeatedly used for multiple samples (cf. Figure 3B), dramatically
increasing the sample throughput and decreasing the sample analysis time. Notice that one
measurement cycle (continuous injections of Aβ solutions, the detection conjugate, and the
NaOH regeneration solution) takes about 1 h, which is shorter than that needed for a typical
ELISA (~1 day). More importantly, the binding, signal amplification, and regeneration steps
can all be monitored in real time.

With the selectivity of the method established, we assessed other analytical figures of merit
such as reproducibility, sensitivity, dynamic ranges and detection limits. The dependences of
the SPR dip shift on the Aβ(1–40) and Aβ(1–42) concentrations are presented in panels A
and B of Figure 4, respectively. The aforementioned regeneration of the sensor surface
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contributes to the good reproducibility of the method, as the relative standard deviations
(RSDs), shown as the error bars in Figure 4, are all less than 10%. For both Aβ peptides, the
SPR dip shift increases sharply within the concentration range of 0.02–1.00 nM, but begins
to level off beyond 1.00 nM. We found that the data can be fitted with the Langmuir
isotherm:

(1)

where θ is surface coverage and K is binding affinity between the detection conjugate and
the Aβ peptide. The K values from the fits were deduced to be 2.51 nM−1 for Aβ(1–40) and
2.31 nM−1 for Aβ(1–42). The highly comparable K values suggest that the
detectionconjugate binds to both Aβ(1–40) and Aβ(1–42) with similar affinities. This is
conceivable since the Aβ(1–16) mAb on the conjugate binds to the same N-terminus of the
two peptides. These values are also in reasonable agreement with the reported nanomolar
level KD value between the Aβ(1–40) mAb and Aβ(1–40).41 The nanomolar level KD values
deduced from equation (1) suggest that the binding of the mAb to Aβ(1–40) or Aβ(1–42) is
rather high. This is not surprising since the mAbs we used in this work are known to be
specific only to the monomeric forms of Aβ(1–40) and Aβ(1–42).42 The plateau exhibited
by the curves in Figure 4 is indicative of the attainment of the “saturated” coverage by the
detection conjugate. The concentration ranges shown in Figure 4 are more than adequate to
encompass the Aβ concentrations in both healthy people and AD patients.12, 32, 43–45

We also found that Aβ peptide concentrations that are higher than 5.00 nM can be detected
by decreasing the time for the Aβ capture step. When the Aβ concentrations are high, the
SPR signal changes can be easily discerned without signal amplification by the detection
conjugate. By keeping the experimental condition for the detection step the same but
reducing the reaction time to 30 s (instead of 1800 s used for obtaining Figures 2–4), we
were able to observe continuous SPR signal changes between 5.00 and 150.00 nM and
found that the responses also obey the Langmuir behavior. Thus, our method is amenable for
the determination of Aβ peptide concentrations between 0.02 and 150.00 nM, a span of
almost four orders of magnitude. That the method is capable of detecting higher Aβ peptide
concentrations may offer a useful means for quantifying Aβ in other types of studies (e.g.,
measuring free Aβ monomers in an incubated Aβ solution for probing the dynamics and
mechanism of Aβ aggregation/fibrillation processes under different experimental
conditions).46

When the surface coverage is less than ~35% of a full monolayer (between 0.02 and 0.20
nM), the SPR responses were found to be linearly dependent on the concentration (insets of
Figure 4). The detection limits, estimated from 3σ of the baseline signals, are 3.3 pM for
Aβ(1–40) and 3.5 pM for Aβ(1–42). Although the detection limits are governed by factors
such as the sensitivity of the method and the binding affinity between Aβ peptides and the
antibodies, based on the fact that ELISA can also detect low or subpicomolar Aβ
concentrations (5 to 20 pM12, 13, 47, 48), it appears that more sensitive SPR methods (e.g.,
localized SPR biosensors using Ag nanotriangles25, 26 or signal amplification schemes with
gold nanoparticles at appropriate substrates49, 50) may further reduce the detection limits.

Finally, to demonstrate the viability of the method for clinical assays, simultaneous
quantifications of Aβ(1–40) and Aβ(1–42) in CSF samples from five AD patients and five
healthy donors were carried out. Two interesting conclusions can be drawn from the results
shown in Figure 5 and Table 1. First, the Aβ(1–40) concentration is much higher than its
Aβ(1–42) counterpart in the CSF samples collected from both the healthy and patient
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donors. This is expected since, among the various peptidic segments cleaved from the Aβ
precursor protein (APP), the abundance of Aβ(1–40) (~60–70%) is greater than that of
Aβ(1–42) (~5–15%).9, 33, 51, 52 Second, the SPR dip shift for Aβ(1–40) from a healthy
donor (e.g., 105.89 mDeg from curve a in Figure 5) is only slightly greater (or statistically
indifferent) than that from a AD patient (100.31 mDeg from curve b). However, Table 1
shows that the Aβ(1–42) concentration from the AD patients’ CSF samples is considerably
lower. This result is plausible since Aβ(1–42), among the different Aβ peptide variants, is
known to have the highest propensity to form oligomers and the higher-ordered protofibrils
and fibrils. The deposition of these insoluble aggregates in brain reduces the amount of
soluble Aβ(1–42) monomers in CSF. Our results are also consistent with findings derived
from ELISA measurements of similar samples.12, 32, 45, 48

Conclusion
Simultaneous SPR quantification of Aβ(1–40) and Aβ(1–42) peptide concentrations has
been accomplished using the respective antibodies preimmobilized onto two separate fluidic
channels. With signal amplification by a conjugate formed between streptavidin and an N-
terminus-specific monoclonal antibody, concentrations as low as 20 pM of the Aβ peptides
can be readily measured. The range of concentration measurable by the SPR method spans
almost four orders of magnitude, making it versatile for measuring samples from different
sources and/or systems. The method developed herein is also quite reproducible (%RSD <
10%) and selective. The amenability of the method to clinical assays has been demonstrated
by determining the variation of the concentration ratio between Aβ(1–40) and Aβ(1–42) in
CSF samples collected from AD patients and healthy persons. Our method retains the
powerful features inherent in ELISA (e.g., quantitative, sensitive and selective), but offers
three additional advantages: faster analysis time, obviation of an enzyme-linked antibody for
signal detection (amplification), and regeneration of the sensor surface for replicate
measurements. Obviation of an enzyme reduces the overall assay cost and avoids the use of
carcinogenic substrate for chemiluminescent detection. The renewable chips not only
enhance the sample throughput (multiple samples assayed with a single chip), but also allow
reproducible measurements to be made. Although not explored in this work, the use of
multichannel SPR instrument is expected to provide an even greater sample throughput. The
proof-of-concept experiment demonstrates that SPR can potentially serve as a viable
alternative for facile and sensitive clinical analyses of important biomarkers related to
neurodegenerative diseases.
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Figure 1.
Schematic diagram showing the simultaneous SPR detection of Aβ(1–40) and Aβ(1–42).
One fluidic channel is covered with the capture antibody (shown in blue) for Aβ(1–40)
whose hydrophobic domain (residues 17–40) is depicted in blue and hydrophilic (residues
1–16) in red, while the other channel was precoated with the capture antibody (shown in
green) for Aβ(1–42) whose additional residues (41–42) are shown in green. Injection of Aβ
samples results in the attachment of Aβ(1–40) or Aβ(1–42) to the respective channel (Step
1), and injection of the detection conjugate that can recognize the common hydrophilic
domain of Aβ(1–40) and Aβ(1–42) leads to signal amplification (Step 2). For simplicity, the
two fluidic channels are represented by two Au stripes and the Aβ peptides are represented
by sticks.
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Figure 2.
SPR sensorgrams after injections of (a) 1.00 and (b) 50.00 nM of Aβ(1–40) into precoated
channel with Aβ(1–40) capture antibody, (c) curve (a) + 30.00 nM of Aβ(1–16) mAb, and
(d) curve (a) + 30.00 nM of the detection conjugate. The arrow indicates the time when the
injections were made and the flow rate was 10 μL/min. The delays in all the sensorgrams
between the times when injections were made and signals were observed are times needed
for the injected sample plugs to travel from the injection valve to the SPR flow cell.
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Figure 3.
SPR sensorgrams after injections of 30.00 nM detection conjugate to Aβ(1–40) capture
antibody (a) before and (b) after exposed to 0.50 nM Aβ(1–42), (c) Aβ(1–42) capture
antibody that had been exposed to 0.20 nM Aβ(1–42), and (d) same as (a) but with exposure
to 0.20 nM Aβ(1–40). The arrow indicates the time when the injections were made. (B) A
sensorgram showing three repeated cycles for the injections of 0.50 nM Aβ(1–40) (signified
by the solid upward arrows) and 30.00 nM detection conjugate (starting from the dotted
arrows) into an SPR channel covered with the Aβ(1–40) capture antibody and the
regeneration of the sensor surface using 10 mM NaOH (starting from the downward
arrows).
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Figure 4.
Dependence of SPR dip shifts on concentrations of Aβ(1–40) (A) and Aβ(1–42) (B). The
absolute errors were deduced from at least three replicate measurements and are shown as
the error bars. The curves are responses predicted by the Langmuir isotherm. Concentrations
of Aβ(1–40) and Aβ(1–42) determined were 0.02, 0.05, 0.10, 0.20, 1.00, and 5.00 nM. Insets
show the linear portions of the curves when the surface coverage of Aβ(1–40) or Aβ(1–42)
is less than 35% of a full monolayer.
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Figure 5.
SPR sensorgrams depicting simultaneous detection of Aβ(1–40) and Aβ(1–42)
concentrations in CSF collected from healthy donors (curves a and c for Aβ(1–40) and
Aβ(1–42), respectively) and AD patients (curves b and d for Aβ(1–40) and Aβ(1–42),
respectively) with signal amplification by the detection conjugate. The arrow indicates the
time when the injections of the detection conjugate were made.
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Table 1

Clinical parameters and Aβ(1–40) and Aβ(1–42) concentrations in CSF

  Sample [Aβ(1–40)] [Aβ(1–42)] [Aβ(1–40) ]/[Aβ(1–42)]

Healthy controls (n = 5)
 3 males, 2 females
  Ages of 78 yrs (3.2)*

1.25 ± 0.31 nM 0.31 ± 0.12 nM 3.91 ± 1.05

AD patients (n =5)
3 males, 2 females
Ages of 76.4 yrs (4.2)*

1.13 ± 0.35 nM 0.16 ± 0.07 nM 6.89 ± 1.55

*
Mean age (standard error of the mean) and matched (Mann-Whitney test: p = 0.402)
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