JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Article

Detection of a Biomarker for Alzheimer's Disease from Synthetic
and Clinical Samples Using a Nanoscale Optical Biosensor
Amanda J. Haes, Lei Chang, William L. Klein, and Richard P. Van Duyne
J. Am. Chem. Soc., 2005, 127 (7), 2264-2271« DOI: 10.1021/ja044087q * Publication Date (Web): 27 January 2005
Downloaded from http://pubs.acs.org on March 24, 2009

K'J
X

Additional resources and features associated with this article are available within the HTML version:

e

More About This Article

. Supporting Information

. Links to the 51 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja044087q

JIAICIS

ARTICLES

Published on Web 01/27/2005

Detection of a Biomarker for Alzheimer’s Disease from
Synthetic and Clinical Samples Using a Nanoscale Optical
Biosensor

Amanda J. Haes,"$ Lei Chang,* William L. Klein,** and Richard P. Van Duyne**

Contribution from the Department of Chemistry, Northwestern.8rsity, 2145 Sheridan Road,
Evanston, lllinois 60208-3113, and Department of Neurobiology and Physiology,
Northwestern Uniersity, 2205 Tech Drie, Evanston, lllinois 60208

Received September 28, 2004; E-mail: vanduyne@chem.northwestern.edu; wklein@northwestern.edu

Abstract: A nanoscale optical biosensor based on localized surface plasmon resonance (LSPR)
spectroscopy has been developed to monitor the interaction between the antigen, amyloid-£ derived diffusible
ligands (ADDLs), and specific anti-ADDL antibodies. Using the sandwich assay format, this nanosensor
provides quantitative binding information for both antigen and second antibody detection that permits the
determination of ADDL concentration and offers the unique analysis of the aggregation mechanisms of
this putative Alzheimer’s disease pathogen at physiologically relevant monomer concentrations. Monitoring
the LSPR-induced shifts from both ADDLs and a second polyclonal anti-ADDL antibody as a function of
ADDL concentration reveals two ADDL epitopes that have binding constants to the specific anti-ADDL
antibodies of 7.3 x 102 Mt and 9.5 x 108 M. The analysis of human brain extract and cerebrospinal
fluid samples from control and Alzheimer’s disease patients reveals that the LSPR nanosensor provides
new information relevant to the understanding and possible diagnosis of Alzheimer’s disease.

and has two primary consequences: (1) selective photon

. . . . . absorption which allows the optical properties of these nano-
The development of highly sensitive and selective biological particles to be monitored with Uvis spectroscopy and (2)

fnec?tis\?a::;?]r ?;? r:::gg;zglcoé d::gg;fczlor?ﬁ;k%i:”?g d”l%?;;ir:the enhancement of the electromagnetic fields surrounding the
: ndanoparticles which is responsible for all surface-enhanced

plasmon resonance (LSPR) nanosensor has been demonstrate bectroscopies. The reader is referred to recent reiéfis 21

. N : s
to be an effective platform for the quantitative detection of . - . . i
biological and chemical speciés The signal transduction for a detailed description of the physics behind LSPR spectros

mechanism of the LSPR nanosensor is based on its sensitivit copy. The LSPR spectrum is measured by either transmission
to local refractive index changes near the surfaces of substratta)'/-eXtinCtion spectroscopy* or dark-field light scattering spec-
confined. size- and sha e-cgontrolled cilver and gold nano- troscopy?324The extinction spectra of the nanoparticles exhibit
) 1 P ’ 9 . easily measured wavelength shifts that correspond to small
particles? 1! The LSPR of noble metal nanoparticles arises . L - o
. S . ... changes in the refractive index within the electromagnetic fields
when electromagnetic radiation induces a collective oscillation

. S surrounding the nanoparticles. It is well established that the
. 18
of the conduction electrons of the individual nanopartieles” extinction spectra of Ag and Au nanoparticles synthesized using

nanosphere lithography (NSL) have refractive index sensitivities
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of ~200 nm/RIU° and a sensing volume that can be tuned by nanoparticles extends35 nm from the surface. This sensing
controlling nanoparticle size, shape, and compositibn. distance is required for the implementation of a sandwich assay
The need for ultrasensitive detection methods for biological for the target ADDL molecules. Quantitative detection models
and chemical sample screening is an important issue in diseasdor both the ADDL and the second anti-ADDL antibody
diagnosis and mechanistic understanding. For example, Alz-response are developed to extract information regarding the
heimer’s disease (AD), a progressive neurodegenerative diseaséffinity constants between the antigen and antibody species and
for which there is neither a cure nor a good clinical diagnostic, to aid in the analysis of human samples. Human brain extracts
is the leading cause of dementia in people over age 65 andand cerebrospinal fluid (CSF) samples from control and diseased
affects over four million Americans. Genetic, biochemical, and patients exhibit drastically different responses, which indicate
animal model studies strongly suggest a central role for the presence of elevated ADDL concentrations in the samples
amyloid{3 (Ap) in the pathogenesis of AB.AS is a 42-amino from diseased patients in comparison to the control patients.
acid peptide that was first discovered as the monomeric subunitThese preliminary results indicate that LSPR nanosensor
of the large insoluble amyloid fibrils of AD plaques. In the past technology is useful as a screening method of human samples
several years, it has been found that, in addition to plaqués, A for disease diagnosis as well as a more general approach to a
will also self-assemble into small soluble oligomers, termed mechanistic understanding of diseases and drug target interac-
ADDLs, (amyloid-derived diffusible ligands), and that ADDLs  tions.
will cause neurological dysfunctions relevant to menrsrys
Two comprehensive reviews of current data have concluded that
early stages of the disease are likely to be caused by the synaptic Materials. 11-Mercaptoundecanoic acid (11-MUA) and 1-octanethiol
impact of such soluble oligomeric assemblies Bf%&3°Despite (1-OT) were purchased from Aldrich (Milwaukee, WI). Phosphate-

Methods and Materials

the fact that several molecules including$:A4, AB1-42, tau, buffered saline (PBS) solutions of 10 and 20 mM, pH 7.4, was
have been suggested as potential AD biomarkerS, at the nopropyljcarbodiimide hydrochloride (EDC) was obtained from Pierce

. . . i . . (Rockford, IL). Absolute ethanol was obtained from Pharmco (Brook-
present time, there is no definite clinical diagnosis for AD other field, CT). Methanol was purchased from Fisher Scientific (Pittsburgh,

than autopsy. R(_ece_n_tly, it has been demons_trated th"?‘t ADDI.'SPA). Silver wire (99.99%, 0.5-mm diameter) was purchased from D.
are present at Slgnlflcant.ly elevated levels_ |r.1 autopsied brain F. Goldsmith (Evanston, IL). Tungsten vapor deposition boats and
samples from humans with AB.The association of ADDLS  chromium rods were acquired from R. D. Mathis (Long Beach, CA).
with disease mechanisms and brain pathology suggests that @olystyrene spheres of 390 nin19.5 nm were received as a suspension
sensitive means to detect ADDLs in body fluid could provide in water from Duke Scientific (Palo Alto, CA). Millipore cartridges

a definitive molecular basis for the laboratory diagnosis of AD. (Marlborough, MA) were used to purify water to a resistivity of 18.2
An ultrasensitive method for ADDLs detection potentially could M cm™. Triton X-100 was purchased from Aldrich (Milwaukee, WI).
emerge from LSPR nanosensor technology, providing an Ruby red muscovite mica substrates were purchased from Asheville-
opportunity to develop the first clinical lab diagnostic for AD. Schoonmaker Mica Co. (Newport News, VA).

In this study, we combine LSPR nanosensor technology with St)i/gthecticnl;-\[:zl_ lajnd ﬁdnti'QDDLrAEtiEOdy nga\:\?tion. gﬂtl“‘zr ;
Ap oligomer specific antibodies to determine if ADDLs are a peptide (California Peptide Research, Napa, CA) was used to prepare

o . . . ; synthetic ADDLs according to published protoc#isAn aliquot of
potential biomarker for AD. In comparison with other biosensing AB1_4» was dissolved in anhydrous DMSO to a concentration of 22.5

approaches, the LSPR nanosensor allows for the analysis ofyq/mi (5 mm), pipet mixed, and further diluted into ice-cold F12
biological species in a surfactant-free environment. This iS medium (phenol red free) (BioSource, CA) at a ratio of 1:50. The
extremely important because the absence of a surfactant allowsnixture was quickly vortexed, incubated at-8 °C for 24 h, and
for biological species to be analyzed in their native state (not centrifuged at 14 0@pfor 10 min. The oligomers were then collected
one influenced by the presence of physiologically unnatural from the supernatant. The concentration of synthetic ADDLs was
molecules). In addition, the LSPR nanosensor is demonstrateddetermined by a micro-BCA assay (Pierce, Rockford, IL). A similar
to be sufficiently sensitive for the detection of ultralow Protocol was followed for vehicle preparation except nd peptide

concentrations of ADDLSs in biological samples. By optimizing was added. Antibodies targeting ADDLs in the LSPR immunoassay

the size of the nanoparticles, the sensing distance of the(polyclonal M71 and monoclonal 20C2) were generated and character-
’ ized as previously describé&el.

(25) Selkoe, D. J.; Hardy, Science2002 298 963 CSF and Brain Extract Preparation. CSF samples were provided

(26) Lambert, M. P.: Barlow, A. K.; Chromy, B. A.; Edwards, C.; Freed, R.; by Dr. John Lee, Loyola University Medical School, Maywood, IL.

Liosatos, M.; Morgan, T. E.; Rozovsky, |.; Trommer, B.; Viola, K. L.;  Premortem samples were obtained via lumbar puncture and kept frozen
Wals, P.; Zhang, C.; Finch, C. E.; Krafft, G. A.; Klein, W. Broc. Natl. . X k .
Acad. Sci. U.S.A1998 95, 6448. until used. Tissues of cortex of AD (pathology diagnosis based on Braak

(27) Walsh, D. M.; Klyubin, |.; Fadeeva, J. V.; Cullen, W. K.; Anwyl, R.; Wolfe, & Braak, CERAD, and NIA/Reagan Institute Criteria) and age-matched
M. S.; Rowan, M. J.; Selkoe, D. Mature 2002 416, 535. control brains were obtained from Northwestern University Alzheimer's

(28) Chromy, B. A.; Nowak, R. J.; Lambert, M. P.; Viola, K. L.; Chang, L.; . o . .
Velasco, P. T.; Jones, B. W.: Fernandez, S. J.; Lacor, P. N.: Horowitz, P.; Brain Bank and stored at80 °C before using. Brain extracts were

(29) ';/ili;(t:tgbﬁ' 5-:#&?{&52-0%4 ﬁ?&né?\:\{- L.Biochemistry2003 42, 12749. prepared following the literatud.One hundred milligrams of tissue
(30) Hardy, J.; Selkoe, D. Bcience2002 297, 353. was homogenized in 1 mL Ham’s F12 medium (phenol-free BioSource,

(31) Har|1|npel, H.; Nlllitchell, A Blennciw, K.; Frank, R. A,; Brettschneider, S.;  Camarillo, CA) containing protease inhibitors (complete mini-EDTA
Weller, L.; Moller, H. J.J. Neural Transmissio2004 111, 247. ; ; ; ; ;

(32) Pitschke, M.; Prior, R.; Haupt, M.; Riesner, Bature Medicinel998§ 4, frge tablet, Roche, Indlanapolls, IN) on ice us'_ng A.Tlssue Tearor
832. (Biospec Products, Bartlesville, OK). After centrifugation at 20§00

(33) Seubert, P.; Vigopelfrey, C.; Esch, F.; Lee, M.; Dovey, H.; Davis, D.; Sinha, for 10 min, the supernatant was centrifuged at 100y0@® 60 min.
S.; Schlossmacher, M.; Whaley, J.; Swindlehurst, C.; McCormack, R.;
Wolfert, R.; Selkoe, D.; Lieberburg, I.; Schenk, Bature1992 359, 325.

(34) Gong, Y.; Chang, L.; Viola, K. L.; Lacor, P. N.; Lambert, M. P.; Finch, C.  (35) Lambert, M. P.; Viola, K. L.; Chromy, B. A.; Chang, L.; Morgan, T. E.;
E.; Krafft, G. A.; Klein, W. L. Proc. Natl. Acad. Sci. U.S.£003 100, Yu, J. X.; Venton, D. L.; Krafft, G. A.; Finch, C. E.; Klein, W. LJ.
10417. Neurochem?2001, 79, 595.
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Miniature
CCD

Figure 1. Design and experimental setup for the LSPR biosensor for the detection of ADDLs using a sandwich assay. Transmisg®aggetroscopy
is used to monitor the optical properties (LSPR) of Ag nanoparticles. The schematic illustration displays the sandwich assay and surfacefdhemistry o
LSPR nanosensor. First, surface-confined Ag nanoparticles (see AFM inset, nanoparticlesv@@thm, nanoparticle height 25.0 nm) are synthesized

using NSL on mica substrates. Next, a SAM layer consisting of a mixed monolayer of OT and MUA passivates the nanopatrticles for nonspecific binding

and activates the nanoparticles for the attachment of the first anti-ADDL antibody, respectively. The first anti-ADDL antibody is covalemsly ittt
nanoparticles via incubation in 2100 mM EDC/100 nM anti-ADDL antibody solution for 1 h. Samples are then incubated in varying concentrations of ADDLs
for 30 min. Finally, to enhance the LSPR shift response of the ADDLs, the samples are incubated in a 100 nM anti-ADDL solution for an additional 30 min.

Protein concentration of 100 0g0supernatant was determined by
standard BCA assay. Fractions were stored-80 °C. Gloves were
worn at all times when handling all biological materials.
Nanoparticle Fabrication. Nanosphere lithography (NSL) was used
to create monodisperse, surface-confined Ag nanotriadgleslysty-
rene nanospheres (diameter390 nm+ 19.5 nm, Duke Scientific)
were diluted as a 1:1 solution with Triton X-100 and methanol (1:400
by volume). Approximately 4L of this solution was drop-coated onto
the freshly cleaved mica substratesd allowed to dry, forming a

(no EDC coupling agent) for 1 h. For the sandwich assay experiments
involving the human samples, following SAM modification, the samples
were incubated in a 100 nM anti-ADDL/100 mM EDC solution in 10
mM PBS for 1 h. Next, the sample was exposed to varying concentra-
tions of human brain extract or CSF for 30 min. Finally, the sample
was exposed to 100 nM ADDL solution for 30 min. Samples were
rinsed with cycles of 10 mM PBS and 20 mM PBS (with 0.1% Tween
20) following each functionalization step to ensure the removal of
nonspecifically bound species. For the binding curves in Figure 4A

monolayer in a close-packed hexagonal formation, which served as aand 4B, each data point represents averaged experimental results from
deposition mask. The samples were mounted into a Consolidateda minimum of two fresh samples.

Vacuum Corporation vapor-deposition chamber. A Leybold Inficon
XTM/2 quartz crystal microbalance was used to monitor the thickness
of the metal being deposited. For all experiments, 25 nm of Ag (D. F.

Goldsmith) was evaporated onto the samples. Following metal deposi-

tion, the samples were sonicated fer3min in ethanol (Pharmco) to

remove the polystyrene nanosphere mask, creating Ag triangular

nanoparticles on the mica substrate.
Ultraviolet —Visible Extinction Spectroscopy.Macroscale UV~

Atomic Force Microscopy.Atomic force microscope (AFM) images
were collected using a Digital Instruments Nanoscope IV microscope
and Nanoscope llla controller operating in tapping mode. The resulting
AFM linescan analysis reveal that the bare triangular nanoparticles have
~90-nm perpendicular bisectors an®5-nm heights.

Results

Detection of ADDLs Using an Antibody Sandwich Assay.

vis extinction measurements were collected using an Ocean OpticsFor the first time, a sandwich assay has been accomplished using

(Dunedin, FL) S2000 fiber optically coupled spectrometer with a CCD

detector. All spectra in this study are macroscopic measurements

performed in standard transmission geometry with unpolarized light.
The probe diameter was approximately 1 mm. A home-built flowpcell
was used to control the external environment of the Ag nanoparticle
substrates.

Nanoparticle Functionalization. Immediately following nanosphere
removal, the samples were incubated for-28 hin 3:1 1 mM 1-OT/1
mM 11-MUA solution (in ethanol). Next, the samples were rinsed
thoroughly with ethanol and dried with,NFollowing SAM function-
alization, the samples were incubated in a 100 nM anti-ADDL antibody

the LSPR nanosensor technology. Figure 1A shows a schematic
representation of the nanoparticle structure and chemical func-
tionalization for the sandwich assay. Briefly, triangular Ag
nanoparticles (perpendicular bisecte*r90 nm, heights= 25

nm) are synthesized on mica substrates and functionalized with
antibodies specific for ADDLs. Next, the nanoparticle surface
is exposed to varying concentrations of synthetic ADDLs.
Finally, the nanosensor is exposed to a fixed concentration of
anti-ADDL antibody for 30 min to complete the assay. A
polyclonal anti-ADDL antibody was used in both instances of

solution in 10 mM PBS. Covalent linking was ensured via the presence antibody exposure.

of 100 mM EDC during this 1-h incubation period. Exposing the sample
to varying concentrations of ADDL in 10 mM PBS for 30 min was

the first detection step of the immunoassay. The assay was complete

via the incubation of the sample in 100 nM anti-ADDL antibody in 10
mM PBS for 30 min. Experiments were performed using a monoclonal

By functionalizing the Ag nanopatrticles with a self-assembled

c{nonolayer (SAM), the stability of the samples is greatly

increased and consistent red sRiétee produced upon incubation
in given concentrations of ADDLs and the second anti-ADDL

antibody for the second antibody; however, no notable differences were 2ntibody. Because itis hypothesized that the formation ADDLs
observed in the LSPR shift response data. For this reason, onlymay be implicated in the early symptoms associated with AD,

polyclonal antibodies were used for these sandwich assays.
Nonspecific interactions were monitored by exposing the SAM
functionalized nanoparticles to a 250 nM anti-ADDL antibody solution

2266 J. AM. CHEM. SOC. = VOL. 127, NO. 7, 2005

an assay that targets these molecules at sub-nanomolar concen-
trations is desired. A sandwich assay that relies on the specific
interactions between ADDLs and their antibodies is the most
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Figure 2. Demonstration of the LSPR sandwich assay at high and low 01 1
concentrations. (A) LSPR spectra for each step of the sandwich assay for - R L DL
10 pM ADDL. Ag nanoparticles after modification with (A-1) 100 nM anti- 680 ngv:\?gle?ngehaﬁom?ao 920
ADDL antibody, Amax = 718.5 nm, (A-2) 10 pM ADDL Amax= 722.7 nm,
and (A-3) 100 nM anti-ADDL ,Amax = 730.3 nm. (B) LSPR spectra for

each step of the sandwich assay for 100 fM ADDL. Ag nanoparticles after rjg,re 3. |LSPR spectra illustrating the lack of nonspecific binding for the

modification with (B-1) 100 nM anti-ADDL antibodyimax = 741.7 nm, LSPR nanosensor. (A) Demonstration of nonspecific binding elimination
(B-2) 100 fM ADDL, Amax = 743.6 nm, and (B-3) 100 nM anti-ADDL,  from anti-ADDL antibody to SAM-functionalized nanoparticles on mica.
Amax = 747.0 nm. All spectra were collected inN (A-1) Ag nanoparticles after modification with 1:3 1 mM 11-MUA:1-OT,

Ama‘x = 596.6_ nm, and (A-2) Ag nanoparticles after exposure to 250 nM
straightforward method to analyze and detect these moleculesanti-ADDLs (in the absence of EDC)max= 596.6 nm. (B) Demonstration
To perform this sandwich assay. implementation of the opti- of the absence of nonspecific binding from a vehicle solution to anti-ADDL

. p_ . ) Y P ] . p antibody functionalized nanoparticles on mica. Ag nanoparticles after
mization of nanoparticle size and sensing distances were mogification with (B-1) 100 nM anti-ADDL antibodylmax = 798.4 nm,
employed! That is, the nanoparticles were fabricated to have (B-2) vehicle,Aimax = 797.4 nm, and (B-3) 100 nM anti-ADDLmax =
electromagnetic fields or an effective sensing distance that 797-1 nm. All spectra were collected in & Bnvironment.

extends~35 nm away from their surface. a molecular interaction with the Cr adhesion layer. While silane
Representative sandwich assays for the direct detection ofpassivation decreased this undesirable result, it did not totally
high and low concentrations of ADDLs are displayed in Figure eliminate the problem. Presently, we have made great strides
2. In this study, anti-ADDL antibody was specifically linked to  to overcome the nonspecific binding observed with the Cr
the SAM functionalized nanoparticles over a 1-h period. Next, containing nanoparticles. First, mica substrates have been
the nanosensor is exposed to a 10 pM ADDL (Figure 2A) substituted in place of the glass substrates and the use of Cr as
solution for 30 min. During the ADDL incubation, the extinction  an adhesion layer has been eliminated. The adhesion of silver
maximum of the sample shifts from 718.5 nm (Figure 2A-1) to to mica is sufficiently great that the nanoparticles remain
722.7 nm (Figure 2A-2), a 4.2-nm shift. Next, this shift is  surface-bound throughout an experim&Additionally, as seen
amplified by exposing the sample to an additional anti-ADDL  in Figure 3A, when a SAM functionalized nanoparticle surface
antibody for 30 min resulting in an additional 7.6-nm wavelength s exposed to 250 nM anti-ADDL solution for an hour without
shift or a total LSPR shift of 11.8 nm. When this sandwich the use of a coupling agent (EDC), no shift in the LSPR
assay is repeated with 100 fM ADDL (Figure 2B), the LSPR wavelength is observed. This indicates that no antibody is
extinction maximum shifts 1.9 nm (from 741.7 to 743.6 nm) randomly attaching to the nanoparticle sample and that the
upon exposure to ADDLs. An additional 3.4-nm shift is nonspecific interactions that had previously plagued the LSPR
observed upon incubation in the second antibody for a total nanosensor shift responses have been eliminated.
LSPR shift of 5.3 nm. The samples were checked for nonspecific A second nonspecific binding experiment is performed to
binding after step 1, and no nonspecific binding was observed. analyze the influence of the biological vehicle (see Materials
Elimination of Nonspecific Binding Using Mica Substrates. and Methods for description) on the LSPR response of an
The development of a successful sensor protocol requires theantibody functionalized nanoparticle sample (Figure 3B). To
demonstration of minimal to no nonspecific binding. In our test for this nonspecific interaction, the LSPR nanosensor is first
previous studies for implementing the LSPR nanosensor tech-specifically functionalized with anti-ADDL antibodies using an
nology with an immunoassay specific for targeting antibodies EDC coupling agentimax = 798.4 nm, Figure 3B-1). Next,
of AD markers! the LSPR nanosensor response was dominated the sensor surface was exposed to the biological vehicle for 30
by nonspecific interactions at low target molecule concentra- min revealing a slight blue-shift to 797.4 nm, Figure 3B-2.
tions. The source of this undesirable response was attributed toFinally, the sensor surface was exposed to 100 nM anti-ADDL

J. AM. CHEM. SOC. = VOL. 127, NO. 7, 2005 2267
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Figure 4. Quantitative response curves. (A) LSPR shMR or Aldmax versus [ADDL] response curve for the binding of ADDLs to an anti-ADDL antibody
functionalized Ag nanobiosensor. All measurements were collected jremWronment. The solid line is the calculated value\ét using eq 1. The shaded

box indicates the limit of detection as determined from the spectrometer noise (3 times the smallest reliable wavelength shift measured)yelpresenars

the spread in the data. (B) Enhanced LSPR sAiR,0r Almax Versus [anti-ADDL antibody] response curve for the binding of second anti-ADDL antibody

to the ADDL functionalized Ag nanobiosensor. All measurements were collected jreaitonment. The solid line is the calculated value\ét using eq

2. The shaded box indicates the limit of detection as determined from the spectrometer (3 times the smallest reliable wavelength shift measwmesl). Err
represent the spread in the data. The data are divided into three detection regions: (region 1) response for concentrations less than 10 pM, (region 2)
response for concentrations between 10 pM through 10 nM, and (region 3) response for concentrations greater than 10 nM.

antibody for an additional 30 min. Once again, a slight blue- is by no means large enough to be considered irreversible,
shift in the LSPR extinction maximum to 797.1 nm (Figure 3B- sample incubation and rinsing conditions have been optimized
3) is observed. These small blue-shifts, which indicate that no to minimize nonspecific interactions while retaining the largest
additional mass is being detected at the nanopatrticle sensor chippossible LSPR shift response.
can be attributed either to the removal of a small amount of  Figure 4A shows the experimental data for the ADDL shifts
covalently bound anti-ADDL antibody from the substrate or to plotted as the LSPRinax shift, AR versus [ADDL]. The
slight variations in spectrometer noise. Considering nonspecific experimental response curve for ADDLs has been quantitatively
binding and the peak-to-peak wavelength shift noise of the interpreted in terms of a model that makes the following
baseline in repetitive experiments@.3 nm), one can conser- assumptions: (1) 1:1 binding of a solution-phase multivalent
vatively estimate the smallest, reliable LSPR wavelength shift analyte (ADDL) with different sites but invariant affinities to
as 3 times this value~0.9 nm). the surface-bound capture ligand (anti-ADDL antibody); (2) the
Quantification of ADDL and Second Anti-ADDL Anti- only operative nanoparticle sensing mechanism is the change
body Response.To thoroughly investigate the influence of in the local refractive index caused by the adsorbed analyte
varying concentrations of ADDLs on the LSPR nanosensor (ADDL); and (3) the measured LSPR,ax shift responseAR,
response, the shift induced by the direct binding of ADDLs onto is proportional to the thickness (and mass) of the adsorbed
the anti-ADDL antibody functionalized nanoparticle surface has analyte layer and its refractive index. The response curve can
been analyzed. To develop a more quantitative understandingbe described by the following equatién:
of the concentration-dependent response, only the shift from
the ADDLs and not the response from the second antibody is AR= AR, x[ Kasul ADDL]
included. The LSPRmax shift, Almax = AR, versus [ADDL] 11+ K, s, JADDL]
response curve was measured over the concentration range 1
fM < [ADDL] < 10uM (Figure 4A). While the thermodynamic ~ whereAR = Almax LSPRAmax shift for a given concentration,
affinity constant between antibodies and their specific antigens ARnaxis the maximum LSPR response at high concentrations,

1)
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Kasurfis the surface-confined thermodynamic affinity constant,
and [ADDL] is the concentration of the ADDL solution.

Comparing the experimentally measureR versus [ADDL]
response (points) to eq 1 (solid line, Figure 4A) yields
approximate values fakRyax= 11.7 nm and a surface-confined
thermodynamic affinity constari€, s,;r= 4.5 x 101° M1, In
addition, the data in Figure 4A allows one to estimate the limit
of detection (LOD) for the LSPR nanobiosensor for ADDL
detection separate from the enhanced shift from the second anti-
ADDL antibody. The peak-to-peak wavelength shift noise of
the baseline in repetitive experiments~9.3 nm. Taking the
limit of detection as 3 times this value, one conservatively
estimates a LOD of~10 pM.

Figure 4B displays the experimental data for the second anti- 0.164+——TF——T7——T—T7—
ADDL antibody shift response plotted as the LSRRy, AR 650 703““73:“ gf:‘(’nnf)m 900
versus [ADDL]. As a reminder, a fixed (100 nM) second anti-

ADDL antibody concentration was exposed to the LSPR g
nanosensor substrates that had been exposed to varying ADDL 0.48-

concentrations. These data are not accurately described by the
previous binding model. Instead, the experimental response

curve has been quantitatively predicted in terms of a model that ‘_5-0.44—
makes the following assumptions: (1) multiple (two) receptors é 1
of solution phase multivalent analytes (anti-ADDL antibody) o 0.4
with different sites but invariant affinities to the surface-bound )
capture ligands (ADDL); (2) the only operative nanoparticle 0.364

sensing mechanism is the change in the local refractive index — e
caused by the adsorbed analyte (anti-ADDL antibody); and (3) 640 “owggl;‘s;hs(?‘?ma“ 880
the measured LSPRax shift responseAR, is determined only

by the thickness of the adsorbed analyte layer and its refractive Figure 5. Analysis of human brain extract samples using a sandwich assay

index. The response curve can be described by the following and the LSPR nanosensor. (A) Surface chemistry for the possible ADDL
: y detection in human brain extract samples using the antibody sandwich assay.

equation® (B) Control patient: LSPR spectra for each step of the assay. Ag
nanoparticles after functionalization with (B-1) 100 nM anti-ADDL (100
mM EDC) (Imax = 782.3 nm), (B-2) control brain extractf.x = 782.4
nm), and (B-3) 100 nM anti-ADDL Amax = 782.9 nm). (C) AD patient:
LSPR spectra for each step of the assay. Ag nanoparticles after function-
alization with (C-1) 100 nM anti-ADDL (100 mM EDC)Afax = 751.6

) nm), (C-2) diseased brain extraéte=758.3 nm), and (C-3) 100 nM anti-
ADDL (Amax = 762.3 nm). All measurements were collected in N

K, «uit JADDL]
AR= A a,surf,
Rma*v‘[l + K, surt JADDL]

a,surf

ARm Ka,surf,z[ADDL]
@41 + K, o JADDL]

origin of the observed decrease in response at high ADDL
where AR = Almax; LSPleaX shift induced by the second concentrations is under investigation_
anti-ADDL antibody for a giVen ADDL ConcentratioﬂRmaxyl Alzheimer's Disease Assay Using Human Samp|e§'_o
is the maximum LSPR response at concentrations in region 1,date, the only systems probed with the LSPR nanosensor have
ARnmax2 is the added LSPR shift response abaVBmax, at been model systems such as biotin/streptadidind biotin/
concentrations in region Kasuf is the surface-confined  antibiotin® Because of our encouraging nonspecific binding

thermodynamic affinity constant in region Kasur2is the results and the quantitative models revealed in the standard
surface-confined thermodynamic affinity constant in region 2, sandwich assay described above, it was decided that two types
and [ADDL] is the concentration of ADDLs in solution. of human samples would be attempted: human brain extract

This model accurately predicts the second anti-ADDL and cerebrospinal fluid. In both cases, duplicate samples from
antibody response for ADDL concentrations ranging from 1 fM a control and an AD patient were analyzed. These initial data
to 100 nM. As displayed in Figure 4B, three binding regimes suggest promising results for clinical sample analysis using
are revealed. Region 1, which covers ADDL concentrations LSPR nanosensor technology.
below 10 pM, reveals an extremely strong antigen/antibody In the first comparison, human brain extract was prepared
interaction with a binding constar{ s,y of 7.3 x 1012 M~1 and exposed to an anti-ADDL antibody functionalized LSPR
and a limit of detection (LOD)<100 fM. Region 2, which nanosensor chip for 30 min. After thorough rinsing, the sample’s
covers ADDL concentrations between 10 pM to 100 nM, response was enhanced via exposure to a second anti-ADDL
describes an average antigen/antibody interaction with a bindingantibody (Figure 5). The assays were performed in duplicate.
constant Kasurrd 0f 9.5 x 108 M1 At concentrations greater  Figure 5B reveals a representative assay from an age-matched
than 100 nM (region 3), the second anti-ADDL antibody brain extract sample. During the brain extract incubation, the
response begins to deviate from the binding model. While the extinction maximum of the sample shifted from 782.3 nm
quantitation of ADDLs at these concentrations is biologically (Figure 5B-1) to 782.4 nm (Figure 5B-2), a 0.1-nm shift. Next,
irrelevant, we have included these data for completeness. Thethis shift was amplified by exposing the sample to an additional
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a small 2.9-nm LSPR shift was observed after exposing the CSF
sample from an aging patient onto the antibody functionalized
substrate. This shift was amplified by 4.3 nm with the second

=~ anti-ADDL antibody. The results in Figure 6B are dramatically
E 0.16 different. When this antibody functionalized sample is exposed
to a CSF sample from a patient with AD, an 18.5-nm shift is
0.14 1 observed. This shift is magnified by an additional 15.4 nm after
§ 042 exposure to the second antibody resulting in a total shift of 33.9
2 nm.
E 04
w8 Discussion
008 "/ To date, much of nanoscience research has been focused on
' understanding the fundamental science involved rather than on
0.06 +————1————7— the implementation of successful applications for biological or
650 700 750 800 850 900 . : T X
Wavelength (nm) chemical analy5|§. As Qemonstrated in this Work, thg potentllgl
of nanoscale optical biosensors when combined with specific
J 0.16 and novel biological materials are far reaching and will aid in
1, 780.6 2, 809.1

the development of other successful nanotechnology-based

0147 3,8245 devices. The development of nanodevices, including nanosensors
__§ 0.12 that are highly sensitive and selective (give low false positives,
2 low false negatives), will provide a major improvement over
2 o044 current technologies for disease understanding, treatment, and

monitoring. Instruments that provide high throughput screening

0.08 -} for drug discovery and disease diagnosis will uncover informa-

1 tion vital to the understanding and monitoring of disease that

0.06 may lead to the design of better drug candidates for its treatment

T T T T T T
650 700 750 800 850 900 950

Wavelength (nm) or prevention.

Specifically, this work demonstrates that nanoscale devices
Figure 6. Analysis of human CSF samples using a sandwich assay and do, in fact, provide information that is not attainable with
the LSPR nanosensor. (A) Surface chemistry for the possible ADDL traditional macroscale devices. In terms of the LSPR nanosensor
detection in human CSF samples using the antibody “sandwich” assay. (B) hnol | . lish h b h
Aging patient: LSPR spectra for each step of the assay. Ag nanoparticlestec no F)gy' several major aCCQmP Ishments ave_ €en shown
after functionalization with (B-1) 100 nM anti-ADDL (100 mM EDC)rfax here. First, a successful sandwich assay for an antigen between
= 759.7 nm), (B-2) CSFnax= 762.6 nm), and (B-3) 100 nM anti-ADDL  two antibodies has been successfully demonstrated for the first

(Amax = 766.9 nm). (C) AD patient: LSPR spectra for each step of the .: : : : _
assay. Ag nanoparticles after functionalization with (C-1) 100 nM anti- time. This was accomplished, in part, because of our funda

ADDL (100 mM EDC) (imax = 780.6 nm), (C-2) CSFifnax = 809.1 nm), mental understanding and optimization of the spatial distribution
and (C-3) 100 nM anti-ADDL 4max = 824.5 nm). All measurements were  of the electromagnetic fields surrounding the nanoparticles by
collected in a N environment. controlling nanoparticle size and shaeNext, without sacrific-

ing the strength of nanoparticle adhesion to the substrate, the

anti-ADDL antibody for 30 min resulting in an additional 0.5- sensor’s response exhibited no nonspecific binding in a pair of
nm wavelength shift or a total LSPR shift of 0.6 nm. This Important assays. Quantitative binding models have been
response is below the reliable detection capabilities of the LSPRPresented for both the detection of the target antigen and the
nanosensor sandwich assay as predicted from the quantitativeéecond antibody in the antibody sandwich.
analysis in Figure 4A and 4B. Additionally, this small response ~ These models reveal important information regarding the
indicates that the LSPR nanosensor can be used for humarnature of the ADDL targets as well as revealing two classes of
sample analysis without undue concern for nonspecific binding. binding affinity constants between the target antigens and

Analysis of the AD sample reveals completely different antibodies. In contrast to our previous studi€shis binding
behavior. A representative assay is shown in Figure 5C. Upon model for direct ADDL detection does not perfectly fit the data
incubation of the antibody functionalized sensor substrate in (Figure 4A). At high concentrations, the response model
the diseased brain extract, the LSPR extinction maximum shifts accurately predicts the LSPR shift response; however, at low
from 751.6 nm (Figure 5C-1) to 758.3 nm (Figure 5C-2) giving concentrations (that isf10 pM ADDL), the response model
an LSPR shift of 6.7 nm. This response is amplified by an underestimates the observed response. Because the LSPR shift
additional 4.0 nm by the second anti-ADDL antibody revealing response eventually goes to zero, the underestimation of the
an easily detected total shift of 10.7 nm. response cannot arise for nonspecific binding interactions.

While detection of ADDL in brain extract is encouraging, Instead, we hypothesize that this behavior reveals information
this assay can only be completed postmortem. Ideally, one wouldregarding the nature of the endogenous ADDL molecules.
perform this assay in a body fluid that can be extracted while  Surprisingly, this hypothesis is fully supported upon the
a person is still alive. For that reason, the LSPR sandwich assayanalysis of the second anti-ADDL antibody shift response. This
was used to analyze cerebrospinal fluid (CSF) from a control response can be divided into three ADDL concentration regions.
and AD patient. Preliminary results indicate a large difference In region 1 (1 fM to 10 pM), the ADDL molecules have an
between aging and AD patient samples. As seen in Figure 6A, extremely high affinity Kasur1 = 7.3 x 102 M™Y) for the
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antibody. From the quantitative model, which underestimates response binding curve (Figure 4A), the second anti-ADDL
the LSPR response for ADDL detection in the sub-10 pM antibody response indicates that the CSF sample contains
region, the actual response observed here suggests that thADDLs (possibly complexed to other molecules). This response
molecules have a higher molecular weight than the second classs much larger than that observed in the analysis of the AD
of ADDLs detected. This is apparent from the larger than brain extract. At this time, we hypothesize that the oligomer
predicted LSPR shifts observed in the direct ADDL response size in CSF versus brain extract is quite different, perhaps
analysis. The results in region 2 (10 pM to 10 nM) verify this influenced by the differing molecular milieus of CSF and brain
claim. The second class of molecules was revealed to have aextracts. Thus, it is most relevant to assess the two types of
binding constantk, surr2 @about 9.5x 10° M~1. A comparison samples separately. Even though these studies must be regarded
study using size exclusion chromatography (SEC) and ELISA as preliminary given the small number of samples analyzed,
revealed that ADDLs are comprised of two major types of they are, nonetheless, very exciting. They indicate that the LSPR
molecules with different molecular weights (unpublished data). nanobiosensor can be used to study human samples and may
This is consistent with studies by Bitan and Teplow who aid in the understanding of the mechanism and diagnosis of
detected different subpopulations in experiments with cross- AD.
linking reagents$® The data in region 3 (10 nM to 10M)
reveals unusual behavior. The drop-off in the response was
initially thought to arise from the so-called “Hook effeéf:38 The success of this LSPR nanosensor was directly related to
However, this type of behavior should be eliminated when a the synthesis and isolation of target biomolecules. By integrating
monoclonal antibody is used in place of the second polyclonal this technology with the newly modified amyloid hypothesis,
antibody. When this assay is repeated with a monoclonal secondpreviously unavailable information has been revealed regarding
antibody, the hook effect is still observed (data not shown). the nature of ADDLs. All previous biophysical characterization
Consequently, this response cannot be attributed to the Hookof the oligomerization and fibrillogensis of these molecules
effect. Further work is in progress that seeks to understand thistypically required concentrations so high as to be irrelevant to
phenomenon. Our working hypothesis regarding this deviation in vivo conditions. The LSPR nanosensor has been demonstrated
is that at extremely high ADDL concentrations, small surface to be a powerful tool for studying the oligomerization of low
ADDLs (with a weak affinity to the first antibody) begin to  concentrations of amyloid precursors. Given this success, the
interact and begin to behave as large ADDLs with higher use of LSPR technology also holds promise as one of the best
binding affinities to the second antibody thereby being pulled detection techniques for the screening of oligomerization-
off of the nanoparticles and exhibiting a reduction in second blocking drugs. Because the molecular causes and mechanisms
antibody response. of AD are not fully understood, devices that provide insight
Finally, this work presents the first analysis of endogenous into the aggregated states of biological species and their
biological samples using LSPR detection. These extremely interactions at native concentrations will help in screening
promising results indicate that the surface chemistry of the LSPR patients for disease and possibly for studying drug interactions
nanosensor has been designed for optimal analysis of complexwith target species. This work represents the first steps toward
biological species. The first set of samples discussed heremaking this possible.
confirms the previous observation that ADDLs are present in
elevated concentrations in AD brain in comparison to a coftrol.
Using the quantitative models, the magnitude of the shifts
indicate that the ADDL concentrationisl pM in the diseased
brain while the signal from the control sample is undetectable
with the noise level (i.e5~0). Again, the magnitude of the CSF
shift indicates that a higher concentration of ADDLs or ADDL-
related molecules is present in the CSF AD sample in
comparison to the control. While the magnitude of the shift from

Conclusions
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