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The intense colors of noble metal nanoparticles have inspired artists and fascinated scientists for
hundreds of years. In this review, we describe three sensing platforms based on the tunability of

the localized surface plasmon resonance (LSPR) of gold and silver nanoparticles. Specifically, the

color associated with solution-phase nanoparticles, surface-confined nanoparticle arrays, and single
nanoparticles will be shown to be tunable and useful as platforms for biological sensing.
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INTRODUCTION optics allowed for a deep understanding of the relationship
between material properties such as composition, size,
Recent years have seen an increase in the imple-shape, and local dielectric environment and the observed
mentation of fluorescence for biological assays, detec- color of a metal suspension. An understanding of the op-
tion, labeling, and sensing. While fluorescence based bi- tical properties of noble metal nanoparticles holds both
ological assays have become standard in industry andfundamental and practical significance. Fundamentally, it
academia, nanoparticle based techniques provide sev-simportantto systematically explore the nanoscale struc-
eral alternatives to these conventional methods, includ- tural and local environmental characteristics that cause
ing: nanoparticle barcode labels [1], resonant Rayleigh optical property variation as well as provide access to
scattering [2,3], nanoparticle aggregation [4], local re- regimes of predictable behavior. Practically, the tunable
fractive index changes [5,6], and charge transfer inter- optical properties of nanostructures can be applied as ma-
actions [5,7]. terials for surface-enhanced spectroscopy [8—12], optical
The intense scattering and absorption of light from filters [13,14], plasmonic devices [15-17], and sensors
noble metal nanoparticles is the source of the beautiful col- [6,7,18—24].
ors in stained glass windows and has attracted the interest ~ Noble metal nanopatrticles exhibit a strong UV-
of scientists for generations (Fig. 1). Although scientists visible absorption band that is not present in the spectrum
have learned that the characteristic hues of these nobleof the bulk metal. This absorption band results when the
metal nanoparticle suspensions arise from their strong in- incident photon frequency is resonant with the collective
teraction with light, the advent of the field of nanoparticle excitation of the conduction electrons and is known as
the localized surface plasmon resonance (LSPR). LSPR
1 Department of Chemistry, Northwestern University, 2145 Sheridan eXcitation results in wavelength selective absorption with
, Road, Evanston, lllinois 60208-3113. ‘ ~ extremely large molar extinction coefficients3 x 10
Depgrtments of B!omed!cal Engineering and (':hem|st.ry, Empry Uni- p-1eml [25-27], resonant Rayleigh scattering [28,29]
versity and Georgia Institute of Technology, Pierce Drive Suite 2001, . . . .
Atlanta, Georgia. with an efficiency equivalent to that of ?L(Bluoroph_ors_
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Fig. 1. The rose window at the Notre Dame Cathedral, Paris, France, 2002.

for the intense signals observed in all surface-enhancedstant €r,). Furthermore, when the nanoparticles are not
spectroscopies [10]. spherical, as is always the case in real samples, the extinc-
The simplest theoretical model for the optical prop- tion spectrum also depends on the nanopatrticle’s in-plane
erties of nanoparticles is the Mie theory result for the diameter, out-of-plane height, and shape. The dependence
extinction of a metallic sphere in the long wavelength, of the extinction spectrum on these nanoparticle structural
electrostatic dipole limit. In the following equation: [32] parameters has been described for ellipsoidal nanoparti-
cle geometries [26]. In this case the denominator of the

EG) = 247 Npa3ed/? [ &i(A) ] 0 resonance term in equation 1 is replaced with:
2
A In(lO) (er(A) + 28m)2 + & ) (8r()\) + X8m)2 (2)
E(1) is the extinction (viz., sum of absorption and scat- wherey is a term that describes the nanoparticle aspect
tering), Na is the areal density of nanoparticlea; is the ratio. The values fog increase from 2 (for a sphere) up to,

radius of the metallic nanosphekeg, is the dielectric con-  and beyond, values of 17 fora5:1 aspectratio nanoparticle.
stant of the medium surrounding the metallic nanosphere In addition, many of the samples considered in this work
(assumed to be a positive, real number and wavelength in-contain an ensemble of nanoparticles that are supported
dependent), is the wavelength of the absorbing radiation, on a substrate. Thus, the spectral position of the LSPR
¢i is the imaginary portion of the metallic nanosphere’s di- will also depend on interparticle spacing and substrate
electric function (wavelength dependent), anid the real dielectric constant [26,27,33-38].

portion of the metallic nanosphere’s dielectric function There are several synthetic routes to develop
(wavelength dependent). Even in this simplified model, it nanoparticles with tunable plasmonic properties. The most
is abundantly clear that the intensity of the LSPR spec- common approach is through the reduction of a metal salt
trum of an isolated metallic nanosphere embedded in anin solution to form noble metal colloidal suspension. Typ-
external dielectric medium willdepend on the nanopatrticle ically, size control is achieved by varying the concentra-
radius ‘a.” Similarly, the wavelength of the maximum ex-  tion of the starting reagents and the strength of the re-
tinction, Amax, Will depend on the nanoparticle materigl ( ductant. In Fig. 2, a series of gold and silver spherical
(2) ande((1)), and the nanoenvironment’s dielectric con- nanoparticles with varying diameters were synthesized
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Fig. 2. Various sizes of spherical silver and gold colloids illuminated
with a white light beam, showing the effect of particle composition and

size on the resonant scattering wavelength. Silver colloids prepared with | B 0.2
40, 60, and 80 nm (S40, S60, and S80) exhibit significantly shorter 552 nm
wavelength scattering than the gold colloids of 60, 80, 100, 150 and 0.16-
200 nm diameters (G60, G80, G100, G150 and G200). Both materials
show a trend towards longer wavelength scattering as the size of the -
nanoparticle increases. -% 0:12
f=
% 0.08
using this method. As clearly demonstrated in the fig- 0.04-
ure, both material size and composition affect the color
of the scattering of the solution. For example, an 80 nm 0 —T — T
: : : : 200 400 600 800 1000
silver nanopatrticle selectively scatters blue light and the Wavelength (nm)

equivalent gold nanopatrticle scatters yellow light; 60 nm

and 200 nm gold nanoparticles scatter green and red,Fig. 3. (A) Ag nanoparticles were fabricated using NSL. Six steps are
respectively. required for the synthesis of the nanoparticles: (1) glass or mica sub-

: . . strates are cleaned, (2) monodisperse polystyrene nanospheres are drop-
Analternative approach for producmg more preC|ser coated onto the substrate, (3) a single layer of hexagonally close packed

controlled nanoparticles is through a technique known as nanospheres dries creating a nanosphere mask, (4) Ag metal is vapor
nanosphere lithography (NSL) (Fig. 3A). NSL is a pow- deposited onto the sample, (5) the nanosphere mask is removed via
erful fabrication technique that inexpensively produces sonication in ethanol, and (6) the Ag nanoparticle sample is prepared
nanoparticle arrays with controlled shape, size, and in- for sensing experiments. (B) Extincti_on spec_tra and photographs of Ag
terpartcle spacing [39]. The need for monodisperse, re- 28tEE S8 S0 CE B s e the shape o the
producible, and materials general nanoparticles has drivenyanoparticles are thermally annealed under vacuum. The peak at 623
the development and refinement of the most basic NSL ar- nm arises from triangular nanoparticles. The peak at 552 nm arises from
chitecture as well as many new nanostructure derivatives.triangular nanoparticles with blunted tips. The peak at 432 nm arises
Every NSL structure begins with the self-assembly of size- from hemispherical nanoparticles. All samples were synthesized using
; : a 400 nm nanosphere mask.
monodisperse nanospheres of diam&sébo form a two-
dimensional colloidal crystal deposition mask. Methods
for deposition of a nanosphere solution onto the desired
substrate include spin coating [39], drop coating [40], and occurring crystals, nanosphere masks include a variety
thermoelectrically-cooled angle coating [41]. All of these of defects that arise as a result of nanosphere polydis-
deposition methods require that the nanospheres be ablgersity, site randomness, point defects (vacancies), line
to freely diffuse across the substrate seeking their lowest defects (slip dislocations), and polycrystalline domains.
energy configuration. This is often achieved by chemi- Typical defect-free domain sizes are in the 10-100
cally modifying the nanosphere surface with a negatively range. Following self-assembly of the nanosphere mask,
charged functional group such as carboxylate or sulfate a metal or other material is then deposited by thermal
that is electrostatically repelled by the negatively charged evaporation, electron beam deposition, or pulsed laser de-
surface of a substrate such as mica or glass. As the solvenposition from a collimated source normal to the substrate
(water) evaporates, capillary forces draw the nanosphereshrough the nanosphere mask to a controlled mass thick-
together, and the nanospheres crystallize in a hexagonallynessd,,. After metal deposition, the nanosphere mask is
close-packed pattern on the substrate. As in all naturally removed, typically by sonicating the entire sample in a
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solvent, leaving behind the material deposited through the quite rapid (15 min to 1 hr), they are inherently insensi-
nanosphere mask and onto the substrate [39]. tive, relying on high concentrations of analytes and on the
Just as in solution phase syntheses, NSL can be usechuman eye as a detector.
to synthesize tunable optical properties of noble metal In contrast, for solution-phase LSPR based sensing,
nanoparticles (Fig. 3B). In this figure, the optical proper- signal transduction depends on the sensitivity of the sur-
ties of surface-confined silver nanoparticles are varied by face plasmon to interparticle coupling. When multiple par-
changing their shape through thermal annealing. The insetticles in solution that support a localized surface plasmon
photographs show representative samples at three stageare in close proximity (i.e. interparticle spacings less than
of annealing. As the nanoparticles change shape from tri- the nanoparticle diameter), they are able to interact elec-
angles to spheres, the position of the extinction maximum tromagnetically through a dipole coupling mechanism.
(and therefore color) shifts from 623 to 432 nm. Tunabil- This broadens and red shifts the LSPR, and small clus-
ity of the LSPR from the UV to the near infrared region of ters of particles posses LSPR properties similar to those
the spectrum can also be achieved by varying the in-planeof a larger single particle. Two methods of detection read-
width and out-of-plane height of the nanoparticles [25]. ily lend themselves to monitoring these changes in the
position of the localized surface plasmon resonance: UV-
visible (UV-vis) extinction (absorption plus scattering)
BIOSENSING WITH NANOPARTICLES and resonant Rayleigh scattering spectroscopy.
Recently, several papers have been published on a
The development of biosensors for the diagnosis gold nanoparticle based UV-vis technique for the detec-
and monitoring of diseases, drug discovery, proteomics, tion of DNA. This colorimetric detection method is based
and the environmental detection of biological agents is on the change in absorbance spectra (i.e. color) as parti-
an extremely significant problem [42]. Fundamentally, cles are brought together by the hybridization of comple-
a biosensor is derived from the coupling of a ligand- mentary DNA strands [4,18,65,73,74,82,83]. The limits
receptor binding reaction [43] to a signal transducer. of detection (LOD) reported are in the range of tens of
Much biosensor research has been devoted to the evalfemtomoles of target oligonucleotide. These nanoparticle
uation of the relative merits of various signal transduction aggregation assays represent a 100-fold increase in sensi-
methods including optical [44,45], radioactive [46,47], tivity over conventional fluorescence-based assays [82].
electrochemical [48,49], piezoelectric [50,51], magnetic
[52,53], micromechanical [54,55], and mass spectromet-
ric [56,57]. Although each of these methods has its indi- SOLUTION-PHASE NANOPARTICLE SENSTING
vidual strengths and weaknesses, a strong case has been
made that sensors based on optical transduction meth- Sensing based on resonant Raleigh scattering detec-
ods are advantageous for numerous applications [58].tionis a potentially more powerful, yetless well published,
Recently, several research groups have begun to explore almethod than the colorimetric technique mentioned above
ternative strategies for the development of optical biosen- [84]. Figure 4 demonstrates a simple sensing experiment.
sors [4,5,33,59-74] and chemosensors [5,75-80] basedA rapid test for biomolecular reactivity was designed that
on the extraordinary optical properties of noble metal relies on the change in optimal scattering wavelength in-
nanoparticles. duced by interparticle coupling as the signal transduction
Solution phase nanopatrticle based sensing is a sim-method. Four mL of anti-human IgG/60 nm gold parti-
ple, yet powerful detection modality. Because many cles and 4 mL of human IgG/60 nm gold particles were
molecules of interest, particularly biological molecules, mixed in a glass vial under stirring. A beam of white light
are in the aqueous phase, it is desirable to have a sensitivavas used to illuminate the sample vial, and the colorful
and specific detection system that is homogenous with thescattered light was recorded with a digital camera. The
phase of the target molecule, thereby decreasing the neecdomplementary proteins bind to each other causing the
for extended sample preparation. Aggregation based de-gold nanoparticles to be brought into closer proximity. As
tection has become a mainstay in the clinical community a result, the gold particles were able to electromagneti-
since the development of the Latex Agglutination Test, or cally couple, resulting in a pronounced red shift of the
LAT, in 1956 [81]. In the LAT and similar tests, biomolec- LSPR. As seen in Fig. 4, the color of the scattered light
ularly specific antibodies are conjugated to latex micro- changed noticeably from (A) green to (B) yellow to (C)
spheres which, when mixed with a solution (e.g. blood or orange in the space of about 15 min, indicating hanoparti-
urine) containing the target antigen, cause the latex spheresle aggregation, which is indicative of a positive binding
to form visible aggregates. While LATs are effective and event. The disadvantages of this type of experiment is
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chosen to illustrate the attributes of these LSPR based
nanoscale affinity biosensors. The biotin-streptavidin sys-
tem has been studied in great detail by flat surface, prop-
agation surface plasmon resonance (SPR) spectroscopy
[86,87] and serves as an excellent model system for the
LSPR nanosensor [6,88]. Streptavidin, a tetrameric pro-
tein, can bind up to four biotinylated molecules (i.e. anti-
bodies, inhibitors, nucleic acids, etc.) with minimal impact
on its biological activity [88] and, therefore, will provide
a ready pathway for extending the analyte accessibility of
the LSPR nanobiosensor.

NSL was used to create surface-confined triangular
Ag nanopatrticles supported on a glass substrate (Fig. 3A).
The Ag nanotriangles have in-plane widths~a£00 nm
and out-of-plane heights of51 nm as determined by
AFM. To prepare the LSPR nanosensor for biosens-
ing events, the Ag nanotriangles are first functionalized
with a self-assembled monolayer (SAM) composed of
3:1 1-octancethiol:11-mercaptoundecanic acid (1-OT:11-
MUA) resulting in a surface coverage correspondingto 0.1
monolayer of carboxylate binding sites. Since the maxi-
Fig. 4. Time lapse photos of the rapid colorimetric test. (A) 60 nm gold Mum number of alkanethiol molecules per nanoparticle
conjugates. (B) Stirring 1:1 solution of 1gG/gold conjugates and anti- IS 60,000, this is equivalent t&6000 carboxylate bind-
human IgG/gold conjugates after approximately 3 minutes of stirring. |ng sites per nanopartide_ Next, biotin was Cova|ent|y at-
© T_he same solution as (B), approximately 10 minutes _Iater. Note the tached to the carboxylate groups using a zero-length cou-
readily observed change in color from green to orange. This color change . . L. .
is caused by interparticle coupling. pling re'agent. The ngmber of resultlng biotin S|Fes WI!| be

determined by the yield of this coupling reaction. Since

this is likely to be~1-5% efficient one expects there to

that the aggregation of the particles, necessary to inducebe only 60-300 biotin sites per nanoparticle at maximum
interparticle coupling and generate a signal, is often irre- coverages.

versible, difficult to quantitate, and can lead to sufficient Before surface functionalization, the Ag nanoparti-
aggregation of the nanoparticles that they settle out of cles were exposed to solvent and & described above.
solution. In this study, the.ax Of the Ag nanoparticles were moni-

A possible method to circumvent the issue of ir- tored during each surface functionalization step (Fig. 5A).
reversible complex formation is to synthesize nanopar- First, the LSPRnax0fthe bare Ag nanoparticles was mea-
ticles bound to substrates. Using this method, we have suredtobe 561.4 nm (Fig. 5A-1). To ensure awell-ordered
demonstrated that nanoscale chemosensing and biosensSAM on the Ag nanoparticles, the sample was incubated
ing could be realized through shifts in the localized sur- in the thiol solution for 24 h. After careful rinsing and
face plasmon resonance (LSPR) extinction maximum thorough drying with N gas, the LSPR max after mod-
(Amax) Of triangular silver nanoparticles [5,6,20,24]. In- ification with the mixed SAM (Fig. 5A-2) was measured
stead of being caused by the electromagnetic coupling of to be 598.6 nm. The LSPRnax shift corresponding to
the nanoparticles, these wavelength shifts are caused bythis surface functionalization step was a 38 nm red-shift,
adsorbate-induced local refractive index changes in com- hereafter+ will signify a red-shift and— a blue-shift,

petition with charge-transfer interactions at the surfaces With respect to bare Ag nanoparticles. Next, biotin was
of nanoparticles. covalently attached via amide bond formation with a two

unit polyethylene glycol linker to carboxylated surface
sites. The LSPR nax after biotin attachment (Fig. 5A-3)
STREPTAVIDIN SENSING ON NANOPARTICLE was measured to be 609.6 nm corresponding to an addi-
ARRAYS USING LSPR SPECTROSCOPY tional+11 nm shift. The LSPR nanosensor has now been
prepared for exposure to the target analyte. Exposure to
The well-studied biotin-streptavidin system with its 100 nM streptavidin, resulted in LSPR,ax = 6366 nm
extremely high binding affinity i, ~ 10*> M~1) [85] is (Fig. 5A-4) corresponding to an additiona7 nm shift.
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Fig. 5. (A) LSPR spectra of each step in the surface modification of NSL-derived Ag nanoparticles to form a biotinylated Ag
nanobiosensor and the specific binding of streptavidin. (1) Ag nanopatrticles before chemical modifigatien5614 nm.

(2) Ag nanoparticles after modification with 1 mM 1:3 11-MUA:1-QF,ax = 5986 nm. (3) Ag nanoparticles after modifica-

tion with 1 mM biotin,Amax = 609.6 nm. (4) Ag nanoparticles after modification with 100 nM streptavitlif, = 636.6 nm.

All extinction measurements were collected in aévironment. (B) Smoothed LSPR spectra for each step of the prepara-
tion of the Ag nanobiosensor, and the specific binding of anti-biotin to biotin. (1) Ag nanoparticles after modification with
1 mM 3:1 1-OT/11-MUA Amax = 6703 nm, (2) Ag nanopatrticles after modification with 1 mM biotipax = 6830 nm,

and (3) Ag nanoparticles after modification with 700 nM anti-biotipax = 7256 nm. All spectra were collected in N
environment. (C) The specific binding of streptavidin (left) and anti-biotin (right) to a biotinylated Ag nanobiosensor is shown
in the response curves. All measurements were collected ienironment. The solid line is the calculated value of the
nanosensor’s response. Reproduced with permission from J. Am. Chem. Soc. 2002, 124, 10596—-10604. Copyright 2002 Am.
Chem. Soc. Reproduced with permission from J. Phys. Chem. B 2003 107, 1772-1780. Copyright 2003 Am. Chem. Soc.
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It should be noted that the signal transduction mechanismcurve was measured over the concentration range 1
in this nanosensor is a reliably measured wavelength shift 1071 M < [streptavidin]< 1 x 10-*Mand 7x 101°M
rather than an intensity change as in many previously re- < [anti-biotin] < 7 x 10-® M (Fig. 5C) [6,24]. Each data
ported nanoparticle-based sensors [6,88]. pointis an averaged resulted from the analysis of three dif-
ferent samples at identical concentrations. The lines are
not a fit to the data. Instead, the line was computed from
ANTI-BIOTIN SENSING ON NANOPARTICLE a response model [24]. described by
ARRAYS USING LSPR SPECTROSCOPY KasudAnalyte] )

A field of particular interest is the study of the in- 1+ Kasurf[Analyte]
teraction between antigens and antibodies. [89] For thesewhereA Ris the nanosensor’'s response for a given analyte
reasons we have chosen to focus the present LSPR reviewconcentration, [Analyte]A Ryax is the maximum sensor
on a prototypical immunoassay involving biotin and anti- response for a full monolayer coverage, a%k, is the
biotin, an 1gG antibody. In this study, we report the use surface confined binding constant. It was found that this
of Ag nanotriangles synthesized using NSL as a LSPR response could be interpreted quantitatively in terms of a
biosensor that monitors the interaction between a biotiny- model involving: (1) 1:1 binding of a ligand to a multiva-
lated surface and free anti-biotin in solution [24]. The im- lentreceptor with different sites butinvariant affinities and
portance of this study is that it demonstrates the feasi- (2) the assumption that only adsorbate-induced local re-
bility of LSPR biosensing with a biological couple whose fractive index changes were responsible for the operation
binding affinity is significantly lower (B x 10° — 4.98 x of the LSPR nanosensor.
10° M~1) [90,91] than in the biotin/streptavidin model. The binding curve provides three important charac-

Just as in the streptavidin assay, NSL was used to teristics regarding the system under study. First, the mass
create massively parallel arrays of Ag nanotriangles on a and dimensions of the molecules affect the magnitude of
mica substrate. A SAM of 1:3 1-MUA:1-OT was formed the LSPR shift response. Comparison of the data with
on the surface by incubation for 24 hr. As in the strepta- theoretical expectations yielded a saturation response,
vidin experiments, a zero length coupling agent was then A Rmax = 26.5 nm for streptavidin, a 60 kDa molecule,
used to covalently link biotin to the carboxylate groups. and 38.0 nm for anti-biotin, a 150 kDa molecule. Clearly,

Each step of the functionalization of the samples alarger mass density at the surface of the nanoparticle re-
was monitored using UV-vis spectroscopy, as shown in sultsinalarger LSPR response. Next, the surface-confined
Fig. 5B. After a 24 hr incubation in SAM, the LSPR ex- thermodynamic binding constakit, s,,s can be calculated
tinction wavelength of the Ag nanoparticles was measured from the binding curve and is estimated to be 10** M1
to be 670.3 nm (Fig. 5B-1). Samples were then incubated for streptavidin and 4 x 10’ M~ for anti-biotin. These
for 3 hrin biotin to ensure that the amide bond between the numbers are directly correlated to the third important char-
amine and carboxyl groups had been formed. The LSPR acteristic of the system, the limit of detection (LOD). The
wavelength shift due to this binding event was measured to LOD for the unoptimized nanoparticle sensor is less than
be+127 nm, resulting in a LSPR extinction wavelength 1 pM for streptavidin and 100 pM for anti-biotin. As pre-
of 683.0 nm (Fig. 5B-2). At this stage, the nanosensor was dicted, the LOD of the nanobiosensor studied is lower
ready to detect the specific binding of anti-biotin. Incuba- for systems with higher binding affinities such as for the
tion in 700 nM anti-biotin for 3 hr resulted in a LSPR  well-studied biotin-streptavidin couple and higher for sys-
wavelength shift of+42.6 nm, giving & max 0f 725.6 nm tems with lower binding affinities as seen in the anti-biotin
(Fig. 5B-3). system.

©)

AR= ARmax(

MONTIORING THE SPECIFIC BINDING OF REVERSIBILITY
STREPTAVIDIN TO BIOTIN AND ANTI-BIOTIN
In order for LSPR nanobiosensors to fulfill their man-

The well-studied biotin/streptavidin [6,88] system date, they must be biocompatible and operate under phys-
with its extremely high binding affinity (K~ 10 M%) iological conditions. Some binding interactions such as
and the antigen-antibody couple, biotin/anti-biotin, (i poly-L-lysine to a negatively charged surface can interact
10°—10% M~1) [24] have been chosen to illustrate the at- reversibly, while other couples with higher surface binding
tributes of these LSPR-based nanoscale affinity biosen-affinities interact irreversibly. Ideally, a commercially vi-
sors. The LSPRunax shift, AR, vs. [analyte] response  able nanobiosensor should be entirely reusable. Inthe case
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Fig. 6. An LSPR sensing experiment shows the adsorption/desorption of 20 nM anti-biotin
to biotinylated Ag nanopatrticles in solution. (A) Anti-biotin is adsorbed onto biotinylated
nanoparticles: (1) LSPR spectrum of biotinylated Ag nanoparticles in baffgt,= 6711 nm,

(2) LSPR spectrum of Ag nanoparticles after incubation in 20 nM anti-biotin buffes =

6818 nm. (B) Anti-biotin is desorbed onto biotinylated nanoparticles: (2) LSPR spectrum of
biotinylated Ag nanopatrticles after incubation in 20 nM anti-biotin in buffgex = 6818 nm,

(2) LSPR spectrum of Ag nanoparticles after incubation in an excess of biotin in buffer for 30,
Amax = 6702 nm. Reproduced with permission from J. Phys. Chem. B 2003 107, 1772—-1780.
Copyright 2003 Am. Chem. Soc.

of this study, this means that the analyte that is detectedtrated biotin (1 mM in 10 mM buffer) (Fig. 6) [24]. The
must be entirely removable rendering the sensor reusable empty binding sites on the anti-biotin molecules make
Reusability has a large impact on cost effectiveness andthe molecule susceptible to removal in these conditions.
the simplicity of use of biosensors. The LSPR spectra [24] of a sample before treatment with
The reversibility of the binding between anti-biotin  anti-biotin revealed amax = 6711 nm (Fig. 6A-1). Af-
and biotin was tested experimentally by exposing an ter incubation in 20 nM anti-biotin for 3 hr, the LSPR
anti-biotin functionalized sample to an excess of concen- extinction wavelength wasnax = 6818 nm, a shift of
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+10.7 nm (Fig. 6A-2). After 30 s of exposure to the 1 mM be used to sense local refractive index changes induced
biotin, the LSPR extinction wavelengih,.x blue-shifted via bulk solvent changes and a monolayer of alkanethi-
to 670.2 nm, a shift of-11.6 nm (Fig. 6BS). Considering  ols [2]. Using dark-field microscopy, the LSPR extinction
sensor and detector limitations, this value.gfyis essen- maximum response of individual Ag nanoparticles to the
tially identical to its value before treatment with anti-biotin  adsorption of less than 60,000 hexadecanethiol molecules
suggesting that the analyte layer was completely removed.is ~40 nm. Additionally, kinetic responses were moni-
All measurements were made in 10 mM buffer to ensure tored and were found to be competitive with other real-
the applicability of the results to biological sensing. To time sensors. This suggests that the limit of detection for
fully understand and characterize this phenomenon, realsingle nanoparticle-based LSPR sensing will be well be-
time kinetic studies of the binding and desorption of anti- low 1,000 molecules for small molecule adsorbates. For
biotin and the adsorption of biotin to the nanoparticle sur- larger molecules such as antibodies and proteins that re-
face must be performed. The time scale for these eventssult a greater change in the local dielectric environment
appears to be less than a minute, except for the couplingupon surface adsorption, the single molecule detection
of the linker, which is significantly slower. Such studies limit may be achieved. Second, the extreme sensitivity of
would also reveal useful kinetic data about the interac- single nanoparticle sensors dictates that only very small
tion of biotin and the analyte [92—-95], and could provide a sample volumes (viz., attoliters) are necessary to induce a
supplementary tool to measure the surface binding affinity measurable response. This characteristic would eliminate
between the two. the need for analyte amplification techniques (e.g., poly-
merase chain reaction and enzyme amplification) required
by other analytical methods. Third, single nanopatrticle
SELECTIVITY sensing platforms are readily applicable to multiplexed
detection schemes. By controlling the size, shape, and
Although LSPR spectroscopy is a totally nonselec- chemical modification of individual nanoparticles, mul-
tive sensor platform, a high degree of analyte selectivity tiple sensing platforms can be generated in which each
can be conferred using the specificity of surface-attachedunique nanoparticle can be distinguished from the oth-
ligands and passivation of the sensor surface to nonspecficers based on the spectral location of its LSPR. Several of
binding. For this reason, a set of control experiments were these unique nanoparticles can then be incorporated into
performed to show that the (A) streptavidin and anti-biotin one device, allowing for the rapid, simultaneous detection
binding to the sensor surface containing no capture ligand of thousands of different chemical or biological species.
(biotin), (B) pre-biotinylated streptavidin binding to a sen- The key to exploiting single nanopatrticles as sens-
sor surface with biotin, and (C) bovine serum albumin in ing platforms is developing a technique to monitor the
large excess, simulating a clinical sample, binding to a LSPR of individual nanoparticles with areasonable signal-
sensor surface with biotin all produce wavelength shift to-noise ratio. UV-visible absorption spectroscopy does
responses less than that corresponding to the LOD [24]. not provide a practical means of accomplishing this task.
Even under the most favorable experimental conditions,
the absorbance of a single nanopatrticle is very close to the
SINGLE NANOPARTICLE SPECTROSCOPY shot noise-governed limit of detection. Instead, resonant
Rayleigh scattering spectroscopy is the most straightfor-
A method to dramatically decrease the number ward means of characterizing the optical properties of in-
molecules needed to induce a sensing shift for the arraydividual metallic nanoparticles. Similar to fluorescence
sensor would be to decrease the number of nanoparticlesspectroscopy, the advantage of scattering spectroscopy
probed in a given experiment. The ultimate limit of this liesin the fact that the scattering signal is being detected in
technique is to perform the assay on a single nanopar-the presence of a very low background. The instrumental
ticle. The extension of LSPR sensing technique to the approach for performing these experiments generally in-
single nanopatrticle limit provides several improvements volves using high magnification microscopy coupled with
over existing array- or cluster-based techniques. First, oblique or evanescent illumination of the nanoparticles.
absolute detection limits are dramatically reduced. The Klar etal.utilized a near-field scanning optical microscope
surface area of chemically prepared Ag nanopatrticles is coupled to a tunable laser source to measure the scatter-
typically less than 20,000 miywhich requires that acom-  ing spectra of individual gold nanoparticles embedded in
plete monolayer of adsorbate must constitute fewer thana TiO, film [96]. Sonnichseret al. were able to mea-
approximately 100 zeptomole. Recently, McFarland and sure the scattering spectra of individual EBL-fabricated
Van Duyne demonstrated that single Ag nanoparticles cannanoparticles using conventional light microscopy [97].
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Their technique involved illuminating the nanoparticles to monitor the scattering spectrum of a single nanopar-
with the evanescent field produced by total internal re- ticle. After functionalization, the LSPR of an individual
flection of light in a glass prism. The light scattered by nanoparticle was measured to be 508.0 nm (Fig. 7B-1).
the nanoparticles was collected with a microscope objec- Next, 10 nM streptavidin was injected into the flow celland
tive and coupled into a spectrometer for analysis. Matsuo the nanoparticle was allowed to incubate for 2 hr. Follow-
and Sasaki employed differential interference contrast mi- ing this incubation and rinsing, thg,ax of the nanoparti-
croscopy to perform time-resolved laser scattering spec- cle was measured at 520.7 nm (Fig. 7B-2). Fhi2.7 nm
troscopy of single silver nanoparticles [98]. Moekal. shift is estimated to arise from the detection of less than
correlated conventional dark-field microscopy and TEM 700 streptavidin molecules.
in order to investigate the relationship between the struc- During the course of our streptavidin experiments
ture of individual metallic nanoparticles and their scatter- with single Ag nanopatrticles, we became aware of a par-
ing spectra [99]. They have also used the same light mi- allel research effort using Au nanoparticles and dark field
croscopy techniques to study the response of the scatteringnicroscopy [101]. The technique used by Rasbkkel.
spectrum to the particle’s local dielectric environment by involves functionalizing spherical Au nanoparticles with
immersing the nanopatrticle in oils of various refractive biotinylated bovine serum albumin (BSA) and monitoring
indexes [100]. the LSPR shift of a single nanoparticle during exposure to
2 uM streptavidin. The maximum LSPR shift that they ob-
served was approximatelyl.2 nm. This relatively small
response is a consequence of four aspects of their exper-
STREPTAVIDIN SENSING WITH imental conditions: (1) all spectra were recorded while
SINGLE NANOPARTICLES the nanoparticle was immersed in a buffer solution, (2)
the binding of streptavidin inside the BSA layer causes
Streptavidin sensing has also been demonstrated onvery little change in the local dielectric environment of the
single Ag nanoparticles. First, chemically synthesized Ag nanoparticle (3) the dielectric sensitivity of Au nanoparti-
nanoparticles that have been dispersed on a glass coversligles is smaller than Ag nanoparticles of equivalent geom-
is placed in a flow cell and a dark field image is collected etry, [102] and (4) spherical nanoparticles exhibit the low-
(Fig. 7A). The slits on the spectrometer are then narrowed est dielectric sensitivity = 2). The+12.7 nm response
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Fig. 7. (A) A dark-field optical image of a field of Ag nanoparticles. The field of view is approximatelyx13@0 xm. The
nanoparticles were fabricated by citrate reduction of silver ions in aqueous solution and drop-coated onto a glass coverslip. (B)
Individual Ag nanoparticle sensor before and after exposure to 10 nM streptavidin. All measurements were collected in a nitrogen
environment. (1) Biotinylated Ag nanopartichayax = 5080 nm. (2) After streptavidin incubationmax = 5207 nm.
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