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Bioanalytical science is experiencing a period of unprecedented growth. Drivers behind this

growth include the need to detect markers central to human and veterinary diagnostics at ever-

lower levels and greater speeds. A set of parallel arguments applies to pathogens with respect to

bioterrorism prevention and food and water safety. This tutorial review outlines our recent

explorations on the use of surface enhanced Raman scattering (SERS) for detection of proteins,

viruses, and microorganisms in heterogeneous immunoassays. It will detail the design and

fabrication of the assay platform, including the capture substrate and nanoparticle-based labels.

The latter, which is the cornerstone of our strategy, relies on the construction of gold

nanoparticles modified with both an intrinsically strong Raman scatterer and an antibody. This

labelling motif, referred to as extrinsic Raman labels (ERLs), takes advantage of the well-

established signal enhancement of scatterers when coated on nanometre-sized gold particles,

whereas the antibody imparts antigenic specificity. We will also examine the role of plasmon

coupling between the ERLs and capture substrate, and challenges related to particle stability,

nonspecific adsorption, and assay speed.

Overview of SERS as an analytical tool

A host of immunoassay detection techniques have been devel-

oped in past years. The more established approaches rely on

scintillation counting, fluorescence, electrochemistry, and en-

zymatic amplification.4 This paper reviews our ongoing studies

on the merits of surface enhanced Raman scattering (SERS) as

a rapid, sensitive tool for assay readout.

As historically traced and mechanistically detailed in other

contributions to this special issue of Chemical Society Reviews,

traditional forms of Raman spectroscopy lack the sensitivity

required of a readout strategy.5 Research in the 1970s led to

the discovery of a surface effect, now known as SERS, in

which the scattering of pyridine and similar compounds was

markedly enhanced when adsorbed on roughened silver sur-

faces.6,7 Recent work with silver nanoparticles as enhancing

substrates has shown that SERS can be applied to single

molecule detection,8,9 rivalling the performance of fluores-

cence measurements.

The basis of SERS rests in the use of roughened, coinage

metal surfaces to amplify scattering.10–13 The observed en-

hancement (up to 1014 times11) is attributed to two effects:

chemical and electromagnetic. The chemical component is

based on the formation of a charge-transfer state between

the metal and adsorbed scatterer,14 and contributes about two

orders of magnitude to the overall enhancement. The electro-

magnetic effect arises from the collective oscillation of con-

duction electrons that results when a metal is irradiated with

light. This process, known as surface plasmon resonance, has a
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wavelength dependence tied to the nanometric roughness and

identity of metallic surfaces and, as reported recently, the size

and shape of nanoparticles.15

Detection by SERS has several potentially valuable attri-

butes with respect to the noted signal transduction methods.16

First, when employing gold nanoparticles, excitation in the red

spectral region is used, which minimizes possible interference

from native fluorescence. Second, Raman processes are less

susceptible to photobleaching, enabling the use of signal

averaging to increase sensitivity and lower detection levels.

Finally, the widths of Raman spectral bands are 10–100 times

narrower than those of fluorescence, which reduces the poten-

tial for spectral overlap from multiple labels and thus facil-

itates multiplexed applications.

Early attempts to capitalize on SERS in ultrasensitive

chemical analysis, however, were hampered by difficulties in

fabricating surfaces with reproducible enhancements. This

situation has changed with recent breakthroughs in the tech-

nical ability to controllably and reproducibly synthesize

nanoparticles and other nanometric objects with a predeter-

mined size and shape.17,18 These developments have triggered

a renewed interest in the exploration of this information rich

spectroscopy as a tool for rapid, low-level readout,19,20 espe-

cially, and as featured in contributions throughout this special

issue, in the area of chip scale bioassays.16,19–29

There is one more important technological advancement:

the transformation of instrumentation requisite for high sen-

sitivity Raman spectroscopy. Not many years ago, these

measurements required large, expensive laboratory hardware

that consisted of high power lasers, double and triple mono-

chromators, specialized detectors, and vibrational isolation

systems. Today, advances in optical filters, array detectors,

and fiber optics have moved Raman spectroscopy from the

controlled surroundings of the analytical laboratory to the

industrial plant floor and other demanding environments.

These developments also markedly reduced equipment and

labor costs, while maintaining a remarkably high level of

performance in a rugged, field-deployable instrument. Based

on the collective weight of these innovations, we believe that

the next decade will witness the widespread deployment of

Raman spectroscopy into areas previously not imagined. The

following details our efforts aimed at translating SERS to the

bioassay arena.

Immunoassays via SERS

As outlined in Scheme 1, there are three key components in

our SERS-based immunoassay platform: (1) use of a capture

substrate to specifically extract and concentrate antigens from

solution; (2) selective tagging of captured antigens with func-

tionalized gold nanoparticles; and (3) readout by Raman

spectroscopy.16,25 The antigen is therefore selectively sand-

wiched between a gold surface and gold nanoparticles by the

capture and labelling antibodies. As scaled roughly by size in

Fig. 1, we have applied this approach to the detection of

immunoglobulin G,16 free prostate specific antigen (f-PSA),25

viral pathogens,24 and simulants of biowarfare agents.26 These

works have shown that this format not only offers low levels of

detection (e.g., B30 fM for f-PSA in human serum) but can

also record single-binding events on a capture substrate.30 This

section details the three components of the platform.

Preparation of capture substrates

The capture substrate uses a coupling agent that forms a gold-

bound thiolate and can covalently couple with the primary

amines on antibodies for immobilization. Its preparation

starts with the gold substrate, which, for us, entails the

construction of template-stripped gold (TSG).31 TSG has a

sub-nanometre surface roughness, making it well suited for

measuring the size, shape, and density of nanometric objects

(e.g., viruses and colloidal gold) by atomic force (AFM) and

scanning electron (SEM) microscopies. These characteriza-

tions provide an important means for performance validation

by correlations with the SERS response. TSG was prepared by

resistively evaporating B250 nm of gold (99.9% purity) at a

rate of 0.1 nm s�1 onto a 10.2 cm p-type silicon [111] wafer

Scheme 1 SERS-based immunoassay platform.

Fig. 1 Size scale of possible antigens in heterogeneous immuno-

assays: immunoglobulin G (IgG),1 feline calicivirus (FCV),2 and

Mycobacterium avium subsp. paratuberculosis (MAP).3 Reprinted with

permission from ref. 1–3.
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(University Wafer) with an Edwards 306A resistive evapora-

tor. Glass microscope slides were cut into 1 � 1 cm squares

and ultrasonically bathed in diluted Contrad 70 (Micro, Cole-

Parmer), deionized water, and ethanol, each for 30 min. The

clean glass chips were affixed to the gold-coated wafer with

2-part epoxy (Epoxy Technology) and cured at 150 1C for

1.75 h. The glass chips were then gently detached from the

silicon wafer, which removes the sandwiched gold film, to yield

a smooth gold surface on the topside of the glass chip.

The next step creates a small address to minimize sample

volume and reagent consumption. For this, soft lithography24

was used to surround a 3 mm diameter area of uncoated gold

with a hydrophobic octadecanethiolate adlayer, which con-

fines small liquid droplets. This substrate was submerged in an

ethanolic solution of dithiobis(succinimidyl undecanoate)

(DSU) or dithiobis(succinimidyl propionate) (DSP) to form

a thiolate adlayer on the uncoated gold address that can also

covalently tether proteins and other amine-containing sub-

stances by amide linkages. Construction is completed by

exposure to a buffered solution of capture antibody in a

humidity chamber, followed by treatment with a blocking

agent such as bovine serum albumin (BSA). This step ‘‘caps’’

any residual succinimidyl groups. Other blockers (e.g., human

serum albumin (HSA) and evaporated milk) have also been

used, with selection based on a panel of trial-and-error tests.

There are two issues with this preparation that require

further consideration: the efficiency of the coupling reaction;

and the activity of the immobilized antibodies.

Characterization of capture substrates

Infrared reflection spectroscopy (IRS) has been used to ex-

amine the first concern. These findings are presented in Fig. 2

and 3. Fig. 2 presents IRS data diagnostic of DSP- and DSU-

derived monolayers chemisorbed to gold.32,33 The bands at

1817, 1788, and 1751 cm�1 arise from the CQO stretch of the

ester, and the respective in-phase and out-of-phase CQO

stretches of the succinimidyl end group.34 The bands at 1218

cm�1 (C–N–C stretch) and 1077 cm�1 (N–C–O stretch) are

also succinimidyl group markers. Although not apparent at

the y-axis scale of the spectra, the results also show that the

positions of the symmetric and asymmetric C–H stretching

modes (2850–2925 cm�1) for the two adlayers are slightly

different. The methylene stretching modes for the longer chain

coupler are slightly lower in energy (4–7 cm�1) than those for

the shorter chain analogue, suggesting the latter adlayer is

more disordered than the former adlayer.35

IRS was also used to investigate the hydrolysis rates of the

succinimidyl groups on the immobilized modifiers. This mea-

surement is important because the hydrolysis of the ester

competes with protein coupling. The rate of hydrolysis was

therefore monitored via the change in the succinimidyl band at

1751 cm�1 as a function of exposure time to borate buffer (pH

8.5). The results are shown in Fig. 3A. The decrease in band

strength is indicative of succinimidyl hydrolysis. The data

indicate that hydrolysis for the short chain system proceeds

much more rapidly, requiring B5 h for completion. These

results are consistent with earlier reports showing that the rate

of ester hydrolysis is strongly influenced by monolayer packing

density and linker orientation.36,37

To assess antibody coupling, the rate of protein A binding

was monitored by following the growth of the amide band at

1665 cm�1 at each adlayer. These data are plotted in Fig. 3B.

Comparison of the two profiles indicates that not only the rate

of protein binding differs, but also that binding at the shorter

chain system is B40% more effective. We believe that the

higher binding level reflects the lower packing density, and

therefore greater flexibility, of the DSP-derived adlayer. In this

Fig. 2 IRS of (a) DSP- and (b) DSU-derived monolayers on gold.

Reproduced with permission from ref. 32.

Fig. 3 Reactivity of adlayers derived at gold fromDSU and DSP: (A)

hydrolysis of DSU (&) DSP (’); (B) binding of protein A by DSP

(K) DSU (J). Reproduced with permission from ref. 32.
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case, both the uptake of protein A and the terminal group

hydrolysis are completed in B3 h, which though not tested,

suggests blocking residual terminal groups may not be

necessary.

One more issue should be addressed: the activity of the

immobilized antibodies. Work in the Shannon laboratory used

AFM to gauge this issue.38 Results indicated that B30% of

the immobilized IgG antibodies were effective in antigen

binding. This level of activity was attributed to steric effects

with respect to the spatial orientation of the capture antibody

and/or to interactions with the adlayer causing protein dena-

turation. Moreover, the distribution of lysine residues

throughout the IgG structure argues that an immobilized

antibody can have a distribution of orientations. These data

point to the possible improvement in the level of detection by

employing synthetic routes that would engender a more

favorable spatial orientation for the immobilized antibody.

The improvement, however, would at best be a factor of 2–3.

Design, synthesis, and characterization of extrinsic Raman

labels

Design. Our assays use extrinsic Raman labels (ERLs)

to quantitatively take advantage of amplified scatter-

ing.16,24–26,30,39–42 ERLs exploit the intrinsically strong Raman

scattering of aromatic compounds (i.e., reporters). The repor-

ters are deposited on the gold nanoparticles, along with a

coating of a molecular recognition element (e.g., antibody). In

addition to the attributes already listed, ERLs have two key

features, both deriving from the use of gold colloids. First,

each particle is coated with a large number of reporters

(103–105). The response to an individual binding event is

therefore markedly amplified. Second, gold surfaces are read-

ily modified by thiols and disulfides.35 This chemistry provides

a simple, versatile route to surface modification. We add that

assays carried out using ERLs after refrigerated storage for

three months yielded results that differed by no more than

10% from those performed using the freshly prepared materi-

al, testifying to the long term stability of the ERLs. The

following draws out each attribute by discussing the trade-

offs in the performance and ease of fabrication for three types

of ERLs that we have designed and tested to date.

Co-adsorbed, mixed monolayer ERLs. As depicted in

Scheme 2, our first version of ERLs used co-adsorbed anti-

bodies and reporters.16 In this case, the antibody was simply

adsorbed on the surface, while the reporter chemisorbed as a

thiolate. While successful in the concurrent detection of rat

and rabbit IgG, data indicated that a small amount of weakly

adsorbed antibody may desorb from one ERL and re-adsorb

on the second ERL in the two-component ERL suspension.

Thus, the ‘‘crosstalk’’ between the ERLs in the labelling

suspension for a multiplexed assay led to a spectral signature

akin to non-specific adsorption. Furthermore, this pathway

was occasionally challenged by problems with particle aggre-

gation, which may also be caused by the partial loss of the

protein coating. Alternative designs were therefore investi-

gated to address these issues.

ERLs with a bifunctional coating. Scheme 3 illustrates the

use of a bifunctional reporter that has a large scattering cross-

section and a reactive moiety to covalently couple to an

antibody to prevent crosstalk. To this end, 5,50-dithiobis(suc-

cinimidyl-2-nitrobenzoate) (DSNB), the most effective of

those prepared and tested, was designed to have the following

properties. First, DSNB contains an aromatic nitro group

which has a large scattering cross-section due to the symmetric

nitro stretch (ns(NO2)). Second, its disulfide moiety reacts with

gold by cleaving and forming a thiolate adlayer. This structure

also places the nitro group in close proximity with the particle

to address the sharp decay in the enhanced electric field as the

distance from the surface increases.43–45 Since each particle is

fully covered with the DSNB-derived adlayer, this strategy

Scheme 2 ERLs based on co-adsorption of antibodies and reporters.

Scheme 3 ERLs based on bifunctional coatings.
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‘‘squeezes’’ as much signal as possible from the ERLs. Third,

the succinimidyl groups of DSNB are used to covalently tether

antibodies to the particles.33,46,47 In total, this scheme im-

proved particle stability and lowered the limit of detection.

Using this type of ERL, we realized femtomolar detection of

f-PSA directly in human serum.25

Synthesis and characterization of bifunctional ERLs. DSNB

was synthesized in one step via carbodiimide coupling in a

mixture of 5,50-dithiobis(2-nitrobenzoic acid), dicyclohexyl-

carbodiimide, and N-hydroxysuccinimide in THF. Prior to

exposure to DSNB, the pH of the particle suspension (80 nm

diameter, 1.1 � 1010 particles mL�1 or 60 nm diameter, 2.6 �
1010 particles mL�1, purchased from Ted Pella) was adjusted

with borate buffer (pH 8.5). This pH is above the isoelectric

point (pI) of the antibody, which inhibits aggregation of the

labelled particles, and deprotonates the amines of the anti-

body, which favours coupling with the succinimidyl ester of

DSNB.

As part of an assessment of the modification process, the

Raman spectrum of DSNB was measured before and after

nanoparticle immobilization. The powder spectrum is domi-

nated by ns(NO2) at 1341 cm�1. Other strong bands in the

spectrum are at 1568 cm�1, assigned to an aromatic ring mode

(8a), and at 1066 cm�1, probably a succinimidyl N–C–O

stretch overlapping with aromatic ring modes. Importantly,

many of the bands are present in the spectrum after chemi-

sorption to the gold particles, though some undergo a small

change in position due to interactions between neighboring

adsorbates and with the gold surface. These results confirm

that the particles have been effectively modified. While bifunc-

tional ERLs provided excellent assay results, this approach

nevertheless requires synthesis of the bifunctional reporters.

Mixed monolayer ERLs with antibody linker. Scheme 4

combines the advantages of the previous two designs, resulting

in detection levels comparable to the DSNB-based reporter

while offering a much more facile route to modification.26 In

this instance, the particles are modified with two different

thiolates, each from commercial sources. One thiolate is

derived from the bifunctional compound DSP, which has

disulfide and succinimidyl groups like DSNB but is an inher-

ently weak scatterer. Thus, the second thiolate is selected to

have a large Raman cross-section (e.g., 4-nitrobenzenethiol).

This design therefore embodies the attributes of our bifunc-

tional reporters. Moreover, it greatly facilitates the production

of different ERLs, referred to as mixed-monolayer ERLs, for

multianalyte assays by using different antibodies that are

paired with spectroscopically distinguishable, commercially

available reporters.

Synthesis of mixed monolayer ERLs. These ERLs are pre-

pared by first spontaneously adsorbing the mixed monolayer.

Excess reactants are then removed by centrifuging at 2000g

and decanting the supernatant. The particles are re-suspended

in buffer and incubated with antibody, followed by blocking

with BSA. After again removing the reactants by centrifuga-

tion, the suspension is adjusted to a physiological NaCl

concentration and passed through a 0.22 mm filter to remove

any large aggregates.

Optimization. Previous work showed that the pH and ionic

strength of the ERL suspension play key roles in stabilizing the

suspension in each step of the preparation.16,24 The impor-

tance of pH is due to the pI of the antibody. A pH above the pI

minimizes ERL aggregation. In addition, amide formation is

controlled by pH because the linkage reaction proceeds

through deprotonated amines. Flocculation tests are used in

each step to evaluate the impact of changes in preparative

conditions.

Another part of the process identifies the optimal blocking

agent. Since the signal from blank samples defines the ob-

served limit of detection, non-specific binding by ERLs to the

capture surface degrades assay performance. We therefore

carry out trial-and-error tests with a panel of blocking agents

(e.g., BSA, HSA, Superblock, and casein) to determine the

best blocker for a given set of assay conditions.

Characterization

Gold nanoparticles. We have found that gold nanoparticles

from many commercial sources have a wide range of particle

diameters; some also have large batch-to-batch variations.

Since size and shape control the particle plasmon resonance

frequency,17,18 constancy is paramount to the fabrication of

ERLs and the ability to realize a quantitative and reproducible

assay. We have adopted two measures to address this varia-

bility by characterizing the size and shape distributions of each

new batch of particles with TEM and AFM. For example, our

TEM measurements of as-received gold nanoparticles with a

vendor-specified diameter 60 nm (�8%) indicated an average

diameter of 63.4 nm (�8%).

Fig. 4 and its inset demonstrate the utility of AFM as a tool

for particle size characterization by presenting a series of

histograms generated from images of different sized gold

particles distributed on a gold-coated glass slide.30 Sizes were

measured by using particle height as the determinant because

tip convolution effects can distort the lateral dimensions of
Scheme 4 ERLs based on a mixed monolayer of antibody linkers and
reporters.
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nanometrically sized objects. Since there was no clear gap

between the background and particle height distribution for

the 30 nm particles, this specific analysis was performed by

assuming a symmetric peak profile.

The inset summarizes the particle analysis results. In gen-

eral, the AFM-determined particle sizes are close to, but

smaller than vendor specifications. The largest relative differ-

ences occur with the 40 and 50 nm particles; both were more

than 10% smaller than specified. We also occasionally found

that some batches of particles contained a number of

much larger particles, which led to the use of a filtering step

(0.22 mm filters).

Flocculation. We often use flocculation to test the effective-

ness of antibody coupling.24 A recent example of results is

summarized by the extinction spectra in Fig. 5 from work in

the development of ERLs for feline calicivirus (FCV), a

simulant for the human calicivirus known as norovirus. This

study systematically varied the amount of anti-FCV mono-

clonal antibody (mAb) added to borate-buffered suspensions

of 60 nm gold and monitored aggregation upon the addition of

NaCl to physiological concentration (150 mM).24

Fig. 5 shows that the as-received suspension has an extinc-

tion maximum at 535 nm, consistent with the location of the

plasmon resonance of isolated gold particles with an average

diameter of 60 nm.48 The precipitation of particles from the

solution modified with 5 mg of anti-FCV mAb is revealed by

the large decrease in the strength of this band. The broadening

and shift to longer wavelengths is also diagnostic of aggrega-

tion. Increases in the amount of mAb, however, narrows and

increases the band, which when coupled with expectations

from the dilution that results from sample manipulation, is

diagnostic of stable colloidal suspensions. Moreover, there

was no observable precipitate for samples stored for several

weeks. Flocculation tests are therefore another key component

in ERL optimization.

Zeta potential. Zeta potentials (z) present another measure

for assessment of particle stability throughout the preparative

process. The sign and magnitude of z is directly proportional

to the sign and magnitude of the surface charge density of a

particle,49 and are indicators of stability with respect to

aggregation. For example, 60 nm Au nanoparticles that are

coated with the negatively charged capping agent citrate have

z-values of about�37 mV. After modification with DSNB and

immobilization of an IgG antibody, z is roughly �15 mV,

indicating a decrease in surface charge density. We typically

find values greater than 10–20 mV (independent of sign)

sufficient for excellent particle stability (shelf life of at least

several months).

Role of plasmon interactions. As part of our investigations of

this assay strategy, we also attempted to develop an assay by

changing the underlying gold substrate to a low fluorescence

glass material. However, the resulting signal strengths were

much weaker than those observed when using a gold capture

substrate. This result led to an investigation of the possible

role of the metal substrate.39 The impact of the metal substrate

on the spectroscopic properties of nanoparticles is illustrated

in Fig. 6. Upon immobilization, the particle extinction max-

imum shifts to longer wavelengths. Qualitatively, these differ-

ences are consistent with theories that take into account the

electromagnetic coupling between the plasmons of the particle

and underlying gold substrate.50 The extent of coupling is

dependent on the ratio of the particle diameter, d, to the

separation, a, between the particle and substrate. As such, the

location of the extinction maximum will occur at larger values

(i.e., more coupling) as d increases at constant a. Our results,

based on experimental and theoretical perspectives,39 agree

with this expectation, and confirm the importance of substrate

coupling on the observed response. These results showed a

maximum in scattering enhancement factor when the wave-

length of the plasmon resonance of the immobilized particles

Fig. 5 UV-visible extinction spectra of colloidal gold (60 nm) before

and after mixing with anti-FCV mAb (5–50 mg) for 1 h, followed by

addition of NaCl to a final concentration of 150 mM NaCl. Reprinted

with permission from ref. 24. Copyright 2005 American Chemical

Society.

Fig. 4 Histograms from the AFM particle size distribution analyses:

80 nm (A); 60 nm (B); 50 nm (C); 40 nm (D); and 30 nm (E).

Reproduced with permission from ref. 30.
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fell between that of the laser and the Raman band. This

maximum occurred for 60 nm particles on gold substrates

and 80 nm gold particles on silver substrates (Fig. 7).

SERS measurements

The final step in the assay quantifies the antigen by measuring

the response generated by captured ERLs. Much of our work

employs a low-cost (B$15 K), field-deployable system, the

NanoRaman I fibre-optic-based Raman system (Fig. 8, Con-

current Analytical). This system uses a HeNe laser (632.8 nm)

as the excitation source. The spectrograph consists of an f/2.0

Czerny-Turner imaging spectrometer (6–8 cm�1 resolution)

and a Kodak 0401E CCD, thermoelectrically cooled to 0 1C.

The laser light is focused to a 25 mm spot on the substrate at

normal incidence using an objective with a numerical aperture

of 0.65; the power at the sample is B3 mW. The same

objective collects the scattered radiation. Spectra can be

acquired over a range of integration times, typically in only

a few seconds. As will be shown, this simple system was used

to measure f-PSA at femtomolar levels.

Features of the SERS immunoassay platform

To briefly summarize, our immunoassay platform has several

noteworthy features. First, enhancements are reproducibly

and quantitatively controlled by the size and shape of the

nanoparticle, which eliminates the need for a reproducibly

roughened capture surface. Moreover, the underlying TSG,

which is atomically flat and therefore inactive as an enhancing

material, can also be prepared with a high level of reproduci-

bility.31

Second, the ERL design minimizes the distance between the

particle surface and reporters. This aspect is significant be-

cause the enhancement of the electric field varies inversely with

the 10th power of the distance from the surface.43 This decay

also has another important consequence: there is no observa-

ble response attributable to the antibody coating.16 This result

reflects: (1) the gap between the particle and antibody that is

enforced by the thickness of the reporter; and (2) the low

number of strong scattering modes that is inherent in the

structure of most native proteins.

Third, multiplexed analysis can be realized simply by chan-

ging the recognition elements on the capture substrate and

ERL and forming multiple addresses on the capture substrate.

This versatility is particularly important in the area of disease

detection, which is increasingly relying on the results from a

panel of biomarkers rather than a single marker.

Assays

To illustrate the versatility and sensitivity of SERS-based

assays, a few examples of work from our laboratory are

Fig. 7 SERS enhancement for different gold nanoparticle diameters

relative to enhancement by 30 nm diameter particles, plotted as a

function of the wavelength of maximum extinction. Adapted and

reprinted with permission from ref. 39. Copyright 2006 American

Chemical Society.

Fig. 8 SERS instrument: (A) spectrometer; (B) fibre optic probe; and

(C) HeNe laser.

Fig. 6 (A) Extinction spectra of gold colloid suspensions; (B) surface

extinction spectra of gold colloids on a gold surface. Adapted and

reprinted with permission from ref. 39. Copyright 2006 American

Chemical Society.
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detailed for analytes ranging from protein molecules to

bacteria.

Femtomolar antigen detection

One of the first applications we investigated with respect to the

potential utility of ERLs tackled needs in early disease diag-

nosis, specifically the detection of prostate specific antigen

(PSA). Prostate cancer is the second leading cause of cancer-

related deaths in adult males in the United States. PSA, a 33

kDa glycoprotein, exists in blood plasma in both complexed

and free forms; normal levels are between 4–10 ng mL�1.51

Assays today distinguish between the different forms of PSA

through unreacted epitopes in each complex. The distinction

between complexed and free PSA is clinically relevant because

the probability of cancer occurrence increases as the percen-

tage of free PSA decreases. Early detection, particularly after

radical prostatectomy, is difficult because the low levels of

PSA present early in recurrence challenge the detection

capabilities of most assays.52

In designing this assay, ERLs were constructed by coating

30 nm gold particles with a monolayer formed from DSNB.

Two different monoclonal antibodies were used, one for the

capture substrate and the other for the ERLs. Each clone

targets a different epitope on f-PSA, which enables formation

of the antigen ‘‘sandwich.’’ Furthermore, test panel results

indicated that a phosphate buffered saline (PBS) rinse buffer

(pH 7.5) which contained 0.5% Tween 80 proved highly

effective in minimizing nonspecific adsorption of ERLs.

The merits of this strategy become evident from inspection

of the SERS data in Fig. 9 for an assay of f-PSA spiked in

normal human serum.25 The results, obtained using a 30 s

readout time, show: (1) a clear correlation between the

strength of ns(NO2) of the ERLs and f-PSA concentration;

and (2) a non-detectable level of non-specific adsorption in

blank human serum. By defining the limit of detection (LOD)

as the response of the blank plus three times its standard

deviation, the assay in human serum has a LOD of B1 pg

mL�1 (B30 fM). A rough estimate of the number of bound

particles (B60), and therefore recognition events, further

underscores the ability of this type of assay to detect exceed-

ingly small amounts of antigen, and points to a wide range of

opportunities in the application of the readout modality to

early disease detection.

Following this work it became evident that larger nanopar-

ticles should provide stronger SERS because their plasmon

resonance is more favourably positioned with respect to the

laser wavelength (Fig. 7). We therefore switched to using

60 nm diameter particles.

Bacteria detection

We have also been heavily involved in the application of our

platform to veterinary medicine by the development of assays

for the rapid, low-level detection of viruses.24 This work,

carried out in close collaboration with scientists at the US

Department of Agriculture National Animal Disease Center

(NADC), was recently extended to pathogenic microorgan-

isms, specificallyMycobacterium avium subsp. paratuberculosis

(MAP).53,54 MAP is the causative agent of Johne’s disease in

cattle, and is responsible for the annual loss of several hundred

million dollars in worldwide animal production. It has also

been implicated as the possible agent in Crone’s disease in

humans. One of the major obstacles in controlling the spread

of this disease is the inability to rapidly detect small amounts

of bacteria or other diagnostic markers shed during the

subclinical stage of infection. While culturing remains the

‘‘gold standard’’ for MAP detection, it can require 12–14

weeks for incubation.

To address the need for a more rapid assay, we developed a

SERS-based method for the detection of MAP in lysate. There

is one key feature of this new assay: use of an immobilized

layer of a newly created monoclonal antibody that targets a

major membrane protein on MAP for construction of the

capture substrate and ERLs. By correlating the number of

MAP bacilli present prior to sonication and the amount of

total protein in the resulting sonicate, the detection limit

Fig. 9 SERS immunoassay for f-PSA directly from spiked human

serum. Spectra (30 s integration times) are offset for clarity. Reprinted

with permission from ref. 25. Copyright 2003 American Chemical

Society.

Fig. 10 Calibration curve for MAP spiked in whole milk. Repro-

duced with permission from ref. 53.
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determined for total protein can be translated to the micro-

organism concentration. These findings, summarized in

Fig. 10, yielded an LOD of 1000 MAP mL�1 for sonicate

spiked in whole milk. This is approaching the levels measured

in the subclinical stage of the disease.53 Moreover, the assay

time, which includes sample preparation, antigen extraction,

ERL incubation, and readout, was under 24 h.

Single gold nanoparticle detection

This section briefly demonstrates the ability to detect individ-

ual ERLs. It draws on optimizations guided by the results

from the noted investigation on both the role of particle size

and the separation from the gold substrate on the effectiveness

of plasmon coupling.30 To facilitate the evaluation of indivi-

dual particles, patterned gold substrates were used to register

particle locations via AFM, and then interrogated with a

Raman (1 mm spot size) microscope.

Fig. 11A and B present AFM topographic images of the

patterned gold substrate. Fig. 11B is an expanded image of the

substrate location outlined by the dashed lines in Fig. 11A.

The bright spots in the images are topographic signatures of

the gold particles. The circled areas in Fig. 11B designate

regions where SERS measurements were made. Note that

region 1 contains a single ERL (80 nm diameter), whereas

region 2 is devoid of particles.

The spectroscopic results are given in Fig. 11C and D.

Spectral features characteristic of DSNB-coated gold particles

are evident in region 1, but not in region 2. Though not shown,

additional measurements indicated that all of the particles

were SERS active, and the intensities were strongly correlated

with particle size.30 These data demonstrate the ability to

detect individual ERLs, which, by extension, points to the

potential to detect the footprint derived from a single anti-

body–antigen binding event, i.e. the capture of one antigen.

The need for speed

To this point, all the assays have relied on the delivery of

antigens and ERLs by diffusional mass transport. However,

the large sizes of biological targets (Fig. 1) translate to small

diffusion coefficients (e.g., 10�7 cm2 s�1 for FCV), which can

necessitate long incubation times for both the capture and

labelling steps. This issue is amplified when attempting to

detect antigens at lower and lower levels. Therefore, to take

full advantage of the single particle sensitivity of our platform,

the development of approaches to reduce incubation times is

of fundamental and technological significance.

One path to reduce incubation times arises from the fact

that the rate of antigen–antibody binding is often limited by

mass transport as opposed to protein–protein recognition.55,56

Of the many approaches reported in the literature,57,58 we

recently examined the effectiveness of substrate rotation in

reducing the time required for the antigen and label binding

steps. Although a classic method for accurately controlling the

rate of reactant mass transfer in electrochemistry,59 it has

surprisingly few precedents in the bioassay arena. Our work

showed, both theoretically and experimentally, that the accu-

mulated surface concentration of bound antigen, Ga, is given

by eqn (1):

Ga ¼
2

p
1
2

D
1
2Cbt

1
2 þ D

2
3Cb

1:61V
1
6

to
1
2 ð1Þ

where D is the antigen diffusion coefficient, Cb is the bulk

antigen concentration, t is incubation time, V is the kinematic

viscosity of the solution, and o is rotation rate. The first right

hand term represents the diffusion contribution, whereas the

second term defines the hydrodynamically accelerated mass

transfer via substrate rotation. This equation therefore de-

scribes how reactant binding can be manipulated by varying t

and, more importantly, o.
The concept of a rotation-based sandwich assay is given in

Fig. 12. One end of a gold-capped rod modified with a capture

antibody is lowered into the sample. The rod is then rotated at

a controlled rate, which extracts the antigen. After rinsing, the

capture substrate is immersed in an ERL solution and again

rotated at a fixed rate to label the captured antigen. Fig. 13

presents the dose–response curves for the SERS-based detec-

tion of rabbit IgG from PBS. When compared to the assay

performed under static conditions, the total assay time can be

Fig. 11 (A, B) Topographic AFM images of DSNB-coated Au

nanoparticles immobilized on aminoethanethiol based self-assembled

monolayer (AET SAM) on gold. (C, D) Single-particle Raman spectra

of regions 1 and 2 in B. Reproduced with permission from ref. 30.

Fig. 12 Schematic of capture and labelling at a rotating capture

substrate.
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reduced from several hours to B25 min, and this reduction in

time is accompanied by a tenfold reduction in detection

limit.40 The improvement in LOD reflects both an increase

in signal from the captured antigen and a decrease in non-

specific binding. The latter important finding arises because

nonspecific binding is a slower process than specific binding,

so accelerated assays allow less time for nonspecific binding to

occur.

Conclusions

This review presented a synopsis of our exploration of the

potential of SERS-based techniques for high sensitivity detec-

tion in a range of heterogeneous immunoassay methodologies.

In view of the ability to detect the presence of one captured

ERL, the continued development of pathways to more effec-

tively exploit this capability represents an unambiguous next

step. Advances in new approaches to reduce the time required

to capture antigens, particularly from exceedingly dilute sam-

ples, will also be of particular importance. From a funda-

mental viewpoint, there are several intriguing questions,

including the role of plasmon coupling between ERLs and

the underling metal of the capture substrate, as well as the

shape manipulation of ERLs for even larger enhancements.

We believe that these developments will move SERS-based

assays center-stage in the world of diagnostics in the very near

future.
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