
Talanta 67 (2005) 438–448

Towards advanced chemical and biological nanosensors—An overview

Chanda Ranjit Yonzon1, Douglas A. Stuart1, Xiaoyu Zhang, Adam D. McFarland,
Christy L. Haynes, Richard P. Van Duyne∗

Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208-3113, USA

Available online 2 August 2005

Abstract

This paper reviews recent developments in the design and application of two types of optical nanosensor, those based on: (1) localized surface
plasmon resonance (LSPR) spectroscopy and (2) surface-enhanced Raman scattering (SERS). The performance of these sensors is discussed
in the context of biological and chemical sensing. The first section addresses the LSPR sensors. Arrays of nanotriangles were evaluated and
characterized using realistic protein/ligand interactions. Isolated, single nanoparticles were used for chemosensing and performed comparably
to the nanoparticle array sensors. In particular, we highlight the effect of nanoparticle morphology on sensing response. The second section
details the use of SERS sensors using metal film over nanosphere (MFON) surfaces. The high SERS enhancements and long-term stability
of MFONs were exploited in order to develop SERS-based sensors for two important target molecules: aBacillus anthracisbiomarker and
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. Introduction

Nanotechnology and nanoscale materials are a new and
xciting field of research. The inherently small size and
nusual optical, magnetic, catalytic, and mechanical prop-
rties of nanoparticles not found in bulk materials permit the
evelopment of novel devices and applications previously
navailable. One of the earliest applications of nanotechnol-
gy that has been realized is the development of improved
hemical and biological sensors. Remarkable progress has
een made in the last two decades in the development of
ptical sensors and their utilization in environmental pro-

ection [1,2], biotechnology[3], medical diagnostics[4,5],
rug screening[6], food safety[2,7], and security[8]. In this
eview, we will survey two types of optical sensors based
n two different materials fabricated by nanosphere lithogra-
hy (NSL). We have chosen examples that demonstrate the
pplicability of these types of sensors to both chemical and
iological analysis.

∗ Corresponding author. Tel.: +1 847 491 3516; fax: +1 847 491 7713.

Nanosphere lithographic techniques are easily used
surprisingly versatile and powerful tools for the design
nanoscale materials with size and shape tunable optical
erties. The fabrication of arrays of triangular nanoparticle
the interstices between the elements of the nanosphere
sition mask and formation of metal film over nanosph
(MFON) structures by deposition of metal that comple
covers the mask are the two most direct NSL proced
and are shown inFig. 1. Changing either the size of t
nanospheres comprising the mask or the amount of m
deposited through or on the mask markedly changes the
cal properties of the material, as summarized inTable 1. The
frequency agile and readily tunable optical properties of
types of materials can be exploited in sensing schemes
such optical sensor is based on the triangular nanopar
and uses localized surface plasmon resonance (LSPR)
sensing. LSPR sensing capitalizes on the fact that noble
nanoparticles exhibit a strong UV–vis extinction (abs
tion and Rayleigh scattering) band, and that the wavele
of maximum extinction is red-shifted by an increase in
dielectric constant and thickness of the material surroun
E-mail address:vanduyne@chem.northwestern.edu (R.P. Van Duyne).
1 Authors contributed equally to this work.

the nanoparticles[9–16]. The second type of sensor, based on
the MFON structure, relies on the enhanced electromagnetic
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Fig. 1. Nanosphere lithographic fabrication of nanoparticle arrays and film over nanosphere surfaces.

fields generated by the characteristic surface roughness of the
FON to produce strong and stable surface-enhanced Raman
scattering (SERS) from target analytes.

2. Localized surface plasmon resonance sensing

LSPR sensors operate by transducing changes in local
refractive index to wavelength shifts of the LSPR extinc-
tion band maximum (LSPRλmax). The extinction band is
a direct consequence of the excitation of the LSPR, which
is a collective oscillation of the conduction electrons in the
metal nanoparticle. LSPR excitation results in wavelength-
selective absorption with extremely large molar extinction
coefficients (∼3× 1011 M−1 cm−1) [17], resonant Rayleigh
scattering with efficiency equivalent to that of 106 fluo-
rophores[18,19], and enhanced local electromagnetic fields
near the surface of the nanoparticle that are responsible for
the intense signals observed in all surface-enhanced spectro-
scopies, e.g. SERS[20]. The LSPRλmax, is dependent upon
the size, shape, material, and dielectric environment of the
nanoparticles[9–16]. The simplest theoretical model for the
extinction,E(λ) of spheroid shaped nanoparticles is given by
Eq.(1):
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whereN is Avagadro’s number,a the radius of the sphere,εm
the external dielectric constant, andεi andεr are the imaginary
and real portion of dielectric constant of the metal[21]. The
effects of particle shape are accounted for with the factor
χ, which has value of 2 for a perfect sphere, and increases
directly with the nanoparticle’s aspect ratio.

LSPR sensors and their more conventional counterpart,
the propagating SPR sensor, have an inherent advantage over
other optical biosensors that require a chromophoric group
or other label to transduce the binding event. The response
of LSPR and SPR sensors is proportional to the product of
adsorbate, thin layers, and refractive index. Furthermore, if
properly functionalized with appropriate receptor molecules
(e.g. antibodies), they require very little ligand purification
due to the specific ligand/receptor binding of these molecules.
Also, these sensors provide real-time information[22] on the
course of binding and are applicable over a broad range of
binding affinities. The sensing capability of LSPR sensors
can also be tuned by changing the shape, size, and material
composition of the nanoparticles[9,23]. Additionally, LSPR
sensing elements are inherently the size of a single nanopar-
ticle, making the LSPR sensors potentially applicable for in
v
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omparative LSPRλmax values for varying sphere mask sizes (D) and meta
eposition thicknesses (dm)

(nm) dm (nm) λmax (nm)

SL-fabricated Ag nanotriangles
390 40 ∼620
390 50 ∼580
390 50 ∼580
510 50 ∼710
590 50 ∼860
100 50 ∼1360

SL-fabricated MFON
390 200 ∼530a

510 200 ∼680a

600 200 ∼750a

a Denotes values forλmin (nm).
ivo detection in biological cells.

.1. Ensemble nanosensors for carbohydrate binding
rotein (Concanavalin A)

NSL-fabricated Ag nanotriangles with out-of-pla
eights of 50 nm and in-plane widths of∼100 nm on a glas
ubstrate were placed in a mixture of tri(ethylene gly
isulfide and maleimide-terminated disulfide to present a
% of the maleimide on the surface. The substrate was r
ith ethanol and placed in a flow cell after exposure to m
ose. The LSPR spectrum of the mannose-functionalize
anosensor had a LSPRλmax of 662.4 nm (Fig. 2A). Then
9.8�M Concanavalin A (Con A) was injected into the fl
ell and the Ag nanosensor was incubated at room tem
ure for 20 min to ensure complete binding. The sample
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Fig. 2. (A) LSPR spectra of mannose-functionalized Ag nanosen-
sor (λmax= 662.4 nm) and the specific binding of ConA to mannose
(λmax= 669.1 nm) in PBS buffer. Real-time response of (B) mannose and
(C) galactose-functionalized LSPR sensor as 19�M of ConA was injected
in the cell following buffer injection.

thoroughly rinsed in buffer solution, and the LSPRλmax of
the Ag nanotriangles was measured to be 669.1 nm, a 6.7 nm
red-shift of the LSPRλmax. Furthermore, real-time binding
studies were performed on a mannose-functionalized
LSPR sensor (Fig. 2B). ConA (19�M) in buffer was
injected after the baseline LSPR	λmax response of the
mannose-functionalized Ag nanotriangles in a running buffer
environment was recorded. The sensor was then flushed
with buffer to remove any non-specifically bound ConA and
weakly bound protein/sugar complexes. During this process,
the LSPRλmax was measured in 5 s intervals for 20 min.

Note that the spike of	λmax at 500 s inFig. 2B is caused
by flow non-uniformity (noise) due to manual injection.

During the association phase, the LSPR sensor showed
a rapid response when ConA was exposed to the surface,
which indicates strong mannose/ConA interaction on the sur-
face[24] followed by weak non-specific binding. However,
during the dissociation phase, the signal decreased by 14%.
The dissociation response seen is attributable to the removal
of non-specifically bound ConA and partial dissociation of
bound ConA.

A similar real-time experiment was performed to observe
the binding of ConA to a galactose-functionalized Ag
nanosensor (Fig. 2C). To illustrate that ConA has very little
affinity toward galactose, a 5% galactose-functionalized sur-
face was exposed to 19�M ConA. After the wash with PBS
buffer, the LSPR sensor showed a very small	λmax. This
small response was previously observed when fluorescently
labeled ConA was exposed to a galactose-functionalized sur-
face[25].

2.2. LSPR response with respect to the height of Ag
nanotriangles

The size of the Ag nanoparticles governs not only the
initial LSPRλmax [9], but also the magnitude of the LSPR
response. A study to understand the LSPR response with
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espect to nanoparticle height was performed using arra
g nanoparticles with various out-of-plane heights, but fi

n-plane widths. Arrays with out-of-plane heights of 16,
nd 50 nm were fabricated, and functionalized with mann
he nanoparticle arrays were placed in a flow cell with P
uffer solution, then 19�M ConA was injected followed b
insing with buffer to remove weakly bound ConA. Manno
unctionalized Ag nanosensors with 16 nm (Fig. 3A), 25
Fig. 3B), and 50 nm (Fig. 3C) out-of-plane height gave LS
max of 808.3, 707.2, and 662.4 nm, respectively. W
he mannose-functionalized surface of these nanotrai
ere exposed to ConA,λmax shifts of 22.2 nm (−0.041 eV
1.4 nm (−0.027 eV), and 6.7 nm (−0.022 eV) was s
nd 19.1 nm (−0.035 eV), 9.6 nm (−0.023 eV), and 5.8
−0.016 eV) net response when weakly bound ConA
emoved by washing the sample with the PBS buffer. I
ases, the areal density of ConA molecules bound to
annose-functionalized surface was identical, howeve

verall response of the nanosensor increased with de
ng nanoparticle height. Furthermore, when the ConA bo
anosensors were rinsed with buffer, the change in
esponse increased as the nanoparticle height decreas

To explore the mechanism behind the experimental re
n Fig. 3, the discrete dipole approximation (DDA) meth
26–28] was used. The theoretical calculations shows[22]
ualitative agreement with experimental data; as Ag nan

icle height increases, the aspect ratio of the nanopa
ecreases, and	(	λmax) decreases. The trend seen inFig. 3
an also be explained by consideration of the chara
stic length of the electromagnetic field decay,ld, at the
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Fig. 3. Real-time response of mannose-functionalized Ag nanosensor as
19�M of ConA was injected in the cell following buffer injection: (A)
16 nm out-of plane height, (B) 25 nm out-of plane height, and (C) 50 nm
out-of plane height. The solid lines are guides to the eye.

nanoparticle surface. Although the electromagnetic fields
around nanoparticles are known to be more complex, a rea-
sonable approximation forld is 5–6 nm for a Ag nanoparticle
with an in-plane width of 100 nm and out-of-plane height of
50 nm[16,29]. In addition, as the aspect of the nanoparticle
increase,ld increases. Becauseld for nanoparticles is signif-
icantly smaller than the size of ConA, the	λmax response
observed upon ConA binding is caused only by the portion
of the ConA molecule in close proximity to the nanoparti-
cle surface. In contrast,ld for SPR is known to be∼200 nm
[30]. This longer decay length not only provides sensitivity
beyond the specifically bound molecules at the metal sur-
face, but also results in a larger response when weakly bound
ConA is washed away.

2.3. Sensing with single nanoparticles

The extension of the LSPR sensing technique to the
single nanoparticle limit provides several advantages over
existing array- or cluster-based techniques. First, absolute

detection limits can be dramatically reduced. The surface
area of chemically prepared Ag nanoparticles is typically
less than 20,000 nm2; therefore, a complete monolayer of
adsorbate constitutes fewer than∼100 zeptomoles. The for-
mation of alkanethiol monolayers on Ag nanoparticles can
result in LSPR shifts of greater that 40 nm, a change that
is over 100 times greater than the resolution of convention
UV–vis spectrometers. This suggests that the limit of detec-
tion for single nanoparticle-based LSPR sensing will be well
below 1000 molecules for small molecule adsorbates. The
single molecule detection limit may be achievable for larger
molecules, such as antibodies and proteins, that produce large
changes in the local dielectric environment upon adsorption.
Second, the extreme sensitivity of single nanoparticle sensors
dictates that only very small sample volumes (viz., atto-
liters) are necessary to induce a measurable response. This
characteristic could eliminate the need for analyte amplifica-
tion techniques (e.g., polymerase chain reaction) required by
other analytical methods. Third, single nanoparticle sensing
platforms, like nanoparticle arrays, are readily applicable to
multiplexed detection schemes by controlling the size, shape,
and chemical modification of individual nanoparticles. Sev-
eral nanoparticles with unique spectral responses can then be
incorporated into one device, allowing for the rapid, simul-
taneous detection of many different chemical or biological
species.
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The key to exploiting single nanoparticles as sensing
orms is developing a technique to monitor the LSPR
ndividual nanoparticles with a reasonable signal-to-n
atio. UV–vis absorption spectroscopy does not provi
ractical means of accomplishing this task. Even unde
ost favorable experimental conditions, the absorbance

ingle nanoparticle is very close to the shot noise-gove
imit of detection. Instead, resonant Rayleigh scattering s
roscopy is the most straightforward means of character
he optical properties of individual metallic nanopartic
imilar to fluorescence spectroscopy, the advantage of

ering spectroscopy lies in the fact that the scattering s
s detected against a very low background. The instrum
al approach for performing these experiments gene
nvolves using high magnification microscopy coupled w
blique or evanescent illumination of the nanoparticles.
as been most commonly achieved with dark-field trans
ion spectroscopy[31–33], but can also be realized w
ear-field scanning optical microscopy[34], or differentia

nterference contrast microscopy[35].
Colloidal Ag nanoparticles were prepared by reducing

er nitrate with sodium citrate in aqueous solution accor
o the procedure referenced above[36]. Immobilized particle
n cover slips were inserted into a flow cell and were exp

o various dielectric environments or molecular adsorb
37]. Prior to all experiments, the nanoparticles in the fl
ell were repeatedly rinsed with methanol and dried u
itrogen. All optical measurements were performed u
n inverted dark-field microscope equipped with an ima
pectrograph. An image of a field of nanoparticles acqu
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Fig. 4. Single nanoparticle spectroscopy and kinetics. (A) Dark-field image of silver nanoparticles; (B) representative spectra showing shift in LSPR on exposure
of analyte; (C) shape effect with increasing solvent refractive index; (D) real-time binding kinetics.

with the apparatus is shown inFig. 4A. Spatial filtering allows
the spectral response of a target nanoparticle to be monitored
(Fig. 4B).

The local refractive index sensitivity of the LSPR of a
single Ag nanoparticle was measured by recording the res-
onant Rayleigh scattering spectrum of the nanoparticle as
it was exposed to various solvent environments inside the
flow cell. As illustrated inFig. 4C, the LSPRλmax systemat-
ically shifts to longer wavelength as the solvent refractive
index unit (RIU) is increased. Linear regression analysis
for this nanoparticle yielded a refractive index sensitivity
of 203.1 nm RIU−1. The refractive index sensitivity of sev-
eral individual Ag nanoparticles was measured and typical

values were determined to be 170–235 nm RIU−1. Fig. 4C
also shows that the shape of the nanoparticles has a dramatic
effect on the sensitivity of the LSPR response to changes
in refractive index. Generally, the higher is the particle’s
aspect ratio,χ, the larger the change in LSPRλmax. The
spherical particle has a sensitivity of 161 nm RIU−1, the
triangular nanoparticle has a sensitivity of 197 nm RIU−1,
and finally, the rod-like nanoparticle has a sensitivity of
235 nm RIU−1 [37]. The triangular nanoparticle was fabri-
cated using NSL, removed from its original substrate, and
immobilized on a glass coverslip to ensure adequate inter-
particle separation. The geometries of the chemically synthe-
sized nanoparticles were assigned on the basis of the LSPR
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λmax, line shape, and polarization dependence of the scatter-
ing spectra as well as similar assignments made by Mock et
al. using TEM-correlated optical measurements[38]. These
results are similar to the values obtained from experiments
utilizing arrays of NSL-fabricated triangular nanoparticles
[22,39,40]. Additionally, kinetic responses were monitored
and were found to be competitive with other real-time sensors
(Fig. 4D). Using the flow cell described above, immobilized
single nanoparticles were exposed to a solution containing
1.0 mM 1-octanethiol. An analysis of the data reveals that
the response exhibits first-order kinetics with a rate con-
stant of 0.0167 s−1, with saturation of the binding surface
at about 10,000 molecules, and a limit of detection of∼2000
molecules.

3. Surface-enhanced Raman scattering (SERS)
nanosensors

Vibrational spectroscopic methods are valuable analytical
tools because they yield not only quantitative information
but also unique vibrational signatures for small molecule
analytes. Raman spectroscopy, in all its forms, is a vibra-
tional spectroscopic method that has the inherent ability to
distinguish between molecules with great similarity, such
as the structural isomers glucose and fructose[41]. Unfor-
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For sensors, it is important that the optical proper-
ties of the substrate be designed to fully maximize SERS
intensities, which accordingly lower the analytical limit of
detection (LOD). Early SERS substrates contained a ran-
dom distribution of roughness feature sizes produced by
oxidation–reduction cycling on a metal electrode[51] or
evaporation of a thin metal film onto a flat substrate[52].
In recent years, researchers have explored the optimal size,
shape, spacing, and pattern of noble metal nanoparticles on
surfaces to optimize SERS enhancements. One of the most
robust SERS substrates in use today is the metal film over
nanospheres substrates prepared by NSL (Fig. 1)[53–55].
The diameter of the colloidal nanosphere cores and the thick-
ness of the metal film shell determine the size distribution
of the roughness features and, hence, the optical response.
Even though the nanoscale roughness features are not homo-
geneous in size; but are instead driven by the larger scale
templating, they are homogeneous enough to generate a rela-
tively narrow LSPR (FWHM∼ 200 nm). Recent experiments
have conclusively demonstrated that MFON substrates are
stable for weeks[56] (unlike many other nanostructured sur-
faces) and remain SERS-active even when exposed to large
temperature[57] and potential excursions[54]. The utility of
the MFON substrate is demonstrated herein as a robust SERS
substrate used in biowarfare agent[56] and glucose detection
[4,58].
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ection of many molecules of interest[42]. Higher intensity
aman signals and lower detection limits can be achi
sing SERS. SERS produces very large enhancements
ffective Raman cross-section of species spatially con
ithin zone of the electromagnetic fields (viz., 0–4 nm)[43]
enerated upon excitation of the LSPR (described abov
anostructured noble metal surfaces. This large electro
etic field induces a dipole in nearby molecules, thus enh

ng Raman scattering from absorbed molecules. The R
ignals of ensemble-averaged molecules show enhanc
f up to 8 orders of magnitude[44], while the signals from
ingle molecules can show an increase by 14–15 o
f magnitude in special cases[45,46]. In comparison wit

nfrared absorption and NRS spectroscopies, SERS e
he advantages of application in aqueous media and the
itivity sufficient for trace level detection[47]. This enable
ERS spectroscopy to be one of the most effective trace

ytical methods. Although SERS intensity varies from sam
o sample due to the substrate morphology, by choosin
ppropriate internal standard or developing a large cal

ion data set, SERS can be used for quantitative dete
he distinct advantages of SERS, such as low detection
eal-time response, both qualitative and quantitative ana
apabilities, a high degree of specificity, and simultane
ulti-component detection, make it applicable in identifi

ion and characterization of pharmaceuticals,[48] bacteria
49], and other molecular species[50].
t

.1. Bacillus spore detection based on SERS

SERS has been successfully exploited in the rapid d
ion of Bacillus subtilisspores, harmless simulants forB.
nthracis (Fig. 5A). A bacillus spore structurally consi
f several protective layers and a core cell. CaDPA e

n these protective layers (Fig. 5B) and can be use
he spore biomarker because other potentially interfe
pecies lack this particular molecule in such high proport
59,60]. CaDPA was extracted from spores by sonicati
pore suspension in 0.02 M HNO3 solution for 10 min. A
.1× 10−13 M spore suspension (3.7× 104 spores in 0.2�L,
.02 M HNO3) was deposited onto an AgFON substrate
he SERS measurement. A high signal-to-noise ratio (
ERS spectrum was obtained in a 1-min data acquis
eriod (Fig. 5C); this spectrum is dominated by bands as
ted with CaDPA (Fig. 5D) as seen in previous Raman stu
n bacillus spores[61]. The bands due to HNO3 in the suspen
ion were identified as well (Fig. 5E). The peak at 1050 c−1

n Fig. 5D is from the symmetrical stretching vibration
O3

− [62,63]. Because of its prominence, this peak is u
s an internal standard to reduce the sample-to-sample
tions.

The SERS signal from extracted CaDPA was m
ured over the spore concentration range 10−14–10−12 M
o determine the saturation binding capacity of
gFON surface and to calculate the adsorption con
Kspore= 1.7× 1013 M−1). In Fig. 6A, each data point re
esents the average intensity at 1020 cm−1 (a ring breathing
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Fig. 5. Anthrax sensing. (A) Localization of dipicolinic acid withinBacillusspores; (B) structure (inset); (C) SERS spectrum of 3.1× 10−13 M spore suspension
on a AgFON substrate; (D) SERS spectrum of 5.0× 10−4 M CaDPA; (E) SERS spectrum of 0.2�L 0.02 M HNO3. λex = 750 nm,Pex = 50 mW, and acquisition
time = 1 min.

Fig. 6. (A) Adsorption isotherm forBacillus subtilisspore suspension onto a AgFON substrate.I1020 was taken from SERS spectra that correspond to varying
spore concentrations in 0.2�L, 0.02 M HNO3 on AgFON substrates.λex = 750 nm,Pex = 50 mW, acquisition time = 1 min,D= 600 nm, anddAg = 200 nm. A
Langmuir curve was generated with the adsorption constant for CaDPA from spores,Kspore= 1.3× 1013 M−1. The inset shows the linear range that is used to
determine the LOD. Each data point represents the average value from three SERS spectra. Error bars show the standard deviations. (B) SERS spectrum of
2.1× 10−14 M spore suspension (2.6× 103 spores in 0.2�L, 0.02 M HNO3) on AgFON.λex = 750 nm,Pex = 50 mW, and acquisition time = 1 min.
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mode) from three samples with the standard deviation shown
by the error bars. At low spore concentrations, the peak inten-
sity increases linearly with concentration (Fig. 6A inset). At
higher spore concentrations, the response saturates as the
adsorption sites on the AgFON substrate become fully occu-
pied.

A SERS-based detection system must have the ability to
detect less than the life-threatening dose of a pathogen in
real or near-real-time in order to monitor bio-agents or other
harmful species. Herein, the LOD is defined as the concentra-
tion of spores for which the strongest SERS signal of CaDPA
at 1020 cm−1 is equal to three times the background SERS
signal within a 1-min acquisition period. The background
signal refers to the SERS intensity from a sample with a
spore concentration equal to zero, which is theoretically pre-
dicted to be the intercept of the low concentration end of the
spore adsorption isotherm (Fig. 6A, inset). Although lower
detection limits can be achieved by using longer acquisi-
tion times or higher laser power, the chosen parameters are
reasonable for high throughput, real-time, and on-site anal-
ysis of potentially harmful species. The LOD forB. subtilis
spores was found to be 2.1× 10−14 M (2.6× 103 spores in
0.2�L, 0.02 M HNO3), as calculated by extrapolation of the
linear concentration range of the adsorption isotherms. Fur-
thermore, a similar spore concentration 2.1× 10−14 M was
used to test the LOD prediction. A 1-min acquisition yields
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the range of the enhanced electromagnetic fields around
the FON surface, a SAM can be formed on the surface
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sic and tailorable through synthetic control of the partition
layer.

In initial experiments, several SAMs were tested to deter-
mine their effectiveness as a partition layer. Of these, only
the straight chain alkanethiols were found to be effective par-
tition layers, especially 1-decanethiol, 1-DT (which forms
a monolayer on Ag∼ 1.9 nm thick) [70]. Although 1-DT
was an effective partition layer for quantitative detection in
the physiologically relevant concentration range (0–25 mM)
[58], an ethylene glycol SAM has proven to be more effective
[4]. The (1-mercaptoundeca-11-yl) tri(ethylene glycol), EG3,
was chosen as a partition layer because of its ability to reject
non-specific binding by background proteins[71–74]and its
biocompatibility [75,76], progressing toward the long-term
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SERS spectrum that clearly demonstrates the spore R
eatures (Fig. 6B) in comparison withFig. 5A. These dat
emonstrate that the SERS LOD is well below the ant

nfectious dose of 104 spores[64].

.2. Glucose detection with SERS

While the CaDPA biomarker inB. subtilisspores has a
ffinity towards the rough noble metal surfaces required
ERS detection, many important molecules (e.g. gluc

ack an affinity towards such surfaces[58]. The work pre
ented below demonstrates quantitative glucose dete
y tailoring a SERS-active substrate with a self-assem
onolayer (SAM). All efforts to detect glucose on b
FON surfaces using SERS were unsuccessful. Sinc
ormal Raman cross-section of glucose should provide

Fig. 7. Cartoon of monolayer funct
oal of fabricating an implantable glucose sensor. Each E
odified MFON sample was incubated in a flow cell wit
lucose/saline solution (0–25 mM; 0–450 mg/dL) at a ph
logical pH (7.4). SERS spectra were then measured thr
n optical window in the cell. The spectra were normal
sing EG3’s S–C (∼700 cm−1) peak intensities, followed b
hemometric (partial least squares) analysis. The resu
ross-validated glucose concentration predictions are
ented on a Clarke error grid (Fig. 8).

The Clarke error grid is an established metric for eval
ng glucose sensor efficacy in the clinical concentration ra
77]. It is divided into five zones: zone A predictions le
o clinically correct treatment decisions; zone B predict
ead to benign errors or no treatment; zone C predictions
o overcorrecting acceptable blood glucose concentrat
one D predictions lead to dangerous failure to detect

d FONs partitioning glucose molecules.
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Fig. 8. Clarke error grid of LOO-PLS predicted glucose concentration ver-
sus actual glucose concentration (five loading vectors). AgFON samples
were made (D= 390 nm,dm = 200 nm), incubated for∼16 h in 1 mM EG3
solution, and dosed in glucose solution (range: 0–450 mg/dL, 0–25 mM) for
10 min. Each SERS measurement was made in the flow cell under saline
with pH = 7.4, usingλex = 632.8 nm,Plaser= 2.5 mW, andt= 30 s.

treat; zone E predictions lead to further aggravating abnormal
glucose levels.

The EG3-modified AgFON sensor allows quantitative
detection of glucose in the physiological range with a cor-
responding prediction error of 82 mg/dL (4.5 mM). InFig. 8,
94% of the predictions fall in zones A and B, while a few
data points overlap in zone D within the hypoglycemic area
(<70 mg/dL, <3.9 mM). The error of 82 mg/dL (4.5 mM) can
be partially attributed to variation in the nanoscale morpholo-
gies on different AgFON samples. The nanostructure on an
AgFON substrate varies from point to point, affecting the
localized surface plasmon resonance, and accordingly, the
effective SERS enhancements.

While quantitative detection is an important characteris-
tic of a viable biosensor, the sensors used in vivo, or even
in complex in vitro media, such as in cellular cultures, must
also be effective in the presence of interfering proteins. Serum
albumin was used as a blood serum protein mimic to chal-
lenge the glucose sensor. The EG3-functionalized AgFON
substrate was placed in a saline environment in a flow cell and
the SERS spectrum was obtained (Fig. 9A). Then, a bovine
serum albumin (BSA) solution was injected into the flow
cell, and the SERS spectrum was collected throughout the
240-s incubation (Fig. 9B). Finally, the sample was exposed
to 100 mM glucose, and the SERS spectrum was collected
(Fig. 9C). Fig. 9D is the difference spectrum between 9B
a rable

F um alb
t
g
S
w

ig. 9. SER spectra showing detection of glucose in presence of ser

= 240 s; (B) 1 mg/mL serum albumin injected into the flow cell to challenge th
lucose injected into the flow cell,λex = 632.8,Plaser= 0.8 mW, andt= 240 s; (D) di
ERS spectrum for adsorbed serum albumin; (E) difference spectrum obtaine
ith glucose detection; (F) normal Raman spectrum of crystalline glucose fo
nd 9A, demonstrating that BSA does not have a measu

umin. (A) EG3 monolayer on AgFON substrate,λex = 632.8,Plaser= 0.8 mW, and

e EG3-modified AgFON,λex = 632.8,Plaser= 0.8 mW, andt= 240 s; (C) 100 mM
fference spectrum obtained by subtracting (A) from (B) revealing the lack of
d by subtracting (B) from (C) indicating serum albumin exposure does not interfere
r comparisonλex = 632.8,Plaser= 5 mW, andt= 30 s. (*) Denotes adu mW−1 s−1.
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SERS spectrum. The lack of BSA SERS bands is likely due
to inefficient adsorption of BSA to the EG3 partition layer.
Fig. 9E demonstrates that the SERS glucose sensor is still
effective after substrate exposure to an interfering protein,
and that the peaks correspond with the crystalline glucose
peaks shown inFig. 9F. This experiment clearly indicates
that glucose partitioning into EG3 is not influenced by the
presence of large molecules, such as serum albumin.

In addition to demonstrating quantitative glucose detec-
tion in a clinically relevant concentration range and detection
of glucose in the presence of other interfering proteins, other
characteristics of the EG3-modified AgFON glucose sensor,
such as durability and reusability, are demonstrated in pub-
lished work[4].

4. Conclusion

Nanoscale optical sensors have potential utility in wide
variety of applications. The inherently small size of the sen-
sor and non-destructive nature of the optical measurement
are significant advantages over macro-scale sensors, or other
sensitive detection schemes that do not permit recovery of
the analyte. We have demonstrated two types of nanosen-
sors based on plasmonic phenomena, LSPR sensing, and
SERS.
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