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Abstract

This paper reviews recent developments in the design and application of two types of optical nanosensor, those based on: (1) localized surfa
plasmon resonance (LSPR) spectroscopy and (2) surface-enhanced Raman scattering (SERS). The performance of these sensors is discu
in the context of biological and chemical sensing. The first section addresses the LSPR sensors. Arrays of nanotriangles were evaluated a
characterized using realistic protein/ligand interactions. Isolated, single nanoparticles were used for chemosensing and performed comparak
to the nanoparticle array sensors. In particular, we highlight the effect of nanoparticle morphology on sensing response. The second sectic
details the use of SERS sensors using metal film over nanosphere (MFON) surfaces. The high SERS enhancements and long-term stabil
of MFONSs were exploited in order to develop SERS-based sensors for two important target moleBaleiua anthracishiomarker and
glucose in a serum protein mixture.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Nanosphere lithographic techniques are easily used, yet
surprisingly versatile and powerful tools for the design of
Nanotechnology and nanoscale materials are a new anchanoscale materials with size and shape tunable optical prop-
exciting field of research. The inherently small size and erties. The fabrication of arrays of triangular nanoparticles in
unusual optical, magnetic, catalytic, and mechanical prop- the interstices between the elements of the nanosphere depo-
erties of nanoparticles not found in bulk materials permit the sition mask and formation of metal film over nanosphere
development of novel devices and applications previously (MFON) structures by deposition of metal that completely
unavailable. One of the earliest applications of nanotechnol- covers the mask are the two most direct NSL procedures,
ogy that has been realized is the development of improvedand are shown irFig. 1. Changing either the size of the
chemical and biological sensors. Remarkable progress hasianospheres comprising the mask or the amount of metal
been made in the last two decades in the development ofdeposited through or on the mask markedly changes the opti-
optical sensors and their utilization in environmental pro- cal properties of the material, as summarizediable 1. The
tection[1,2], biotechnology[3], medical diagnostic$4,5], frequency agile and readily tunable optical properties of both
drug screeningp], food safety[2,7], and security8]. In this types of materials can be exploited in sensing schemes. One
review, we will survey two types of optical sensors based such optical sensor is based on the triangular nanoparticles
on two different materials fabricated by nanosphere lithogra- and uses localized surface plasmon resonance (LSPR) based
phy (NSL). We have chosen examples that demonstrate thesensing. LSPR sensing capitalizes on the fact that noble metal
applicability of these types of sensors to both chemical and nanoparticles exhibit a strong UV-vis extinction (absorp-
biological analysis. tion and Rayleigh scattering) band, and that the wavelength
of maximum extinction is red-shifted by an increase in the
mpondmg author. Tel.: +1 847 491 3516; fax: +1 847 491 7713, dielectric constant and thickness of the material surrounding

E-mail addressvanduyne@chem.northwestern.edu (R.P. Van Duyne). the nanoparticlef9—16]. The second type of sensor, based on
1 Authors contributed equally to this work. 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 2472 Na3s] 3/2
FON to produce strong and stable surface-enhanced Ramar (1) = % In(10)
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whereN is Avagadro’s numbeg the radius of the spherey

the external dielectric constant, anndnde, are the imaginary
2. Localized surface plasmon resonance sensing and real portion of dielectric constant of the mdgdl]. The

effects of particle shape are accounted for with the factor

LSPR sensors operate by transducing changes in localy, which has value of 2 for a perfect sphere, and increases

refractive index to wavelength shifts of the LSPR extinc- directly with the nanoparticle’s aspect ratio.
tion band maximum (LSPRmay). The extinction band is LSPR sensors and their more conventional counterpart,
a direct consequence of the excitation of the LSPR, which the propagating SPR sensor, have an inherent advantage over
is a collective oscillation of the conduction electrons in the other optical biosensors that require a chromophoric group
metal nanopatrticle. LSPR excitation results in wavelength- or other label to transduce the binding event. The response
selective absorption with extremely large molar extinction of LSPR and SPR sensors is proportional to the product of
coefficients (~3x 101*M~1cm1) [17], resonant Rayleigh  adsorbate, thin layers, and refractive index. Furthermore, if
scattering with efficiency equivalent to that of ®1@uo- properly functionalized with appropriate receptor molecules
rophoreq18,19], and enhanced local electromagnetic fields (e.g. antibodies), they require very little ligand purification
near the surface of the nanoparticle that are responsible fordue to the specific ligand/receptor binding of these molecules.
the intense signals observed in all surface-enhanced spectroAlso, these sensors provide real-time informafi2j on the
scopies, e.g. SERR0]. The LSPRymax, is dependent upon  course of binding and are applicable over a broad range of
the size, shape, material, and dielectric environment of the binding affinities. The sensing capability of LSPR sensors
nanoparticle$9—16]. The simplest theoretical model for the can also be tuned by changing the shape, size, and material
extinction,E(1) of spheroid shaped nanoparticles is given by composition of the nanoparticl¢s,23]. Additionally, LSPR
Eq.(2): sensing elements are inherently the size of a single nanopar-

ticle, making the LSPR sensors potentially applicable for in

vivo detection in biological cells.

Table 1
Comparative LSPRmax values for varying sphere mask siz&3 and metal 2.1. Ensemble nanosensors for carbohydrate binding
deposition thicknesses (i protein (Concanavalin A)
D (nm) dm (nM) Amax (Nm)
NSL-fabricated Ag nanotriangles NSL-fabricated Ag nanotriangles with out-of-plane
390 40 ~620 heights of 50 nm and in-plane widths 6fL00 nm on a glass
390 50 ~580 substrate were placed in a mixture of tri(ethylene glycol)
gig gg :3?8 disulfide and maleimide-terminated disulfide to present about
590 50 ~860 5% of the maleimide on the surface. The substrate was rinsed
1100 50 ~1360 with ethanol and placed in a flow cell after exposure to man-
NSL-fabricated MFON nose. The LSPR spectrum of the mannose—'functionalized Ag
390 200 ~530 nanosensor had a LSPR,ax of 662.4nm (Fig. 2A). Then,
510 200 ~68(R 19.8.M Concanavalin A (Con A) was injected into the flow
600 200 ~750° cell and the Ag nanosensor was incubated at room tempera-

2 Denotes values fotyin (NM). ture for 20 min to ensure complete binding. The sample was
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Note that the spike oAAmax at 500s inFig. 2B is caused
662.4 by flow non-uniformity (noise) due to manual injection.

669.1 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 1AM ConA. After the wash with PBS
buffer, the LSPR sensor showed a very smgllyax. This
small response was previously observed when fluorescently
labeled ConA was exposed to a galactose-functionalized sur-
face[25].

Extinction (a.u.)
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500 600 700 800 900

Wavelength (nm)

Buffer Concanavilin A Buffer
I L | 1 1

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

The size of the Ag nanoparticles governs not only the
initial LSPR Amax [9], but also the magnitude of the LSPR
response. A study to understand the LSPR response with
respect to nanoparticle height was performed using arrays of
Ag nanoparticles with various out-of-plane heights, but fixed
in-plane widths. Arrays with out-of-plane heights of 16, 25,
and 50 nm were fabricated, and functionalized with mannose.
The nanopatrticle arrays were placed in a flow cell with PBS
buffer solution, then 18.M ConA was injected followed by
rinsing with buffer to remove weakly bound ConA. Mannose-
functionalized Ag nanosensors with 16 nm (Fig. 3A), 25nm
(Fig. 3B), and 50 nm (Fig. 3C) out-of-plane heightgave LSPR
Amax Of 808.3, 707.2, and 662.4nm, respectively. When
0 400 800 1200 the mannose-functionalized surface of these nanotraingles
were exposed to ConAmax shifts of 22.2nm (—0.041eV),
11.4nm (—0.027eV), and 6.7nm (—0.022eV) was seen,
Fig. 2. (A) LSPR spectra of mannose-functionalized Ag nanosen- and 19.1nm (—0.035eV), 9.6 nm (—0.023eV), and 5.8 nm
sor (Anax=662.4nm) and the specific binding of ConA to mannose (—0.016 eV) net response when weakly bound ConA was
(*max=669.1nm) in PBS buffer. Real-time response of (B) mannose and removed by washing the sample with the PBS buffer. In all
(C) galactose-functionalized L SPR sensor aplifof ConA was injected  cages the areal density of ConA molecules bound to the
in the cell following buffer injection. . . . .

mannose-functionalized surface was identical, however, the

overall response of the nanosensor increased with decreas-
thoroughly rinsed in buffer solution, and the LSRRay of ing nanopatrticle height. Furthermore, when the ConA bound
the Ag nanotriangles was measured to be 669.1 nm, a 6.7 nnmanosensors were rinsed with buffer, the change in the
red-shift of the LSPR.max Furthermore, real-time binding  response increased as the nanoparticle height decreased.
studies were performed on a mannose-functionalized To explore the mechanism behind the experimental results
LSPR sensor (Fig. 2B). ConA (38M) in buffer was in Fig. 3, the discrete dipole approximation (DDA) method
injected after the baseline LSPRAmax response of the  [26-28]was used. The theoretical calculations sh¢22]
mannose-functionalized Ag hanotriangles in a running buffer qualitative agreement with experimental data; as Ag nanopar-
environment was recorded. The sensor was then flushedicle height increases, the aspect ratio of the nanoparticle
with buffer to remove any non-specifically bound ConA and decreases, ami(Aimax) decreases. The trend seelfrig. 3
weakly bound protein/sugar complexes. During this process, can also be explained by consideration of the character-
the LSPRAmnax Was measured in 5s intervals for 20 min. istic length of the electromagnetic field decay, at the

Almax(nm)

Time (sec)
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Buffer . Ccmv:emavalinAI . Bufferl detection limits can be dramatically reduced. The surface
area of chemically prepared Ag nanoparticles is typically
(A) less than 20,000 nfn therefore, a complete monolayer of
. . adsorbate constitutes fewer than00 zeptomoles. The for-
. i WY W 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

25

2 UV-vis spectrometers. This suggests that the limit of detec-
tion for single nanoparticle-based LSPR sensing will be well
g below 1000 molecules for small molecule adsorbates. The
amg@® T 16 nm single molecule detection limit may be achievable for larger
45 o m 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
- B 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 nanopatrticle sensing
platforms, like nanoparticle arrays, are readily applicable to
multiplexed detection schemes by controlling the size, shape,
and chemical modification of individual nanopatrticles. Sev-
eral nanoparticles with unigue spectral responses can then be
incorporated into one device, allowing for the rapid, simul-
taneous detection of many different chemical or biological
species.

Alpax (NmM)

10

-
—

100 " . . .
0 n The key to exploiting single nanoparticles as sensing plat-
l . " . forms is developing a technique to monitor the LSPR of
J 4(',0 sluo sion indjvidual nanoparticlgs with a reasonable signal—to-ljoise
. ratio. UV-vis absorption spectroscopy does not provide a
Time (sec) practical means of accomplishing this task. Even under the

. . o most favorable experimental conditions, the absorbance of a
Fig. 3. Real-time response of mannose-functionalized Ag nanosensor as_. . . .
19M of ConA was injected in the cell following buffer injection: (o)  SIndl€ nanoparticle is very close to the shot noise-governed
16 nm out-of plane height, (B) 25nm out-of plane height, and (C) 50nm limit of detection. Instead, resonant Rayleigh scattering spec-
out-of plane height. The solid lines are guides to the eye. troscopy is the most straightforward means of characterizing

the optical properties of individual metallic nanoparticles.

nanoparticle surface. Although the electromagnetic fields Similar to fluorescence spectroscopy, the advantage of scat-
around nanoparticles are known to be more complex, a rea-tering spectroscopy lies in the fact that the scattering signal
sonable approximation fdg is 5-6 nm for a Ag nanoparticle  is detected against a very low background. The instrumen-
with an in-plane width of 100 nm and out-of-plane height of tal approach for performing these experiments generally
50nm[16,29]. In addition, as the aspect of the nanoparticle involves using high magnification microscopy coupled with
increaselq increases. Becausgfor nanoparticles is signif-  oblique or evanescent illumination of the nanoparticles. This
icantly smaller than the size of ConA, ti€imax response  has been most commonly achieved with dark-field transmis-
observed upon ConA binding is caused only by the portion sion spectroscopy31-33], but can also be realized with
of the ConA molecule in close proximity to the nanoparti- near-field scanning optical microscof84], or differential
cle surface. In contragly for SPR is known to be-200 nm interference contrast microscof85s].
[30]. This longer decay length not only provides sensitivity  Colloidal Ag nanoparticles were prepared by reducing sil-
beyond the specifically bound molecules at the metal sur- ver nitrate with sodium citrate in aqueous solution according
face, but also results in a larger response when weakly boundo the procedure referenced ab§®]. Immobilized particles

ConA is washed away. on cover slips were inserted into a flow cell and were exposed
to various dielectric environments or molecular adsorbates
2.3. Sensing with single nanoparticles [37]. Prior to all experiments, the nanoparticles in the flow

cell were repeatedly rinsed with methanol and dried under

The extension of the LSPR sensing technique to the nitrogen. All optical measurements were performed using
single nanoparticle limit provides several advantages over an inverted dark-field microscope equipped with an imaging
existing array- or cluster-based techniques. First, absolutespectrograph. An image of a field of nanoparticles acquired
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Fig. 4. Single nanoparticle spectroscopy and kinetics. (A) Dark-field image of silver nanoparticles; (B) representative spectra showing shiftin LSPR on exposure
of analyte; (C) shape effect with increasing solvent refractive index; (D) real-time binding kinetics.

with the apparatus is shownlfiig. 4A. Spatial filtering allows ~ values were determined to be 170-235 nm RiUFig. 4C

the spectral response of a target nanoparticle to be monitoredalso shows that the shape of the nanoparticles has a dramatic

(Fig. 4B). effect on the sensitivity of the LSPR response to changes
The local refractive index sensitivity of the LSPR of a in refractive index. Generally, the higher is the particle’s

single Ag nanoparticle was measured by recording the res-aspect ratio,x, the larger the change in LSPRpax. The

onant Rayleigh scattering spectrum of the nanoparticle asspherical particle has a sensitivity of 161 nm Rft) the

it was exposed to various solvent environments inside the triangular nanoparticle has a sensitivity of 197 nm RIU

flow cell. As illustrated irFig. 4C, the LSPR nax Systemat- and finally, the rod-like nanoparticle has a sensitivity of

ically shifts to longer wavelength as the solvent refractive 235nm RIU! [37]. The triangular nanoparticle was fabri-

index unit (RIV) is increased. Linear regression analysis cated using NSL, removed from its original substrate, and

for this nanoparticle yielded a refractive index sensitivity immobilized on a glass coverslip to ensure adequate inter-

of 203.1nm RIU L. The refractive index sensitivity of sev-  particle separation. The geometries of the chemically synthe-

eral individual Ag nanoparticles was measured and typical sized nanoparticles were assigned on the basis of the LSPR
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Amax line shape, and polarization dependence of the scatter- For sensors, it is important that the optical proper-
ing spectra as well as similar assignments made by Mock etties of the substrate be designed to fully maximize SERS
al. using TEM-correlated optical measuremdB®)]. These intensities, which accordingly lower the analytical limit of
results are similar to the values obtained from experiments detection (LOD). Early SERS substrates contained a ran-
utilizing arrays of NSL-fabricated triangular nanoparticles dom distribution of roughness feature sizes produced by
[22,39,40]. Additionally, kinetic responses were monitored oxidation—reduction cycling on a metal electroff] or
and were found to be competitive with other real-time sensors evaporation of a thin metal film onto a flat substrgig].
(Fig. 4D). Using the flow cell described above, immobilized In recent years, researchers have explored the optimal size,
single nanoparticles were exposed to a solution containingshape, spacing, and pattern of noble metal nanoparticles on
1.0mM 1l-octanethiol. An analysis of the data reveals that surfaces to optimize SERS enhancements. One of the most
the response exhibits first-order kinetics with a rate con- robust SERS substrates in use today is the metal film over
stant of 0.0167s!, with saturation of the binding surface nanospheres substrates prepared by NSL (Fig53)55].
at about 10,000 molecules, and a limit of detection-8000 The diameter of the colloidal nanosphere cores and the thick-
molecules. 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-
3. Surface-enhanced Raman scattering (SERS) geneous in size; but are instead driven by the larger scale
nanosensors templating, they are homogeneous enough to generate a rela-
tively narrow LSPR (FWHM-~ 200 nm). Recent experiments
Vibrational spectroscopic methods are valuable analytical have conclusively demonstrated that MFON substrates are
tools because they yield not only quantitative information stable for weekf6] (unlike many other nanostructured sur-
but also unique vibrational signatures for small molecule faces) and remain SERS-active even when exposed to large
analytes. Raman spectroscopy, in all its forms, is a vibra- temperatur¢57] and potential excursiorfS4]. The utility of
tional spectroscopic method that has the inherent ability to the MFON substrate is demonstrated herein as a robust SERS
distinguish between molecules with great similarity, such substrate used in biowarfare aggsti] and glucose detection
as the structural isomers glucose and fructdgd. Unfor- [4,58].
tunately, high laser powers and long acquisition times are
usually required to achieve high quality Raman spectra due 3.1. Bacillus spore detection based on SERS
tothe inherently small normal Raman scattering (NRS) cross-
section of many molecules of interd4®]. Higher intensity SERS has been successfully exploited in the rapid detec-
Raman signals and lower detection limits can be achievedtion of Bacillus subtilisspores, harmless simulants fBr
using SERS. SERS produces very large enhancements in thanthracis (Fig. 5A). A bacillus spore structurally consists
effective Raman cross-section of species spatially confinedof several protective layers and a core cell. CaDPA exists
within zone of the electromagnetic fields (viz., 0-4 Hd3] in these protective layers (Fig. 5B) and can be used as
generated upon excitation of the LSPR (described above) ofthe spore biomarker because other potentially interfering
nanostructured noble metal surfaces. This large electromag-species lack this particular molecule in such high proportions
netic field induces a dipole in nearby molecules, thus enhanc-[59,60]. CaDPA was extracted from spores by sonicating a
ing Raman scattering from absorbed molecules. The Ramanspore suspension in 0.02M HNGolution for 10 min. A
signals of ensemble-averaged molecules show enhancemer.1x 1013 M spore suspension (3:710* spores in 0.2.L,
of up to 8 orders of magnitudd4], while the signals from  0.02 M HNGs) was deposited onto an AgFON substrate for
single molecules can show an increase by 14-15 ordersthe SERS measurement. A high signal-to-noise ratio (S/N)
of magnitude in special cas§45,46]. In comparison with  SERS spectrum was obtained in a 1-min data acquisition
infrared absorption and NRS spectroscopies, SERS enjoysperiod (Fig. 5C); this spectrum is dominated by bands associ-
the advantages of application in agueous media and the senated with CaDPA (Fig. 5D) as seen in previous Raman studies
sitivity sufficient for trace level detectioid7]. This enables  onbacillus sporg§1]. The bands due to HN§In the suspen-
SERS spectroscopy to be one of the most effective trace anasion were identified as well (Fig. 5E). The peak at 1050¢m
lytical methods. Although SERS intensity varies from sample in Fig. 5D is from the symmetrical stretching vibration of
to sample due to the substrate morphology, by choosing anNO3z~ [62,63]. Because of its prominence, this peak is used
appropriate internal standard or developing a large calibra- as an internal standard to reduce the sample-to-sample devi
tion data set, SERS can be used for quantitative detection.ations.
The distinct advantages of SERS, such as low detectionlimit, The SERS signal from extracted CaDPA was mea-
real-time response, both qualitative and quantitative analysissured over the spore concentration range1#010-12M
capabilities, a high degree of specificity, and simultaneousto determine the saturation binding capacity of the
multi-component detection, make it applicable in identifica- AgFON surface and to calculate the adsorption constant
tion and characterization of pharmaceuticfdg] bacteria (Kspore= 1.7 x 1013M~1). In Fig. 6A, each data point rep-
[49], and other molecular specifs0]. resents the average intensity at 1020¢rfa ring breathing
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mode) from three samples with the standard deviation shownficient signal to be detected under surface-enhanced condi-
by the error bars. At low spore concentrations, the peak inten-tions [42], the inability to detect glucose using SERS must
sity increases linearly with concentration (Fig. 6A inset). At be attributed to the weak or non-existent binding of glu-
higher spore concentrations, the response saturates as theose to bare silver or gold surfaces. To bring glucose within
adsorption sites on the AgQFON substrate become fully occu-the range of the enhanced electromagnetic fields around
pied. the FON surface, a SAM can be formed on the surface
A SERS-based detection system must have the ability tothat can partition the analyte of interest (Fig. [BB] in
detect less than the life-threatening dose of a pathogen ina manner analogous to chromatographic stationary phases
real or near-real-time in order to monitor bio-agents or other [65-69]. Functionalizing the MFON substrate with a parti-
harmful species. Herein, the LOD is defined as the concentra-tion layer has three advantages: (1) the SAM helps stabilize
tion of spores for which the strongest SERS signal of CaDPA the surface against oxidation; (2) the SAM is exceedingly
at 1020 cm! is equal to three times the background SERS stable; (3) chemical selectivity and functionality is intrin-
signal within a 1-min acquisition period. The background sic and tailorable through synthetic control of the partition
signal refers to the SERS intensity from a sample with a layer.
spore concentration equal to zero, which is theoretically pre-  Ininitial experiments, several SAMs were tested to deter-
dicted to be the intercept of the low concentration end of the mine their effectiveness as a partition layer. Of these, only
spore adsorption isotherm (Fig. 6A, inset). Although lower the straight chain alkanethiols were found to be effective par-
detection limits can be achieved by using longer acquisi- tition layers, especially 1-decanethiol, 1-DT (which forms
tion times or higher laser power, the chosen parameters area monolayer on Ag- 1.9 nm thick)[70]. Although 1-DT
reasonable for high throughput, real-time, and on-site anal-was an effective partition layer for quantitative detection in
ysis of potentially harmful species. The LOD Br subtilis the physiologically relevant concentration range (0-25 mM)
spores was found to be 2410714M (2.6 x 10° spores in [58], an ethylene glycol SAM has proven to be more effective
0.2pL, 0.02 M HNG3), as calculated by extrapolation of the [4]. The (1-mercaptoundeca-11-yl) tri(ethylene glycol), EG3,
linear concentration range of the adsorption isotherms. Fur-was chosen as a partition layer because of its ability to reject
thermore, a similar spore concentration 2.10~4M was non-specific binding by background prote[@&—74]and its
used to test the LOD prediction. A 1-min acquisition yields biocompatibility[75,76], progressing toward the long-term
a SERS spectrum that clearly demonstrates the spore Ramagoal of fabricating an implantable glucose sensor. Each EG3-
features (Fig. 6B) in comparison wiffig. 5A. These data  modified MFON sample was incubated in a flow cell with a
demonstrate that the SERS LOD is well below the anthrax glucose/saline solution (0—25 mM; 0—450 mg/dL) at a physi-

infectious dose of 1bsporeq64]. ological pH (7.4). SERS spectra were then measured through
an optical window in the cell. The spectra were normalized
3.2. Glucose detection with SERS using EG3’s S—C (~700 cmt) peak intensities, followed by

chemometric (partial least squares) analysis. The resulting
While the CaDPA biomarker iB. subtilisspores has an  cross-validated glucose concentration predictions are pre-
affinity towards the rough noble metal surfaces required for sented on a Clarke error grid (Fig. 8).
SERS detection, many important molecules (e.g. glucose) The Clarke error grid is an established metric for evaluat-
lack an affinity towards such surfacgs8]. The work pre- ing glucose sensor efficacy in the clinical concentration range
sented below demonstrates quantitative glucose detection[77]. It is divided into five zones: zone A predictions lead
by tailoring a SERS-active substrate with a self-assembledto clinically correct treatment decisions; zone B predictions
monolayer (SAM). All efforts to detect glucose on bare lead to benign errors or no treatment; zone C predictions lead
MFON surfaces using SERS were unsuccessful. Since theto overcorrecting acceptable blood glucose concentrations;
normal Raman cross-section of glucose should provide suf-zone D predictions lead to dangerous failure to detect and
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O O O = "o o
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Fig. 7. Cartoon of monolayer functionalized FONSs 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 (B- 390 nm,dy, =200 nm), incubated for16 h in 1 mM EG3
solution, and dosed in glucose solution (range: 0—-450 mg/dL, 0-25 mM) for
10min. Each SERS measurement was made in the flow cell under saline
with pH=7.4, using.ex=632.8 NM Pjaser=2.5mW, and=30s.
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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).Hig. 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 AQFON 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 inthe presence of interfering proteins. Serum
albumin was used as a blood serum protein mimic to chal-
lenge the glucose sensor. The EG3-functionalized AQFON
substrate was placed in a saline environmentin 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
and 9A, demonstrating that BSA does not have a measurable

6956
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Fig. 9. SER spectra showing detection of glucose in presence of serum albumin. (A) EG3 monolayer on AgFON suhst&ga,8,Pjaser=0.8 mW, and
t=240s; (B) 1 mg/mL serum albumin injected into the flow cell to challenge the EG3-modified AgELNG32.8,Pjaser= 0.8 mW, and =240 s; (C) 100 mM

glucose injected into the flow cellex =632.8,Pjaser= 0.8 MW, and =240s; (D) di

SERS spectrum for adsorbed serum albumin; (E) difference spectrum obtained by subtracting (B) from (C) indicating serum albumin exposure does not interfer

fference spectrum obtained by subtracting (A) from (B) revealing the lack of

with glucose detection; (F) normal Raman spectrum of crystalline glucose for compaiso632.8,Pjaser=5 mW, andt=30s. (*) Denotes adu mW s~ 1.
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SERS spectrum. The lack of BSA SERS bands is likely due 02-1-0381), and the National Institutes of Health (1 R21

to inefficient adsorption of BSA to the EG3 partition layer. DK066990-01A1).

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 glucoseReferences
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