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ALL OPTICAL NANOSCALE SENSOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application claims priority to U.S. Provisional 
Patent Application Ser. No. 60/804,793 filed Jun. 14, 2006 
and entitled "All Optical Nanoscale pH Meter." 

2 
parameterizing the optical response to produce a one-dimen
sional representation of at least a portion of a spectral window 
of the optical response in a high dimensional vector space. 

Further disclosed herein is a method comprising introduc
ing an adsorbate associated with a nanoparticle to an environ
ment of having an unknown chemical parameter, wherein the 
adsorbate comprises an optical response that is a function of 
the chemical parameter, acquiring the optical response of the 
adsorbate associated with a nanoparticle in the unknown 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

10 environment, and determining the chemical parameter of the 
unknown environment based on a comparison of the optical 
response of the adsorbate in a known environment to the 
optical response of the adsorbate in the unknown environ
ment. 

This invention was made with government support under 
grant number EEC-0304097, AFOSR F49620-03-C-0068, 
awarded by the National Science Foundation (NSF), under 15 

grant number C-1220, awarded by the Robert A. Welch F oun
dation, under grant number W911 NF -04-01-0203, awarded 
by the Multidisciplinary University Research Initiative 
(MURI) of the Department of Defense, and under grant num
ber DAMD17-03-1-0384 awarded by the Department of 20 

Defense Breast Cancer Research Program. The government 
has certain rights in the invention. 

BACKGROUND 

Further disclosed herein is a method comprising introduc
ing an adsorbate associated with a nanoparticle to an environ
ment of unknown pH, wherein the adsorbate comprises a 
chemically responsive SERS spectral response that is a func
tion of pH, acquiring the SERS spectral response of the adsor-
bate associated with a nanoparticle in the environment of 
unknown pH, and determining the pH of the unknown envi-
ronment based on a comparison of the pH-dependent SERS 
spectral response of the adsorbate in a known environment to 
the SERS spectrum of the adsorbate in the unknown environ-

25 ment. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG.l is a schematic diagramofaAunanoshell pH sensor. 
FIG. 2a is a plot ofSERS spectra ofpara-mercaptobenzoic 

acid on a nanoshell at various pH values ranging from pH 4.0 
to 9.0 in steps of0.5 pH units. 

FIG. 2b depicts the repetitive cycling of the pH-sensitive 
optical sensor of Example 1 measured by monitoring the 
change in Iccoo-/Icc~o) (1702 cm-1/1393 cm- 1

) Stokes 
mode. 

FIG. 3a depicts the spectral changes that form a manifold 
(one-dimensional curve) in RN that is indexed by pH where N 
is the number of spectral bands measured. 

FIG. 3b is a plot of the magnitude of the average error in the 
cross validation estimation procedure for the samples from 
Example 1. 

FIG. 3c is a plot of the average of the cross validation 
estimates in Example 1 where the error bars represent one 
standard deviation in the cross validation estimates. 

DETAILED DESCRIPTION 

The development of active nanostructures, capable of per
forming a function or executing a specific task, is currently a 
major focus of research efforts in nanotechnology. One 
already highly successful nanodevice paradigm is the 
nanosensor: a designed nanostructure, which when addressed 30 

either optically or electrically, responds by providing infor
mation about its local environment through its optical or 
electrical response. All-optical nanosensors hold exceptional 
promise as embeddable nanodevices that could potentially be 
used to probe a variety of exceedingly complex environ- 35 

ments, such as individual living cells or the hnman body, in a 
virtually noninvasive manner. In addition to passive and 
active functions, there is a third, "informative" role, for which 
metallic nanoparticles are particularly well suited, and which 
enables nanosensor development. Metal nanostructures, 40 

when excited on their plasmon resonance, give rise to high 
intensity electromagnetic fields at their surfaces which can be 
harnessed for chemically specific sensing functionalities. 
Metallic nanoparticles can be designed to enhance the spec
troscopic response of molecules bound to, or in close prox- 45 

imity of, their surfaces, an effect known as surface enhanced 
Raman scattering (SERS). Detailed local chemical informa
tion can be retrieved from the spectrum of the inelastically 
scattered light from the nanoparticle complex. Thus, it would Disclosed herein are nanoparticles comprising a dielectric 

50 core, a conducting shell, and an adsorbate. Each of these will 
be described in more detail later herein. In some embodi-

be desirable to develop an all-optical nanosensing device. 

SUMMARY 

Disclosed herein is a composition comprising a nanopar
ticle and at least one adsorbate associated with the nanopar
ticle, wherein the adsorbate displays at least one chemically 
responsive optical property. 

Also disclosed herein is a method comprising associating 
an adsorbate with a nanoparticle, wherein the nanoparticle 
comprises a shell surrounding a core material with a lower 
conductivity than the shell material and the adsorbate dis
plays at least one chemically responsive optical property, and 
engineering the nanoparticle to enhance the optical property 
of the adsorbate. 

Further disclosed herein is a method comprising determin
ing an optical response of an adsorbate associated with a 
nanoparticle as a function of a chemical parameter, and 

ments, the core comprises silicon dioxide and the shell com
prises at least one metal. The adsorbate may be any material 
that displays chemically sensitive optical properties. In an 

55 embodiment, the adsorbate displays pH-sensitive optical 
properties, and the nanoparticle may function as a pH-sensi
tive device capable of providing information on the pH of an 
environment and/or alterations in the pH of an environment. 
Hereinafter a nanoparticle having an adsorbate displaying 

60 pH -sensitive optical properties is referred to as a pH -sensitive 
optical sensor (POS). 

In an embodiment, the POS comprises a nanoparticle. The 
nanoparticles of this disclosure may comprise at least two 
layers. At least one layer is immediately adjacent to and 

65 surrounds another layer. The innermost layer is termed the 
core. The layer that surrounds the core is termed the shell 
layer. The shell layer may be metallic in nature in that it is 
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displays a chemically sensitive SERS spectrum. In an 
embodiment, the adsorbate displays pH-sensitive optical 
properties, for example any material that displays a pH-sen
sitive SERS spectrum. The adsorbate may be further charac
terized by the presence of features that allow for enhanced 
optical properties such as for example aromatic rings, lone 
pair electrons and the like. In an embodiment, the adsorbate 
contains one or more pH sensitive functional groups such as 
carboxylic acids. Examples of suitable adsorbates include 

comprised of a material that is electrically conductive such as 
for example a metal or metal-like material. In some embodi
ments, at least one shell layer readily conducts electricity. 
Alternatively, at least one shell layer may have a lower dielec
tric constant than the adjacent inner or core layer. In some 
embodiments, this metal or metal-like shell layer is the out
ermost layer. In other embodiments, the shell layer immedi
ately adjacent to the core is not the outer most shell layer. 
Additional layers, such as a non-conducting layer, a conduct
ing layer, or a sequence of such layers, such as an alternating 
sequence of non-conducting and conducting layers, may be 
bound to this shell layer. Thus, for the purposes of this dis
closure the term conductor is defined by reference to the 
adjacent inner layer and includes any material having a lower 
dielectric constant than its immediately adjacent inner layer. 

10 without limitation para-mercaptobenzoic acid (pMBA), 
ortho-mercaptobenzoic acid (oMBA), meta-mercaptoben
zoic acid (mMBA), para-mercaptophenylacetic acid or com
binations thereof. The majority of the disclosure herein 
focuses on an embodiment wherein the optically responsive 

In an embodiment, the adjacent inner or core layer to the 
shell layer is a non-conducting layer. Specifically contem
plated are non-conducting layers made of dielectric materials 
and semiconductors. Suitable dielectric materials include but 

15 chemical parameter of the adsorbate is pH, with the under
standing that other chemical parameters such as identity, con
centration, etc. may be employed. For example, an optical 
response such as a SERS spectral response may be a function 

are not limited to silicon dioxide, titanium dioxide, polym- 20 

ethyl methacrylate (PMMA), polystyrene, gold sulfide and 
macromolecules such as dendrimers. 

of other chemical parameters such as chemical identity, 
chemical concentration, etc. 

The adsorbate may be able to associate with the nanopar
ticles through any number and type of interaction. As such, 
although the term adsorbate is used throughout the disclosure, 
a variety of mechanisms in addition to adsorption may be 

In an embodiment, the nanoparticle comprises a noncon
ducting core layer which may be a monodisperse, spherical 
particle that is easily synthesized in a wide range of sizes, and 
has a surface that can be chemically derivatized. In some 
embodiments, the core is spherical in shape; alternatively the 
core may have other shapes such as cubical, cylindrical, ellip
soidal, or hemispherical. Regardless of the geometry of the 
core, the particles may be homogenous in size and shape. 

25 contemplated as mechanisms of associating the adsorbate 
with the nanoshell. For example, the adsorbate may associate 
with the nanoshells through an electrostatic interaction with 
the shell layer. Alternatively, the adsorbate may associate 
with the nanoshells through the formation of a chemical bond 

30 between the adsorbate and the components of the shell layer. 
Alternatively, the adsorbate may associate with the 
nanoshells through a plurality of interactions comprising 
chemical bonding, electrostatic interactions, physical inter
actions or combinations thereof. 

In an embodiment, the adsorbate is present in sufficient 
quantity to allow for the adsorbate to cover from about 1% to 
about 100% of the surface area of the nanoshell, alternatively 
the adsorbate covers greater than about 5, 10, 15, 20, 25, 30, 
35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, or 95% of the 

40 surface area of the nanoshell. In an embodiment, the adsor
bate covers about 100% of the surface of the nanoshells. A 

In an embodiment, the nonconducting layer or core mate
rial comprises monodisperse colloidal silica. In an embodi
ment, the nanoparticle comprises a conducting shell layer 
comprising a metallic material. Alternatively, the conducting 
layer comprises an organic conducting material such as poly- 35 

acetylene, doped polyanaline and the like. Any metal that can 
conduct electricity may be suitable for use in this disclosure 
such as noble or coinage metals. Other examples of suitable 
metals include but are not limited to gold, silver, copper, 
platinum, palladium, lead, iron or the like and combinations 
thereof. Alternatively, the conducting layer comprises gold, 
silver or combinations thereof. Alloys or non-homogenous 
mixtures of such metals may also be used. The conducting 
shell layers may have a thickness that ranges from approxi
mately 1 to 100 nm. The thickness of the shell material may be 45 

selected to generate a plasmon resonance frequency. They 
may coat the adjacent inner layer fully and uniformly or may 
partially coat that layer with atomic or molecular clusters. In 
either embodiment, at least approximately 30% of the adja
cent inner layer is coated by the conducting layer. Such nano- 50 

particles comprising a non-conductive inner core and an elec
trically conductive outer shell and methods of engineering 
said particles such that they generate a plasmon resonance 
frequency are described in U.S. Pat. Nos. 6,344,272; 6,699, 
724; and 7,147,687 each of which are incorporated by refer- 55 

ence herein in its entirety. 
Hereinafter, for simplicity, the disclosure will focus on the 

use of nanoparticles comprising spherical or elliptical shells 
(i.e., nanoshells) as the nanoparticles in the POS however, 
other nanoparticles such as for example hollow nanoshells, 60 

multilayer nanoshells, nanorods, nanostars, nanotriangles, 
nanocubes, individual nanospheres, and aggregates of nano
spheres are also contemplated. 

In an embodiment, the POS comprises at least one adsor
bate. The adsorbate may be any material that can associate 65 

with the nanoparticles of this disclosure and displays chemi
cally sensitive optical properties, for example a material that 

method for the preparation of such a POS may comprise 
chemically bonding an adsorbate to a nanoshell wherein an 
excess of adsorbate to nanoshell surface area is present in 
order to facilitate complete coverage of the surface area of the 
nanoshell. The method may further comprise additional pro
cessing of the POS following association of the nanoshell 
with an excess of adsorbate (e.g. rinsing) so as to facilitate the 
removal of any adsorbate not chemically bound to the 
nanoshell. Methods of chemically bonding the adsorbate to 
the POS will vary depending on the nature of the adsorbate 
and the type and number of bonds to be formed and may be 
chosen by one of ordinary skill in the art to meet the desired 
needs of the process. Techniques for chemically bonding the 
pMBA adsorbate to a gold nanoshell are described later 
herein. In some embodiments, the POS comprises more than 
one adsorbate. The adsorbate may be chosen to provide non
interfering pH-sensitive optical properties over a wide pH 
range. Alternatively, the adsorbate may have more than one 
pH-sensitive functional group with various pKas. 

In an embodiment, the nanoshell and adsorbate are chosen 
by one of ordinary skill in the art such that the nanoshell is 
engineered to enhance the SERS spectra of the adsorbate. 
Without wishing to be limited by theory, the plasmon reso
nances of the metallic shell may provide intense, local opti
cal-frequency fields responsible for SERS. A striking 
example of this is the series of experiments reporting error-
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mous SERS enhancements of 1012-1015 for dye molecules 
adsorbed on surfaces of aggregated Au and Ag colloid films. 
Isolated solid nanoshells at their respective plasmon reso
nance ( -525 nm for gold, -430 nm for silver) have reported 
enhancement factors up to 106

. Herein, the individual 
nanoshells may have a plasmon resonance frequency that is 
between a first frequency of an incident electromagnetic 
radiation and a second frequency of Raman response from the 
adsorbate and that may lead to significant enhancements of 
the SERS response of the adsorbate. Methods of engineering 10 

the nanoshell to enhance the SERS spectra of the adsorbate 
have been described in U.S. patent application Ser. No. 
11/573,365, which is incorporated by reference herein in its 
entirety. One example of a POS is shown in FIG. 1. FIG. 1 

15 
depicts a gold nanoshell pH sensor consisting of nanoshells 
with core radius r 1=55 nm, a total nanoshell radius r2=71 nm, 
and an adsorbed monolayer of pMBA. The pMBA molecule 
on a gold nanoshell yields a pH-dependent SERS spectrum. 

In some embodiments, the POS may be employed in meth- 20 

odologies to be described in more detail later herein as indi
vidual particles, wherein the particles may be supported or 
unsupported. For example, the POS may comprise one or 
more nanoshells having an associated adsorbate affixed to the 
surface of a support material. Any support material compat- 25 

ible with the user desired process may be employed. For 
example, the support may comprise an inorganic oxide such 
as the oxides of silicon or aluminum. 

In an embodiment, a method of using the POS of this 
disclosure comprises acquiring the SERS spectrum of the 30 

adsorbate as a function of pH. The resulting data may provide 
the SERS spectral response of the adsorbate as a function of 
pH. In some embodiments, the pH may range from about 0 to 
about 14, alternatively from about 5 to about 10, alternatively 
from about 5.8 to about 7.6. In some embodiments, the pH 35 

may assume any range compatible with the components of the 
POS. The SERS spectrum may be detected using any device 
known in the art for the acquisition of such spectra. For 
example, the SERS spectrum may be detected utilizing an 
in Via Raman microscope commercially available from Ren- 40 

ishaw, United Kingdom. The excitation wavelength may be 
chosen to be compatible with the plasmon resonance of the 
nanoshells described herein. As such no particular limitation 
is placed on the excitation wavelength which may be chosen 
by one of ordinary skill in the art to meet the desired appli- 45 

cation. 

6 
more facile comparison to similar SERS spectral data col
lected for samples having an unknown pH value. 

In an embodiment, the data acquired (e.g., the SERS spec
tral response at a plurality of known pH values) may be 
parameterized to allow a user to visualize at least a portion of 
the spectral window of the pH-induced SERS spectral 
response as plurality of points on a one-dimensional curve 
(known as a manifold) in a high dimensional vector space. 
Each dimension of this high dimensional space corresponds 
to one frequency band of the measured SERS spectral 
response. The nonlinear data points may then be fit to a 
plurality of linear segments (called a locally linear manifold 
approximation) using any number of software programs 
capable of providing a user-desired fit to a nonlinear data set 
such as for example MATLAB. Approximating the data 
points on the one-dimensional manifold using linear seg-
ments can be carried out employing any technique known to 
one of ordinary skill in the art, including for example ISO
MAP which is described in Tenenbaum et a!. entitled "A 
Global Geometric Framework for Nonlinear Dimensionality 
Reduction" published in Science; Volume 290; pages 2319-
2322 or local linear embedding which is described by Roweis 
et a!. entitled "Nonlinear Dimensionality Reduction by 
Locally Linear Embedding" published in Science; Volume 
290; pages 2323-2326, both of which are incorporated by 
reference in their entirety. Alternatively, the measured data 
points along this one-dimensional manifold can be approxi
mated locally by linear segments found through standard 
least-squares data fitting. For example, the nonlinear data fit 
may be carried out by the application of x linear segments 
having k breakpoints to curve z. The number and placement 
of the breakpoints may be chosen by one of ordinary skill in 
the art to provide a best fit to the nonlinear data. Given these 
breakpoints, linear segments can be fit to the data using stan
dard least-squares techniques applied in the high-dimen
sional dimensional space. The fitting of the linear segments, 
thenumberofbreakpoints, and the position of the breakpoints 
may be carried out using the previously mentioned software. 
The parameterization of the pH-dependent SERS spectral 
response of the adsorbate as disclosed herein may provide a 
pH resolution of about 0.10 pH units over the range of the 
device. It is to be understood that the pH resolution may vary 
depending on a number of factors including the nature of the 
adsorbate and the pH window chosen. 

In an embodiment, the SERS spectrum of a sample of 
unknown pH may be recorded and then compared to the 
locally linear manifold approximation made of the data 
acquired at one or more known pH values and represented as 
a graph having the features previously described herein. The 

The spectra may be acquired manually, alternatively the 
spectra may be acquired automatically and the information 
conveyed to a computerized apparatus, wherein the method 
described herein is implemented in software on a general 
purpose computer or other computerized component having a 
processor, user interface, microprocessor, memory, and other 
associated hardware and operating software. Software imple
menting the method may be stored in tangible media and/or 
may be resident in memory, for example, on a computer. 
Likewise, the spectral data acquired may be stored in a tan
gible media, computer memory, hardcopy such as a paper 
printout, or other storage device. 

50 closest point on the locally linear manifold approximation 
may be located and then (since it is parameterized by pH 
units), the pH estimate may be read directly from the graph. 

In an embodiment, a method of determining the pH of an 
environment comprises introducing to said environment of 
unknown pH a POS of the type described herein. The SERS 
spectrum of the adsorbate in said environment may then be 
compared to the SERS spectrum at one or more known pH 
values and the comparison used to determine or estimate the 
pH of the environment. In an alternative embodiment, the 
SERS spectral data acquired at known pH values may be 
processed (e.g. parameterized or correlated) to allow for a 

A POS of this disclosure may function as an all optical pH 
sensor with the ability to detect and report pH-dependent 

55 changes over a wide pH range. The POS may comprise an 
individual particle whose pH-dependent SERS spectral 
response is detectable in the absence of an aggregate of par
ticles. The POS may provide a means to monitor pH alter
ations in various environments using a biocompatible wire-

60 less device. In an embodiment, the POS functions as a 
nanosensor that may be embedded in an organism whose 
tissues or cells are experiencing a dysfunction or disorder. 
The POS may be localized to specific cellular types such as 
for example neoplastic cells or cells having comprised cellu-

65 lar functions and may provide a means of measuring pH 
and/or pH alterations in said environments. For example, a 
POS may be introduced to a cellular environment and the 
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Raman spectra of the adsorbate acquired utilizing excitation 
by a laser device in vivo with subsequent detection of the 
SERS spectrum of the adsorbate. The SERS spectrum of the 
adsorbate may be detected by a device located in vivo in 
proximity to the POS and capable of receiving and transmit
ting SERS spectral data. 

In other embodiments, the POS may be introduced to an 
organ or cell that has been transplanted into a host organism 
and may provide information on pH or pH alterations in said 
organ or cell that may be used to diagnose dysfunctions or 10 

disorders such as for example early stage transplant rejection. 
In yet other embodiments, the POS may be employed as a 
pH -sensitive detector in vitro. Additional uses for the POS of 
this disclosure would be apparent to one of ordinary skill in 

15 
the art. 

The following references provide background information 
and are each incorporated herein by reference, except to the 
extent that they define terms differently than those terms are 
defined herein: 20 
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EXAMPLES 

The various embodiments having been described, the fol
lowing examples are given as particular embodiments and to 
demonstrate the practice and advantages thereof. It is under
stood that the examples are given by way of illustration and 
are not intended to limit the specification or the claims in any 
manner. 

Example 1 

10 
peaks provides a simple optical readout for low resolution 
changes in local pH, see FIG. 2b. Referring to FIG. 2b, 
repetitive cycling of the Raman pH nanosensor was measured 
by monitoring the change in the I(Coo-)/I(C=O) (1702 

5 cm- 1/1393 cm- 1
) Stokes modes. The intensities were mea

sured with respect to that of the 1077 cm- 1 band to which 
spectra (at each pH) were normalized. Error bars represent the 
standard deviation for the measurements. 

The highly complex changes in the SERS spectrum of this 
10 molecule that occurred over this very large pH range not only 

provided a great deal of information that can be used in 
assessing the device resolution, but are themselves of intrinsic 
fundamental interest. pMBA is a weak acid, and since a 
reduction in the pKa of acid molecules typically occurs upon 

15 covalent attachment to metal surfaces, it is expected that 
pMBA may still be partially protonated under significantly 
acidic conditions. The presence of dissociated carboxylate 
groups at low pH was indicated by the appearance of the 
broad coo- band at 13 93 em - 1

' appearing much weaker than 

A POS of the type disclosed herein was prepared and 
investigated as an all-optical pH sensor. Specifically, to con
struct this device, Au nanoshells were fabricated according to 
the protocols described by Oldenberg et a!. "Nanoengineer
ing of Optical Resonances" published in 1998 in Chern. Phys. 
Lett.; V288; pages 243-247 and incorporated by reference 
herein in its entirety. The nanoshell core and shell dimensions 
were adjusted so that the plasmon resonance provided a far
fieldabsorbancemaximumnear785 urn in H20, [r1 , r2 ]=[55, 
71] nm, to provide surface enhanced Raman scattering 
enhancement at the 785 nm pump laser wavelength. Au 
nanoshells were immobilized by depositing a drop of aqueous 
nanoshells solution onto 3-aminopropyltriethoxy silane 
(APTES, Aldrich) coated silicon wafer supports (Addison 
Engineering Inc.) and allowing the water to evaporate. The 
electrostatic interaction between the nanoshells and the 
amine group resulted in dispersed nanoshells bound to the 
silicon. The anchorednanoshells were exposed to solutions of 
pMBA (Sigma Aldrich) presolubilized in ethanol and then 
diluted in Milli-Q water (Millipore) for one hour, then thor
oughly rinsed with Milli -Q water. In order to measure the pH 
response, SERS spectra were measured from acidic to basic 
pH levels. Before acquiring Raman spectra at each pH, the 
sample was immersed in phosphate buffered saline (PBS) of 40 

pH adjusted to the desired value for 10 min. A Fisher Scien
tific Accumet AP63 portable pH meter was used to adjust the 
pH of the buffer to an accuracy of 0.01 pH units. Raman 
spectra were then recorded while the entire adsorbate was 
immersed in ambient buffer solution using a Renishaw in Via 
Raman microscope (Renishaw, United Kingdom) with 785 
nm wavelength excitation and 55 f.LW power at the sample. 
Backscattered light was collected using a 63x water immer
sion lens (Leica, Germany) and high resolution spectra were 
acquired using a 30-sec integration time. Scans were col
lected from various spots on each silicon wafer, at each pH 
value. Between the Raman scans at different pH levels, 
samples were rinsed with Milli-Q water and incubated for 10 
min. in fresh buffer at the new pH. 

20 the C=O band at 1702 cm- 1
. With increasing pH the number 

of dissociated carboxylate groups increases, enhancing the 
vibrational stretching mode of Coo-, resulting in an increase 
in mode intensity and a shift of the 1393 cm- 1 mode to higher 
wavenumbers. However, even at pH 9, the coo- band 

25 remains broad, suggesting that some pMBA molecules may 
still be involved in hydrogen bonding in addition to the pos
sible interaction between coo- groups and the ring hydro
gens. The low energy shoulder of the carbonyl mode at 1702 
cm- 1 occurred most strongly at low pH, which indicated that 

30 some pMBA molecules might be participating in intramono
layer hydrogen bonding between adjacent pMBA molecules 
and/or between pMBA and the solution ambient. Multiple 
overlapping features in the broad 1393 cm- 1 coo- band are 
evident at low pH, which may possibly be attributable to 

35 hydrogen bonding between protonated and deprotonated car
boxylate groups. From Gaussian calculations (DFT/B3LYP 
level) it can be inferred that such broadening could be caused 
by possible interactions between the carboxylate groups and 
the ring hydrogens. Interactions involving the coo-, COOH 
and the ring hydrogens may be responsible for altering the 
coo- and C=O modes, resulting in the spectral broadening 
of this mode observed at acidic pH. Other spectral features in 
the pMBA SERS spectrum which also show pH-dependency 
include the nominally 1137 cm- 1 Stokes mode, predicted to 

45 beaCH in-plane bending mode, which undergoes noticeable 
spectral changes in intensity with increasing pH. The inten
sity of this weak mode increases with increasing pH, as does 
the mode appearing at 845 cm- 1

. This latter spectral feature is 
assigned to coo- bending, and its spectral behavior closely 

50 resembles that of the coo- stretching mode at 1393 cm- 1
. 

The spectral features at 696 cm-r, 718 cm- 1
, and 800 cm- 1 

also show pH-dependent changes in intensity. With increas
ing pH, the intensity of the 696 cm- 1 band gradually 
decreases and that of the 718 cm- 1 band increases. The 696 

FIG. 2(a) shows the SERS spectra of the nanosensor as a 
function of pH, ranging from pH 4.0 to pH 9.0. The most 
prominent features in the SERS spectra are the Stokes fea
tures appearing at 1 077 em - 1 and 15 90 em - 1

, assigned to the 
ring breathing and axial deformation modes of pMBA, 
respectively. As the pH of the nanoenvironment was changed 
from pH 4.0 to 9 .0, highly reproducible spectral changes were 
observed in the SERS spectra. The most significant of these 
changes occurred at 1702 cm- 1 and 1394 cm- 1

, attributable to 
the C=O and coo- stretching modes of pMBA, respec
tively. By monitoring the ratio of these two peaks, it was 
shown that this nanodevice can be cycled repeatedly from pH 
4.0 to 9.0, where the ratio of the 1702 cm- 1 and 1394 cm- 1 

55 cm- 1 mode was assigned in neutral pMBA (acidic limit) to a 
mixture of OCO bending, in-plane ring compression and 
C-S stretching. The mode at 718 cm- 1 was assigned to 
out-of-plane ring hydrogen wagging. In the basic limit, the 
deprotonated pMBA anion was found to have corresponding 

60 modes, only reversed in energy from the case of the proto
nated molecule. The 800 cm- 1 band appears to have a mixed 
vibrational nature of in-plane ring deformation motion, 
C---COOH stretching, and coo- bending, decreasing with 
increasing pH. Since the intensity ofin-plane ring vibrational 

65 modes, such as that of the 1137 cm- 1 and the 718 cm- 1 bands, 
was seen to increase with increasing pH, it is proposed that the 
800 cm- 1 band is dominated mainly by the C---COOH 
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five available spectra at each pH, and testing the variation 
between the fifth spectrum and the parameterized model. This 
procedure was repeated five times (leaving each scan out 
once) and the resulting pH estimates used to judge the accu
racy and precision of the procedure. The magnitude of the 
average error over the pH range of the device was obtained, 
see FIG. 3c. The average magnitude across the working pH 
range was 0.10. However, this varied significantly across the 
pH range of the device, with a much larger error occurring 

stretching vibration. Since the 696 cm-r, 718 cm- 1
, and 1137 

cm- 1 features are all related to the benzene ring of the pMBA 
molecule, the pH-dependent change in the intensity of these 
bands may be related to the orientation of pMBA on the Au 
nanoshell surface. However, without wishing to be limited by 
theory, since saturation coverage of pMBA was present on the 
nanoshells, it is expected that the pMBA molecules are 
packed densely on the nanoshell surface in an upright con
figuration and undergo only minor reorientations with respect 
to surface normal over the pH range investigated. 10 around pH 6.0 than elsewhere in the pH range being evalu

ated. Without wishing to be limited by theory, the increased 
error in this specific range is attributed to an observed 
increase in spectral fluctuations for the SERS spectra for this 

In order to test the validity and accuracy of the POS, a finer 
data set was collected in increments of 0.2 pH units over a 
narrower pH range (5.80 to 7.60). This pH range was chosen 
due to its biological relevance, for example, within this pH 
range a distinction can be made between acidic cancer cells 15 

and healthy tissue. A simple ratio of pH-dependent SERS 
peaks extracted from the spectral output of the POS, see FIG. 
2b, may be used to monitor large changes in pH, but in order 
to determine the usefulness of such a nanodevice in real 
applications, a quantitative understanding of the accuracy of 20 

its pH measurements across the working pH range of the 
device was obtained. 

The POS was observed to display smooth changes in the 
measured SERS spectrum as a function of pH over the pH 
range of 5.8 to 7.6. Each measured spectrum was then con- 25 

sidered as a point in anN -dimensional space (RN), where N is 
the number of discrete points taken to acquire each SERS 
spectrum. Each axis in this abstract space indicates Raman 
frequency, with the value along each axis expressing the 
spectral energy at that frequency. Varying pH induces spectral 30 

changes that trace out a well-behaved one-dimensional tra
jectory in RN (parameterized by the pH value) that defines the 
relationship between the pH and the SERS spectra. FIG. 3a 
illustrates that the spectral changes form a manifold (one
dimensional curve) in RN that is indexed by pH, where N is the 35 

number of spectral bands measured. A locally linear appro xi
mation to the pH -Raman manifold was constructed by finding 
the best collection of straight line segments to fit a collection 

specific pH which is likely to be near the effective pKa of the 
pMBA adsorbate molecules. It is quite possible that molecu
lar fluctuations occurring at this pH due to protonation-depro-
tonation dynamics may give rise to the increased spectral 
noise observed, which translate to a lower accuracy for the 
POS at this specific region of its pH range. 

The ultimate resolving power of the POS depended par
tially on the resolution of the training data used to model the 
pH Raman manifold. The resolving power of the POS built 
with training data at 0.20 pH intervals was further explored by 
utilizing the manifold approximation techniques to estimate 
the pH of two test samples taken between the training data pH 
values (having pH values of 6.10 and 7.15). The POS esti-
mated the pH values of the samples to be 6.47 and 7.01 
respectively. For the pH 6.10 test sample, the error was 
slightly larger than predicted by the cross-validation study. 
However, similar to what was observed with the training data, 
the larger error appeared in a pH range where increased SERS 
spectral fluctuations were observed. 

While various embodiments of the invention have been 
shown and described, modifications thereof can be made by 
one skilled in the art without departing from the spirit and 
teachings of the invention. The embodiments described 
herein are exemplary only, and are not intended to be limiting. 
Many variations and modifications of the invention disclosed 
herein are possible and are within the scope of the invention. of training data samples (similar to the locally linear embed

ding algorithm). 40 Where numerical ranges or limitations are expressly stated, 
such express ranges or limitations should be understood to 
include iterative ranges or limitations of like magnitude fall
ing within the expressly stated ranges or limitations (e.g., 

A series of pH-dependent SERS spectra served as "train
ing" data with which the parameterization was tested. Each 
spectrum in this figure was constructed from the average of 
five SERS spectra taken at the same pH and at different 
regions on the wafer sample. Because the analysis depended 45 

only on the relative intensity at many different Raman fre
quencies ranging from 600 to 1800 cm-r, each SERS spec
trum was normalized to its value at a specific frequency, 1400 
cm- 1

. Since the relative changes in peak height were being 
examined, it did not matter where the baseline was chosen as 50 

long as there was no known contributing signal from the 
pMBA or possible contribution from the silicon support. To 
model the pH Raman manifold, the piecewise liner curve in 
RN with k segments that minimized the mean-squared error 
over the collection of training data was found. The (k-1) 55 

breakpoints were found by exhaustively searching all pos
sible gaps between the training data pH values to find the 
breakpoints that produce the minimum mean-squared error 
fit. The best fitting linear segments were found using a stan
dard least squares method applied in RN. For the POS output, 60 

a two-segment piecewise linear curve was found to fit the pH 
manifold with high accuracy and minimal complexity. Cross
validation was used to judge the variation of the estimation 
procedure by testing each SERS spectrum against the param
eterized manifold and the results of the cross-validation is 65 

shown in FIG. 3b. The cross-validation was accomplished by 
constructing the pH Raman manifold model using four of the 

from about 1 to about 10 includes, 2, 3, 4, etc.; greater than 
0.10 includes 0.11, 0.12, 0.13, etc.). Use of the term "option
ally" with respect to any element of a claim is intended to 
mean that the subject element is required, or alternatively, is 
not required. Both alternatives are intended to be within the 
scope of the claim. Use of broader terms such as comprises, 
includes, having, etc. should be understood to provide sup
port for narrower terms such as consisting of, consisting 
essentially of, comprised substantially of, etc. 

Accordingly, the scope of protection is not limited by the 
description set out above but is only limited by the claims 
which follow, that scope including all equivalents of the sub
ject matter of the claims. Each and every claim is incorporated 
into the specification as an embodiment of the present inven
tion. Thus, the claims are a further description and are an 
addition to the preferred embodiments of the present inven
tion. The discussion of a reference herein is not an admission 
that it is prior art to the present invention, especially any 
reference that may have a publication date after the priority 
date of this application. The disclosures of all patents, patent 
applications, and publications cited herein are hereby incor
porated by reference, to the extent that they provide exem
plary, procedural or other details supplementary to those set 
forth herein. 
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What is claimed is: 
1. A composition comprising a nanoparticle and at least 

one adsorbate associated with the nanoparticle, wherein the 
adsorbate displays a chemically responsive surface enhanced 
Raman scattering (SERS) spectral response that is a function 
of pH over at least 5 pH units and wherein the adsorbate 
comprises more than one pH sensitive functional group. 

2. The composition of claim wherein the nanoparticle com
prises a shell surrounding a core material with a lower con
ductivity than the shell material, and the thickness of the core 10 

material and the shell material is engineered to generate a 
plasmon resonance frequency. 

3. T.he composition of claim 1 wherein the nanoparticle 
com~nses a spherical or elliptical shell, hollow nanoshell, 
mult!layer nanoshell, nanorod, nanostar, nanotriangle 

15 

nanoc.ube; individual atmospheres, nanosphere aggregates, o; 
combmatwns thereof. 

4. The composition of claim 1 wherein the adsorbate com
p~ses para-mercaptobenzoic acid, ortho-mercaptobenzoic 
ac1d, meta-mercaptobenzoic acid, para-mercaptophenylace-

20 

tic acid or combinations thereof. 
5. The composition of claim 1 wherein the adsorbate is 

associated with the nanoparticle by an electrostatic interac
tion, by at least one chemical bond, by physical association 
or combinations thereof. ' 25 

6. The composition of claim 1 wherein the SERS response 
occurs over a pH range of from about 0 to about 14. 

7. The composition of claim 1 wherein the composition is 
operable as a pH sensor. 

8. A method comprising: 
30 

associating an adsorbate with a nanoparticle, wherein the 
nanoparticle comprises a shell surrounding a core mate
rial with a lower conductivity than the shell material and 
the adsorbate displays at least one chemically responsive 
optical property; and 35 

engineering the nanoparticle to enhance the optical prop
erty of the adsorbate, wherein the chemically responsive 
optical property comprises a surface enhanced Raman 
scattering (SERS) spectral response that is a function of 
pH over at least 5 pH units and wherein the adsorbate 

40 

comprises more than one pH sensitive functional group. 
9. The method of claim 8 wherein engineering the nano

~article .con:prises adjusting the aspect ratios of the nanopar
tJcle, adjustmg the components of the nanoparticle, adjusting 
the shape of the nanoparticle, adjusting the size of the nano-

45 

particle, adjusting the shell thickness of the nanoparticle or 
combinations thereof. 

10. A method comprising: 
determining an optical response of an adsorbate associated 

with a nanoparticle as a function of a chemical param-
50 

eter; and 
parameterizing the optical response to produce a one-di

mensional representation of at least a portion of a spec
tral window of the optical response in a high dimen
sional vector space, wherein the chemical parameter is 

55 

pH and the optical response comprises a surface 
enhanced Raman scattering (SERS) spectral response 

14 
that is a function of pH over at least about 5 pH units and 
wherein the adsorbate comprises more than one pH sen
sitive functional group. 

.11. The method of claim 10 wherein the nanoparticle com
pnses a shell surrounding a core material with a lower con
ductivity than the shell material, and selecting the thickness 
of the core material and the thickness of the shell material to 
generate a plasmon resonance frequency. 

12. The method of claim 10 wherein parameterizing the 
SERB spectral response employs a local linear manifold 
approximation. 

13. The method of claim 12 further comprising forcing the 
local linear manifold approximation to fit the one dimen
sional representation of the SERS spectral response to at least 
one linear segment. 

14. A method comprising: 
introducing an adsorbate associated with a nanoparticle to 

an environment of having an unknown chemical param
eter, wherein the adsorbate comprises an optical 
response that is a function of the chemical parameter and 
wherein the adsorbate comprises more than one pH sen
sitive functional group; 

acquiring the optical response of the adsorbate associated 
with a nanoparticle in the unknown environment· and 

determining the chemical parameter of the unknow~ envi
ronment based on a comparison of the optical response 
of the adsorbate in a known environment to the optical 
response of the adsorbate in the unknown environment 
Wherein the chemical parameter is pH and the optical 
response comprises a surface enhanced Raman scatter
ing (SERS) spectral response that is a function of pH 
over at least about 5 pH units. 

15. The method of claim 14 wherein the SERS spectral 
response of the adsorbate is acquired by exciting the adsor
bate and nanoparticle in vivo and/or in vitro. 

16. The method of claim 14 wherein the unknown environ
ment comprises a living tissue or cell. 

17. The method of claim 16 wherein the living tissue or cell 
is experiencing a dysfunction or disorder. 

18. The method of claim 17 farther comprising utilizing the 
adsorbate associated with the nanoparticle as a diagnostic 
tool. 

19. A composition comprising a nanoparticle and at least 
one adsorbate associated with the nanoparticle, wherein the 
adsorbate displays a chemically responsive surface enhanced 
Raman scattering (SERS) spectral response that is a function 
of pH over at least 5 units, wherein the composition is oper
able as. a pH sensor and wherein the optical sensor a pH 
resolution of about 0.1 pH units. 

20. The composition of claim 1 wherein the adsorbate 
covers greater than about 5% of the surface area of the nano
particle. 

21. The method of claim 8 wherein the SERS response 
occurs over a pH range of from about 0 to about 14. 

22. The method of claim 10 wherein the SERS response 
occurs over a pH range of from about 0 to about 14. 

* * * * * 
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