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CONLEY ROSE, BC The present invention provides nanoshell particles 
P- 0- BOX 3267 (“nanoshells”) for use in biosensing applications, along With 
HOUSTON’ TX 77253'3267 (Us) their manner of making and methods of using the nanoshells 

(73) Assigneez William Marsh Rice University, Hous_ for in vitro and in vivo detection of chemical and biological 
ton TX analytes, preferably by surface enhanced Raman light scat 

’ tering. The preferred particles have a non-conducting core 
_ and a metal shell surrounding the core. For given core and 

(21) Appl' NO" 10/789,542 shell materials, the ratio of the thickness (i.e., radius) of the 
(22) Filed: Feb 27’ 2004 core to the thickness of the metal shell is determinative of 

the Wavelength of maximum absorbance of the particle. By 
Related US Application Data controlling the relative core and shell thicknesses, biosens 

ing metal nanoshells are fabricated Which absorb light at any 
(60) Division of application NO_ 09/616,154, ?led on Ju1_ desired Wavelength across the ultraviolet to infrared range of 

14, 2000, now Pat, No, 6,699,724, which is a Con- the electromagnetic spectrum. The surface of the particles 
tinuati0n_in_part of application No' 09/038,377, ?led are capable of inducing an enhanced SERS signal that is 
on Mar, 11, 1998, now Pat, No, 6,344,272, characteristic of an analyte of interest. In certain embodi 

ments a biomolecule is conjugated to the metal shell and the 
(60) Provisional application No. 60/144,136, ?led on Jul. SERS signal of a conformational change or a reaction 

16, 1999. product is detected. 
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METAL NANOSHELLS FOR BIOSENSING 
APPLICATIONS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a divisional application of US. 
Patent Application No. 09,616,154 ?led Jul. 14, 2000 
entitled “Metal Nanoshells for Biosensing Applications” 
Which is a continuation-in-part of co-pending US. patent 
application Ser. No. 09/038,377 ?led Mar. 11, 1998, and also 
claims the bene?t of US. Provisional Application No. 
60/144,136 ?led Jul. 16, 1999. The disclosures of those 
applications are incorporated herein by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] This invention Was made With government support 
under Grant No. N00014-97-1-0217 aWarded by the Office 
of Naval Research and under Grant No. ECS-9258118 
aWarded by the National Science Foundation. The United 
States government has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

[0003] 1. Field of the Invention 

[0004] The present invention generally relates to particles 
composed of a nonconducting core coated With a very thin 
metallic layer, and to methods of using these particles for 
sensing a chemical or biological analyte. More particularly, 
the invention relates to such particles having de?ned maxi 
mum absorption or scattering Wavelengths, and, optionally, 
having one or more biomolecules conjugated to the metallic 
layer. 
[0005] 2. Description of Related Art 

[0006] It has long been observed that an enormous 
enhancement of Raman scattering intensities is possible 
from many biologically signi?cant organic molecules When 
they are adsorbed onto roughened silver electrodes or in a 
solution of aggregating colloid (Fleischmann, M. et al. J. 
Chem. Soc. Commun. 80 (1973); Duff, D. G., et al. Langmuir 
912301 (1993)). This effect, knoWn as surface enhanced 
Raman scattering (SERS), can yield a Raman spectrum as 
much as a million times stronger than the spectrum of the 
same molecule in solution. While this approach has been 
popular With Raman spectroscopy using visible excitation, 
SERS enhancement becomes almost a requirement When a 
near infrared excitation source is used, as in FT-Raman 
spectroscopy. Although infrared excitation eliminates 
sample ?uorescence, it also results in marked decrease in 
sensitivity, further motivating the need for a sensitiZation 
method. Current methods being used for SERS enhancement 
of near infrared FT-Raman spectroscopy are frequently 
plagued by difficult substrate preparation, poor reproduc 
ibility, sensitivity to contamination, or limited suitability for 
in vivo use. 

[0007] The SERS effect is primarily related to the ?eld 
strength near the surface of the substrate upon illumination, 
Whether the substrate is a roughened metal surface or an 
aggregate of metallic nanoparticles. The strongest ?eld 
enhancement is obtainable at the plasmon resonance of the 
metal substrate or particle. It is for this reason that gold 
colloid (plasmon resonance=520 nm) is such an ef?cient 
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SERS enhancer under visible Raman excitation (typically 
With an argon ion laser at 514 nm). This resonance coincides 
With the absorption maximum of hemoglobin (Gordy, E. et 
al. J. Biol. Chem. 227:285-299 (1957)), hoWever, Which 
signi?cantly restricts the use of visible excitation Raman 
spectroscopy on biological systems. 

[0008] The idea of exploiting SERS in biosensing appli 
cations has been pursued using other strategies for quite 
some time. Previous Workers have used SERS to measure 
binding betWeen biological molecules of mutual affinity, 
including antibody-antigen interactions (Rohr, T. E., et al. 
Anal. Biochem. 182:388-398 (1989)). The approach in that 
study included the use of an avidin-coated silver ?lm as 
substrate and dye-antibody conjugates to optimally enhance 
the SERS effect. Although that method Was used in a 
successful sandWich immunoassay, the use of a microscopic 
silver substrate and the necessity for conjugation of the 
biomolecules With speci?c (carcinogenic) chromophores for 
resonance Raman detection severely limits the adaptability 
of that approach. 

[0009] US. Pat. No. 5,567,628 (Tarcha et al.) describes an 
immunoassay method for performing surface enhanced 
Raman spectroscopy. Various substrates are described, 
including solid particles of gold or silver. US. Pat. No. 
5,869,346 (Xiaoming et al) describes an apparatus and 
method for measuring surface-sensitiZed Raman scattering 
by an antigen-antibody complex adsorbed to solid gold, 
silver or copper particles. 

[0010] Optical glucose monitoring is one example of an 
extremely important and active ?eld of research. The goal of 
this research is to provide a noninvasive method of moni 
toring and more optimally managing diabetes, a disease that 
affects millions of people WorldWide. A variety of 
approaches are currently being pursued, including near- and 
mid-infrared spectroscopy, photoacoustic spectroscopy, 
polarimetry, diffuse light scattering, and Raman spectros 
copy (Waynant, R. W., et al. IEEE-LEOS Newsletter 1213-6 
(1998)). In comparison to the other approaches in use, 
Raman spectroscopy With near infrared excitation offers the 
unique ability to discriminate betWeen spectra from different 
analytes even When signals are small. Raman spectroscopy 
is the only all-optical technique currently under consider 
ation in Which the entire spectral signature of a chemical 
species can be obtained. The spectral signature is not 
obscured by Water, and the signi?cant penetration depth 
achieved With near-IR excitation (>1 mm) facilitates a 
variety of in vivo monitoring approaches. Raman spectro 
scopic measurements of glucose in human blood serum and 
ocular aqueous humor (using both conventional Raman and 
stimulated Raman gain spectroscopy) have also been 
reported (Wicksted, J. P., et al. App. Spectroscopy 49:987 
993 (1995); and US. Pat. No. 5,243,983 issued to Tarr et 
al.). Since near infrared excitation results in a dramatic 
decrease in sensitivity relative to visible Raman excitation, 
the most outstanding current limitation to Raman-based 
glucose monitoring is the lack of sensitivity. This results in 
the necessity of long data collection times and multivariate 
analysis techniques for signal extraction. 

[0011] The use of gold colloid in biological applications 
began in 1971, When Faulk and Taylor invented the immu 
nogold staining procedure. Since that time, the labeling of 
targeting molecules, especially proteins, With gold nanopar 
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ticles has revolutionized the visualization of cellular or 
tissue components by electron microscopy (M. A. Hayat, ed. 
Colloidal Gold: Principles, Methods and Applications Aca 
demic Press, San Diego, Calif. 1989). The optical and 
electron beam contrast qualities of gold colloid have pro 
vided excellent detection qualities for such techniques as 
immunoblotting, ?oW cytometry and hybridization assays. 
Conjugation protocols exist for the labeling of a broad range 
of biomolecules With gold colloid, such as protein A, avidin, 
streptavidin, glucose oxidase, horseradish peroxidase and 
IgG (M. A. Kerr et al., eds. Immunochemistry Labfax BIOS 
Scienti?c Publishers, Ltd., Oxford, UK. 1994). Metal 
nanoshells are a neW type of “nanoparticle” composed of a 
non-conducting, semiconductor or dielectric core coated 
With an ultrathin metallic layer. As more fully described in 
co-pending US. patent application Ser. No. 09/038,377, 
metal nanoshells manifest physical properties that are truly 
unique. For example, it has been discovered that metal 
nanoshells possess attractive optical properties similar to 
metal colloids, i.e., a strong optical absorption and an 
extremely large and fast third-order nonlinear optical (NLO) 
polariZability associated With their plasmon resonance. At 
resonance, dilute solutions of conventional gold colloid 
possess some of the strongest electronic NLO susceptibili 
ties of any knoWn substance. (Hache, F. et al. App. Phys. 
47:347-357 (1988)) HoWever, unlike simple metal colloids, 
the plasmon resonance frequency of metal nanoshells 
depends on the relative siZe of the nanoparticle core and the 
thickness of the metallic shell (Neeves, A. E. et al. J. Opt. 
Soc. Am. B61787 (1989); and Kreibig, U. et al. Optical 
Properties of Metal Clusters, Springer, NeW York (1995)). 
The relative thickness or depth of each particle’s constituent 
layers determines the Wavelength of its absorption. Hence, 
by adjusting the relative core and shell thicknesses, and 
choice of materials, metal nanoshells can be fabricated that 
Will absorb or scatter light at any Wavelength across much of 
the ultraviolet, visible and infrared range of the electromag 
netic spectrum. Whether the particle functions as an 
absorber or a scatterer of incident radiation depends on the 
ratio of the particle diameter to the Wavelength of the 
incident light. What is highly desirable in the biomedical 
?eld are better, more sensitive devices and methods for 
performing in vivo sensing of chemical or biological ana 
lytes. Also desired are easier, more rapid and more sensitive 
methods and reagents for conducting in vitro assays for 
analytes such as autoantibodies, antiviral or antibacterial 
antibodies, serum protein antigens, cytokines, hormones, 
drugs, and the like. 

SUMMARY OF THE INVENTION 

[0012] Methods of in vitro and in vivo sensing of chemical 
or biochemical analytes employing SERS enhanced Raman 
spectroscopy are provided. Special metal coated particles 
(“metal nanoshells”), With or Without conjugated biomol 
ecules, and having diameters ranging from a feW nanometers 
up to about 5 microns and de?ned Wavelength absorbance or 
scattering maxima across the ultraviolet to infrared range of 
the electromagnetic spectrum are employed in the methods 
and compositions of the present invention. 

[0013] One aspect of the invention provides a composition 
useful for biosensing applications. In certain embodiments, 
the composition comprises a plurality of particles and a 
support. In some embodiments the support comprises a 
medium such as a hydrogel matrix. In other embodiments 
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the support comprises a substrate on Which the particles are 
arrayed. Each particle comprises a non-conducting core 
having an independently de?ned radius and a metal shell 
adhering to the core and having an independently de?ned 
thickness. The terms “independently de?ned radius” and 
“independently de?ned thickness” mean that the desired 
thickness of each of the shell and core can be chosen and 
formed Without dictating or requiring a certain thickness of 
the other. Each particle has a de?ned core radiuszshell 
thickness ratio, a de?ned absorbance or scattering maximum 
Wavelength (When measured in the same medium) in the 
ultraviolet to infrared range of the electromagnetic spec 
trum. The particle also has a surface capable of inducing 
surface enhanced Raman scattering, and, optionally one or 
more biomolecules conjugated to the particle surface. In 
some embodiments, a reporter molecule is conjugated to the 
shell or to the biomolecule. A reporter molecule could be an 
enZyme, a dye molecule, a Raman sensitive chemical, or the 
like. In some embodiments the conjugated biomolecule or 
the shell surface itself has an affinity for the analyte, causing 
at least some analyte molecules to adsorb or closely asso 
ciate With the surface of the particle (e.g., localiZe Within 
about 50-100 nm of the particle’s surface, and preferably 
Within about 10-20 nm of the surface). In some embodi 
ments the support, or a portion of the support, has an affinity 
for the analyte suf?cient to cause it to similarly localiZe near 
the surface of the particles. In certain preferred embodiments 
of the composition, the particles and the medium are in the 
form of a matrix such as a hydrogel that is permeable to an 
analyte of interest. Another aspect of the invention provides 
methods of making an optically tuned nanoshell especially 
for use in biosensing applications. The term “optically tuned 
nanoshell” means that the particle has been fabricated in 
such a Way that it has a predetermined or de?ned shell 
thickness, a de?ned core thickness and core radiuszshell 
thickness ratio, and that the Wavelength at Which the particle 
signi?cantly, or preferably substantially maximally absorbs 
or scatters light is a desired, preselected value. For example, 
the selected Wavelength of signi?cant absorbance may cor 
respond to an absorbance maximum (peak), or it may 
correspond to any strongly absorbed Wavelength that falls on 
the “shoulder” of an absorbance peak, or the selected 
Wavelength may fall Within a strongly absorbing plateau 
region of the particle’s absorbance spectral curve. It should 
be understood that the term “maximum absorbance” also 
includes this meaning, Whenever the context applies. The 
particle’s Wavelength of signi?cant absorbance may be 
chosen to substantially match a certain laser peak Wave 
length. A preferred embodiment of this method includes 
selecting the desired Wavelength of light (kmax) at Which 
light of a selected Wavelength Will be signi?cantly absorbed 
or scattered by the particle. Anon-conducting core of radius 
RC is formed, and then a metal shell is groWn or deposited 
onto the core, the ?nal shell having a thickness TS. This 
method also includes controlling the ratio of RczTS such that 
the Wavelength of light maximally absorbed or scattered by 
the particle is approximately kmax in the UV to infrared 
range of the electromagnetic spectrum. In some embodi 
ments, one or more analyte speci?c molecules, Which may 
be a biomolecule such as an antibody, an antigen or an 
enZyme are conjugated to the shell. In certain embodiments 
a reporter molecule is instead or additionally conjugated to 
the shell or to the analyte speci?c molecule. The selected 
km preferably corresponds to the desired Wavelength of the 
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incident light that is to be employed When the nanoshells are 
used in a particular biosensing application. 

[0014] Yet another aspect of the invention provides an in 
vitro method of assaying a biological analyte in a sample 
(e.g., blood, serum, or other body ?uid). For example, the 
biological analyte could be a chemical or a biomolecule, 
such as proteins (e.g., antibodies, antigens and enZymes), 
peptides, oligonucleotides and polysaccharides, or a conju 
gate thereof. 

[0015] According to certain embodiments, the in vitro 
assay method includes selecting one or more optically tuned 
nanoshells With an absorption or scattering maximum Wave 
length that substantially matches the Wavelength of a desired 
source of electromagnetic radiation. In some embodiments 
the chosen nanoshells include one or more conjugated 
biomolecules. The method also includes associating the 
nanoshells With one or more molecules of the desired 
analyte contained in the sample such that an analyte/ 
nanoshell complex is formed. In certain embodiments the 
method includes associating the nanoshells With a reporter 
molecule, in Which case a reporter/analyte/nanoshell com 
plex is formed. Either complex is capable of producing a 
Raman signal upon irradiation by the selected source. Pref 
erably the source is in the near-IR range of the electromag 
netic spectrum. The method further includes irradiating the 
complex With incident electromagnetic radiation at the pre 
determined Wavelength so that surface enhanced Raman 
scattering is induced. A Raman scattering signal from the 
complex is detected and the signal is correlated to the 
presence and/or amount of the analyte in the biological 
sample. In preferred embodiments a SERS signal is also 
detected in the near-infrared range. Amajor advantage of the 
nanoshell biosensing technology of the present invention is 
that the need for indicator enZymes in many types of 
bioassays is obviated, Which alloWs analysis of biological 
samples With little or no prior puri?cation steps. Because a 
strong SERS signal from molecules right at the surface of 
the nanoshells can be obtained, other “contaminating” mol 
ecules in the unpuri?ed or bulk sample, such as serum or 
Whole blood, do not interfere With spectral response mea 
surements of the molecule of interest. 

[0016] In a further aspect of the present invention, a kit is 
provided for conducting nanoshell-based immunosorbent 
assays. These assays may be of the sandWich-type, direct- or 
indirect-types, analogous to the respective conventional 
immunosorbant assays. In one embodiment, the kit includes 
a quantity of a ?rst antibody-nanoshell conjugate, and, 
optionally, a quantity of a control antigen having affinity for 
binding to the ?rst antibody. This kit may also optionally 
include a quantity of a secondary antibody that has affinity 
for binding to an antigen-?rst antibody-nanoshell conjugate. 
In some embodiments a reporter molecule is bound to the 
second antibody. The nanoshells in the kit comprise a 
non-conducting core having an independently de?ned 
radius, a metal shell adhering to said core and having an 
independently de?ned thickness a de?ned core radiuszshell 
thickness ratio, a de?ned absorbance Wavelength maximum 
in the ultraviolet to infrared range, and a surface capable of 
inducing surface enhanced Raman scattering. 

[0017] A further aspect of the present invention provides 
an in vivo method of monitoring a biological analyte. A 
preferred embodiment of this method comprises introducing 
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a quantity of optically tuned metal nanoshell particles into a 
subject at a desired biosensing site in the body. In certain 
embodiments the site is internally accessible to an analyte of 
interest and is accessible to externally applied electromag 
netic radiation. In other embodiments the site is accessible 
to the analyte and is also irradiated via an internally placed 
light source, as in a totally implantable system, for example. 
The particles are optically tuned such that the Wavelength of 
light that is maximally absorbed or scattered by the particles 
substantially matches the Wavelength of light emitted from 
a predetermined source of electromagnetic radiation in the 
ultraviolet to infrared range. For example, the average peak 
Wavelength of a group of particles could be Within about 
10-15 nm of the 1064 nm Wavelength of a NdzYag laser. 
Preferred embodiments of the method include selecting a 
source of electromagnetic radiation emitting light at a Wave 
length that matches said maximally absorbed or scattered 
Wavelength. In certain embodiments the particles have an 
af?nity for the analyte, and in some embodiments include a 
reporter molecule, Which in certain embodiments contains a 
Raman active functional group. The method also includes 
externally applying radiation to the particles and any analyte 
molecules associated With the particles so that a SERS signal 
is produced. The method includes evaluating the signal and 
correlating a signal evaluation With the presence and/or 
amount of the analyte at the biosensing site. 

[0018] Certain embodiments of the in vivo method of 
monitoring a biological analyte includes fabricating a quan 
tity of optically tuned particles such that the Wavelength of 
light that is maximally absorbed or scattered by said par 
ticles substantially matches the Wavelength of light emitted 
from a predetermined source of ultraviolet-infrared electro 
magnetic radiation. 

[0019] In accordance With still another aspect of the 
invention, a particle for biosensing applications is provided. 
The particle, also referred to as a metal nanoshell, comprises 
a non-conducting or dielectric core having an independently 
de?ned radius, a metal shell closely adhering to the core and 
having an independently de?ned thickness, and a de?ned 
core radius to shell thickness ratio. The particle also has a 
de?ned or predetermined Wavelength absorbance or scatter 
ing maximum in the 300 nm to 20 pm range of the 
electromagnetic spectrum. In some embodiments the de?ned 
Wavelength absorbance or scattering maximum is in the 
near-infrared range. In some embodiments, the maximum 
absorbance Wavelength of the particle is set at about 800 
1,300 nm or about 1,600-1,850 nm. In certain preferred 
embodiments, the particle has a Wavelength maximum that 
substantially matches the peak Wavelength of a given source 
of electromagnetic radiation and has a surface that is capable 
of inducing surface enhanced Raman scattering. In certain 
embodiments the metal shell has a surface With an affinity 
for associating analyte molecules. 

[0020] In some embodiments of the particle of the inven 
tion, the particle has one or more analyte binding molecules 
conjugated to the metal shell surface. In certain embodi 
ments the analyte binding molecule is a biomolecule, such 
as a protein, polypeptide, oligonucleotide or polysaccharide. 
In some embodiments the analyte binding molecule is a 
mixture of species of biomolecules conjugated to the shell. 
In certain embodiments the biomolecule is glucose oxidase 
and the analyte is glucose, and in certain other embodiments 
the biomolecule is an antibody and the analyte is a target 
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antigen for the antibody. In certain preferred embodiments 
the shell comprises gold or silver, and the core comprises a 
material such as silicon dioxide, gold sul?de, titanium 
dioxide, polymethyl methacrylate (PMMA), polystyrene or 
a macromolecule such as a dendrimer. Apreferred embodi 
ment of the particle of the invention, especially suited for 
use in biosensing, has a gold shell and a silicon dioxide core. 
Other preferred nanoshells have a silver shell and a silicon 
dioxide core. The diameter of some of these particles is up 
to about 5 pm, With the core diameter being about 1 nm to 
nearly 5 pm, and the shell thickness being about 1-100 nm. 
In certain of the more preferred embodiments, the core is 
betWeen 1 nm and 2 pm in diameter and the shell is less than 
40 nm thick. In this embodiment, the shell is linked to the 
core through a linker molecule, and the particle has a 
Wavelength of maximum absorbance or scattering betWeen 
300 nm and 20 pm. In some embodiments the particle is 
about 210 nm in diameter, has a core radius of about 100 nm, 
a shell thickness of about 10 nm, a core radiuszshell thick 
ness of about 10:1, and a maximum absorbance Wavelength 
(kmax) of about 1064 (SD110 nm), substantially matching 
the 1064 nm (peak) NdzYAG source as used in a FT-Raman 
laser spectrometer. Preferred embodiments of the particle of 
the invention have a gold shell or silver shell. Preferred 
embodiments of the particle have a core that comprises 
silicon dioxide, gold sul?de, titanium dioxide, polymethyl 
methacrylate (PMMA), polystyrene and macromolecules 
such as dendrimers. In another aspect of the invention, a 
chemical sensing device comprising certain of the above 
described particles is provided. The chemical sensing device 
may be, for example, an all-optical sensor employing suit 
ably designed nanoshells and SERS spectroscopy to detect 
and quantify a drug or a plasma protein such as a particular 
anti-viral or anti-bacterial antibody or a given cytokine. 

[0021] Still other embodiments, features and advantages 
of the present invention Will be apparent in the draWings and 
description that folloWs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1 is a graph shoWing calculated optical reso 
nances of metal nanoshells having a silica core and a gold 
shell (suspended in Water) over a range of core radiuszshell 
thickness ratios. 

[0023] FIG. 2 is a graph shoWing calculated optical reso 
nance Wavelength versus the ratio of core radius to shell 
thickness for metal nanoshells having a silica core and gold 
shell (in Water). 

[0024] FIG. 3 depict transmission electron microscope 
images of silica core/gold shell nanoshells during shell 
groWth. 

[0025] FIG. 4A is a graph shoWing groWth of gold shells 
on 120 nm diameter silica nanoparticles. 

[0026] FIG. 4B is similar to FIG. 4A except that it shoWs 
the groWth of gold shell on 340 nm silica particles. 

[0027] FIG. 5 is a graph shoWing SERS enhancement of 
mercaptoaniline With silica/gold nanoshells. The upper line 
(a) s the spectrum of 10-5% mercaptoaniline combined With 
the silica/gold nanoshells. The loWer line (b) is the back 
ground Raman spectrum of the 120 nm diameter nanoshells 
only. 
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[0028] FIG. 6 is a graph shoWing glucose oxidase activity 
of GO-conjugated gold nanoshells over a 7 hr. period at pH 
4.5 to 7. 

[0029] FIGS. 7A-B are conceptual illustrations of glucose 
sensing gold nanoshells. FIG. 7A depicts a glucose sensor 
consisting of gold nanoshells (unfunctionaliZed) embedded 
in a glucose-permeable membrane or matrix. FIG. 7B 
depicts a glucose sensor consisting of glucose oxidase 
nanoshell conjugates embedded in glucose permeable mem 
brane. 

[0030] FIGS. SA-C conceptually illustrate an ELISA test 
that is modi?ed by directly linking the initial antibodies to 
nanoshells instead of attaching to a typical macroscopic 
support. FIG. 8A shoWs an antibody-nanoshell conjugate 
prior to assay. FIG. 8B shoWs an antibody-nanoshell con 
jugate after presentation to antigen analyte. FIG. 8C shoWs 
the nanoshell analog of the ELISA ?nal sandWich immu 
noassay step, Where, optionally, enZyme-linked antibodies 
are bound to the antigen-antibody complexes. 

[0031] FIGS. 9A-C are graphs shoWing surface enhanced 
Raman scattering of dimethylaminoaZobenZene labeled-IgG 
(DAB-IgG) conjugated nanoshells in biological samples. 
FIG. 9A shoWs Raman intensity vs Raman shift (cm_1) for 
a sample of DAB-IgG conjugated nanoshells suspended in 
phosphate buffered saline (PBS). FIG. 9B is a similar graph 
for a sample suspended in fetal bovine serum (FBS), and 
FIG. 9C is a similar graph for a sample suspended in Whole 
blood. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0032] Metal Nanoshells 

[0033] The metal nanoshells fabricated as described in 
co-pending US. patent application No. 09/038,377 provide 
the functional structures that are the foundation of the 
preferred biosensing applications disclosed herein. Gener 
ally, assembly occurs by Way of the folloWing steps. First, 
core particles are groWn or otherWise obtained. Next, a 
linker molecule is bound to the core. Then, clusters of 
molecules that comprise the conducting shell layer are 
reacted With a free reactive end on the linker molecules. 
These clusters may complete the shell layer or form nucle 
ation sites for the groWth of a complete shell layer around 
the core. 

[0034] Generally, metal is deposited onto the tethered 
clusters and enlarges the clusters until a coherent metal shell 
of the desired thickness is formed. The metal can be depos 
ited through reduction process of solution metal onto the 
tethered clusters. Alternatively, metal can be deposited on 
the tethered metal clusters by a “colloid-based” deposition 
process. The deposition can also be initiated or driven 
photochemically. The technique of depositing metal onto 
metal nucleation sites tethered to nonconducting core mate 
rials in solution is one of the novel features of the present 
methods. 

[0035] The nanoshells employed for biosensing are pref 
erably particles that range in diameter up to several microns, 
have a dielectric core, a metallic coating or shell, and a 
de?ned core radius: shell thickness ratio. Core diameters of 
the biosensing nanoshells range from about 1 nm to 4 pm or 
more, and shell thickness ranging from about 1 to 100 nm. 
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For any given core and shell materials, the maximum 
absorbance or scattering Wavelength of the particle depends 
upon the ratio of the thickness (i.e., radius) of the core to the 
thickness of the shell. Based on the core radius to shell 
thickness (core:shell) ratios that are achieved by the refer 
enced synthesis method, nanoshells manifesting plasmon 
resonances extending from the visible region to approxi 
mately 5 pm in the infrared can be readily fabricated. The 
visible and near-infrared regions of the electromagnetic 
spectrum are of special interest for biological analysis or 
sensing applications. By varying the conditions of the metal 
deposition reaction, the ratio of the thickness of the metal 
shell to the nonconducting inner layer can be varied in a 
predictable and controlled Way. Particles can be constructed 
With metallic shell layer to core layer radius With ratios from 
10 to 10-3. This large ratio range coupled With control over 
the core siZe results in a particle that has a large, frequency 
agile absorbance over most of the visible and infrared 
regions of the spectrum. FIG. 1 shoWs calculated gold 
nanoshell plasmon resonances for particles of increasing 
core radius:shell thickness ratio. A Mie scattering calcula 
tion of the nanoshell plasmon resonance Wavelength shift is 
depicted as a function of nanoshell composition for a 
nanoshell comprising gold layer deposited on a silica core. 
In this Figure, the core and shell of the nanoparticles are 
depicted to relative scale directly beneath their correspond 
ing optical resonances. In FIG. 2, a plot of the core radius 
to shell thickness (corezshell) ratio versus resonance Wave 
length for a gold shell/silica core nanoparticle is displayed. 
By varying the conditions of the metal deposition reaction, 
the ratio of the thickness of the metal shell to the core radius 
is varied in a predictable and controlled Way. Accordingly, 
particles can be constructed With core radius to shell thick 
ness ratios ranging from about 2 to 1000. This large ratio 
range, coupled With control over the core siZe results in a 
particle that has a large, frequency-agile absorbance over 
most of the V, visible and infrared regions of the spectrum. 

[0036] By comparison, the shifts induced in the plasmon 
resonance of gold colloid by adsorption of molecular species 
are quite small, typically 10 nm or less. (Kreibig, U. et al. 
Optical Properties of Metal Clusters, Springer, NeW York 
(1995)) The nonlinear optical (NLO) properties of metal 
nanoshells or nanoshells-constituent materials can be reso 

nantly enhanced by judicious placement of the plasmon 
resonance at or near the optical Wavelengths of interest. 
Thus, metal nanoshells demonstrate clear potential for opti 
cal device applications in the near infrared region, a Wave 
length range of critical technological importance. The agile 
“tunability” of the plasmon resonance is a property com 
pletely unique to metal nanoshells. In no other molecular or 
nanoparticle structure can the resonance of the optical 
absorption and NLO properties be systematically designed 
over such an extremely Wide range of Wavelengths. 

[0037] Averitt, R. D. et al. (Phys. Rev. Lett. 78: 4217-4220 
(1997)) investigated the optical properties of certain gold 
terminated gold sul?de nanoparticles in detail. Quantitative 
agreement betWeen the Mie scattering theory of FIG. 1 and 
the optical absorption in the Au/Au2S nanoparticles Was 
achieved. As described in No. 09/038,377, a more general 
iZed method for the groWth of a uniform metallic layer of 
nanometer scale thickness onto a dielectric core has been 
developed. Also, see Oldenburg, S. J. et al. Chem. Phys. Lett 
288:243-247 (1998). Brie?y described, a preferred process 
includes groWing or obtaining dielectric or semiconductor 
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nanoparticles dispersed in solution. Very small (i.e., 1-2 nm) 
metal “seed” colloid is attached to the surface of the nano 
particles by molecular linkages. These seed colloids cover 
the dielectric nanoparticle surfaces With a discontinuous 
metal colloid layer. Additional metal is then groWn onto the 
“seed” metal colloid adsorbates by chemical reduction in 
solution. 

[0038] This approach has been successfully used to groW 
both gold and silver metallic shells onto silica nanoparticles. 
Various stages in the groWth of a gold metallic shell onto a 
functionaliZed silica nanoparticle are shoWn in FIG. 3. The 
term “functionaliZed” refers to a linker molecule and the 
gold colloid attached to the linker. FIG. 3 depicts transmis 
sion electron microscope images of silica core/gold shell 
nanoshells during shell groWth. The relative length of 20 nm 
is shoWn beloW the images. 

[0039] FIGS. 4A-B are graphs shoWing the optical signa 
ture of nanoshell coalescence and groWth for tWo different 
nanoshell core diameters. FIG. 4A shoWs groWth of gold 
shell on 120 nm diameter silica nanoparticles. The loWer 
spectral curves folloW the evolution of the optical absorption 
as coalescence of the gold layer progresses. Once the shell 
is complete, the peak absorbance is shifted to shorter Wave 
lengths. Speci?cally, the particles’ absorbance maximum is 
related to the ratio of the thickness of the inner nonconduct 
ing layer to the thickness of the outer conducting layer. 
Corresponding theoretical peaks are plotted With dashed 
lines. FIG. 4B shoWs the groWth of gold shell on 340 nm 
silica particles. Here the peak shifts are more pronounced, 
With only the shoulder of the middle curve visible in the 
range of the instrument employed in the test. GroWth of 
metal nanoshells by this method takes just a feW seconds and 
the yields obtained are greater than 98%. Nanoshells can be 
easily embedded into ?lms or matrix materials and are stable 
in a Wide range of organic and aqueous solvents. 

[0040] Although in preferred embodiments the nanoshell 
particles are spherical in shape, the core may have other 
shapes such as cubic, cylindrical or hemispherical. Regard 
less of the geometry of the core, it is preferred that the 
particles be homogenous in siZe and shape in preferred 
embodiments. Preferably compositions comprising a plural 
ity of metal nanoshells contain particles of substantially 
uniform diameter ranging up to several microns, depending 
upon the desired absorbance maximum of the particles. For 
example, monodisperse colloidal silica core particles can be 
produced by the base catalyZed reaction of tetraalkoxysi 
lanes, by techniques knoWn Well to those of skill in the art. 
Alternatively, suitable silica particles are readily available 
from knoWn commercial sources. Nearly spherical silica 
cores having siZes ranging from 10 nm to greater than 4 pm 
With a variation in particle diameter of only a feW percent are 
preferred. 

[0041] Suitable dielectric core materials include, but are 
not limited to, silicon dioxide, gold sul?de, titanium dioxide, 
polymethyl methacrylate (PMMA), polystyrene, and mac 
romolecules such as dendrimers. The material of the non 
conducting layer in?uences the properties of the particle. 
For example, if the dielectric constant of the shell layer is 
larger relative to a particle having a core With a given 
dielectric constant, the absorbance maximum of the particle 
Will be blue-shifted relative to a particle having a core With 
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a lower dielectric constant. The core may also be a combi 
nation or a layered combination of dielectric materials such 
as those listed above. 

[0042] Suitable metals for forming the shell or outer layer 
include the noble and coinage metals, but other electrically 
conductive metals may also be employed, the particular 
choice depending upon the desired use. Metals that are 
particularly Well suited for use in shells include but are not 
limited to gold, silver, copper, platinum, palladium, lead, 
iron or the like. Gold and silver are preferred. Alloys or 
non-homogenous mixtures of such metals may also be used. 
The shell layer is preferably about 1 to 100 nm thick and 
coats the outer surface of the core uniformly, or it may 
partially coat the core With atomic or molecular clusters. 

EXAMPLE 1 

Surface Enhanced Raman Scattering (SERS) Using 
Metal Nanoshells 

[0043] Since metal nanoshells have a plasmon resonance 
that is designed into the particle by adjusting the particle 
corezshell ratio, their plasmon resonance can be shifted 
during groWth of the shell to coincide With the excitation 
Wavelengths of near infrared laser sources, such as the 1064 
nm NdzYAG source used in a FT-Raman laser spectrometer. 

[0044] In a series of recent experiments, the SERS 
enhancement properties of metal nanoshells Were investi 
gated (Oldenburg, S. J. et al. J. Chem. Phys. 111:4729-4735 
(1999), incorporated in its entirety herein by reference). The 
nanoshell plasmon resonance Was placed at nominally 900 
nm, so that the shoulder of the plasmon peak overlapped 
With the Raman excitation Wavelength. FIG. 5 shoWs the 
SERS enhancement observed in this study for the molecule 
mercaptoaniline. An enhancement of 600,000 in the Raman 
signal Was observed. In this case, the strong interaction 
betWeen mercaptoaniline and the gold nanoshell surface 
results in a (likely covalent) binding of these molecules to 
the nanoparticle surfaces. The observed enhancement satu 
rated at a mercaptoaniline concentration corresponding to 
monolayer coverage of the nanoshell surfaces, con?rming 
that the Raman enhancement is indeed a local nanoparticle 
surface effect. In this study there Was no contribution to the 
nanoshell SERS enhancement from nanoparticle aggrega 
tion, as no particle aggregation Was detected. The observed 
SERS enhancement Was due entirely to contributions from 
nonaggregated nanoshells dispersed in solution. It is advan 
tageous to exploit this effect in biosensor design When 
possible. The metal nanoshells and conjugated nanoshells 
described herein provide a unique and Wider array of SERS 
enhancing particles than the Au/Au2S particles employed in 
that study. 

EXAMPLE 2 

Bioconjugation of Gold Nanoparticles/Nanoshells 

[0045] Because the reduction of the outer metal layer of 
gold nanoshells is accomplished using the same chemical 
reaction as gold colloid synthesis, the surfaces of gold 
nanoshells are likely to be virtually chemically identical to 
the surfaces of the gold nanoparticles universally employed 
in conventional bioconjugate applications. Existing conju 
gation protocols for the labeling of a broad range of bio 
molecules With gold colloid (e.g., protein A, avidin, strepta 
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vidin, glucose oxidase, horseradish peroxidase and IgG) (M. 
A. Kerr et al., eds. Immunochemistry Labfax BIOS Scien 
ti?c Publishers, Ltd., Oxford, UK. 1994) Will be directly 
repeatable or easily adaptable for use With gold nanoshells. 
Similar conjugation techniques are also expected to be 
readily adaptable for conjugation of nanoshells comprising 
other core materials. In one set of experiments, attachment 
of glucose oxidase (GO) to 150 nm diameter gold nanoshells 
Was accomplished folloWing a published protocol for gold 
colloid conjugation (Chen, X.-Y. et al. Biochem. Biophys. 
Res. Comm. 245 :352-355 (1998)). Subsequently, the activity 
of the GO-nanoshell conjugate Was monitored using con 
ventional techniques. Attachment by adsorption proved suc 
cessful over a range of pH values. Unlike parallel studies 
using citrate-stabilized gold colloid Where pH-dependent 
?occulation occurred over the time span of several hours, no 
?occulation of the GO-nanoshell complex Was observed 
over a time span of several days. FolloWing repeated cen 
trifugation, the activity of the GO-nanoshell complex Was 
monitored in the presence of glucose solution using standard 
optical detection (Indigo Carmine-H2O2 redox pair). The 
relative pH-dependent activity of GO conjugated nanoshells 
is shoWn in FIG. 6. Other biomolecules may be conjugated 
to the metal nanoshells in a similar manner. 

EXAMPLE 3 

Gold Nanoshell-Based Biosensors 

[0046] Apreferred biosensing strategy combines the enor 
mous SERS enhancements provided by metal nanoshells 
With the facile bioconjugation capabilities of gold nanoshell 
surfaces. This combination provides a highly sensitive, high 
information density spectral probe suitable for monitoring 
speci?c biochemical processes of physiological importance. 
Visible light is not suitable for in vivo optical monitoring 
due to its absorption by hemoglobin. Ultraviolet light is also 
not suitable due to the potential for photochemical transfor 
mation of proteins and DNA. Raman scattering in the near 
infrared, enhanced by the gold nanoshell plasmon reso 
nance, lacks these disadvantages and is predicted by the 
inventors to facilitate the same demonstrated SERS sensi 
tivity in regions of high physiological transmissivity, such as 
the “Water WindoWs” of SOD-1,300 nm and 1,600-1,850 nm 
(Anderson, R. R. et al. J. Invest. Dermatol. 77:13-19 (1981); 
and Duck. F. A., Physical Properties of Tissue: A Compre 
hensive Reference Book, Academic Press, San Diego, Calif. 
(1990)). The core:shell ratio of the nanoshells is selected 
such that the desired absorption or scattering maximum 
corresponds to the desired incidence Wavelength to be used 
in SERS spectroscopic measurement of a particular analyte. 
This design feature makes gold nanoshells uniquely suited 
as a microscopic biosensing substrate for all-optical in vitro 
and in vivo sensing applications. Using metal nanoshell 
resonant substrates to enhance the SERS signal eliminates 
the need for macroscopic metal substrates as Well as reso 
nance-conjugation of biomolecules for many SERS active 
analytes. HoWever, biomolecules and/or reporter molecules 
may be conjugated to the nanoshell to enhance SERS 
detection and quanti?cation, if desired. 

[0047] It can be readily appreciated that the nanoshell 
particle diameter, the shell thickness, core thickness, and the 
corezshell ratio of the nanoshells may be selected in similar 
fashion such that a desired absorption maximum is obtained 



US 2005/0130324 A1 

in the resulting nanoshells, and Which corresponds to a 
desired Wavelength for measuring a particular analyte in the 
ultraviolet, visible or near-infrared range of the electromag 
netic spectrum. 

EXAMPLE 4 

All-Optical In Vivo Glucose Sensing 

[0048] Optical glucose sensing is aimed at providing a 
noninvasive Way of monitoring blood glucose levels. Such 
a technique Would be useful in managing diabetes, a disease 
that affects millions of people WorldWide. In comparison to 
the other approaches in use today for in vivo glucose 
measurement, Raman spectroscopy With near infrared exci 
tation offers the unique ability to discriminate betWeen 
spectra from different analytes even When signals are small. 
Metal nanoshell-based glucose sensing overcomes the major 
limitation of existing Raman-based glucose monitoring sys 
tems by greatly improving the sensing sensitivity. The need 
for long data collection times and multivariate analysis 
techniques for signal extraction is obviated by employing 
nanoshell biosensors. Nanoshell based Raman glucose 
monitoring relies on the use of metal nanoshells to provide 
a strongly SERS-enhanced glucose signal under near infra 
red excitation. If desired, a glucose binding biomolecule 
and/or a SERS active reporter molecule may be conjugated 
to the nanoshell to enhance SERS detection and quanti?ca 
tion. It is preferred to fabricate the shell and core thickness 
such that the plasmon resonance of the nanoshells matches 
the Wavelength of the excitation laser used for SERS sens 
ing. In this Way a spectrum of the inelastically scattered light 
is obtained. 

[0049] Although glucose is described in the present 
example, it should be understood that any other biological 
analyte, particularly those that give a strong Raman signal, 
may be analyZed similarly. The glucose sensor shoWn in 
FIG. 7A includes nanoshells dispersed in a gel from Which 
the glucose Raman signal of glucose molecules adjacent to 
the sensors can be directly monitored. One such glucose 
sensor comprises gold nanoshells (unconjugated) embedded 
in a glucose-permeable membrane or matrix, such as a 
hydrogel. The nanoshells are preferably fabricated With 
plasmon resonances corresponding to the Raman excitation 
laser Wavelength. Embedding the nanoshells in a hydrogel 
matrix is often needed in order to reduce the immune 
response to the bioconjugate nanoshells and to prevent 
phagocytosis or migration of the nanoshells. A preferred 
hydrogel is formed from polyethylene glycol diacrylate 
(PEGDA), although other suitable hydrogel materials could 
be used instead. The suitability of a particular hydrogel can 
be evaluated by performing Raman studies on samples of 
hydrogel-embedded nanoshells to determine the sensitivity 
to the chemical species of interest. In this Way the best 
performing candidate hydrogel matrices for a given appli 
cation may be selected. 

[0050] PEGDA is one material that has been shoWn to 
have excellent properties for in vivo use and to be highly 
permeable to glucose (Hill, R. S. et al. Ann. NYAcad. Sci 
831:332-343 (1997); and Quinn, C. P. et al. Biomaterials 
16:389-396 (1995)). PEGDA hydrogels have been utiliZed 
in a number of biomaterials applications, including immu 
noisolation of glucose-responsive pancreatic islet cells and 
as a glucose-permeable coating for a redox-based glucose 
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sensor. PEGDA hydrogels can be formed into thin coatings 
(2-100 pm) via a process called interfacial polymeriZation 
(Hill-West, J. L. et al. Natl. Acad. Sci. USA 91:5967-5971 
(1994)). This alloWs the creation of very thin, nanoshell 
containing hydrogels subcutaneously in situ via an entirely 
injectable system. FolloWing the injection-based implanta 
tion of the biosensing material, glucose monitoring is 
entirely noninvasive, assessed optically across the skin. 
Although preferred for many biosensing applications, it is 
not necessary in all applications to embed the nanoshells in 
a hydrogel in order to avoid migration of the biosensor 
particles or other problems. For example, the nanoshells 
could be deposited or arrayed on a thin ?lm or some other 
type of implantable substrate. 
[0051] An alternative approach for using nanoshells in 
biosensing is shoWn conceptually in FIG. 7B, Which depicts 
a glucose sensor consisting of functionaliZed nanoshells, 
e.g., glucose oxidase-nanoshell conjugates. The conjugated 
nanoshells are preferably embedded in a glucose permeable 
membrane, as described above. In this case, the metal 
nanoshells have been conjugated With the enZyme glucose 
oxidase prior to dispersal in a hydrogel, or hydrogel precur 
sors, and implantation into a subject. In addition to the 
spectral signal of adjacent glucose molecules, a variety of 
other spectral features are available for optical monitoring. 
For example, conformational changes in glucose oxidase 
upon glucose binding, or the products of glucose oxidation, 
gluconic acid and H202 may be monitored. Because bio 
conjugation of the nanoshells presents several alternative 
sensing options, the opportunity exists to build redundancies 
into the monitoring system to either simplify or accelerate 
the signal analysis folloWing data acquisition. 
[0052] One type of glucose sensing system includes ?rst 
assessing in vitro the Raman signals from glucose, to 
determine the SERS enhancements obtained With resonant 
nanoshells under “ideal” conditions. Binding assays With 
bicinchoninic acid (BCA) assays of bioconjugate nanoshells 
are then performed to evaluate total protein adsorbed and 
absolute activities. Raman studies of in vitro glucose moni 
toring With bioconjugate nanoshells are then performed to 
evaluate the sensitivity to reactant, adsorbate and product 
species. The next step is to embed nanoshells into glucose 
permeable hydrogels such as polyethylene glycol diacrylate 
(PEGDA), polyvinyl alcohol or alginate, adapting a knoWn 
technique or chemical protocol for embedding spheres in 
hydrogels. In vivo demonstration of the biosensing system 
may include Raman studies of diabetic and non-diabetic rats 
With subcutaneously implanted nanoshell-based sensors and 
correlation of the optically measured glucose levels With 
traditionally measured blood glucose levels. For example, a 
group of SDD (genetically diabetic) rats may be injected 
subcutaneously, at a site in the body Where glucose sensing 
is desired, With an appropriate quantity of suitably designed 
nanoshells in a non-interfering pharmacologically accept 
able carrier. Alternatively, the injectate could comprise 
hydrogel forming material such as 0.1 ml of 20% W/v 
PEGDA With 1 pm eosin Y in sterile physiological saline 
containing bioconjugate nanoshells. The conjugated biomol 
ecule could be one that interacts With glucose in such a Way 
that a Raman active spectral feature is provided. A suitable 
Raman active reporter molecule could be employed, if 
desired. After injection of the hydrogel precursors, rapid 
photopolymeriZation (<5 sec) is achieved in situ by exposure 
to light from a Xe arc lamp. This process can be safely 
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carried out in direct contact With cells and tissues Without 
observable damage. Subsequently (e.g., beginning on the 
third post-operative day), measurement of the glucose level 
at the site of hydrogel implantation is made by Raman 
spectroscopy. Simultaneously, blood may be WithdraWn 
from each animal for monitoring of blood glucose level by 
conventional techniques. The Raman signal is correlated to 
a glucose level and can be con?rmed by comparison to the 
blood glucose level in the diabetic and normoglycemic rats 
obtained using conventional techniques. 

[0053] Although a direct glucose sensing method and a 
method employing bioconjugation of glucose oxidase 
enZyme for glucose sensing are described in the foregoing 
example, one can readily appreciate that other chemicals or 
analytes may be monitored similarly and other proteins or 
biomolecules may be similarly adsorbed to other nanoshells 
With suitable core:shell design and optical properties. The 
present example describes preferred in vivo biosensing 
techniques employing near-infrared range radiation. 
Although less preferred than near-infrared range excitation 
and detection methods, for many applications visible or UV 
range radiation may be used instead, along With appropri 
ately designed nanoshells that demonstrate SERS in the 
visible or UV range, and can provide satisfactory spectro 
scopic measurements. 

EXAMPLE 5 

Nanoshell-based Immunosorbant Assays (NISA) 
[0054] Bioconjugate nanoshells are expected to contribute 
signi?cantly to the streamlining of a variety of immunoassay 
processes. Nanoshell-based immunosorbant assays provide 
all-optical bioassays that can be used to replace ELISA-type 
assays, for example. The analytical technique of enZyme 
linked immunoadsorbant assay (ELISA) and related tech 
niques are noW the most Widely knoWn immunoassays. A 
vast number of commercial ELISA-based assays are avail 
able for detection of antibodies (autoantibodies, antiviral or 
antibacterial antibodies) or antigens (serum proteins, cytok 
ines, hormones, drugs, etc.) (M. A. Kerr, et al., eds. Immu 
nochemistry Labfax BIOS Scienti?c Publishers, Ltd., 
Oxford, UK. 1994). They alloW detection of antibodies or 
antigens With considerable accuracy and sensitivity. The 
stages of a conventional ELISA procedure generally include 
initially adsorbing an antibody onto a solid support. Upon 
incubation With a plasma sample an antibody-target protein 
complex is formed. The ?nal sandWich immunoassay com 
plex typically includes an indicator enZyme that permits 
optical measurements of the antigen concentration. These 
assays are usually carried out in ?at-bottomed microtitration 
Well strips or plates and require several hours to perform. 
Since the ?nal detection involves monitoring of an optical 
signal (usually a color change or ?uorescence of the ?nal 
sandWich complex) this places certain constraints on sample 
preparation. For instance, the solution must be highly trans 
parent in the visible region Where the color change Would be 
detected. Because cell membrane interferes With protein 
adsorption in the assay, the samples need to be acellular, so 
blood samples must be processed to plasma. Conventional 
ELISA-type techniques tend to be highly time-consuming, 
and are therefore underutiliZed in the clinical setting, Where 
long time delays in obtaining test results are problematic. 

[0055] In a nanoshell-modi?ed ELISA process, for 
example, instead of attaching the initial antibodies to a 
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macroscopic support, they are instead directly linked to 
suitably designed nanoshells, as shoWn in FIG. 8A. FIG. 8A 
is a conceptual illustration of an antibody-nanoshell conju 
gate prior to assay. As in the case of the glucose sensor 
described above, the nanoshells are fabricated such that their 
plasmon resonance corresponds to the Raman near-infrared 
excitation Wavelength, providing SERS enhancements to the 
resulting spectra. This permits analysis and/or detection in 
samples of Whole blood. The bioconjugated nanoshells are 
prepared With precisely knoWn concentrations of speci?c 
active antibody species attached to their surfaces, quanti?ed 
using a binding assay With a BCA assay. These bioconju 
gated nanoshells are then added to a ?uid sample containing 
the analyte, forming antibody-target protein complexes as 
shoWn in FIG. 8B. Both before and after the analyte has 
bound to the antibodies, the Raman spectra under near 
infrared excitation is monitored. Both of these stages are 
expected to yield SERS-enhanced Raman signals and 
present the opportunity for quantitative analysis. FIG. 8C 
shoWs a nanoshell analog of a sandWich immunoassay, i.e., 
attachment of a conjugated antibody to the antibody-target 
protein complex. When nanoshells are employed, the “sand 
Wich” step is nonessential, yet provides redundancy of 
information that may be particularly useful for con?rmation 
or calibration of a technique. Biosensing With nanoshells 
may be accomplished With any of the con?gurations 
depicted in FIGS. SA-C. 

[0056] Another type of nanoshell-based in vitro immu 
noassay includes conjugating a complex mixture of biomol 
ecules to a nanoshell surface. The biomolecule mixture 
contains a speci?c antigen of interest. An appropriate anti 
body having affinity for binding to the antigen is then used 
as a probe for the presence of the antigen-antibody complex 
by SERS. The antibody is labeled With a reporter molecule 
or dye that exhibits a large Raman cross-section, such as 
dimethylaminoaZobenZene (DAB) or rhodamine. 

[0057] As in the case of in vivo sensing of biological 
analytes, there are also signi?cant advantages in using near 
infrared Raman spectroscopy for in vitro assay techniques. 
In protein adsorption based assays, cells interfere With the 
desired binding and produce erratic responses. This neces 
sitates extra time-consuming separation and puri?cation 
steps in sample preparation prior to the bioassay. A near 
infrared Raman-based bioassay probes these samples in a 
spectral region of high transmissivity, eliminating much of 
the need for time-consuming sample preparation. 

EXAMPLE 6 

Non-Interference of Plasma Proteins in Nanoshell 
SERS 

[0058] One important advantage of employing nanoshell 
SERS for in vitro assays is that interference With the near-IR 
SERS signal due to extraneous proteins in the biological 
sample can be avoided by employing appropriately designed 
nanoshells or conjugated nanoshells. This Was demonstrated 
by subjecting samples of dimethylaminoaZobenZene 
labeled-IgG (DAB-IgG) conjugated nanoshells suspended in 
either phosphate buffered saline (PBS), fetal bovine serum 
(PBS), or Whole blood to near-infrared radiation using a 
1064 nm NdzYAG (pulse) laser system. The near-infrared 
SERS signal of each sample Was measured and the results 
are shoWn in FIGS. 9A-C. FIG. 9A shoWs the measured 
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Raman intensity vs Raman shift (cm_1) for the sample 
suspended in PBS. FIGS. 9B and 9C shoW the results 
obtained With like samples of DAB-IgG conjugated 
nanoshells suspended in FBS and Whole blood, respectively. 
It Was observed that serum proteins do not interfere With the 
near-IR SERS signal (FIG. 9B) and that very little attenu 
ation of the signal Was observed in Whole blood (FIG. 9C). 
The nanoshells had an approximately 200 nm diameter SiO2 
core, an approximately 10 nm thick gold shell and a diam 
eter of about 110 nm (SDzabout 10%). The maximum 
absorbance Wavelength of one group of Ag/SiO2 particles 
Was optically tuned to approximately match the 1064 nm 
(peak) laser Wavelength (110-15 nm, preferably no more 
than about 10 nm off peak). Conjugation of the DAB-Ig Was 
accomplished using a procedure similar to that described 
above for conjugating glucose oxidase to nanoshells. 

[0059] The Raman spectroscopy based in vitro bioassay 
Will alloW very rapid quanti?cation of plasma proteins 
including antibodies (such as anti-viral or anti-bacterial 
antibodies), cytokines or drugs. This technique is expected 
to be signi?cantly simpler than conventional bioassays such 
as the ELISA or radioimmunoassay. In this neW kind of 
bioassay, Whole blood (either in a smear from a single drop 
or in a test tube) is incubated With the appropriate biocon 
jugate nanoshells, then immediately analyZed via Raman 
spectroscopy. Accurate bioassay results may be obtained in 
minutes rather than, typically, 24-48 hours. Although initial 
attachment of an antibody to the nanoshells is described in 
the foregoing example, in many alternative immunoassays 
an antigen instead of an antibody may be linked to the 
nanoshell initially. 

[0060] While the preferred embodiments of the invention 
have been shoWn and described, modi?cations 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 modi?cations of the inven 
tion disclosed herein are possible and are Within the scope of 
the invention. Accordingly, the scope of protection is not 
limited by the description set out above, but is limited only 
by the claims Which folloW, that scope including all equiva 
lents of the subject matter of the claims. The disclosures of 
all patents, patent documents, and publications cited herein 
are incorporated by reference to the extent that they describe 
pertinent materials or methods not explicitly set forth herein. 

1. A chemical sensing device comprising a plurality of 
nanoparticles, each said nanoparticle comprising: 

at least one non-conducting inner layer; 

at least one conducting shell layer surrounding said inner 
layer, Wherein the thickness of said shell layer is 
independent of the radius of said inner layer and is less 
than the thickness of a shell layer Whose properties are 
described by a bulk dielectric property of the material 
comprising the shell layer, and 

a scattering surface for inducing surface enhanced Raman 
scattering. 

2. The sensing device according to claim 1, further 
including a support. 

3. The sensing device according to claim 2 Wherein said 
support comprises a medium that is permeable to an analyte 
of interest. 
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4. The sensing device according to claim 3 Wherein said 
medium comprises a matrix. 

5. The sensing device according to claim 3 Wherein said 
particles are arrayed on said support. 

6. The sensing device according to claim 3 Wherein said 
medium is chosen from the group consisting of hydrogels, 
protein gels and polymers. 

7. The sensing device according to claim 1, further 
including at least one biomolecule conjugated to said scat 
tering surface. 

8. The composition of claim 7 Wherein at least one of said 
surface or said biomolecule has an af?nity for an analyte of 
interest. 

9. The method of claim 8 Wherein said biomolecule is 
chosen from the group consisting of antibodies, antigens, 
proteins, peptides, oligonucleotides and polysaccharides and 
enzymes. 

10. The sensing device according to claim 1, further 
including a reporter molecule conjugated to said shell layer. 

11. The sensing device according to claim 1 Wherein said 
particles are optically tuned such that the Wavelength of light 
that is maximally absorbed or scattered by said particles 
substantially matches the Wavelength of light emitted from 
a predetermined source of said radiation. 

12. The sensing device according to claim 11 Wherein said 
Wavelength that is maximally absorbed or scattered also 
substantially matches the maximum absorbance Wavelength 
of a predetermined analyte When measured in a given 
medium. 

13. The sensing device according to claim 1 Wherein said 
nanoparticles have a Wavelength absorbance or scattering 
maximum betWeen 300 nm and 20 pm. 

14. The sensing device according to claim 13 Wherein said 
Wavelength absorbance or scattering maximum is about 
SOD-1,300 nm. 

15. The particle of claim 13 Wherein said Wavelength 
absorbance or scattering Wavelength maximum is about 
1,600-1,850 nm. 

16. The particle of claim 1 Wherein said shell comprises 
a metal selected from the group consisting of gold and silver. 

17. The particle of claim 1 Wherein said inner layer 
comprises a material selected from the group consisting of 
silicon dioxide, gold sul?de, titanium dioxide, polymethyl 
methacrylate (PMMA), polystyrene and dendrimers. 

18. The particle of claim 1 Wherein said inner layer 
comprises silicon dioxide and said shell comprises gold. 

19. The particle of claim 1 Wherein said inner layer 
comprises gold sul?de and said shell comprises gold. 

20. The particle of claim 1 Wherein said nanoparticles has 
diameters up to about 5 pm, a inner layer diameters of 
betWeen about 1 nm and about 5 pm, and a shell thicknesses 
of betWeen about 1 and about 100 nm. 

21. A chemical sensing device comprising a plurality of 
nanoparticles, each said nanoparticle particle comprising: 

at least one non-conducting core layer; 

at least one conducting shell layer surrounding said core 
layer, said shell being such that the absorbance maxi 
mum can be controlled by controlling the siZe of the 
shell layer, and 

a scattering surface for inducing surface enhanced Raman 
scattering. 


