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CARBODITHIOATE LIGANDS FOR
NANOTECHNOLOGY AND BIOSENSING
APPLICATIONS

This application claims priority to provisional application
No. 60/673,190 filed on Apr. 20, 2005.

This invention was made with government support under
grant reference numbers NSF CHE-0243496 and
ECS-0210445 awarded by the National Science Foundation
and EB-00 1777-01 and GM-06982-01 awarded by the
National Institutes of Health. The Government has or may
have certain rights in the invention.

The present invention relates to methods for preparing
carbodithioate ligands bonded to surfaces, methods for bio-
sensing with carbodithioate ligands bonded to surfaces, and
carbodithioate ligands.

The functionalization of surfaces with organic ligands has
become an important aspect of surface science and nanoma-
terials chemistry. For example, molecular monolayers are
often formed spontaneously by methods, such as the self-
assembly of alkanethiols on gold for preparing surfaces, with
tunable physical or chemical properties or with molecular
recognition elements. Such self-assembled monolayers
(SAMs) have potential utility as biosensors for molecules that
bind to them such as peptides, small proteins, DNA, carbo-
hydrates, oligonucleotides, and bioactive natural products.

However, SAMs are often limited by their chemical stabil-
ity. By way of example, thiols, which are often used as the
organic ligands for SAMs, can be readily oxidized to disul-
fides or sulfonates and can desorb or be replaced from the
surface by other molecules for being incompatible with other
functional groups associated with the ligand. Because they
are not sufficiently stable in biological fluids, such thiol-
based SAMs have been shown to lack the long-term stability
needed for most biomedical applications such as biosensing,
which include the use of compounds to detect molecules of
biological interest. As such, it would be desirable to have a
surface functionalization method that is sufficiently robust for
utility in biomedical applications.

The current invention advantageously provides methods
for preparing robust carbodithioate ligands bonded to sur-
faces. Ligands bearing the —CS, group, for example, have
superior chemisorption properties than thiols on a number of
surfaces and are more stable in fluids under biologically rel-
evant conditions.

With respect to SAMs that are nanoparticles, metal nano-
particles (e.g., gold nanorods), semiconductor nanoparticles
(e.g., CdSe “quantum dot” nanocrystals), and superparamag-
netic nanoparticles have excellent potential as site-directed
contrast agents in biomedical imaging. The targeted delivery
of these nanoparticles to particular regions of the body is
dependent on a robust method of surface functionalization, to
maintain appropriate levels of biodistribution and to prevent
nonspecific cell uptake or protein adsorption. Thiols are inad-
equate for maintaining stable passivation on metal surfaces,
but dithiocarbamates and other carbodithioates are much
more robust and will resist surface desorption or displace-
ment under biologically relevant conditions. The robustness
of carbodithioate-anchored ligands is also useful for the
directed delivery of nanoparticle agents to diseased tissue.

In one aspect of the invention, methods for preparing a
surface bonded to a carbodithioate ligand comprising treating
the surface with a mixture comprising a nucleophile and a
sulfur-containing compound in a suitable solvent are pro-
vided.

The invention also relates in one aspect to processes for
functionalizing a surface comprising treating a surface
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bonded to a sulfur atom with a sulfur-bearing compound
selected from an isothiocyanate and R*°NCS, where R*° is
alkyl, aryl or heteroaryl.

The invention further provides methods for preparing car-
bodithioate ligands comprising suspending a surface in an
aqueous medium and treating the surface with a sulfur-con-
taining compound and a nucleophile.

In yet a further aspect of the invention, carbodithioate
ligands alone and bonded with surfaces are provided.

Another aspect of the invention is directed to methods for
detecting a molecular or biomolecular analyte using a sur-
face-bound carbodithioate ligand as a recognition element.

Yet another aspect of the invention is directed to methods
for functionalizing a surface comprising passivating a surface
with a mixture of a carbodithioate ligand not used for molecu-
lar recognition and a carbodithioate ligand capable of
molecular recognition.

Another aspect of the invention is directed to methods for
preparing a core-shell nanomaterial comprising encapsulat-
ing a nanomaterial with a carbodithioate ligand; extracting
the encapsulated nanomaterial into an organic solvent; and
treating with an organometallic compound to form a core-
shell nanomaterial.

An additional aspect of the invention is directed to methods
for preparing a nanoparticle imaging agent comprising pas-
sivating the surface of a nanoparticle and functionalizing the
nanoparticle surface with a combination of biologically
active nucleophiles and biologically inactive nucleophiles.

The above-mentioned aspects of the present invention and
the manner of obtaining them will become more apparent and
the invention itself will be better understood by reference to
the following description of the embodiments of the invention
taken in conjunction with the accompanying drawings,
wherein:

FIG. 1 depicts dithiocarbamate ligands formed on Au sur-
faces with several exemplary ligand examples in accordance
with the present invention; and

FIG. 2 depicts selected SERS spectra of dialkyl dithiocar-
bamates formed on roughened Au surfaces obtained using a
dispersive Raman microscope with a 20x objective lens
(N.A.=0.4) at an excitation wavelength of 785 nm and an
exposure time of 30 seconds in accordance with the present
invention.

The embodiments of the present invention described below
are not intended to be exhaustive or to limit the invention to
the precise forms disclosed in the following detailed descrip-
tion. Rather, the embodiments are chosen and described so
that others skilled in the art may appreciate and understand
the principles and practices of the present invention.

In one embodiment of the invention, the carbodithioate
ligands of the invention are prepared in a mixture of a sulfur-
containing compound and a nucleophile in a suitable solvent.
It is understood that molecules bearing the carbodithioate
ligand may deliver the ligand to the surface. A surface is
treated with this mixture by, for example, immersing the
surface into the mixture. The carbodithioate ligand may be
bonded to the surface by condensing the mixture in the suit-
able solvent onto the surface. In one preferred embodiment,
the approximate molar ratio of the sulfur-containing com-
pound to the nucleophile is 1:1.

In another embodiment of the invention, the sulfur-con-
taining compound is CS, and is treated with a nitrogen-con-
taining nucleophile to form a carbodithioate ligand bonded to
a surface wherein the carbodithioate ligand is selected from
RleN—CSZ; xanthates; RQO—CSZ; RlOSCSZ; or RMR?p
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(=0)—CS, wherein R, and R, are independently selected

from —H, alkyl, acyl, aryl, heteroaryl, —OR?, —NR*R>,

SIR°R’R® or SR?;

R* R* R% R® R’, R?, are independently selected from —H,
alkyl, acyl, aryl or heteroaryl;

R? is aryl or heteroaryl;

R'?is alkyl, acyl, aryl, or heteroaryl;

R'"' and R'? are independently selected from alkyl, aryl,
4OR13, 7NR14R15’ SlRl 6R17R18, or SR19;

R'?, R, R'%, RS, RY7, R'® and R' are independently
selected from —H, alkyl, acyl, aryl or heteroaryl.

In an additional embodiment of the invention, a preformed
carbodithioate ligand is R*°R*!NCS,—S,CNR*°R?"
wherein R?® and R?! are independently selected from H,
alkyl, acyl, aryl or heteroaryl.

The surface of the invention may be inorganic or metal. A
preferred surface is gold. Examples of metals of the invention
include Group 13 metals, group 14 metals, and group 15
metals. Other surfaces of the invention include iron oxide,
cadmium selenide, cadmium sulfide, and indium tin oxide.

When the surface of the invention is metal, it may be
selected from thiophilic metal surfaces including gold, silver,
copper, palladium, platinum, and selected steel alloys. A pre-
ferred surface is gold.

Surfaces of the invention include nanoparticles. By “nano-
particle” what is meant is a particle having a length in one or
more dimensions on the order of 200 nm or less. In one
embodiment of the invention, the nanoparticle has a length in
one or more dimensions on the order of between about 2 nm
to about 100 nm. In another embodiment of the invention, the
nanoparticle has a length in one or more dimensions on the
order of about 40 nm. Preferred nanoparticles are thiophilic
metals and particularly preferred nanoparticles are gold nano-
particles.

When the surface is a nanoparticle, in some embodiments
of the invention, the nucleophile encapsulates the nanopar-
ticle during treatment of the nanoparticle with the mixture
comprising the sulfur-containing compound and the nucleo-
phile.

For example, aqueous suspensions of approximately 40 nm
gold nanoparticles treated with CS, and the nucleophile tetra
(N-methyl)aminomethyl resorcinarene at millimolar concen-
trations were encapsulated by the resulting carbodithioate
ligand. This encapsulation enabled the nanoparticles to be
extracted from an aqueous phase into dichloromethane. The
ability to be extracted out of the aqueous phase was only seen
with encapsulated nanoparticles. No extractions occurred in
controls made without CS, or without tetra (N-methyl)ami-
nomethy] resorcinarene. Examples of nanoparticles capable
ofbeing encapsulated include metals, thiophilic semiconduc-
tors, and gold.

Nucleophiles of the invention include nitrogen-bearing
compounds and sulfur-containing compounds.

Nitrogen-containing nucleophiles of the invention include
amines or amides wherein the amines are selected from pri-
mary amines, secondary amines, heterocyclic amines, silyl
amines or metal salts thereof and the amides are selected from
primary amides, secondary amides and metal salt derivatives
thereof.

Examples of heterocylic amines include pyrroles, diazoles,
triazoles, tetrazoles, pyridones, benzoannulated derivatives,
pyrazoles, imidazoles, indoles, benzimidazoles, purines, and
metal salt derivatives thereof.

Nitrogen-containing nucleophiles of the invention further
include dimethylamine, diethylamine, diisopropylamine,
dibutylamine, didecylamine, dipicolylamine, diethanola-
mine, di(hexaethyleneglycol)amine, morpholine, pyridine,
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4
proline and oligopeptides bearing N-terminal prolines, pip-
erazinyl terpyridine, nortriptylene, methamphetamine,

reductive amination products of oligosaccharides with pri-
mary amines, biotin hydrazide, hexamethyldisilazane, and
oligo(ethyleneglycol)diamines conjugated to molecular rec-
ognition elements such as folic acid or pteroic acid.

Sulfur-containing compounds which are nucleophiles of
the invention include inorganic sulfide, thiols, thioacids, or
sulfide-treated surfaces.

Suitable solvents of the invention include aqueous and
organic solvents. An example of a preferred suitable organic
solvent is an alcohol such as methanol, ethanol, n-propyl
alcohol, and isopropyl alcohol.

Carbodithioate ligands of the invention include
S, /\/OR"
) —x
g \/\ORb

wherein R* and R? are independently selected from —H,
alkyl, acyl, aryl or heteroaryl. The invention further includes
such carbodithioate ligands bonded to surfaces of the inven-
tion.

Carbodithioate ligands of the invention further include the
structure above with R® and R® independently selected from
one of the following:

OCH,CH,0H,

O, n
(@)
O
'
OCH,CH,NMe;*Cr,
(¢]
(@]
@
NH-iPr,
O
O
g
O(CH,CH;0)6.10H,
o)
O
WO(CHZCHZO)G 1CHz
(€]
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-continued

(€]
O O
(6]
H
O, and ’
O <
(@]
(6]

where is an integer from 1 to 99. The invention also includes
such carbodithioate ligands bonded to surfaces of the inven-
tion.

Carbodithioate ligands of the invention further include the
following:

S
S m
NH
): N
N I HN NH,
H \”/

O

CiiHas

Additional carbodithioate ligands of the invention are
ligands having the chemical structure
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wherein R€ is selected from

N N,

N \N N\H
H
\I\/\O/];\/N (6]

[0}
\[\/\ /]/\/NHZ, and
O n
§
\[\/\O/]:\/ \Folate, and
N
\[\/\O/]:\/ \Pteroate

where pteroate is 2-[4-[(2-amino-4-oxo-1H-pteridin-6-yl)
methylamino]benzoate], folate is the y-glutamyl derivative of
pteroate, and n=1-99.

Carbodithioate of the invention include ligands having the
chemical structure:

S, o R?, S o R®
) )
S S

CO,R? CONHR?

where R?is selected from CH,, an amino acid, or an oligopep-
tide, and R° is selected from hydrogen, OH, alkyl groups, and
alkoxyl groups, and the invention also includes surfaces
bonded to such ligands.

The ligands of the invention are capable of encapsulating
surfaces of the invention in many embodiments. For example,
the ligand

CyyHas

may be used to encapsulate surfaces that are nanoparticles.

The invention includes embodiments directed to methods
for preparing ligands capable of molecular recognition. The
surface-bound carbodithioate made according to methods of
the invention may interact with the target molecular or bio-
molecular analyte to produce a response that can be sensed
analytically. Analytical techniques used to sense the analyte
may be optical or mass-based sensing. Examples of optical
analytical techniques include surface plasmon resonance and
surface enhanced raman scattering (SERS). Quartz crystal
microbalance is a mass-based sensing technique. Thus, the
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surface-bound carbodithioate ligand acts as a recognition
element. Such ligands may be stable under biologically rel-
evant conditions.

In one embodiment of the invention, metal nanoparticles
such as gold nanoparticles with specific plasmon resonances
may be functionalized with carbodithioate-appended ligands
according to the invention which, in turn, may have an affinity
for biomolecular species such as peptides, small proteins,
DNA, carbohydrates, oligonucleotides, and bioactive natural
products. This functionalization may occur by passivating the
nanoparticle with a mixture of a carbodithioate ligand not
used for molecular recognition and a carbodithioate ligand
capable of molecular recognition. Passivation can be
extended with carbodithioates intended to block nonspecific
protein adsorption, such as with di(hexaethyleneglycol)
dithiocarbamate.

Examples of carbodithioates not used for molecular recog-
nition include dimethyl dithiocarbamate, di(2-hydroxy-
ethyl)-dithiocarbamate, and di(hexaethyleneglycol)-dithio-
carbamate. Examples of carbodithioate ligands capable of
molecular recognition include biotin, carbohydrates, oli-
gopeptides, vitamin-derived moieties such as pteroate and
folate, and synthetic metal ion receptors such as crown ethers
and terpyridines. A particular example is N-(4-aminoterpy-
ridinyl)-piperazinyl dithiocarbamate.

Carbodithioate ligands of the invention may be used to
coat, for example, gold-coated substrates, such as those used
in surface plasmon resonance (SPR) and quartz crystal
microbalance (QCM) detectors, for high-throughput bioas-
says or pathogen detection.

The ligands used for biosensing applications of the instant
invention are more stable than corresponding ligands made
by prior art thiols due to the greater stability of the car-
bodithioate ligand-bonded surfaces of the invention. For
example, under aqueous pH ranging from 1 to 12, a car-
bodithioate ligand of the invention, for example, reveals mini-
mal changes to its spectral profile even after one week of
immersion atambient temperatures. Other stresses have simi-
larly shown the carbodithioate ligands of the invention to be
more stable than thiols bonded to surfaces.

“Functionalization” of a surface refers to the act of attach-
ing carbodithioate ligands onto a substrate for the purpose of
providing one or more specific functions, such as recognition
by a complementary protein or cell-surface receptor, resis-
tance against nonspecific protein adsorption, or generation or
amplification of an optical signal or signature. Preferred sur-
faces of this embodiment include metal nanoparticles. A par-
ticularly preferred surface is a gold nanoparticle. Functional-
ization can be achieved by attaching a carbodithioate ligand
which can support one or more of the functions above, and/or
passivating the surface with a chemically or biologically inert
ligand.

An inert ligand is one in which no appreciable chemical or
biomolecular adsorption or reaction takes place as deter-
mined by a suitable analytical technique. Examples of car-
bodithioates which are likely to be biologically inert include
di(2-hydroxyethyl)-dithiocarbamate and di(hexaethyleneg-
lycol)-dithiocarbamate.

A functional ligand is one which is capable of specific
activity and/or molecular recognition. Examples of ligands
which have been attached to surfaces as carbodithioates and
are capable of biological function or recognition include
folate and pteroate derivatives, biotin hydrazide, carbohy-
drates and oligosaccharides, and cell-penetrating oligopep-
tides.

Molecular recognition events may be determined with a
suitable analytical technique such as SERS or SPR. Upon a
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binding event, SERS spectra will show a characteristic peak
or a change in peak frequencies based on the ligand, surface,
and molecular analyte used. Alternatively, one may use SERS
difference spectroscopy or a combination of SERS, SERS
difference spectroscopy or a combination thereof.

Because of the strong affinity carbodithioate ligands have
for surfaces of the invention, such as gold nanoparticles, such
ligands are particularly suited for functionalizing SERS-ac-
tive sites.

In another embodiment of the invention, methods for pre-
paring core-shell materials comprising encapsulating a nano-
material with a carbodithioate ligand are provided. In this
embodiment, the encapsulated nanomaterial may be prepared
according to the invention. It is extracted into an organic
solvent such as a nonpolar solvent. Examples of non-polar
solvents include toluene, dichloromethane, and dichloroben-
zene.

The extracted and encapsulated nanomaterial is treated
with an organometallic compound to form a core-shell nano-
material. Examples of organometallic compounds include
Fe(CO), and Fe(acetylacetonate),. The nanomaterial may be
heated to temperatures over 200° C.

The resulting core-shell material contains a metal or metal
oxide shell, which derives from the organometallic com-
pound, around the nanomaterial which may be a nanoparticle
or a nanorod. Preferred nanoparticles and nanorods are gold.
If iron is used as the metal in the organometallic compound,
the nanorod will be magnetic and will produce a strong
absorption in the NIR region. Such core-shell nanomaterials
could be used as contrast agents for biomedical imaging
applications.

In a yet another embodiment of the invention, methods for
preparing imaging agents are provided wherein the surface of
a nanoparticle is passivated and functionalized. In this
embodiment, the nanoparticle surface is functionalized with a
combination of biologically active nucleophiles and biologi-
cally inactive nucleophiles. Preferred nanoparticles of this
embodiment are gold nanoparticles including gold nanorods.
Optionally, the gold nanorod may be coated with a cationic
surfactant such as cetyltrimethylammonium bromide. Other
nanoparticles include CdSe and iron oxide.

Surface passivation may occur by exchanging the surfac-
tant molecules using standard chemical techniques with car-
bodithioate ligands. This may be achieved, for example, by
condensing a sulfur-containing compound and a nucleophile
in a suitable solvent onto the nanoparticle thereby forming a
carbodithioate ligand. A preferred sulfur-containing com-
pound is CS,, a preferred nucleophile is oligo(ethylenegly-
col)amine, and water is a preferred solvent.

Biologically inert ligands are those that do not interact
appreciably with biomolecular species whereas biologically
active ligands provide the basis for a positive detection of
biomolecular species.

Examples of biologically inert ligands include oligo(eth-
yleneglycol)amines whereas biologically active ligands
would be formed from amines conjugated to, for example,
pteroate or folate ligands. For example, the folate receptor is
known to be over expressed in many tumor cells. Thus, such
biologically active ligands may be used to label tumor cells.

The term “alkyl” is intended to include linear, branched, or
cyclic hydrocarbon structures and combinations thereof.
Examples of alkyl groups include methyl, ethyl, propyl, iso-
propyl, butyl, s- and t-butyl and the like. Cycloalkyl is a subset
of'alkyl and includes cyclic hydrocarbon groups of from 3 to
13 carbon atoms. Examples of cycloalkyl groups include
cyclopropyl, cyclobutyl, cyclopentyl, norbornyl, adamantyl,
menthyl, and the like. As used herein, alkyl refers to alkanyl,
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alkenyl and alkynyl residues; it is intended to include cyclo-
hexylmethyl, vinyl, allyl, isoprenyl and the like.

“Acyl” refers to astraight, branched or cyclic configuration
of carbon atoms, typically from 1 to 20, or a combination of
any such configurations, attached to the parent structure
through a carbonyl functionality. Such acyl groups can be
saturated or unsaturated, and aromatic or non-aromatic. One
or more carbons in the acyl group may be substituted with
nitrogen, oxygen or sulfur as long as the point of attachment
to the parent remains at the carbonyl. Examples include
acetyl, benzoyl, propionyl, isobutyryl, t-butoxycarbonyl,
benzyloxycarbonyl and the like.

“Aryl” and “Heteroaryl” mean a 5- or 6-membered aro-
matic or heteroaromatic ring containing 0-3 heteroatoms
selected from O, N, or S; a bicyclic 9- or 10-membered
aromatic or heteroaromatic ring system containing 0-3 het-
eroatoms selected from O, N, or S; or a tricyclic 13- or
14-membered aromatic or heteroaromatic ring system con-
taining 0-3 heteroatoms selected from O, N, or S. Examples
of aromatic compounds which may be used to form aryl or
heteroaryl groups include benzene, naphthalene, indane,
tetralin, fluorene, imidazole, pyridine, indole, thiophene, ben-
zopyranone, thiazole, furan, benzimidazole, quinoline, iso-
quinoline, quinoxaline, pyrimidine, pyrazine, tetrazole and
pyrazole.

“Biologically relevant conditions” means those conditions,
such as temperature and pH, that would be found in biological
fluids relevant for medical treatment or diagnostics. Such
fluids include blood and gastrointestinal fluid.

“Molecular recognition” refers to the capacity of ligands
(i.e., recognition elements) to bind analytes or other mol-
ecules including biomolecules such as proteins with high
levels of specificity and/or avidity.

“Passivation” refers to the lowering of a surface’s chemical
reactivity toward nonspecific adsorption. This includes the
adsorption of carbodithioate ligands which provide resistance
against nonspecific protein adsorption.

“Stable” means that a carbodithioate ligand on a surface
does not appreciably dissociate under biological conditions
during the timespan of an analytical test design for sensing
applications.

“Xanthates” means salts of xanthic acid of the general
formula ROC(S)SH where R is alkyl. One typical xanthic
acid is where R is ethyl.

The following examples illustrate several embodiments of
the invention and in no way meant to be limiting.

Preparation of Chemical Reagents:

Spectrophotometric grade CS, (Sigma-Aldrich) was
freshly distilled from CaH, just prior to use. Dimethylamine,
diethylamine, dibutylamine, didecylamine, diisopropy-
lamine, piperidine, and morpholine (Aldrich) were used with-
out further purification. In the case of dimethylamine, neat
samples could be obtained by condensation at -78° C.

Roughened Au Substrates:

Au foil (0.1 mm, Alfa Aesar) was cut into 6x6 mm squares
and annealed by a propane torch for 2-3 min, sonicated for 10
min in deionized water, then roughened using a potentiostat
(Princeton Applied Research 273A) in 0.1 M KCI. The
parameters for electrochemical roughening were as follows:
(1) initial potential (E1) of -0.3'V, (ii) a delay time (D1) of 30
sec; (iii) ramping the potential at a rate of 500 mV/sec to an
upper limit (E2) of 1.2'V; (iv) a delay time (D2) of 1.3 sec, (v)
decreasing the potential at a rate of 500 mV/sec to E1. The
oxidation-reduction process was repeated for 25 cycles, in
accord with the protocol of Weaver and coworkers (J. Elec-
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troanal. Chem. 1987, 233, 211). All voltages were referenced
against a saturated calomel electrode (SCE).

Smooth Au Substrates:

Thin glass cover slips (Corning, 18'18 mm?) were coated
with a 10-nm Cr adhesive layer and 50-nm Au film by thermal
evaporation, and used immediately after preparation.

Double Layered Nanoporous Gold Leaf:

Gold leaf was treated in HNO, (70%) 30 min, then trans-
ferred to mercapto-modified glass slides. Samples were then
heated at 110° C. for 30 min. Samples were treated in 10 mM
Nal/I, for 20 min. Then transferred second layer of nanopo-
rouse gold leaf was heated at 110° C. for 10 min and treated
in 10 mM Nal/I, for 20 min. Colloidal Au nanoparticles in
aqueous suspension (British Biocell International,
EM.GC40, ~1011 particles/mL) were treated with a mixed-
bed ion-exchange resin (Amberlite MB-3, Mallinckrodt) for
30 minutes to minimize the presence of electrolyte in solu-
tion.

EXAMPLE 1
Carbodithioate Ligands Formed on Au Surfaces

The ligands of FIG. 1 were readily formed by immersing
gold substrates in solutions containing an equimolar ratio of
CS, and the corresponding amine under slightly basic condi-
tions, as well as by using a 2:1 ratio of CS, to amine. For
example, a 10% solution of CS, in methanol (1 mL) was
treated dropwise with one molar equivalent of secondary
amine dissolved in the same solvent (1 mL), followed by
vortex mixing for 30 sec. The final concentration of dithio-
carbamate was 0.42 M. Au substrates were introduced and
soaked for variable periods, then rinsed twice in pure metha-
nol and dried in air. The structure of the corresponding amine
can be derived by substituting a hydrogen from the —CS,
moieties for each figure. Ligand 5, the tetradithiocarbamoyl
derivative of tetra(N-methyl)aminomethyl resorcinarene,
contains four —CS, units and the corresponding amine had
four hydrogens in place of those units.

The reactions to form the ligands in FIG. 1 were performed
separately in one-pot reactions where CS, and the amine
corresponding to each structure were combined in water,
methanol, ethanol, or mixtures thereof.

Contact angle measurements of carbodithioate-functional-
ized gold surfaces revealed marked changes in their wetting
properties: smooth gold substrates coated with dimethyl
dithiocarbamate (ligand 1) (8,,=60°) are more hydrophilic
than bare gold (6,,=80°), whereas those coated with dibutyl
and didecyl dithiocarbamates (see ligands 3 and 4) are more
hydrophobic (8,,=107° and 108°, respectively). By compari-
son, substrates treated with dialkylamines in the absence of
CS, did not exhibit significant changes in wetting behavior
after rinsing.

EXAMPLE 2
Gold Nanoparticles

Carbodithioates were assembled on colloidal gold nano-
particles by suspending aqueous suspensions of 40-nm Au
particles treated with CS, and tetra(N-methyl)aminomethyl
resorcinarene (TMAR) at millimolar concentrations. The
aqueous suspension of Au colloid (1 mL) was treated with a
mixed-bed ion-exchange resin (MB-3), then decanted and
mixed vigorously with a 1 mM solution of CS, in THF (1
mL). A 1 mM solution of TMAR in THF (1 mL) was added,
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and the solution was agitated vigorously by vortex mixing for
another 5 minutes. Addition of CH,Cl, (1 mL) resulted in
phase separation, with extraction of the nanoparticles to the
organic phase. No extractions occurred in the absence of CS,
or TMAR.

EXAMPLE 3

Characterization Studies

A carbodithioate assembly on a roughened Au substrate
was further characterized using surface-enhanced Raman
spectroscopy (SERS; see FIG. 2). The SERS spectra of
ligands 1-4 of example 1, formed by in situ condensation of
amines with CS,, were found to be nearly identical with those
generated from preformed dithiocarbamate sodium salts, thus
providing confirmation of structure.

Vibrational modes were assigned according to density
functional theory (DFT) calculations: Raman frequencies
were calculated for ligands 1 and 2 bonded to a cluster of gold
atoms (1-3 atoms) using the B3LYP method and LANL2DZ
basis set. The calculated values correlated well with the
experimental SERS data, most notably for peak frequencies
at 430-450 cm™" (I) and 540-600 cm~* (IT). These vibrational
bands correspond with symmetrically coupled C—S stretch-
ing and N-alkyl bending (scissoring) modes of the car-
bodithioate moiety anchored to the metal surface (see FI1G. 4).
Moreover, the SERS bands at 1450-1475 cm™ associated
with C—H bending modes increased in prominence with
hydrocarbon chain length.

EXAMPLE 4

Robustness Studies

Roughened Au substrates functionalized with ligands 1
and others functionalized with ligand 2 were exposed to aque-
ous solutions ranging from pH 1 to pH 12 and monitored by
SERS. The data revealed minimal changes in spectral profile
after one week of immersion at ambient temperature. In a
second instance, ligand-coated substrates were immersed for
one week in ethanolic solutions of dodecanethiol, again with
minimal perturbations to their SERS spectra.

A smooth Au surface coated with dibutyl dithiocarbamate
(ligand 3) was exposed to a millimolar solution of 2-mercap-
toethanol for 24 hours, a condition known to completely
displace alkanethiol monolayers. Minimal change in contact
angle was observed (A6,,<3°), and analysis by x-ray photo-
electron spectroscopy (XPS) showed that the S:N mole ratio
remained unchanged at 2.14 to 1. The limits of thermal sta-
bility under aqueous conditions were also examined, with a
decrease in contact angle finally observed after 12 hours at
85°C.

EXAMPLE 5

Functionalization of SERS-Active Nanoporous Gold

A nanoporous gold substrate was prepared by etching
white gold leaf in concentrated nitric acid, similar to the
process described by Erlebacher and coworkers (4dv. Mater.
16, 1897-1900 (2004)). The nanoporous gold leaf was rinsed
with deionized water, bonded onto a glass slide modified with
mercaptopropyltrimethoxysilane, then further etched with
iodine and potassium iodide to yield a substrate that was
highly SERS-active at an excitation wavelength of 785 nm.

10

30

35

40

45

55

12

Depositing a second layer of nanoporous gold leaf further
increased the activity and reproducibility of the SERS signal
intensities.

The substrate was then functionalized with carbodithioate
ligands using a two-step process, on the premise that the
SERS-active sites are recessed within the nanoporous sub-
strate and are only functionalized at a late stage of the coating
process. The first step involved passivating the substrate with
simple carbodithioate ligands with no recognition capabili-
ties. Carbodithioates used were dimethyl-dithiocarbamate,
di(2-hydroxyethyl)-dithiocarbamate, and di(hexaethyleneg-
lycol)-dithiocarbamate.

The ligand concentration and soaking period was opti-
mized for maximum surface coverage without producing any
vibrational signals related to the dithiocarbamate ligands
themselves. The second step involved adding a molecular
recognition ligand N-(4'-aminoterpyridinyl)-piperazinyl
dithiocarbamate, which can serve as a synthetic receptor for
Znions. A higher ligand concentration and a longer soak time
was used to drive the ligands into the SERS-active sites. This
two-step process ensures that the molecular analyte recogni-
tion should only occur at SERS-active sites. The molecular
recognition event was detected by observation of a character-
istic Raman signal, by SERS difference spectroscopy, or a
combination thereof.

EXAMPLE 6

Prophetic Example of Synthesis of Core-Shell
Nanomaterials

Calixarene-based multivalent dithiocarbamates may be
used as surfactants, specifically when formed by the in situ
condensation of CS, and Tetra(N-methyl)aminomethy] resor-
cinarene (TMAR) and can further be used to extract colloidal
Au nanoparticles (40 nm) and Au nanorods (15x50 nm) into
nonpolar organic solvents such as toluene and dichlo-
romethane, which can then be transferred to other solvents
such as dichlorobenzene. The superior surfactant properties
of calixarenes and particularly resorcinarenes have been pre-
viously described for dispersing nanoparticles (Wei, A.,
ChemComm, 1581-1591 (2006); Wei, A.; Kim, B. “Nanopar-
ticle Arrays and Sensors Using Same.” U.S. Pat. No. 6,899,
947, issued May 31, 2005) which are incorporated herein by
reference.

Nanorods encapsulated in TMAR-based DTC surfactants
can be heated to over 200 degrees Celsius for short periods of
time without degradation or precipitation. This dispersion
control enables the synthesis of a core-shell nanomaterial. For
example, an organometallic precursor (e.g., Fe(CO)s or
Fe(acetylacetonate),) can be injected into the hot nanorod
suspension at high temperatures to form an iron or iron-oxide
shell around the nanorod core, producing a magnetically
active nanorod with strong absorption in the NIR region.

EXAMPLE 7

Forming Functionalized Nanoparticles for use as
Biological Imaging Agents

Gold nanorods coated with cetyltrimethylammonium bro-
mide (CTAB, a cationic surfactant) can be passivated using
simple surfactant exchange with DTC ligands, formed by in
situ condensation of oligo(ethyleneglycol)amines with CS,
in aqueous solutions. Surfaces comprised of such molecules
are expected to resist nonspecific protein adsorption. The
passivated nanorods can be purified by dialysis using a semi-
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permeable membrane to remove excess surfactant. These
nanorods are anticipated to be biologically inert and have a
long circulation half-life, whereas CTAB-coated nanorods
would be expected to be rapidly internalized via a nonspecific
cell uptake mechanism. Iron oxide and CdSe nanoparticles
are also amenable to functionalization with hydrophilic
dithiocarbamate (“DTC”) ligands, and can form stable sus-
pensions in aqueous solutions.

Nanoparticles can be functionalized with biologically
active ligands by sequential conjugation reactions. In one
instance, a 1-mL suspension of gold nanorods (ca. 10° par-
ticles) was treated with 8.8 mg of oligo(ethyleneglycol)d-
iamine (n~18, ca. 28 pmol) and 100 pl of a saturated CS,
solution (ca. 2.8 umol) to produce carbodithioate ligand at an
assumed final concentration of 2.8 mM. The mixture was
stirred overnight, and the excess ligand was separated from
the functionalized nanorods by dialysis using a cellulose
membrane with MWCO of 6000-8000. The amine-coated
nanorods were treated with 50 pLL of a folate-NHS solution
(10 mM in DMSO) with overnight stirring. The resulting
folate-conjugated nanorods were separated from the excess
folate by membrane dialysis.

EXAMPLE 8
Prophetic Example on Using Functionalized Ligands

Nanoparticles can be functionalized with biologically
active ligands at controlled densities using a binary surfactant
system. In one instance, oligo(ethyleneglycol)amines conju-
gated with pteroate or folate ligands can be combined with
inert oligo(ethyleneglycol)amines in the presence of CS,,
then introduced to nanoparticles with the expectation that
their surfaces will be completely passivated by carbodithioate
units, with a statistical ratio of biologically active and inert
ligands. This stoichiometric control is useful for tuning the
binding avidity of nanoparticles; for example, the surface
density of folate ligands can be optimized for labeling tumor
cells which over express the folate receptor, while minimiz-
ing adventitious binding to healthy cells which display a
normal level of this surface protein.

EXAMPLE 9

Carbodithioate Formation by CS, and Biotin
Hydrazide on Gold Surface

5 ulL CS, was dissolved in 0.5 mL, DMSO. 5.4 mg biotin
hydrozide was dissolved in 0.5 mL. DMSO, and added to CS,
solution dropwise under stirring. Au substrates were intro-
duced and soaked for 10 minutes, then rinsed twice in pure
methanol and dried in air.

The invention claimed is:
1. A method for preparing a surface for use as a biosensor,
comprising:

forming a carbodithioate ligand by mixing CS, with a
nucleophile represented by formula NHR'R? in the
presence of a solvent selected from the group consisting
of methanol, ethanol, n-propyl alcohol, isopropyl alco-
hol, water, toluene, dichloromethane, dichlorobenzene
and combination thereof and

immersing the surface in the mixture to cause the car-
bodithioate ligand to bond thereto, the surface being
selected from at least one of a Group 13 metal, a Group
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14 metal, a Group 15 metal, iron oxide, cadmium
selenide, cadmium sulfide, indium tin oxide and gold;

wherein the formed carbodithioate ligand is represented by
the structure R'R*N—CS,,;
wherein R' and R? are independently selected from —H,
alkyl, acyl, aryl, heteroaryl, —OR>? —NR*R®,
SiR°R”R® or SR?;

R?* R* R’ R R’, and R® are independently selected from
—H, alkyl, acyl, aryl, or heteroaryl; and

R? is aryl or heteroaryl.

2. The method of claim 1 wherein the nucleophile is an
amine.

3. The method of claim 2 wherein the amine is a primary
amine, a secondary amine, a heterocyclic amine, or a silyl
amine.

4. The method of claim 1 wherein the nucleophile is a
primary amide or a secondary amide.

5. The method of claim 1 wherein the nucleophile is
selected from the group consisting of dimethylamine, diethy-
lamine, diisopropylamine, dibutylamine, didecylamine, dipi-
colylamine, diethanolamine, di(hexaethyleneglycol)amine,
morpholine, pyridine, praline, oligopeptides bearing N-ter-
minal prolines, piperazinyl terpyridine, nortriptylene, meth-
amphetamine, reductive amination products of oligosaccha-
rides with primary amines, biotin  hydrazide,
hexamethyldisilazane, and oligo(ethyleneglycol)diamines
conjugated to molecular recognition elements such as folic
acid or pteroic acid.

6. The method of claim 1 wherein the surface-bound car-
bodithioate is chemically stable and resistant to surface des-
orption or displacement when exposed to a condition that has
a temperature and a pH value characteristic of blood or gas-
trointestinal fluid.

7. A method for preparing a surface for use as a biosensor,
comprising;

forming a carbodithioate ligand by mixing CS, with a

nucleophile in the presence of a suitable solvent, the
nucleophile being selected from the group consisting of
dimethylamine, diethylamine, diisopropylamine, dibu-
tylamine, didecylamine, dipicolylamine, diethanola-
mine, di(hexaethyleneglycol)amine, morpholine, pyri-
dine, praline, oligopeptides bearing N-terminal prolines,
piperazinyl terpyridine, nortriptylene, methamphet-
amine, reductive amination products of oligosaccha-
rides with primary amines, biotin hydrazide, hexameth-
yldisilazane, and  oligo(ethyleneglycol)diamines
conjugated to molecular recognition elements such as
folic acid or pteroic acid; and

immersing the surface in the mixture to cause the car-

bodithioate ligand to bond thereto, the surface being
selected from the group consisting of a Group 13 metal,
a Group 14 metal, a Group 15 metal, iron oxide, cad-
mium selenide, cadmium sulfide, indium tin oxide and
gold;

wherein said solvent is selected from the group consisting

of methanol, ethanol, n-propyl alcohol, isopropyl alco-
hol, water, toluene, dichloromethane, dichlorobenzene
and combination thereof.

8. The method of claim 7, wherein the surface-bound car-
bodithioate is chemically stable and resistant to surface des-
orption or displacement when exposed to a condition that has
a temperature and a pH value characteristic of blood or gas-
trointestinal fluid.
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