METHODS, COMPCSI TI ONS, AND ARTI CLES COWPRI SI NG STABI LI ZED GOLD NANCCLUSTERS
Rel ated Applications This application clains priority under 35 U S. C

119(e) towoaemanesosg United States Provisional Applicatipom/sgeoiombodvd.

61/ 129,994, filed August 5, 2008, the contents of which are incorporated
herein by reference. Field of the Invention The invention relates generally
to gold nanoclusters, and in particular, fluorescent gold nanoclusters. The
gol d nanocl usters nmay be stabilized, for exanple, with a protein or
stabilizing agent. In sone cases, the gold nanoclusters nmay be used in
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Backeground of the Invention

Noble metal nanoclusters (NCs) typically comprise of several to tens of metal
atoms and are generally less than 1 nm in size. The spatial confinement of free electrons
in metal nanoclusters may result in discrete and size-tunable electronic transitions,
leading to molecular-like properties such as luminescence and unique charging
properties. In contrast to semiconductor quantum dots (QDs), which are larger in
dimensions (e.g., approximately 3 to 100 nm) and may contain toxic metal species (e.g.,
cadmium, lead), noble metal nanoclusters are attractive for various applications (e.g.,
sensing) due to their ultrafine size and non-toxicity. It is of interest to develop methods
and techniques for the synthesis of fluorescent gold nanoclusters with red or near-
infrared emissions, which could be used in many applications, for example, for the
detection of mercuric ions. '

Routine detection of mercuric ions (Hg?") is central to environmental monitoring
in aquatic ecosystems because of its deleterious effects on the environment and human
health. In the past few years, several optical sensor systems for the detection of mercuric

ions have been developed based on small organic molecules (fluorophores or



and various materials (polyneric or inorganic). Many of these systens,
however, are constrained with respect to sinplicity, sensitivity,
selectiviwg20ewmd6ses | imted in practical applications (@CgSGoamorpati bl e
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forming a reaction mixture comprising a plurality of molecules of gold atom precursor

and plurality of molecules of protein, wherein the ratio of molecules of gold atom
precursor to molecules of protein is at least about 5:1, adjusting the pH of the reaction
mixture to be greater than about 11, and maintaining the reaction mixture at a suitable
temperature for a sufficient period of time to form a plurality of gold nanoclusters
stabilized by at least one protein molecule, wherein the gold nanoclusters have an
average diameter of less than about 2 nm.

In another embodiment, a method of detecting mercuric ions comprises providing
a composition comprising a plurality of gold nanoclusters and a protein or a stabilizing
agent, exposing the composition to a sample suspected of containing mercuric ions, and
determining whether the sample comprises mercuric ions. In yet another embodiment, a
method of detecting mercuric ions comprises providing a plurality of gold nanoclusters,
the gold nanoclusters having a first fluorescent intensity at a wavelength between about
630 nm and about 700 nm with a quantum yield of at least 1%, exposing the nanoclusters
to a sample suspected of containing mercuric ions and determining a change in the
fluorescent intensity, and determining whether the sample contains mercuric ions based

upon the change in the fluorescent intensity.



upon the change in the fluorescent intensity.In sone cases, a nethod of
detecting nmercuric ions conprises providing a conposition conprising a
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FIG 4 shows (A) XPS spectra of Au 4f in (iii) BSA-Au-NCs and (B) MALDI TOF
mass spectra of (iv) BSA and (v) BSA-Au-NCs. FIG 4C shows the TGA anal ysi s
of BSA- Au- NC powder in ai Bricd®eserifitiog of theeDragnags m ti ng enbodi ment. FIG 5

hows re tive TEM i f _ BSA: Au- FIG 6 sh PLS
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FIG. 2A shows photographs of BSA (1) powder and (2) aqueous solution, and

BSA-Au-NCs (3) aqueous solution and (4) powder under (top) visible and (bottom) UV
light, according to one embodiment. ,

FIG. 2B shows the optical absorption (dash lines) and photoemission (solid lines,
hex = 470 nm) spectra of aqueous solution of (i) BSA and (ii) BSA-Au-NCs. The inset
shows the weak absorption peak at about 480 nm for BSA-Au-NCs.

FIG. 3 shows time evolution of photoemission spectra (Aex =470 nm) for a
reaction mixture comprising HAuCl, and BSA at 37 °C, according to a non-limiting
embodiment.

FIG. 4 shows (A) XPS spectra of Au 4fin (iii) BSA-Au-NCs and (B) MALDI-~
TOF mass spectra of (iv) BSA and (v) BSA-Au-NCs.

FIG. 4C shows the TGA analysis of BSA-Au-NC powder in air, according to a
non-limiting embodiment.

FIG. 5 shows representative TEM images of BSA-Au-NCs.

FIG. 6 shows (A) DLS histograms, (B) Fourier-transform infrared (FTIR)
spectra, (C) zeta potential results, and (D) far-UV circular dichroism (CD) spectra of (i,
or black) BSA and (ii, or grey) BSA-Au-NCs, according to non-limiting embodiments.
The inset in (A) shows the electrophoresis data (under UV light) of (ii) BSA (conjugated
with FITC dye) and (i) BSA-Au-NCs.



or black) BSA and (ii, or grey) BSA-Au-NCs, according to non-limting
enbodi nents. The inset in (A) shows the el ectrophoresis data (under W
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shows phot ographs under (A) visible and (B) ultraviolet light, (C) optical
absorption spectra, and (D) photoem ssion spectra (lex = 470 nm for (0)
BSA, (1) BSAAu- NCs synt hesi zed under optim zed conditions, (2) BSA-Au- NCs
synt hesi zed with NaBH4, (3) BSA- Au- NGs. synt hesi zed wi t hout NaCH, (4)
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BSA- Au- NCs i e presence of i,ons. FE 1 . tic of
BSA AL NGS. ¢ bIFUpPEs Rianmaryet i TBRed SSage B g R
fl uoresegoge | mage of BSA- Au-NCs conjugated to pol ystyrene beads. FIG 13

shows (A) photographs under UV light, and (B) relative fluorescence (1/10)
at lex = 470FHin Sshoansu(dd phomemisaioniypectiadhuts SHspRend{B) photegiabhsr esence of

470" nm UB{o BSANRE R A0y P limnel] abbhef uet BFEragesect e (e
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function O Hg2+ concentration. FIG 14C shows the |inear detection range
for 1-20fBRAGAWMENGS. FI G 15A shows phot ographs of the test strips with

BSA- Au-NCs U @gé.rlous\ﬂoLx}s%S Hg 4f spectra of (A) Hg ions sequestered by BSA-Au-NCs,
and (B) sequestered Hg ions reduced by NaBHj.

FIG. 11 shows a representative TEM image of BSA-Au-NCs in the presence of
HgZJr ions.

FIG. 12 shows (A) a schematic of BSA-Au-NCs conjugated to polystyrene beads,
and (B) a representative fluorescence image of BSA-Au-NCs conjugated to polystyrene
beads.

FIG. 13 shows (A) photographs under UV light, and (B) relative fluorescence
(UIp) at Aex = 470 nm of aqueous BSA-Au-NCs solutions (20 mM) in the presence of 50
mM of various metal ions.

FIG. 14 shows (A) photoemission spectra (Aex = 470 nm) of BSA-Au-NCs (20
nM) in the presence of different Hg** concentrations, and (B) relative fluorescence (I/Ip)
of BSA-Au-NCs as a function of Hg*" concentration.

FIG. 14C shows the linear detection range for 1-20 nM of He*".

FIG. 15A shows photographs of the test strips with BSA-Au-NCs under UV light
after the test strips have been dipped in solutions of 50 mM of various metal ions.

FIG. 15B shows photographs (under UV light) of test strips that have been
dipped in solutions of Hg"",

FIG. 16 shows the photoemission (1., = 470 nm) specira of aqueous solution of
Au-NCs synthesized using (i) BSA, (ii) human serum albumin, and (iii) lysozyme.



after the test strips have been dipped in solutions of 50 nM of various
nmetal ions. FIG 15B shows phot ographs (under UV light) of test strips that
have beerwdippadésod sol uti ons O Hg2+. FI G 16 shows t hepPphsGaemoseon ( ex
= 470 nn) spectra of aqueous solution of Au-NCs synthesized using (i) BSA,
(ii) human serum al bumin, and (iii) lysozynme. O her aspects, enbodi nments,
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shown where illustration jis not necessary to allow.those of .ordinary skill
in the AFOMPENYIAYEFSIAEY tW@CFWBmW%ﬁg%%%fF 8?&6%1&%“@5{? %Orl%smtgllﬁdc}apat ents

| ncor pOE@ﬁ@@kaQﬁrt@iswé?derghﬁgc@esc@f Ayl AR QUAYIBIPIndt iy Bbele@icevety their
entirety. In case of conflict, the present specification, including

def i ni t figne, neiis Everpaemponenbet edchetbodinent pf theinvestiop ska®hvhpigyent i on
general L el.ates o nethods,, composition L I i.5LNng gold
nanocl uﬁ"é&%ﬁloqlﬁ s A ,anf)ﬂ’etggsoq Oéi Oﬁ&aiﬁo Isgg 13?&51& ggg (E&ﬁ?%g%{sdctg%t and enit
red enefginibd. NANpSRNCAHPIEADNY a8l @stentt ievogstrsted haren stefersnaerye be
stabilized, for exanple, by a protein or stabifhi zi ng a%gnt, z%s descri bed
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invention relate to applications comprising the gold nanoclusters, for example, for the
detection of mercury.

In some embodiments, a gold nanocluster comprises a plurality of gold atoms.
The term “nanocluster,” as used herein, is given its ordinary meaning in the art and refers
to a cluster comprising several to tens of metals atoms. In some cases, a nanocluster may
comprise about between about 2 and about 30 associated gold atoms. In a particular
case, a nanocluster comprises about 25 gold atoms. Those of ordinary skill in the art will
be aware of methods to determine the approximate number of metal atoms that a
nanocluster comprises (e.g., mass spectroscopy). In some cases, a nanocluster may
comprise at least one gold atom in an oxidation state greater than zero (e.g., Au’, Au™).
The presence of at least one gold atom in an oxidation state greater than zero may be an
important feature in the application of gold nanoclusters for the detection of mercuric
ions, as described herein.

In some embodiments, gold nanoclusters of the present invention may be
luminescent. A luminescent material refers to a material that can absorb a quantum of
electromagnetic radiation to cause the material to achieve an excited state structure and,

in some cases, emit radiation. The emitted radiation may be luminescence, in which



The presence of at |east one gold atomin an oxidation state greater than
zero may be an inportant feature in the application of gold nanoclusters
for the dwODeotoamodf mercuric ions, as described herei nPCITISGOIH00272

enbodi ments, gold nanoclusters of the present invention nay be | um nescent.
A lum nescent material refers to a material that can absorb a quantum of

el ectromagnetic radiation to cause the material to achieve an excited state
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region (e.g., between about 700 nm and about 1400 nm) or other wavelength regions of

visible light (e.g., between about 400 nm and about 630 nm). Those of ordinary skill in
the art will be aware of methods and techniques for determining the emitted light and/or
Amax €mission of a plurality of gold nanoclusters. For example, the gold nanoclusters
may be analyzed using fluorescence spectroscopy. In such analysis, the gold
nanoclusters are exposed to a light source (e.g., ultraviolet light), the light causing
electrons in certain molecules to be excited, and thereby emitting light of a lower energy
(e.g., visible light).

In some embodiments, the quantum yield of a composition comprising gold
nanoclusters may be determined. Quantum yield is the ratio of the photons absorbed by
the composition to the photons emitted through fluorescence by the composition. In
some embodiments, the composition comprising gold nanoclusters may emit energy
and/or have a Ayax emission with a quantum yield of at least about 1%, at least about 2%,
at least about 3%, at least about 4%, at least about 5%, at least about 6%, at least about
7%, at least about 8%, at least about 9%, at least about 10%, or more. In some cases, the
quantum yield is about 4%, about 5%, about 6%, about 7%, about 8%, about 9%, about
10%, or between about 3% and about 10%, between about 4% and about 9%, or between



(e.g., visible light). In some enbodi nents, the quantumyield of a
conposition conprising gold nanoclusters nmay be determ ned. Quantumyield
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In some embodiments, the nanoclusters may be polydisperse, substantially
monodisperse, or monodisperse (e.g., having a homogenous distribution of diameters).
A plurality of nanoclusters is substantially monodisperse in instances where the
nanoclusters have a distribution of diameters such that no more than about 10%, about
5%, about 4%, about 3%, about 2%, about 1%, or less, of the droplets have a diameter
greater than or less than about 20%, about 30%, about 50%, about 75%, about 80%,
about 90%, about 95%, about 99%, or more, of the average diameter of all of the
nanoclusters. In some embodiments, the nanoclusters are substantially spherical. In
other embodiments, however, the nanoclusters may comprise a variety of shapes
including spheres, triangular prisms, cubes, plates (e.g., triangle, square, round, rectangle
plates), or the like.
In some embodiments, a gold nanocluster may be stabilized, for example, by
association with a protein and/or a stabilizing agent, thereby forming a composition
comprising gold nanoclusters and protein and/or stabilizing agent. In some cases, the
protein may also assist in the formation of the gold nanocluster, as described herein. The

association may comprise, for example, formation of at least one interaction between the

gold nanocluster and the protein or stabilizing agent (e.g., between a residue in the
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di anmeter of all of the nanoclusters. In sonme enbodi ments, the nanoclusters
are substantially spherical. In other enbodi nents, however, the

nanocl usters may conprise a variety of shapes including spheres, triangular
prisms, cubes, plates (e.g., triangleg-square, round, rectangle plates), or
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diameter, etc.).

Without wishing to be bound by theory, the presence of a protein may assist in

the formation of a gold nanocluster. As an example, a protein molecule may sequester a

plurality of gold ions (e.g., by association of a gold ion and a residue comprised in the

protein such as tyrosine), thereby entrapping a plurality of gold ions within the protein.

The protein may then reduce the gold ions to molecular gold atoms, and the close

proximity of the gold atoms to each other (e.g., because the gold atoms are entrapped

within the protein), may allow for the formation of a gold nanoclusters. In some

instances, because each protein may likely associate with the same number of gold ions,

the plurality of gold nanoclusters formed may be substantially monodisperse or

monodisperse. In some einbodiments, at least one protein (e.g., 1, 2, 3, 4, etc.) molecule

may remain associated with a gold nanocluster following formation of the gold

nanoclusters (e.g., thereby forming a stabilized gold nanocluster). In some cases, at least

some of the at least one protein may be replaced with a stabilizing agent, as described

herein.



dianeter, etc.). Wthout wishing to be bound by theory, the presence of a
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association of a gold ion and a residue conprised in the protein such as
tyrosine), thereby entrapping a plurality of gold ions within the protein.
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atons are eng{l g&%g\&a@ﬁ e ld\® &foﬂtcgh'i%smg% %ﬁe ;ggﬁ{ %gggurgd}ee or mation of a

gol d nanocl u n so |ns ances rotern may |ikely
associ atcemptisihg AEIIHa oms) muaytteradded god sblmtmmsqommslr@ hovile seyunp flbg i

nanocl usters formed nmay, b bst di di I
o, enBaNAREnE droaB iSRS Tt BoA mologies in g capedmal sy *hol oo &
may fr eﬁ%@e@é?@l% %(Pﬁ)él%ﬁ(helﬁr ge&m@ﬁ’ﬂ@@ wgs erg.fol 'Iﬁ%é!ﬁlcﬁ&{ MBtityot of the

gold n uster formng a stabi'lized gold nanocluster). In
some casss) miechbamays]mwtmitted hye a@usth@dht pHrd reactipe nHxwes tohe grearaced wit h

a stabll zin e d her ci xampl e, a
sol uti ot %’cﬁl?gmag]l nf;ﬁeae Be %?; Odﬂsé%agr e&Fd]ﬂcgdéo for@o%pégglfoﬁ%ds I11) ions)
may be aefedn B B18 /Al Rlre ARRIabEIZBELY BRI oRRINE al bunin (BSA), forming a
reaction m xture. The BSA nol ecul es, in this enbodi nent, may sequester t he

% g |A d i Ions ?ndné@mfb gww reptiAN(TBiXgITe magdeprmediqomprising aRratet) K a8l ty of
ol ecul es
be great’ rmpﬁecﬁp 3%t P& séﬁ%oﬁ%ﬁgg)éﬁ%f g Zlhli&?t LIS IR NYr T HAFELRN M xture to

bout I ons may be reduced to form
gol d nang&dutet,ers, soWtidheifa g‘o[tbatgml;idedmmwniagvﬂieeﬂdde(htoea stlatirinl dfzguiotein. BSA

nmol ecul es. I n sone, cases, a_reaction m xture be, f or
pr ot ei n [BAYME cREHdhaPEeIRABE gpld gtom RresHIsaE T8Y b ga%lﬁ?do?seﬁoﬂgﬁé?‘g}é)r :jgg ? 0 a
sol uti O;hggftlgﬁ 099 s61vBhO My BhitforSmay BE fenalit bhP uifbleso8Rhe(ead aRatp ecur sor

may be to a solution of a protein hi sone cases, the protein and gold
at om pr exhicls doesmay indefare xadh the reactidnd sThefsolut@memamhaa@@I mqlﬁﬁy 6f a sol vent.

TP S0 e RN ST DA R ARG O B St SR 1 D
about 0.5M and about 2M, or about 1M, about 2 M, about 3 M, about 4 M, or the like.

In some embodiments, the ratio of molecules of gold atom precursor to molecules
of a protein is an important feature of the method that allows for the formation of
nanoclusters as compared to nanoparticles. Without wishing to be bound by theory, it is
postulated that the ratio is an important feature because it affects the number and
aggregation of the gold atom precursor molecules to protein molecules (e.g., see results
shown in Table 1).

Methods for determining a suitable ratio of molecules of gold atom precursor to
molecules of a protein will now be described in more detail. In some embodiments, the
appropriate ratio of molecules of gold atom precursor to molecules of a protein may be
determined by determining the ratio of cysteine and tyrosine residues in the protein. In
some embodiments, the ratio of cysteine and tyrosine residues comprised in the protein
to the number of gold atoms precursor is about between about 1:1 and about 50:1,
between about 1:1 and about 25:1, between about 5:1 and about 15:1, or any range
therein. In a particular embodiment, the ratio is about 10:1. From the ratio of cysteine
and tyrosine residues, the ratio of molecules of gold atom precursor to molecules of
protein may be determined. For example, if the ratio of cysteine to tyrosine residues to

gold atom precursors is selected to be 10:1, and the protein comprises 50 cysteine and



bet ween about 0.1 M and about 10 M between about 0.5 M and about 5M
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protein, the pH of the reaction mixture may be adjusted, for example, by addition of a

base to the reaction mixture. The base may be added immediately following or about 1

minute, about 2 minutes, about 3 minutes, about 5 minutes, about 10 minutes, or the like,

after formation of the reaction mixture. The base may be any suitable base (e.g., NaOH)

and may be added at any appropriate molarity (e.g., about 0.1 M, about 0.5 M, about 1

M, about 2 M) and amount to adjust the pH as desired. In some cases, the amount of

base added may be such that the pH of the reaction mixture is adjusted to be at least

about 10.5, at least about 11, at least about 11.5, at least about 12, at least about 13, or

greater. In some cases, the pH of the reaction mixture may be between about 11 and

about 14, between about 12 and about 14, or the like. Without wishing to be bound by

theory, the pH of the reaction mixture may be an important feature of the invention, in

some embodiments, because the pH of the reaction mixture affects the protonation or

deprotonation of residues comprised in the protein (e.g., carboxyl group in aspartic and

glutamic acid residues, thiol groups in cysteine, amine groups in lysine, etc.), thereby

affecting the structure and reactivity of the protein (e.g., see results shown in Table 1).



A gol d atom precursor, as used herein, refers to a precursor material that
conprises gold in an oxidation state greater than zero (e.g., Au+, Au+3)
and i s cayekbw/wmbsdei ng reduced (e.g., by the protein) troTiSoremI@od2d2 at ons.
Those of ordinary skill in the art wll be aware of appropriate gold atom
precursors, for exanple, HAud 4, AuC , and AuBr3. Li sone cases, the gold
atom precursor may be hydrated (e.g., conprises water). Following formng a
reaction m xture conprising a gold agtpm precursor and a protein, the pH of
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etc.), thereby affecting the structure and reactivit the protein (e.g.,
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form a pidimeay skill inthegul (¢-ghaotreassséonsspeqieny Bisar B1RERsHOTEIQRaRes etse- agi t at ed
during this period of ti (£.9. ., ..StLES ) . e di nary skill
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100 °C, or higher. In some cases, the reaction may be carried out between about 30 °C
and about 40 °C, between about 25 °C and about 40 °C, between about 25 °C and about
50 °C, between about 30 °C and about 100 °C, or the like.

The reaction mixture may be maintained at a suitable temperature for between
about 0 and 48 hours, bétween about 2 and about 24 hours, between about 4 and about 18
hour, between about 8 and about 12 hours, or about 1 hour, about 2 hours, about 4 hours,
about 8 hour, about 12 hours, about 18 hours, about 24 hours, about 36 hours, or about
48 hours, or more.

In some embodiments, following formation of a gold nanocluster associated with
at least one protein molecule, one or more of the at least one protein molecule may be
replaced with a stabilizing agent. In some cases, essentially all of the protein molecules
may be replaced by stabilizing agent. In some embodiments, a plurality of molecules of
stabilizing agent may be provided to a solution comprising protein-stabilized gold
nénoclusters, wherein the stabilizing agent has a greater affinity for the gold nanoclusters

as compared to the protein. Thus, at least a portion of the protein molecules associated



about 24 hours, about 12 hours, etc.). In sone cases, the reaction may be
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be freeze-dried.

The gold nanoclusters as described herein may be comprised in a variety of

systems/devices and/or may be used in a variety of methods for specific applications.

For example, the gold nanoclusters may be used in electrical or chemical sensing
devices, wherein the devices may be used to qualitatively and/or quantitatively determine
a chemical species in a target environment. That is, the gold nanoclusters may interact
with the chemical species such that a change in a property of the gold nanoclusters may
be determined to determine the presence, absence, and/or amount of a species present in
the samples. As another example, the gold nanoclusters may also be employed for
catalysis and/or in biological applications.

In some embodiments, the present invention provides methods and/or systems to
qualitatively and/or quantitatively determine mercuric ions (H g") in a sample. Mercury
is a widespread pollutant and Hg" is a caustic and carcinogenic material with high
cellular toxicity. Methods of detecting of Hg"? are particularly useful for the analysis of
environmental samples. In some cases, a property (e.g., fluorescence) of a plurality of

gold nanoclusters may be determined prior to and following exposure to a sample



nanocl usters, the protein nolecules may be separated fromthe gold

nanocl usters stabilizing by a stabilizing agent, for exanple, by filtering,
washi ng, woadbwroiesat ri fugi ng. The nanoclusters may be sPomsé26mroety period
of time or used imrediately in one of the applications discussed herein.
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target environment. That is, the gold nanoclusters may interact with the
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sone enbodi nents, the t o ti i h
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sanpl e-e&{%_ﬂaﬁﬁr’g{%dtﬁe ¥!s§€a§w;ﬁg%r89h§éﬂs&%d.and Hg+2 is a caustic and

carci nogeni c terral wth hi cellular toxicity. Methods of detecting
Of Hg+2 are phrdonumbddimestef amethod of eseetingl percariions SANPEHEPHAT 8 anpl es hi

sone cases, .a propert e.d., fluqgre . of al .t ol d
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be determ ned, thereby determning whether the analyte is present in the
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and a second fluorescent intensity may be determined. The presence, absence, and/or
concentration of mercuric ions in the sample may be determined by determining a
difference between the first and the second fluorescent (or other measurable property).
In some embodiments, the difference between a first and second fluorescence intensity
may be determined as a relative fluorescence (e.g., second fluorescent intensity divided
by the first fluorescent intensity). The relative fluorescence may be compared to a
calibration curve to determine the concentration of mercuric ions in the sample.

Those of ordinary skill in the art will be aware of methods and techniques for
determining the fluorescence of a material (e.g., a composition comprising gold
nanoclusters). In some embodiments, a material may be excited by light of a first
wavelength, and the material may emit energy at a second wavelength of lower energy
(e.g., longer wavelength). In some cases, the materials and composition as described
herein may be exposed to light having a wavelength of less than about 300 nm, between
about 300 and about 500 nm, between about 400 and about 500 nm, or at about 420 nm,
about 430 nm, about 440 nm about 450 nm, about 460 nm about 470 nm, about 430 nm,
about 490 nm, or the like. In a particular embodiment, the light has a wavelength of
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420 nm limit of detection of mercuric ions in a sample of less than about 50 nM, less than about

25 nM, less than about 10 nM, less than about 5 nM, less than about 1 nM, less than

about 0.5 nM, less than about 0.1 nM, or about 10 nM, about 5 nM, about 1 nM, about

0.5 nM, about 0.1 nM, or the like.

In some cases, methods and articles for detecting mercuric ions may be specific

for mercuric ions. That is, the methods and articles may specifically detect mercuric ions

over other metals ions such as Ag", Cu*, Zn*, Mg2+, K, Na*, Ni**, Mn?*, Fe, cd*,

pt*", Pd*, Co**, Pb?*, and Ca® ions. The specificity is advantageous in instances where

the sample is taken from an environmental source (e.g., in instances where the sample is

likely to contain other metal ions). In some cases, the change in fluorescence intensity

(or other property) of the gold nanoclusters or compqsition is less than about 30%, less

than about 20%, less than about 15%, less than about 10 %, less than about 5%, less than

about 3%, less than about 1%, etc., upon exposure to at least metal ion other than Hg+2.

In addition, methods and articles for detecting mercuric ions may be robust towards

various anions which may be contain in a sample (e.g., CI, NO?*, SO/, PO4*, and

buffers (e.g., 2-(4-(2-hydroxyethyl)-1-piperazinyl)ethanesulfonic acid)).
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In some cases, a kit may be provided comprising at least one test strip for

determining the presence, absence, and/or concentration of mercuric ions in a sample and
a color (or other property) reference. In some cases, the colors provided on the color
reference may be used to compare the color of the test strip following exposure to a
sample suspected of containing or containing mercuric ions. In some cases, the colors of
the color reference may be used to compare the fluorescent color of the test strip (e.g.,
the color of the test strip observed under UV light). Following exposure of the test strip
to a sample containing or suspected of containing mercuric ions, the color of the test strip
may be compared with the color reference to determine the presence or absence of
mercuric ions, and/or determine the approximately concentration of mercuric ions in the
sample. For example, in instances where the test strip functions in qualitatively, the
color reference may show the color of the test strip upon exposure to a sample that does
not comprise mercuric ions. Thus, if following exposure to a sample, the test strip has a
color which differs from the color reference, the sample comprises mercury. In instances
where the test strip function in quantitatively, the color reference may show a plurality of
colors, each color relating to an approximate concentration of mercuric ions in a sample.

Thus, following exposure to a sample, the color of the test strip may be compared and
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containing nmercuric rons. In some cases, the colors of the colar reference
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color of the test strip observed under | aht l.ow,,ng exposure of the
test stPfsrials sye aﬁﬁ?t@lc@ﬁ?%il}ﬁ’}?gju ?’% slf%{ggb glg’ %)efuugoghtag%elghg nercuric ions,
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determine the presence or absence of mercuric ions, and/ OE de&erm‘ ne the
appr oxi mbwlme@@n&@ﬁpbﬁtﬁ%mabﬁorﬁﬁlﬁ%ﬁﬁP@Ym%§u‘ihr'PStH%V ester, polyamide,

polyacrylamide, polyacetate, etc., or combination thereof. The substrate may be porous

or nonporous. The composition may be coated onto a surface of the substrate or
impregnated into it, for example. The substrate may be flexible and/or rigid.

In preparing a test strip of the invention, a composition may be applied to a
suitable substrate using techniques known to those of ordinary skill in the art. In
embodiments of the invention, the preparation of a test strip includes preparing a
coatable liquid composition that can be applied to the substrate. In general, the liquid
composition is prepared by adding a plurality of BSA-associated gold nanoclusters to a
solvent. The substrate may be dried prior to use (e.g., at ambient temperatures, at
elevated temperatures, under vacuum). In some embodiments, additional components
may be present (e.g., surfactant, binder, etc.).

A sample may be obtained from any suitable source. In some embodiments, the
sample méy include chemical samples, water samples, extracts, environmental samples
(e.g., from an environmental source), food products, etc. In some embodiments, the
sample may contain or be suspected of containing mercuric ions. The sample can be

used directly as obtained from the source or may be pretreatment to modify at least one



sanpl e. For exanple, in instances where the test strip functions in
qualitatively, the color reference may show the color of the test strip
upon exposoreiwmem3sanpl e that does not conprise mercur iPCTISGRE09/00das, | f
foll owi ng exposure to a sanple, the test strip has a color which differs
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plurality of colors, each color relatihg to an approxi mate concentration of
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pol yester, polyam de, polyacrylam de, polyacetate, etc., or conbination

t her eof .byT{he ckifB&t rat e may be porous or nonporous. The conposition nay be
coated onto a surface of the substrate or inpregnated into it, for exanple.
The substrate nay be flexible and/or rigid. In preparing a test strip of
the invention, a conposition may bExappleiled to a suitable substrate using

t echni ques k 0 those o rdinary skill.in the art. .In _enbodi nents of

the inventi oth@ﬁ? OB BB OHS 'beﬁt‘]%/eewt}??irsiaﬂdipﬁ‘lﬂeﬁt?éé’fﬁ? paring a
nanoclusters, according to some embodiments of the present invention.

Specifically, this example describes a simple, one-pot, “green” synthetic route,
based on the biomineralization capability of a common commercially available protein,
bovine serum albumin (BSA), for the preparation of Au-NCs at the physiological
temperature (37 °C) with red emission (Aen max = 640 nm, quantum yield (QY) ~ 6%).
In this example, Au(Ill) ions are added to an aqueous BSA solution. The BSA
molecules, in some cases, sequestered Au ions and entrapped them (see FIG. 1). The
reduction ability of BSA molecules was activated by adjusting the pH of the reaction
mixture to about 12; the entrapped ions underwent progressive reduction to form BSA

- conjugated gold nanoclusters (BSA-Au-NCs) in situ. The as-prepared BSA—Au—NCs
comprised of about 25 gold atoms (as evident from matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) mass spectrometry), and were
stabilized within BSA molecules as a BSA-Au-NCs (FIG. 1). The BSA-Au-NCs, in this
embodiment, were water-soluble, buffer-stable, and stable even in solutions of harsh
conditions, such as strong acids/bases and concentrated salts (1 M NaCl). The synthetic

method could be easily scaled up to gram quantity with good batch-to-batch



coatable liquid conposition that can be applied to the substrate. In
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12 hours, as confirmed by time-course measurements of the fluorescence evolution (FIG.
3). Specifically, FIG. 3 shows the time evolution of the photoemission spectrum (Aex =
470 nm) for the reaction mixture comprising HAuCl, and BSA at 37 °C.

The deep brown solution of BSA-Au-NCs emitted an intense red fluorescence
(FIG. 2A, bottom, 3) under UV light (about 365 nm). In contrast, the control BSA
solution was pale yellow in color under visible light (FIG. 2A, top, 2), and emitted a
peak blue fluorescence under UV light (FIG. 2A, bottom, 2), which was characteristic of
the aromatic side groups in the amino acid residues (tryptophan, tyrosine (Tyr), and
phenylalanine). The fluorescent Au-NCs showed absorption and emission peaks at about
480 nm and about 640 nm, respectively (FIG. 2B). The photoluminescence quantum
yield (QY) was ~6% (calibrated with fluorescein using a 470-nm laser).

The oxidation state of the BSA-Au-NCs was determined by X-ray photoelectron
spectroscopy (XPS). The Au 4f;, spectrum could be deconvoluted into two distinct
components (lines ii and i, respectively in FIG. 4B) centered at binding energies of 84.0
and 85.1 eV, which could be assigned to Au(0) and Au(l), respectively. Specifically,
FIG. 4 shows (A) XPS spectra of (iii) Au 4f in BSA-Au-NCs and (B) MALDI-TOF mass

spectra of (iv) BSA and (v) BSA-Au-NCs.
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No obvious difference in fluorescence properties was observed for BSA-Au-NCs
in solutions of a broad pH range (3—12), or in various buffer solutions (e.g., 50 mM of
HEPES buffer (pH 7.65)), or in solutions with a high concentration of salts (e.g., 1 M of
NaCl). The solvent could be removed by freeze drying, and the BSA-Au-NCs could be
stored in the solid form (FIG. 2A, 4) for at least 2 months, and redispersed whenever
needed. The BSA-Au-NCs may be been stabilized by a combination of Au-S bonding
with the protein (e.g., via the 35 Cys residues in BSA), and the steric protection due to
the bulkiness of the protein. The high stability of BSA-Au-NCs may greatly facilitate
their use in in vitro and in vivo bioimaging applications. The encapsulation of Au-NCs

(~0.8 nm) (see representative TEM images in FIG. 5) in BSA molecules has little effect

on the structure of the BSA scaffolds (see FIG. 6). Specifically, FIG. 6 shows (A) DLS
histograms, (B) Fourier-transform infrared (FTIR) spectra, (C) zeta potential results, and
(D) far-UV circular dichroism (CD) spectra of (i, or black) BSA and (ii, or grey) BSA-
Au-NCs. The inset in (A) shows the electrophoresis data (under the UV light) of (i)
BSA (conjugated with FITC dye) and (i) BSA-Au-NCs.



The deep brown sol ution of BSA-Au-NCs emtted an intense red fluorescence
(FIG 2A, bottom 3) under WV light (about 365 nm. In contrast, the
control B®A22wl/ussoeon was pal e yellow in col or under visiPotSGign7El G 2A,
top, 2), and emtted a peak blue fluorescence under W light (FIG 2A
bottom 2), which was characteristic of the aromatic side groups in the

am no acid residues (tryptophan, tyrosine (Tyr), and phenyl al anine). The
fluorescent Au-NCs showed absorptionp@nd em ssion peaks at about 480 nm and

about 640 nmyifRIPEE!IfElok AhCrnofBlia 1 AGPERIALBARENCE quant um il d

(QY) was ~6 rate fluorescein using a 470-nm | aser). The
oxi dat i thiomireraized” tha dluBSscet ANOSCoetherd atene sdvaedi rdygaliog espeimen@k| ect r on

spectroscopy (XPS).. The Au 4f7 S trum coul d.be deco . into two
di sti nc?bsé’a’r?ﬁé%ﬁ'%véth?‘luivi‘f ng o é\%ﬁo'ﬁ‘%(i’rye f)(&’fw}]gfl}?lf’ﬁl ﬁf%\mﬁﬁ gcent ered at
bi ndi Nge,£ALHFAES AR i0Ry0hE RekpSiitlle 86idudh bE Protédnl bkl 1he adaisiogPEWaOe! Au(O) and

Au(l), respectively. Specifically, FIG 4 shows (A]% XPS spectra of (iii) Au
4f in BSereAmpNGsntaimdsor®)enimddnentofonths orvpsion of therBYAAu-NEA. Seatrel)

BSA- Au- NCs..The, smal | _anount, of., Au( | ~179% @gﬁ.{ ce of the
Au cor e“HREF PRt EIE Pgﬁ?ﬁezﬁg ﬁﬁqgmréar%%ﬁﬁr&é%oﬁs sr?‘{‘?gga?‘gtég‘?:ﬁp P{)%gol n actlépr evi ous

st r uct upNMBIEL) Udth@fankdrieadtidarsohigiohed fBIhe BSANES-NOhsyndsesisr dharedltBgA- Au- NCs
m ght have a simlar structure caonsidering_the

hi ol
(f r om t B8A3SudYst emitied veyysyeakasd dyesspeenge Es&-l% Cfaﬁj‘{]ﬁg - IAS N?:;Olﬁgxsle

2 Enet oS0, PR Ay il L) 49, 9 s

ase he s ric nodel . The si ze of the as-prepared

Au- NCsoptisl bisserptionrspera, aah(D)rphetbeoyissitil PecTOferasty Ospecior (Hdbpy. The
wel | -defined protejn siructure enabl.ed analysis h apsul a

nanocl u(slt)éis%*%N§ tSWtﬁﬁllﬁﬁfl f%@l%%%‘?‘&@&d«%%%éﬁgﬁ‘@ érjy&#%egl%g(?he BSA
Wi t hout wﬁﬂ@léhﬁmg\?ﬁsm&u-m%@eﬂ&ad withGuth RO FR4fBSABAuMTsh corresponded
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(~10). The addition of NaOH was also necessary, without which only large

nanoparticles (> 20 nm) with irregular or plate-like morphologies were obtained (see

FIG. 8, showing representative TEM image of BSA-Au-NCs synthesized without

NaOH), and these nanoparticles showed no fluorescence. The reaction temperature was

an important consideration in the synthesis of fluorescent Au-NCs with high QY's. The

reaction was conducted at different temperatures (25, 37 and 100 °C), and Au-NCs

formed very slowly at 25 °C; no clusters were detected even after 12 h of reaction.

Reactions at the physiological temperature (37 °C) showed reasonable reduction kinetics.

Reaction was completed within 12 h, and BSA-Au-NCs with high QY's (~6%) were

obtained. When the reaction temperature was increased to 100 °C, the reaction rate was

raised sharply. The reaction was completed within minutes; however, the as-prepared

BSA-Au-NCs had relatively low QY (~0.5%, see Table 1 and FIG. 7). The ratio of BSA

concentration to Au precursors was important. At a fixed Au precursor concentration (5

mM), a high BSA concentration (1025 mg/mL) (with a concentration of amino acid

residues of ~20-50 mM) was required for the effective protection of Au-NCs.

Decreasing the BSA concentration to 2.5 mg/mL, while keeping Au precursor
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In summary, this example illustrated a new method for preparing Au-NCs with

red emissions using a common protein to sequester and reduce Au precursors in situ.

The as-prepared BSA-Au-NCs were stable both in solutions (aqueous or buffer) and in

the solid form. The light-emitting Au-NCs comprised of about 25 gold atoms (Auys).

The experimental conditions have been optimized to derive BSA-Au-NCs with high

QYs. The protocols and products are important not only because they provide a simple

“sreen” method for the production of fluorescent BSA-Au-NCs, but also because they

exemplify that the interactions of protein/peptide and Au ions (biomineralization or

biomimetic mineralization) can be used towards the creation of protein-Au-NC.

Example 2

The following example describes additional experimental information regarding

the gold nanoclusters prepared and used in Example 1.

All chemicals were purchased from Sigma-Aldrich and used as-received.

Ultrapure Millipore water (18.2 M) was used.

The
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(2.5 mg/nmL). Recent studies have shown that Tyr or custom peptides

contai ning Tyr residues can reduce Au(lll) or Ag(l) ions through its

phenol i ¢ woaopmsniegoBei r reduction capability can be grea®PCy/SGapmooed2 by
adjusting the reaction pH above the pKa of Tyr (~10). The addition of NaCH
was al so necessary, w thout which only |arge nanoparticles (> 20 nnm) wth
irregular or plate-like norphol ogies were obtained (see FIG 8, show ng
representative TEM i nage of BSA- Au- N@g-synt hesi zed wi t hout NaOH), and these
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and BSA-Au-NCs with high Qvs (~6% were obtained. \Wen the reaction
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The reaction ° ed within m nutes; however, the as-prepared
BSA- Au- R{éﬂmﬁﬁg@?e{ég&ﬂve Yy low QY (-0.5% see Table 1 and FIG 7). The ratio

of BSA concemdtatialo Chlatacberiplies. uABsﬁﬂpt;]mdi photsendstion sitectaa fvieveed Au/ )
precursor concentration (5 a_high BSA concentratjon 0- 25 ng/ mL
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on a FEI Tecnai TF-20 field-emission high-resolution transmission electron microscope

at 200 kV, and on a VG ESCALAB MKII spectrometer, respectively. Narrow-scan XPS

spectra of Au 4f core levels were deconvoluted by the XPSPEAK software (Version 4.1),

using adventitious carbon to calibrate the binding energy of Cls (284.5 eV).

Example 3

The following example describes the detection of mercuric ions (Hg"™) using gold
nanoclusters, according to a non-limiting embodiment of the invention. Routine
detection of mercuric ions (Hg?") is an important aspect of environmental monitoring in
aquatic ecosystems because of its deleterious effects on the environment and human
health.

Without wishing to be bound by theory, recent theoretical studies suggest that
dispersion forces between closed shell metal atoms are highly specific and strong, and
greatly magnified by relativistic effects, particularly when these interactions involve
heavy ions such as Hg?" (4145d'%) and Au* (4f'*5d'%). The use of Hg’*~Au" interactions
is therefore attractive for a label-free approach in Hg** detection. As described in
Example 1, gold nanoclusters (BSA-Au-NCs) were synthesized using a protein-
templated method. The as prepared BSA-Au-NCs comprised of about 25 gold atoms



red em ssions using a common protein to sequester and reduce Au precursors
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completely quenched within seconds (FIG. 9B, 2), as evident also in the photoemission
spectra (FIG. 9A). The fluorescence quenching of BSA-Au-NCs was due to the
interaction of Hg?* with Au’. The red fluorescence of BSA-Au-NCs could be partially
recovered by adding a strong reductant (e.g., sodium borohydride) to BSA-Au-NCs
solution in the presence of Hg*" jons (FIG. 9A and 9B, 3). Without wishing to be bound
by theory, it is believed that sodium borohydride reduces Hg”* to Hg", and since the
latter has a weaker binding energy with Au’, and thus, a lower quenching efficiency on
fluorescent Au-NCs. The oxidation state of Hg was confirmed by X-ray photoelectron
spectroscopy (XPS) (FIG. 10). Specifically, FIG. 10 shows XPS Hg 4f spectra of (A) Hg
jons sequestered by BSA-Au-NCs, and (B) sequestered Hg ions reduced by NaBHa.

The addition of Hg2+ ions to BSA-Au-NCs solution has little effect on the size of
BSA-Au-NCs (FIG. 11), which ruled out the effects of BSA-Au-NCs aggregation on the
fluorescence quenching. FIG. 11 shows a representative TEM image of BSA-Au-NCs in
the presence of Hg”" ions, indicating a cluster size of ~ 0.8 nm. Moreover, the
aggregation of as prepared BSA-Au-NCs has negligible effects on the fluorescence of
BSA-Au-NCs (FIG. 12). FIG. 12 shows (A) a schematic of BSA-Au-NCs conjugated to
polystyrene beads (1 mm) through 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
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(FIG ggamﬂlles WAt various environments. The strong binding energies of Heg*" with Au™ also
made this method highly sensitive. Theoretically, the fluorescence of BSA-Au-NCs
could be quenched by one Hg”*" ion through interaction with one Au" ion on the NC
surface. To evaluate the sensitivity of the assay, different concentrations of Hg*" (0.05—
100 nM) were added to a series of solutions containing 20 nM of Au-NCs. As shown in
FIG. 14, the fluorescence of the BSA-Au-NCs was reduced with increasing Hg*
concentration. The fluorescence intensity of BSA-Au-NCs toward Hg** decreased
linearly over the Hg”" concentration range of 1-20 nM. Specifically, FIG. 14 shows (A)
photoemission spectra (Aex = 470 nm) of BSA-Au-NCs (20 nM) in the presence of
different Hg** concentrations, and (B) relative fluorescence (I/Ip) of BSA-Au-NCs as a
function of Hg?* concentration. FIG. 14C shows the linear detection range for 1-20 nM
of Hg”". The limit of detection (LOD) for Hg*", at a signal-to-noise ratio of 3, was
estimated to be 0.5 nM (0.1 ppb), which was much lower than the maximum level (2.0
ppb) of mercury in drinking water permitted by the United States Environmental
Protection Agency (EPA).

The detection of Hg'* using the gold nanoclusters was extended to a paper test

strip system. BSA-Au-NCs were dispersed on a nitrocellulose strip. They were
encapsulated by BSA scaffolds, which could be entrapped in the nitrocellulose



conpl etely quenched within seconds (FIG 9B, 2), as evident also in the
phot oem ssion spectra (FIG 9A). The fluorescence quenchi ng of BSA- Au- NCs
was due twothw/iisgoar acti on Of Hg2+ with Au+. The red fl ueCescuo®oe2

BSA- Au- NCs coul d be partially recovered by adding a strong reductant (e.g.,
sodi um bor ohydri de) to BSA-Au-NCs solution in the presence O Hg2+ ions
(FIG 9A and 9B, 3). Wthout wishing to be bound by theory, it is believed
tha’:( sodi um borohydri de reduces Hg2+#250 HgO, and since the latter has a
weaker g : . { i ey i mgeefficiency on
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quenchi ng of BSA- Au-NCs fl uorescenge I'G 13B). This detection selectivity
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high selectivity and senéitivigy. The sensing mechanism was based on the high affinity

metallophilic Hg*— Au" interactions, which effectively quenched the fluorescence of
BSA-Au-NCs. The BSA-Au-NCs showed a remarkably high selectivity for H g”" over
other metal ions, and detected Hg”" ions at concentrations as low as 0.5 nM. This
process was notable as it involved green chemistry, and could be developed as a simple

paper test strip system for the rapid routine monitoring of He*" ions.

Example 4

The following example describes additional experimental information regarding
the gold nanoclusters prepared and used in Example 3.

All chemicals were purchased from Sigma-Aldrich and used as-received.
Ultrapure Millipore water (18.2 MW) was used. |

Synthesis of Red Fluorescent Au-NCs. All glassware was washed with aqua regia
(HCI/HNOj; volume ratio = 3:1), and rinsed with ethanol and ultrapure water. In a
typical experiment, aqueous HAuCly solution (5 mL, 10 mM, 37 °C) was added to BSA
solution (5 mL, 50 mg/mL, 37 °C) under vigorous stirring. NaOH solution (0.5 mL, 1



, NGB SO4 2-, and PO4 3 ) and buffers (e.g.,

2- (4-(2- hydroxyet hyl) -1 pi perazi nyl) ethanesul fonic acid (HEPES)), making
this met wo 28uitieddBe for exam ni ng sanpl es from vari ous PEMSGR@PBIN’S. The
strong binding energies OHg 2+ with Au+ al so made this nethod highly
sensitive. Theoretically, the fluorescence of BSA-Au-NCs coul d be quenched
by one Hg2+ ion through interaction with one Au+ ion on the NC surface. To
eval uate the sensitivity of the assag- different concentrations OHg 2+
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Au- NCs. own I n , the fluorescence of the BSA-Au-NCs was reduced
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BSA- Au- NCs toward Hg2+ decreased |inearly over the Hg2+ concentration range
of 1-20 nM Specifically, FIG 14 shows (A) photoem ssion spectra (lex 470
nm of BSA-Au-NCs (20 nM in the pxggglese of different Hg2+ concentrati ons,
and (B) relative fluorescence (1/ of BSA-Au-NCs as a function O Hg 2+
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Envi ronnEntal Protection Agency (EPA). The detection OFHg +2 using the gold

nanoc| udSAr sr (sl €X aadeadvi i AGdper test strip system BSA-Au-NCs were
di spersed on a nitrocellul ose strip. They were encapsul ated by BSA
scaffol ds, which could be entrapped in the nitrocell ul osenenbrane. The

non- bi ndi ng R AvvdNenRIdenédtO LM e praynthidntisaheve bébhelesmibed tndi ty of this
paper test strip systemfor Hg2+ detection was eval uated b dijlp(ghng t he
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G pped mactispensandegrediy vt fi oo tor BIeruie it SRR PREBIBTCT i o
those skilled in the art will readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exemplary and that the actual
parameters, dimensions, materials, and/or configurations will depend upon the specific
application or applications for which the teachings of the present invention is/are used.
Thoée skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific embodiments of the invention
described herein. It is, therefore, to be understood that the foregoing embodiments are
presented by way of example only and that, within the scope of the appended claims and
equivalents thereto, the invention inay be practiced otherwise than as specifically
described and claimed. The present invention is directed to each individual feature,
system, article, material, kit, and/or method described herein. In addition, any
combination of two or more such features, systems, articles, materials, kits, and/or
methods, if such features, systems, articles, materials, kits, and/or methods are not
mutually inconsistent, is included within the scope of the present invention.

The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least

2

one.



emtted strong red fluorescence associated with the BSA-Au-NCs. The test
strips also gave different colors (fromgreen to purple) after they were
di pped i nwbigBto/diesedsol uti ons of various concentrations @eeTsi2¢danée7yreen),
200 nM (purple), 20 nM (purple-pink), and 2 nM (pink)), as shown in FIG
15B. Specifically, FIG 15B shows photographs (under W light) of test
strips that have been dipped in solutions OfHg2+. Thus, they could be used
to rapidly estimate the Hg2+ ion congentrations visually. This exanple
|11 ustrates, T}?eﬁ@ﬂés%!“'aﬂd@g” 0O ik One SHQ4tiFBBh andid @/ cRidtiRsRouTgt hod to
detect Hg2+ 10 usi ng uorescent BSA- Au-NCs 1 n aqueous nedia with very
E! gﬂ s](cal{zemideksltddﬂ tamokas Eaishdriovibbth” of He demeithsp ermjoined, s.m, wlemepisdbdd on t he
igh affinity netallophilic Hg2+- Au+.i.nteractions,. whic f f |.vel
quenc he%lfetcﬂlguﬁtﬂ’ﬁﬁ’ége tw We@ﬂgsﬂﬂﬁ&ﬂ‘?m%ﬁglyé’éﬁeﬁﬂp\&@ﬂg ﬁ%\?\bgﬁléérr errér kabl y
hi gh seligqtiyday ofplﬁ{deEz%*é et otbehaitHelerh@fiSspeaifidalipidatie bigte i ons at

concentrations as low & 0.5 nM This process was notable as it invol ved
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water. ITn a typi nt,

ul trapur cal experi agueous uC 4 solution (5 m., 10
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synt hesi zed using human serum al bum n (HSA) or |ysozyne (LYS) in place of
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synthes of 'c%qeal'sl? (I)rpe%] bl(ltl soBl%gludgr{gi thore than one, of a number or list of elements, and,

optionally, additional unlisted items. Only terms clearly indicated to the contrary, such

as “only one of” or “exactly one of,” or, when used in the claims, “consisting of,” will
refer to the inclusion of exactly one element of a number or list of elements. In general,
the term “or” as used herein shall only be interpreted as indicating exclusive alternatives
(i.e. “one or the other but not both”) when preceded by terms of exclusivity, such as
“cither,” “one of,” “only one of,” or “exactly one of.” “Consisting essentially of,” when
used in the claims, shall have its ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one
element selected from any one or more of the elements in the list of elements, but not
necessarily including at least one of each and every element specifically listed within the
list of elements and not excluding any combinations of elements in the list of elements.
This definition also allows that elements may optionally be present other than the
elements specifically identified within the list of elements to which the phrase “at least
one” refers, whether related or unrelated to those elements specifically identified. Thus,
as a non-limiting example, “at least one of A and B” (or, equivalently, “at least one of A -
or B,” or, equivalently “at least one of A and/or B”) can refer, in one embodiment, to at

least one, optionally including more than one, A, with no B present (and optionally



HSA, or (iii) LYS, are shown in FIG 16 Wile several enbodinents of the
present invention have been described and illustrated herein, those of

ordi nary wRi20l0/a180Bhe art will readily envision a vari ePg¢TSG2aoher27reans
and/or structures for perform ng the functions and/or obtaining the results
and/ or one or nore of the advantages descri bed herein, and each of such
variations and/or nodifications is deened to be within the scope of the
present invention. Mire generally, thegse skilled in the art will readily
appreci gf ?Lhcfi\k%lelﬁ!eﬁts BAAMRL H)Sin MolRP SBHSmAR tEhH 184t ondRgti6RNfyl gur at i ons
descri bed herein are meant to6 be exenpl ary and that the actual paraneters,
di mensi ardydimgere thirsone Bg ath nrofregantapideptionally ingbysirgiclements OBET speci fi ¢

application or applicatiagns.for which the teachjngs.of t

et | A it e el ngR 1R o SRR R BEROORTORL e i
t 0 ascemnt ahdaUsishond) @pABEAlyinANdne widrd tha@oRel B (@idtcptiofslly mehirgmtheral ent s
to the specific enbodinents of the invention described herein. It is,

t her ef oelements);teéc. under st ood that the foregoing enbodi nents are presented by
way of exanple.,an and oML DI S f . i.-ms and
equi val ent s l[Irlllgllﬁ é"k%rfl ’ﬂ%é%’ ?%éﬁﬁ%%eﬁg% e %&gg’taﬂctreagggltoag@%ﬂ%‘ggts a?lésas

speci fi eadhyriigse rinbledingd catrgingdhaiifg,” Preseining hliavdliimg, | ‘hotlingtt ed to
each individual feature, s sten% article, material,. ﬁi&,g@ndh&r.nFthod
descri bead ferkeqraio beamdersied ta ke opereRdeds i rfo sreap e BHnEEPENL o Heat ur es,

systems ’to.ab%)jycc*l@&ansﬁmn%f #wlﬁjr@es Kb dsotin@0@ Hd FBhdfHS esisénti%H? brf gatiwees,
systens, artircles, materials, kits, and/or nethods are not nutually
i nconsi stsed or semiictoskd trenkitigriah phraséserespapizelys ast sebfopthasdlm Untiedbietesn. The

indefinite articles "a"_.and "an," as_used herein in t specification and
in the @Pﬁh@?ﬁ%ﬁﬁm?efﬁwﬁaﬁuwe&? e ef’hggecﬁ%‘hﬁl&?@ shoul d be
understood to nean "at | east one."The phrase "and/or," as used herein in
the specification and in the clainms, should be understood to nean "either
or bot h"Whdt is ¢leimgdenent s so conjoined, i.e., elements that are
conjunctively present in sone cases and disjunctively present in other
cases. O her elenents nay optionally be present other than the el enents
specifically identified by the "and/or" cl ause, whether related or

unrel ated to those elenents specifically identified unless clearly
indicated to the contrary. Thus, as a non-limting exanple, a reference to




"A and/or B," when used in conjunction with open-ended | anguage such as
"conprising" can refer, in one enbodinent, to Awthout B (optionally

i ncl udi ngwvel2errent®3ot her than B); in anot her enbodi nent pcrsGBoosondeont A
(optionally including elenents other than A); in yet another enbodinent, to
both A and B (optionally including other elenments); etc. As used herein in
the specification and in the clainms, "or" should be understood to have the
same neaning as "and/or" as defined_gpove. For exanple, when separating
itens inalist, "or" or "and/or" Q:}J{ be interpreted as being inclusive,
i.e., the inclusion of at |east one, pbut also including nore than one, of a
nunber or list of elenents, and, optionally, additional unlisted itens.

Only terms clearly indi cated to the contrary, such as "only one of or
"exact | i oneAEPMPOgHONGREWTISHEH in the clains, "consisting of," will refer
to the inclug I nt of a number or list of elements. In
general, the ?@%&R{rgiﬁé&lﬁ%ﬂo ?{grﬁqﬁ shaII only be interpreted as

i ndi cati ng exptotin vestabilieingagentes (i.e. "one or the other but not bot h")

when preceded b rims, .of exclusivit i " e of," "only

one of ," B‘?)ﬁ(lf’tt @ﬂélad‘?éusw%%?%’?P%é’%g?gtgﬂ% H&'Eémf;e ape\p/\hen used in the
¢l ai s, WE éA ﬁ%e&:ﬁ Sodttt 850 AfYaniBBBIITI0AEN We@th duan tuneyfemmwasqoatem | aw.
As used ereln In the specification and in the clains, the phrase "at | east
one," ihxeference to a list of one or nore el enents, should be understood
to mean at | east one el enent selected fromany one or nore of the elenments
inthe list of elenents, but not necessarily including at | east one of each
and evepy el anBethos Rebinhi6aklpurblittefdold danbolustis, d:dmpris:inhg el ements and not

excl udi ng any conbi nations_of elements | {1 of e Thi s
definition afusing? sASIUHRIFCSRBRTSIDGSP Wﬁ chﬂf 19‘“’6? ?)fregg’icgﬁtf’mot her than
the el CPRRL3g f&%ﬁhﬁﬂaﬁ@ df¥nblg L dflﬁlﬁte}‘ﬂ w%félﬁ e rhii 6t @bleghlegBNgsidt o whi ch

t he phr ers ether related or unrelated to those
el ement stoappetdirs@ab hgplecdldaastdffprcﬁdm 1§'hUsastab0ui Selon-1imiting exanple, "at

| east one of A a ui val ent | f r B," or,

equi val ent | yadJaﬁthgéEEPﬁcﬂféh%% %P‘HHB}’%‘P%%’}’ éaﬁ{%?gnfan%gg?tgl 1(?)'rﬁi(la(?ent)odl ment, to
at | east oneu@pbihAfRahd Yeabtid tthe ARKeitdterRnPeeturd fovd sufficienthepiodsent (and
optional |l yi ncludi ng el enents other than in anot her enbodi nent, to at

| east onéfimete iwned Plvralmbigﬁlﬁgam@tqfﬁﬁﬁ%@ﬁ@l bysat gast ANGBIOKI esent (and
opti onal | pcl uding el enents other than A); in yet another enbodinent, to
at | easfn%?‘f’él >optionally including nore than one,

wherein the gold nanoclusters have an average diameter of less than about 2 nm.

3. A method of detecting mercuric ions, comprising:

providing a composition comprising a plurality of gold nanoclusters and a protein
or a stabilizing agent;

exposing the composition to a sample suspected of containing mercuric ions; and

determining whether the sample comprises mercuric ions.

4. A method of detecting mercuric ions, comprising:

providing a plurality of gold nanoclusters, the gold nanoclusters having a first
fluorescent intensity af a wavelength between about 630 nm and about 700 nm with a
quantum yield of at least 1%;

exposing the nanoclusters to a sample suspected of containing mercuric ions and

determining a change in the fluorescent intensity; and



A, and at |east one, optionally including nore than one, B (and optionally
i ncluding other elenents); etc. In the clains, as well as in the
speci fi cavpDanoabespe, all transitional phrases such as " @ORSG28199g)272
"including,” "carrying,” "having," "containing,"” "involving," "holding,"
and the like are to be understood to be open-ended, i.e., to nean including
but not limted to. Only the transitional phrases "consisting of and
"consisting essentially of shall be 3g.0sed or sem -closed transitional
phrases, res i t ddntaihstig cbid {0ad bSleatupsn Batddabgddhf i ce
Manual of Pé#%%?ﬁ%§%ﬁ?ﬁ@§5®%%§% gJ?gggmégction 2 111.02. What i%
cl ai nedh€&llaoresceht infensidyrposi ti on, conprising: a plurality of gold
nanocl usters; and a protein or stabilizing agent, wherein the gold
nanocl usters are capable of emtting fluorescence at a wavel ength between
about 630 nm andh@beitetet@Re AMrMirichoms, o@ptisingyi el d of at least 1% 2. A
nmet hod for formng a pIura%ity of gold nanocl usters, c rising: formng a
reacti on mi xprovidingemenmpsitignsopIptis e a RfushtyRf stbylized g@? MECHUSFSm precur sor
and plq%ﬁﬁiHé gf nﬁggﬁules of protein, wherein the ratio of nol ecul es of
gol d atBiV BRIV £6%°hol ecul es of protein is at |east about 5:1;
adj usting t heppkingfhd ddenpoeriohiten samplenspetedioé conteiningmerdoaric wsyand11; and
mai ntai ning the reaction mxture at a suitable tenperature for a sufficient
period of tifetemning hcthepihersample coPTst BEHARG st ers stabi | i zed by at
| east one protein nolecule, wherein the gold nanoclusters have an average
di ameter of less than about 2 nm 3. A nethod of detecting nercuric ions,
conpri sé.ng: Anavidé fog detenoimpresthe prasenesmpabsdinag ofmetayria ignsyin apaypleg
nanoclusters and a protein or a stabilizing agent; exposing the conposition
to a safiR¥'¥espect ed of containing nercuric ions; and

a substrate; and

a composition associated with the substrate, wherein the composition comprises

gold nanoclusters and a protein or a stabilizing agent.

7. A composition, method, or article of any preceding claim, wherein a gold

nanocluster comprises about 25 gold atoms.

8. A composition, method, or article of any preceding claim, wherein the protein is

bovine serum albumin.

9. A composition, method, or article of any preceding claim, wherein the protein is

human serum albumin.

10. A composition, method, or article of any preceding claim, wherein the protein is
lysozyme.
11. A composition, method, or article of any preceding claim, wherein the gold

nanoclusters have an average diameter of less than about 2 nm.



determ ni ng whet her the sanple conprises nercuric ions. 4. A nethod of
detecting nercuric ions, conprising: providing a plurality of gold

nanocl ustwopiodiesogol d nanocl usters having a first fl uoPessSeatoooniensity at
a wavel ength between about 630 nm and about 700 nmw th a quantumyield of
at least 1% exposing the nanoclusters to a sanple suspected of containing
mercuric ions and determ ning a change in the fluorescent intensity;
anddet er mi ni ng whet her the sanple cogtains nercuric ions based upon the
change 4, tNQ LR EALMbAIRAHAY of Sy AefBRMiAShif], wieid¢ Helder curi C
ions, conprising: providing a conposition conprising a plurality of

st abi | | nathchsteds v ao lauerage diatatdr of lash thah ebertl ladu25;  exposi ng t he
conposition to a sanple suspected of containing nmercuric ions; and

determi ning whether the sanple conprises mercuric ions. 6. An article for
det erm g3 ng hh&niﬁo@ﬁi%ﬁclﬁeﬂibd alreticle oPnyEreeddingCclhiat) Svhierein tteeagod e,

conprising:. a substrate; and a conposi tion associated with the substrate,
mherelnnmh®h53w®@§ﬁ@b%ﬂﬁ@ﬂﬁﬁKW@é@P@@ﬁd nanocl usters and a protein or a
stabilizing agent. 7. A conposition, nethod, or article of any preceding
claim wherein a gold nanocluster conprises about 25 gold atons. 8. A
conposi fi4on, Avginiditionf mathbﬂCdr&r@éleaﬁynwpteoﬁdhg@aim a?hereim,ﬂ@rgﬂqh the protein
i s bovine serum al bum n. cofposition, meth article % any

pr ecedi AgQelusters a%é?@ﬂ%"ﬁ?’i‘é‘tt UATRSCRRCE ﬁﬂh“vg]% 5%????1 q%f? @
CO”DOS'Eh@Qbmﬁ?bﬁﬁgu or article of any preceding claim wherein the protein
is lysozyne . conposition, nmethod, or article of any preceding claim
wherein the gol d nanoclusters have an average dianeter of |ess than about 2

tn hme 13 ol 36 co n%%n%foo%ﬁion g or 1(?1 (a:r|13/e pr%]ée 1r?é/ le{rrE({ﬁ%irQH tﬁ;ej zfdl('in wher ei n

nanoclusters are capable of emitting fluorescence with a quantum yield of at least 1%.

17. A composition, method, or article of any preceding claim, wherein the gold

nanoclusters are capable of emitting fluorescence with a quantum yield of at least 3%.

18. A composition, method, or article of any preceding claim, wherein the gold

nanoclusters are capable of emitting fluorescence with a quantum yield of about 6%.

19. A method of any preceding claim, comprising heating the reaction mixture to at

least 30 °C for at least 2 hours.

20. A method of any preceding claim, comprising heating the reaction mixture at

about 37 °C for at least about 8 hours.

21. A method of any preceding claim, further comprising replacing one or more of

the at least one protein molecule stabilizing the gold nanocluster with a stabilizing agent.

22, A composiﬁon, method, or article of any preceding claim, wherein the stabilizing

agent is cysteine or glutathione.



nanocl usters have an average dianeter of |ess than about 1 run. 13. A
conposition, nmethod, or article of any preceding claim wherein the gold
nanocl ustwoarEe®abst anti al | y nonodi sperse. 14. A conp@sirisicamy/onetrhod, or
article of any preceding claim wherein the gold nanoclusters are capable
of emtting fluorescence at a wavel ength between about 630 nm and about 700
nm 16. A conposition, nethod, or article of any preceding claim wherein
t he gol d nanoclusters are capable of-3enmitting fluorescence with a quantum
yield 0bsal |Gashodd adifre ot (RO BRI AbimIRhbeh hlidl ¢ heetioh oBNY
precedi ng clarm erein the gol d nanoclusters are capable of emtting

f | uor es aenagicvibmdis desgthmntaboutyd @Md of at | east 3% 18. A conposition,

nmet hod, or article of any preceding claim wherein the gold nanoclusters
are capable of emtting fluorescence with a quantumyield of about 6% 19.

A met hod4of aD¥eMb@eLaitRE: Fadl PreeaifRd AN @hbeat thaintihef deeatibhofi m xture to
at least 30 OC for at least 2 hours. 20. A nmethod of any preceding claim

conpr i sinmeycyrEavnsig leshthanghert baMai xture at about 37 OC for at |east about 8
hours. 2 1. A nethod of any preceding claim further conprising replacing
one or nore of the at | east one protein nolecule stabilizing the gold
nanocl user W ilathad st akicld i ang preeding 22m, Ahewipibsilimioof detetihodf or article
of any preceding claim wherein the stabilizing agent is cysteine or

gl ut at hineseurigonsys hess Hisd PuED-PindMe of any preceding claim wherein the
limt of detection of mercuric ions is |less than about 5 nM 24. A nethod
or article of any preceding claim wherein the limt of detection of

Ner cur i @6i onsA isthod 9§ athpreceding tlaimwhergis. defermistingwhetheng sgnaple of any

preceding claim wherein the.limi of .detection gf [ i&.Lons is |ess

t han ab&HPPHSE IHWPU%@HW?@P‘%%[ES%@W%?Q CEr Hbﬁ%?rglg Cr%ﬁgé 1gtpéei n determi ni ng
whet her Cgl@ggmbﬁopwhmswg_curi c ions conprises determning a change in
fl uorescence of the conposition or gold nanocl usters.

27. A method of any preceding claim, wherein the change in fluorescence intensity of
the gold nanoclusters or composition is less than 20% upon exposure to at least one of
the metal ions selected from the group consisting of Ag+, Cu*, Zn*, Mg2+, K, Na',
NiZ*, Mn?", Fe**, cd®*, Pt*, Pd*", Co™", Pb™, or Ca™".

28. A method of any preceding claim, further comprising determining a measure of

the concentration of mercuric ions in the sample.

29. A method of any preceding claim, wherein the measure of the concentration of
the mercuric ions in the sample is determine based upon a change in the fluorescence of

the composition or gold nanoclusters.

30. A method of any preceding claim, wherein the sample is obtained from an

environmental source.

31.  An article of any preceding claim, wherein the substrate comprises nitrocellulose.

32. A method of any preceding claim, wherein the pH of the reaction mixture is

adjusted to be greater than about 12.



27. A nethod of any preceding claim wherein the change in fluorescence
intensity of the gold nanoclusters or conposition is |ess than 20% upon
exposur e wo 2ato/diesmst one of the netal ions sel ected frorcrise2gqnooge72
consisting O Ag+, Cu2+, Zn2+, M2+, K+, Na+, N 2+, vh2+, Fe3+, Cd2+, Pt4+,
Pd2+, Co2+, Pb2+, or Ca2+. 28. A nethod of any preceding claim further
conprising determ ning a neasure of the concentration of nmercuric ions in
the sanple. 29. A nethod of any precgging claim wherein the neasure of the
concentration of the nercuric ions in the sanple is determ ne based upon a
change in the fluorescence of the conposition or gold nanoclusters. 30. A
met hod 3§, any npsteakell any pré@iling oldisy; shareithihe piihgl the reactaen BILHBE 18 r om an

envi ronnent al . source. 3%. An _article aof any preceding claim wherein the
subst r atBusieshint Proguling 3 PEede g 16U FHXME. vot hod of any preceding cl ai m
wherein the pH of the reaction mxture is adjusted to be greater than about
12.33. A nmethod of any preceding claim wherein the pH of the reaction

m xt ur e34.s adjmethetlobstaipr d3ivchiengin thedpseissta@He reaction mixture. 34. A

met hod of claim 33, wherein the base is NaCH.



