wO 2013/144674 A2 |11/ N0F 0000000 O A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/144674 A2

3 October 2013 (03.10.2013) WIPO I PCT
(51) International Patent Classification: (74) Agent: NAIR, Manoj, Vasudevan; M/s Lex Orbis,
GOIN 31/22 (2006.01) 709/710, Tolstoy House, 15-17 Tolstoy Marg, New Delhi -
(21) International Application Number: 110001 (IN).
PCT/IB2012/001543 (81) Designated States (unless otherwise indicated, for every
. . kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, 151", AU, Ag, BA, BB, BG, BH), BN, BR, BW, BY,
10 August 2012 (10.08.2012) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
(25) Filing Language: English DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
) HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
(26) Publication Language: English KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(30) Priority Data: ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
1273/CHE/2012 30 March 2012 (30.03.2012) IN NO, NZ, OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
(71) Applicant (for all designated States except US): INDIAN TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
INSTITUTE OF TECHNOLOGY MADRAS [IN/IN]; ZW.
Chennai - 600 036, Tamil Nadu (IN).
(84) Designated States (uniess otherwise indicated, for every
(72) Inventors; and kind of regional protection available): ARIPO (BW, GH,
(75) Inventors/Applicants (for US only): THALAPPIL, Pra- GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,

deep [IN/IN]; C-4, IIT Campus, Chennai 600036, Tamil-
nadu, India (IN). MATHEW, Ammu [IN/IN]; Kallarackal
Konthiamadom, T.C. 13/1827 (27), Koyickal, Lane, Med-
ical College, P.O. Trivandrum 695011, Kerala (IN).
SAJANLAL, Panikkanvalappil, Ravindranathan
[IN/IN]; Panikkanvalappil, P. 0. Mupliyam, Thrissur, Ker-
ala - 680312 (IN).

UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: VISUAL DETECTION OF MERCURY IONS

(57) Abstract: Composite materials comprising a mesoflower structure, methods of preparing the composite material, and methods
of detecting heavy metal ion using the composite material are described herein. In some embodiments, a silica-coated gold meso -
flower with a layer of silver quantum clusters may be capable of detecting Hg2+ ions in a sample at zeptomolar concentrations.



WO 2013/144674 A2 |IIIWT 00N AV 0T NC U AU

Published:

—  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))



WO 2013/144674 PCT/IB2012/001543

VISUAL DETECTION OF MERCURY IONS
BACKGROUND

[0001] Heavy metal ions have numerous adverse health effects due to their eco-
toxic, carcinogenic and non-biodegradable nature. Detection of heavy metals using
nanoparticle based sensors are typically based on monitoring changes in the
properties of the nanoparticles, such as changes in surface plasmon resonance (SPR)
absorptions, fluorescence, inter-nanoparticle interactions (ion-chelation-induced
aggregation process), and others, upon binding of an analyte. These changes may be
detected using absorpﬁon and fluorescence spectroscopy; however, they often
require relatively larger sensor and analyte concentrations and may have anomalies
due to ensemble averaging. Integration of chemosensors into a single particle
sensory device would be an ideal prospect, as it increases the sensitivity of detection.
Single particle sensors employed so far have disadvantages owing to difficulty in
locating and distinguishing such particles with other impurities in the system as they
may not have a unique shape. The limits of such détection systems have not
extended beyond the femtomolar regime.

SUMMARY

[0002] This disclosure is not limited to the particular systems, devices and methods
described, as these may vary. The terminology used in the description is for the -
purpose of describing the particular versions or embodiments only, and is not
intended to limit the scope. While various compositions and methods are described
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in terms of "comprising" various components or steps (interpreted as meaning
"including, but not limited to"), the compositions and methods can also "consist
essentially of" or "consist of" the various components and steps, and such
terminology should be interpreted as defining essentially closed-member groups.
[0003] Presently disclosed are metallic composite materials, methods of making the
composite materials, and methods of detecting mercury ions at a very low
concentration using the composite materials in a single particle-based detection
approach. The methods described herein may be used for ultra-trace sensitivity
detection of mercury ions. ’

[0004] Embodiments describe metallic composite materials comprising a
mesoflower structure having a metal core and a plurality of luminescent
nanoparticles affixed to the mesoflower structure, wherein the composite material
has an observable luminescent emission when heavy metal ions are not bound to the
composite material and the emission changes when heavy metal ions are bound to
the composite material.

[0005] Embodiments describe methods of preparing a metallic composite material
comprising: providing a mesoflower structure having a metal core; contacting the
mesoflower structure with a mixture comprising a silane to produce a mixture v‘
comprising a silicon dioxide coated mesoflower structure; isolating the silicon
dioxide coated mesoflower structure; providing a plurality of luminescent

nanoparticles; and contacting the silicon dioxide coated mesoflower structure with
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the plurality of luminescent nanoparticles to produce a mixture comprising the
vcomposite material.

[0006] Embodiments describe methods of detecting heavy metal ions in a sample
comprising: providing a metallic composite material, contacting the composite
material with a sample containing, or suspected of containing, heavy metal ions;
exposing the composite material to light comprising at least one wavelength capable
of exciting the composite structure; and detecting the observable luminescent
emission of the composite material, wherein a change in the observable luminescent
emission of the composite material following contact with the sample indicates that
heavy metal ions are bound to the composite material and that heavy metal ions are
present in the sample.

[0007] Embodiments describe kits useful for detection of heavy metal ions, wherein
the kit comprises a metallic composite material comprising a mesoflower structure
having a metal core and a plurality of luminescent nanoparticles affixed to the
mesoflower structure and at least one secondary reagent or reaction container.
DESCRIPTION OF FIGURE

[0008] Figure 1 is a transmission electron micrograph of gold mesoflowers in
accordance with an embodiment.

DETAILED DESCRIPTION

[0009] Described herein are metallic composite materials, methods of making the

composite materials, and methods of detecting mercury ions at a very low
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concentration using the composite materials in a single particle-based detection
approaches. In some embodiments, the composite material may be a composite
material made of gold mesoflowers and silver quantum clusters.

[0010] In embodiments, a metallic composite material made by functionalizing gold
mesoflowers with silver quantum clusters may be used in sensing applications in
new and more sensitive formats. Detection of mercury ions may be achieved at a
very low concentration (zeptomoles) using these methods. The methods described
herein may provide a highly selective and sensitive way to recognize the presence of -
mercury ions in a mixture, well beyond the detection limit compared to conventional
solution based approaches, by monitoring changes in the fluorescence of the
composite material. In further embodiments, a turn-on sensor may be prepared by
providing an additional functionality in the form of a fluorophore to the composite
material. In embodiments, only a single particle may be required for the detection of
an analyte.

[0011] In the following embodiments, a mesoflower may be unsymmetrical at the
single particle level resembling natural objects, such as flowers, starfish, or sea
urchins, and may comprise of a large number of stems with unusual pentagonal
symmetry (FIGURE 1). Mesoﬂowe;s may have a high degree of structural purity
with star-shaped, nano-structured stems. In embodiments, mesoflowers may be
obtained in high yield, essentially free of contaminating structures and its size may

be tuned from nano- to meso-dimensions. In the following embodiments, a
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mesoflower structure may have a size of about 500 nm to about 10 um. In some
embodiments, a mesoflower structure may have a size of about 500 nm, about 1 um,

- about 1.5 um, about 2 um, about 2.5 um, about 3 um, about 4 um, about 5 um, about
6 um, about 8 um, or about 10 um. Specific examples of sizes include about 500
nm, about 1 um, about 2 um, about 3 um, about 4 um, about 4.5 um, about 6 um,
about 10 pm, and ranges between any two of these sizes (for example, about 4 um to
about 10 um).
[0012] In the following embodiments, a mesoflower structure may have a metal
core. The metal core may be mono-metallic, bi-metallic, or tri-metallic. In some

| embodimenté, tﬁe metal core may comprise gold. In these embodiments, the metal
core may comprise a layer of silver, nickel, cobalt, platinum, or a combination
thereof. In further embodiments, the metal core may comprise an additional layer of
nickel, cobalt, or a combination thereof. For example, a bi-metallic metal core may
be gold coated with si‘lver, and a tri-metallic metal bcore may be gold coated with
platinum coated with nickel.
[0013] In the following embodiments, luminescent nanoparticles may comprise
quantum clusters. In some embodiments, the quantum clusters may comprise Auys,
Auys, or Ags clusters confined in bovine serum albumin or glutathione. In some
embodiments, the quantum clusters may comprise Ag;s clusters confined in bovine
serum albumin. In these embodiments, a composite material comprising the

luminescent nanoparticles may exhibit red luminescent emission when illuminated
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with light of a wavelength of about 490 nanometers and heavy metal ions are not
bound to the composite material.
[0001] In the following embodiments, a fluorescent dye may be selectéd
ffom known organic and organometallic fluorophores. Common generic fluorescent
dye families may include Xanthene derivatives (e.g. fluorescein, thodamine,
OREGON GREEN, eosin, TEXAS RED, CAL FLUOR dyes, eosines, phloxines,
uranines, succineins, sacchareins, rosamines, rhodols, pyranines, anthraquinones,
benzopyrans, thioxanthenes, perylene imides, phenanthridines] carbopyronins, and
fluorescent proteins such as green fluorescent proteiﬁ and yellow fluorescent
protein); Cyanine derivatives (e.g. cyanine, indocarbocyanine, oxacarbocyanine,
thiacarbocyanine, merocyanine, and QUASAR dyes); Naphthalene derivatives (e.g.
dansyl and prodan derivatives); Coumarin derivatives; Oxadiazole derivatives (e.g.
pyridyloxazole, nitrobenzoxadiazole and benzoxa_diazole); Pyrene derivatives (e.g.
CASCADE BLUE, etc.); Oxazine derivatives (e.g. Nile red, Nile blue, cresyl violet,
o?cazine 170, etc.); Acridine derivatives (eg proﬂ'avin, acridine orange, acridine
yellow, etc.); Arylmethine derivatives (e.g. auramine, crystal violet, malachite
green); and Tetrapyrrole derivatives (e.g. porphin, phtalocyanine, bilirubin), among
others. Common proprietary/trademarked fluorescent dye families may include
CYDYE (GE Healthcare); CF dye (Biotium); BODIPY (Invitrogen); ALEXA

" FLUOR (Invitrogen); DYLIGHT FLUOR (Thermo Scientific, Pierce); ATTO and

TRACY (Sigma Aldrich), FLUOPROBES (Interchim); MEGASTOKES Dyes
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(Dyomics); SETA Dyes (SETA BioMedicals); SETAU Dyes (SETA BioMedicals);
and SQUARE Dyes (SETA BioMedicals), among others. In some embodiments, a
fluorescent dye may be selected from derivatives of naphthalene, xanthene, pyrene,
and acridine. In thése embodiments, the fluorescent dye may be fluorescein
isothiocyanate.

[0014] In an embodiment, a method of preparing a metallic composite material may
comprise: providing a mesoflower structure having a metal core; contacting the
mesoflower structure with a solution comprising tetraethyl orthosilicate or (3-
aminopropyl)trimethoxysilané to produce a mixture comprising a silicon dioxide
coated mesoflower structure; isolating the silicon dioxide coated mesoflower
structure; providing a plurality of luminescent nanoparticles; and contacting the
silicon dioxide coated mesoflower structure with the plurality of luminescent
nanoparticles to produce a mixture comprising the composite material. In some
embodiments, the method may further comprise centrifuging the mixture comprising
the composite m;aterial to produce a residue comprising the composite material and
adding water to the residue comprising the composite material to produce a mixture
comprising purified composite material. In these embodiments, the method further
may comprise repeating the centrifuging and adding water steps one to five times to
produce a mixture consisting essentially of the composite material.

[0015] In some embodiments, isolating the silicon dioxide coated mesoflower

structure may comprise centrifuging the mixture comprising the silicon dioxide
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coated mesoflower structure and decanting to produce a residue comprising the
silicon dioxide coated mesoflower structure. In these embodiments, isolating the
silicon dioxide coated mesoflower structure may further comprise adding water to
the residue comprising the silicon dioxide coated mesoflower structure and repeating
the centrifuging and decanting steps one to five times to produce a residue
comprising a substantially pure silicon dioxide coated mesoflower structure.

[0016] In some embodiments, the solution comprising tetraethyl orthosilicate or (3-
aminopropyl)trimethoxysilane further may comprise a fluorescent dye. In some
embodiments, the fluorescent dye méy be fluorescein isothiocyanate.

[0017] In an embodiment, a metallic composite material useful for the detection of
heavy metal ions may comprise a mesoflower structure having a metal core and a
plurality of luminescent nanoparticles affixed to the mesoflower structure. In
embodiments, the composite material may have an 6bservable luminescent emission
when heavy metal atoms are not bound to the composite material, and the observable
luminescent emission may change when heavy metal atoms are bound to the
composite material. In embodiments, the change in the observable luminescent
emission may be a shift to a different wavelength, a diminished intensity, an
intensified intensity, or a combination thereof.

[0018] In some embodiments, the plurality of luminescent nanoparticles may be
separated from the metal core by at least one inert layer. In these embodiments, the

at least one inert layer may comprise a metal oxide. In some embodiments, the at
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least one inert layer may comprise aluminum oxide, titanium dioxide, zirconium
oxide, silicon dioxide, or a combinations thereof. In some embodiments, the at least
one inert layer may comprise silicon dioxide.

[0019] In embodiments, the heavy metal ions may be selected from the group
consisting of mercury, lead, nickel, arsenic, aluminum, cobalt, chromium,
manganese, copper, cadmium, and combinations thereof. In some embodiments, the
heavy metal 1ons may be mercury, copper, or a combination thereof. In some
embodiments, the heavy metal ions may be mercury ions and they may be selectively
bound by the composite material relative to other heavy metal ions. In some |
embodiments, the observable luminescent emissioﬁ may have a diminished intensity
when heavy metal atoms are bound to the composite material.

[0020] In further embodiments, the at least one inert layer may comprise a
fluorescent dye. In some embodiments, the fluorescent dye may be fluorescein
isothiocyanate. In these embodiments, the observable luminescent emission may
have a shifted wavelength when heavy metal atoms are bound to the composite
material.

[0021] As used herein, “sensitivity” is intended to define the ability to perceive a
change in the observable luminescent emission due to heavy metal atoms binding to
the composite material when the composite material is contacted with a sample
containing an amount of heavy metal ions. In some embodiments, the change in the

observable luminescent emission may have sensitivity to heavy metal ions at a
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concentration of about 0.1 zeptomolar to about 100 femtomolar. Specific examples
of concentrations are about 0.1 zeptomolar, about 1 zeptomolar, about 10
zeptomolar, about 100 zeptomolar, about 1 attomolar, about 10 attomolar, about 100
attomolar, about 1 femtomolar, about 10 femtomolar, about 100 femtomolar, and any
concentration or range of concentrations between those listed (for example, about 0.1
zeptomolar to about 10 attomolar). In some embodiments, the change in the
observable luminescent emission may have sensitivity to heavy metal ions at a
concentration of abouf 0.1 zeptomolar. In some embodiments, heavy metal ions may
be within a test sample. In these embodiments, the sample may be a water sample or
a biological sample (e.g., blood, urine, mucus, or tissue).

[0022] In an embodiment, a method of detecting heavy metal ions in a sample
comprises: providing a metallic composite material described in the embodiments
above; contacting the composite material with a sample containing, or suspected of
containing, heavy metal ions; exposing the composite material to light comprising at
least one wavelength capable of exciting the composite structure; and detecting the
observable luminescent emission of the composite material. In embodimeﬁts,_a
change in the observable luminescent emission of the composite material following
contact with the sample indicates that heavy metal ions are bound to the composite
material and that heavy metal ions are present in the sample.

[0023] In some embodiments, providing a composite material may comprise making

a mixture comprising the composite material. In these embodiments, contacting the

-10-
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composite material with a sample containing, or suspected of containing, heavy
metal ions may comprise adding the sample containing, or suspected of containiné,
heavy metal ions to the mixture comprising the composite material. In other
embodiments, providing a composite material may comprise making a drop-cast film
of the composite material. In these embodiments, contacting the composite material
with a sample containing, or suspected of containing, heavy metal ions may
comprise adding the sample containing, or suspected of containing, heavy metal ions
to the drop-cast film of the composite material.

[0024] In embodiments, the sample containing, or suspected of containing, heavy
metal ions may be a water sample or a biological sample. In some embodiments, the
heavy metal i.ons may be selected from the group consisting of chromium, zinc,
silver, selenium, thorium, uranium, tr;anganese, mercury, lead, nickel, arsenic,
aluminum, cobalt, magnesium, copper, cadmium, and combinations thereof. In some
embodiments, the heavy metal ions may be mercury, copper, or a combination
thereof. Specific exampies of heavy metal ions include, but are not limited to; Cr*",
Zn™, Ag’, Se*, Th*", U*", Mn*, Co™, Hg”", Pb”", Ni*", Cd*", Mg** and Cu**. In
some embodiments, the heavy metal ions may be mercury ions and the mercury ions
may be selectively detected from other heavy metal ions.

[0025] In some embodiments, the change in the observable luminescent emission of
the composite material following contact with the sample may have a magnitude

proportional to the amount of heavy metal in the sample. In embodiments, the

-11-
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sample containing, or suspected of containing, heavy metal ions contains heavy
metal ions at a femtomolar, attomolar, or zeptomolar concentration, and the change
in the observable luminescent emission of the composite material following contact
with the sample may be observable. In embodiments, the sample containing, or
suspected of containing, heavy metal ions contains heavy metal ions at a
concentration of at least about 0.1 zeptomolar, and the change in the observable
luminescent emission of the composite material following contact with the sample
may be observable.
[0026] In an embodiment, a kit useful for detection of heavy metal ions comprises: a
metallic composite material comprising a mesoflower structure having a metal core
and a plurélity of luminescent nanoparticles affixed to the mesoflower structure,
wherein the composite material has an observable luminescent enﬁssion when heavy
metal ions are not bound to the composite material and there is a change in the
observable luminescent emission when heavy metal ions are bound to the composite
material; and at least one secondary reagent or reaction. container.

EXAMPLES

Example 1: Synthesis of Au/oligoaniline nanoparticles.

[0027] Citric acid (25 mg) of was dissolved in 35 mL of distilled water and
maintained at 80°C. To this solution was added 1 mL of 25 mmol/L. HAuCl,. After
the color changed from pale yellow to pink, 100 uL distilled aniline was added

immediately followed by 500 uL of 25 mmol/L. HAuCl, and heating was continued

-12-
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for 5 more min. The mixture cooled to room temperature. The mixture was kept at
room temperature for 5 h and then centrifuged at 4000 rpm. The light pink
supematant, containing Au / oiigoaniline nanoparticles, was collected and used for
further reactions. Au/oligoaniline nanoparticles are raspberry-like aggregates of
small nanoparticles (~3 nm diameter), forming 75-100 nm structures, which are

embedded in an oligoaniline matrix.

Example 2: Synthesis of silica coated gold mesoflowers.

[0028] To a 20 mL CTAB solution (100 mM) in a beaker, 335 uL. HAuCy (25 mM),
125 plL AgNOs; (10 mM) and 135 pL ascorbic acid (100 mM) were added
sequentially. Tb this solution, 2 mL of the Au/oligoaniline nanoparticles from
Example 1 were added, and the mixture was maintained at 80°C for 1 hour. It was
then cooled to room temperature and the mixture was centrifuged at 3500 rpm for 4
minutes. The residue c§ntaining gold mesoflowers was washed with water three
times in order to remove excess CTAB and other unwanted materials. The gold‘
mesoflowers were dispersed in isopropanol (2 mg in 10 mL). Tetraethyl
orthosilicate TEOS (120uL) and ammonia (1.5 mL) solutions were added under
rapid stirring. The mixture was centrifuged and the supernatant was removed to
arrest self nucleation of silica particles. The residue was cleaned a couple of times
by centrifugation and redispersed in water/isopropanol. This yielded a uniform

coating of silica (approximately 25 nm) on the gold mesoflowers.

-13-
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Example 3: Synthesis of Ag;s quantum clusters confined in bovine serum

albumin,

[0029] A silver nitrate solution (5 mL at 10 mM) was added to bovine serum
albumin powder in distilled water (250 mg in 5 mL) with vigorous stirring at room
temperature. About 0.3 mL NaOH (1 M) was added, followed by drop-wise addition
of a 10 mM NaBHj solution until the solution tumed from colorless to reddish brown
(about 120 uL); indicating the formation of Ag;s quantum clusters confined in

bovine serum albumin.

Example 4: Synthesis of silica coated gold mesoflowers loaded with Ags

quantum clusters confined in bovine serum albumin,

[0030] Gold mesoflowers from Example 1 were dispersed in distilled water, and (3-
aminopropyl)trimethoxysilane (APTMS) was added. The mixture was kept for 15
minutes and centrifuged. To the residue, a mixture containing Ag;s quantum clusters
confined in bovine serum albumin, from Example 2, was added and incubated for 30
minutes. The mixture was again centrifuged and the residue was washed with water,
this process was repeated three times to ensure the removal of unbound quantum
cluster from the mixture. Attachment of silver clusters to the surface of the gold -
mesoflowers was verified using energy-dispersive X-ray spectroscopy (EDAX).

Example S: Detection of heavy metal ions using silica coated gold mesoflowers

-loaded with Ag,s guantum clusters confined in bovine serum albumin.

-14-
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[0031] A batch of mesoflowers from Example 3 were drop casted on to a glass slide,-
and one drop of each metal ion solution (Hg®*, Pb**, Ni*", Cd*" and Cu®") was added
separately, dried, and monitored under a fluorescence microscope (CytoViva).
Fluorescence images (490 nm excitation) of metal ion-treated gold mesoflowers
were compared with untreated gold mesoflowers. Quenching of cluster
luminescence was more pronounced in the case of Cu*" and Hg?" ions than for the
other ions at 100 ppm each. A feeble luminescence pattern was observed in case of
Cuz; ions (10 ppm), but Hg*" ions (10 ppm) resulted in complete quenching of
cluster luminescence.

[0032] In order to check the lower detection limit, experiments using 10 ppb, 500 ppt
and 10 ppt of Hg*' ions were conducted. While a concentration of 10 ppb of Hg**
ions showed complete quenching of cluster luminescence, a substantial quenching
was also observéd for 500 ppt Hg* ions. A slight decrease in fluorescence intensity
was also noted for 10 ppt Hg”" ions.

[0033] In the 500 ppt example, 2.5 uL of a SO0 ppt mercury solution was used to wet
the gold mesoflowers. A large gold mesoflower of 4 um length has a volume of
about 34 femtoliters and that volume of 500 ppt solution contains about 50 Hg*" ions
(or 0.083*10°2! moles). Thus, about 0.1 zeptomoles of Hg®" ions are being detected.
Tfle success éf this sensing methodology lies in the nanostructures which enhance

the sensitivity and the specificity of the protein protected quantum clusters to the

analyte.
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Example 6: Synthesis of fluorescent silica coated gold mesoflowers.

{0034] To a 20 mL CTAB solution (100 mM) in a beaker, 335 ul. HAuCy, (25 mM),
125 L AgNO; (10 mM) and 135 pL ascorbic acid (100 mM) were added
sequentially. To this solution, 2 mL of the Au/oligoaniline nanoparticles from
Example 1 were added, and the mixture was maintained at 80°C for 1 hour. It was
then cooled to room temperature and the mixture was centrifuged at 3500 rpm for 4
minutes. The residue containing gold mesoflowers was washed with water three -
times in order to remove excess CTAB and other uﬁwanted materials. The gold
mesoflowers were dispersed in isopropanol (2 mg in 10 mL). Tetraethyl
orthosilicate TEOS (120uL), ammonia (1.5 mL), and fluorescein isothiocyanate (1

~mL at 25 mM) solutions were added under rapid stirring. The mixture was
centrifuged and the supernatant was removed to arrest self nucleation of silica
particles. The residue was cleaned a couple of times by centrifugation and
redispersed in water/isopropanol. This yielded a uniform coating of fluorescent
silica (approximately 25 nm) on the gold mesoflowers which showed green
luminescence under 490 nm excitation. Similar to Example 3, these mesoflowers
were loaded with Agis quantum clusters confined in bovine serum albumin. These
loaded mesoflowers showed red luminescence under 490 nm excitation.

Example 7: Detection of heavy metal ions using fluorescent silica coated gold

mesoflowers loaded with Ag;s quantum clusters confined in bovine serum

albumin.

-16-
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[0035] Similar to Example 4, fluorescent silica coated gold mesoflowers loaded with
Agis quantum clusters confined in bovine serum albumin were drop cast and expose
to heavy metal ions. In presence of Hg® ions (1 ppb) the red luminescence of the
cluster was completely quenched and the gold mesoflowers appeared green under
490 nm excitation due to the underlying fluorescein incorporated silica layer.
Whereas, for the Gold mesoflowers treated with 500 ppt of Hg*" ions, the
luminescence from the gold mesoflowers changed from red to yellowish orange.

The yellow color observed may be due to the additive effect of the unquenched red
luminescent cluster on the gold mesoflower surface and the underlying green
luminescent fluorescein functionalised silica shell. This easily observable color
change (red to green) in presence of Hg”" ions in solution enables ppt level det_ection
of such ions.

[0036] In the present disclosure, reference is made to the accompanying figure,
which form a part hereof. The illustrative embodiments described in the detailed
description, figure, and claims are not meant to be limiting. Other embodiments may
be used, and other changes may be made, without departing from the spirit or scope
of the subject matter presented herein. It will be readily understood that the aspects
of the present disclosure, as generally described herein, and illustrated in the figure,
may be arranged, substituted, combined, separated, and designed in a wide variety of

different configurations, all of which are explicitly contemplated herein.
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[0037] The present disclosure is not to be limited in teffns of the particular
embodiments described in this application, which are intended as illustrations of
various aspects. Many modifications and variations can be made without departing
from its spirit and scope, as will be apparent to those skilled in the art. Functionally
equivalent methods and apparatuses within the scope of the disclosure, in addition to
those enumerated herein, will be apparent to those skilled in the art from the
foregoing descriptions. Such modifications and variations are intended to fall within
the scope of the appended claims. The present disclosure is to be limited only by the
terms of the appended claims, along with the full scope of equivalents to which such
claims are entitled. It is to be understood that this disclosure is not limited to
particular methods, reagents, compounds, compositions or biological systems, which
can, of course, vary. Itis also to be understood that the terminology used herein is
for the purpose of describing particular embodiments only, and is not intended to be
limiting.

[0038] With respect to the use of substantially any plural and/or singular terms
herein, those having skill in the art can translate from the. plural to the sinéular and/or
from the singular to the plural as is appropriate to the context and/or application.

The various singular/plural permutations may be expressly set forth herein for sake
of clarity.

[0039] It will be understood by those within the art that, in general, terms used

herein, and especially in the appended claims (e.g., bodies of the appended claims)
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aré generally intended as “open” terms (e.g., the term “including” should be
interpreted as “including but not limited to,” the term “having” should be interpreted
as “having at least,” the term “includes” should be interpreted as “includes but is not
limited to,” etc.). It will be further understood by those within the art that if a
specific number of an introduced claim recitation is intended, such an intent will be
explicitly recited in the claim, and in. the absence of such recitation no such intent is
present. For example, as an aid to understanding, the following appended claims
may contain usage of the introductory phrases "at least one" and "one or more" to
introduce claim recitations. However, the use of such phrases should not be
construed to imply that the introduction of a claim recitation by the indefinite articles
"a" or "an" limits any particular claim containing such introduced clairh recitation to
embodiments containing only one such recitation, even when the same plaim
includes the introductory phrases "one or more" or "at least one" and indefinite
articles such as "a" or "an" (e.g., “a” and/or “an” should be interpreted to mean “at
least one” or “one or more”); the same holds true for the use of definite articles used
to introduce claim recitations. In addition, even if a specific number of an
introduced claim recitation is explicitly recited, those skilled in the art will recognize
that such recitation should be interpreted to mean at least the recited number (e.g.,
the bare recitation of "two recitations," without other modifiers, means at least two
recitations, or two or more recitations). Furthermore, in those instances where a

convention analogous to “at least one of A, B, and C, etc.” is used, in general such a
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construction is intended in the sense one having skill in the art would understand the
convention (e.g., “a systém having at least one of A, B, and C” would include but
not be limited to systems that have A alor}e, B alone, C alone, A and B together, A
and C together, B and C together, and/or A, B, and C together, etc.). It will be
further understood by those within the art that virtually any disjunctive word and/or
phrase presenting two or more alternative terms, whether in the description, claims,
or figure, should be understood to contemplate the possibilities of including one of
the terms, either of the terms, or both terms. For example, the phrase “A or B” will |
be understood to include the possibilities of “A” or “B” or “A and B.”

[0040] In addition, where features or aspects of the disclosure are describe& in terms
of Markush groups, those skilled in the art will recognize that the disclosure is also
thereby described in terms of any individual member or subgroup of members of the
Markush group. |

[0041] As will be understood by one skilled in the art, for any and all purposes, such
as in terms of providing a written description, all ranges disclosed herein also
encompass any and all possible subranges and combinations of subranges thereof.
Any listed range can be easily recognized as sufficiently describing and enabling the
same range being broken down in.to at least equal halves, thirds, quarters, fifths,
tenths, etc. As a non-limiting example, each range discussed herein can be readily
broken down into a lower third, middle third and upper third? etc. As will also be

% L6

understood by one skilled in the art all language such as “up to,” “at least,” and the
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like include the number recited and refer to ranges which can be subsequently broken
down into subranges as discussed above. Finally, as will be understood by one
skilled in the art, a range includes each individual member. Thus, for example, a
group having 1-3 substituents. refers to groups having 1, 2, or 3 substituents.
Similarly, a group having 1-5 substituents refers to groups having 1, 2, 3, 4, or 5
substituents, and so forth.

[0042] While various compositions, methods, and devices are described in terms of
"comprising” various components or steps (interpreted as meaning "including, but
not limited to"), the compositions, methéds, and devices can also "consist essentially
of" or "consist of" the various components and steps, and such terminology should

be interpreted as defining essentially closed-member groups.
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WE CLAIM :
1. A metallic composite material comprising a mesoflower structure having a
metal core and a plurality of luminescent nanoparticles affixed to the mesoflower
structure, wherein
the composite material has an observable luminescent emission when heavy

metal ions are not bound to the composite material; and wherein

| there is a change in the observable luminescent emission when heavy metal
ions are bound to the composite material.
2. The composite material of claim 1, wherein the mesoﬂower.structure has a
size that is about 500 nm to about 10 pim.
3. The composite material of claim 1, wherein the mesoflower structure has a
size that is about 2 um to about 4 um.
4, The composite material of claim 1, wherein the metal core comprises gold.
5. The composite material of claim 4, wherein the metal core further comprises
a layer of silver, nickel, cobalt, platinum, or a combination thereof.
6. | The composite material of claim 5, wherein the metal core further comprises
a layer of nickel, cobalt, or a combination thereof.
7. The composite material of claim 1, wherein the plurality of luminescent
nanoparticles is separated from the metal core by at least one inert layer.
8. The composite material of claim 7, wherein the at least one inert layer

comprises a metal oxide.
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9. The composite material of claim 7, wherein the at least one inert layer
comprises aluminum oxide, titanium dioxide, zirconium oxide, silicon dioxide, or a
combinations thereof.

10.  The composite material of claim 7, wherein the at least one inert layer
comprises silicon dioxide.

11.  The composite material of claim 1, wherein the plurality of luminescent
nanoparticles comprise quantum clusters.

12. The composite material of claim 11., wherein the quantum clusters comprise
Auys, Auyg, or Ags clusters confined in bovine serum albumin or glutathione.

13. The composite material of claim 11, wherein the quantum cl‘usters comprise
Ags clusters confined in bovine serum albumin.

14.  The composite mﬁterial of claim 13, wherein the composite material exhibits
red luminescent emission When illuminated with light of a wavelength of about 490
nanometers and heavy metal ions are not bound to the composite material.

15.  The composite material of claiml, wherein the change in the observable
luminescent emission is a shift to a different wavelength, a diminished intensity, an
intensified intensity, or a combination thereof.

16. The composite material of claim 1, wherein the change in the observable
luminescent emission has a sensitivity to heavy metal ions at a concentration of

about 0.1 zeptomolar.
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17. The composite material of claim 1, wherein the heavy metal ions are selected
from the group consisting of mércury, lead, nickel, arsenic, aluminum, cobalt,
chromium, manganese, copper, cadmium, and combinations thereof.

18. The composite material of claim 1, wherein the heavy metal ions are
mercury, copper, or a combination thereof.

19.  The composite material of claim 1, wherein the heavy metal ions are mercury
ions and wherein the mercury ions are selectively bound by the composite material
relative to other heavy metal ions.

20.  The composite material of claim 25, wherein the change in the observable
luminescent emission when heavy metal ions are bound to the composite material is
a diminished intensity.

21.  The composite material of claim 7, wherein the at least one inert layer further
comprises a fluorescent dye.

22.  The composite material of claim 21, wherein the fluorescent dye is selected
from derivatives of naphthalene, xanthene, pyrene, and acridine.

23. The composite material of claim 21, wherein the fluorescent dye is
fluorescein isothiocyanate.

24. The composite material of claim 21, wherein the change in the observable
luminescent emission when heavy metal 1ons are bound to the composite material is
a shift to a different wavelength.

25. A method of preparing a metallic composite material, the method comprising:
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providing a mesoflower structure having a metal core;

contacting the mesoflower structure with a solution comprising tetraethyl
orthosilicate or (3-aminopropy)trimethoxysilane to produce a mixture comprising a
silicon dioxide coated mesoflower structure;

isolating the silicon dioxide coated mesoflower structure;

providing a plurality of luminescent nanoparticles; and

contacting the silicon dioxide coated mesoflower structure with the plurality
of luminescent nanoparticles to produce a mixture comprising the composite
materiﬁl.
26.  The composite material of claim 25, wherein the mesoflower structure has a
size that is about 500 nm to about 10 pm.

- 27 . The method of claim 25, wherein the mesoflower structure has a size that is

about 2 um to about 4 um.
28. The method of claim 25, wherein the metal core comprises gold.
29. The composite méterial of claim 28, wherein the metal core further comprises
a layer of silver, nickel, cobalt, platinum, or a combination thereof.
30.  The composite material of claim 29, wherein the metal core further comprises
a layer of nickel, cobalt, or a combination thereof.
31. The method of claim 25, wherein the plurality of 1uminéscent nanoparticles

comprise quantum clusters.
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32.  The composite material of claim 42, wherein the quantum clusters comprise
Augys, Augs, or Ags clusters confined in bovine serum albumin or glutathione.
33.  The method of claim 32, wherein the quantum clusters comprise Ag;s clusters
confined in bovine serum albumin. |
34. The method of claim 33, wherein the composite material exhibits red-
luminescent emission when illuminated with light of a wavelength of about 490
nénometers.
35. The method of claim 25, wherein the solution comprising tetraethyl
orthosilicate or (3-aminopropyl)trimethoxysilane further comprises a fluorescent
dye.
36. The compoéite material of claim 35, wherein the fluorescent dye is selected
from derivatives of naphthalene, xanthene, pyrene, and acridine.
37. The method of claim 35, wherein the fluorescent dye is fluorescein
isothiocyanate.
38.  The method of claim 25, wherein isolating the silicon dioxide coated
mesoflower structure comprises;

centrifuging the mixture comprising the silicon dioxide coated mesoflower
structure; and

decanting to produce a residue comprising the silicon dioxide coated
.mesoflower structure.

39. The method of claim 38, wherein the method further comprises:
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adding water to the residue comprising the silicon dioxide coated mesoflower
structure; and

repeating the centrifuging and decanting steps one to five times to produce a
residue comprising a substantially pure silicon dioxide coated mesoflower structure.
40. The method of claim 25, wherein the method further comprises:

centrifuging the mixture comprising the composite material to produce a
residue comprising the composite material,

adding water to the residue comprising the composite material to produce a
mixture comprising purified composite material.
41.  The method of claim 40, wherein the method further comprises repeating the
centrifuging and adding water steps one to five times to produce a mixture consisting
essentially of the composite material.
42. A method of detecting heavy metal ions ina sample, the method comprising:

providing a metallic composite material, wherein the composite material
comprises a mesoflower structure having a metal core and a plurality of luminescent
nanoparticles affixed to the mesoflower structure, and wherein the composite
material has an observable luminescent emission when heavy metal ions are not
bound to the composite maternial, |

contacting the composite material with a sample containing, or suspected of

containing, heavy metal ions;
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exposing the composite material to light comprising at least one wavelength
capable of exciting the composite structure; and

detecting the observable luminescent emission of the composite material,
wherein a change in the observable luminescent emission of the composite material
following contact with the sample indicates that heavy metal ions are bound to the
composite material and that heavy metal ions are present in the sample.
43.  The method of claim 42, wherein providing a composite material comprises
making a mixture comprising the composite material.
44, The method of claim 43, wherein contacting the composite material with a
sample containing, or suspected of containing, heavy metal ions comprises adding
the sample containing, or suspected of containing, heavy metal ions to the mixture
comprising the composite material.
45.  The method of claim 42, wherein providing a composite material comprises
making a drop-cast film of the composite material.
46.  The method of claim 45, wherein contacting the composite material with a
sample containing, or suspected of containing, heavy metal ions comprises adding
the sample containing, or suspegted of containing, heavy metal ions to the drop-cast
film of the composite material.
47. The composite material of claim 42, wherein the mesoflower structure has a

size that is about 500 nm to about 10 pm.
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48. The method of claim 42, wherein the mesoﬂower structure has a size that is
about 2 um to about 4 pm.

49.  The method of claim 42, wherein the metal core comprises gold.

50.  The composite material of claim 49, wherein the metal core furthér comprises
a layer of silver, nickel, cobalt, platinufn, or a combination thereof.

51.  The composite matenal of claim 49, wherein the metal core further comprises
a layer of nickel, cobalt, or a combination thereof.

52.  The method of claim 42, wherein the a plurality of luminescent nanoparticles
is separated from the metal core by at least one inert layer.

53.  The method of claim 52, wherein the at least one inert layer comprises a
metal oxide.

54. The composite material of claim 52, .wherein the at least one inert layer
comprises aluminum oxide, titanium dioxide, zirconium oxide, silicon dioxide, or -a
combinations thereof.

55. The method of claim 52, wherein the at least one inert layer comprises silicon
dioxide.

56.  The method of claim 42, wherein the plurality of luminescent nanoparticles
comprise quanfum clusters.

57. ”fhe composite material of claim 56, wherein the quantum clusters comprise

Auys, Auyg, or Ags clusters confined in bovine serum albumin or glutathione.
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58.  The method of claim 56, wherein the quantum clusters comprise Ag;s clusters
confined in bovine serum albumin.

59. The method of claim 42, wherein the composite material exhibits red
luminescent emission when illuminated with light of a wavelength of about 490
nanometers.

60.  The method of claim 42, wherein the sample containing, or suspected of
containing, heavy metal iéns is water sample or a biological sample.

61. The method of claim 42, wherein the change in the observable luminescent
emission is a shift to a different wavelength, a diminished intensity, an intensified
intensity, or a combination thereof.

62. The method of blaim 42, wherein the heavy metal ions are selected from the
group consisting of mercury, lead, nickel, arsenic, aluminum, cobalt, chromium,
manganese, copper, cadmium, and combinations thereof.

63. The method of claim 42, wherein the heavy metal ions are mercury, copper,
or a combination thereof.

64. The method of claim 42, wherein the heavy metal ions are mercury ions and
wherein the mercury ions are selectively detected frbm other heavy metal ions.

65. The method of claim 64, wherein tﬁe change in the obseﬁable luminescent
emission is a diminished intensity.

66. The method of clajrﬁ 52, wherein the at least one inert layer further comprises

a fluorescent dye.
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67.  The composite material of claim 66, wherein the fluorescent dye is selected
from derivatives of naphthalene, xanthene, pyrene, and acridine.

68. The method of claim 66, wherein the fluorescent dye is fluorescein
isothiocyanate.

69. The method of claim 66, wherein the change in the observable luminescent
emission is a shift to a different wavelength relative to a control.

70. The method of claim 42, wherein the detecting the observable lunﬁﬁescent
emission comprises quantifying intensity and wavelength of the observable emission.
71.  The method of claim 70, wherein the change in the observable luminescent
emission of the composite material following contact with the sample has a
magnitude proportional to the amount of heavy metal in the sample.

72.  The method of claim 42, wherein the sample containing, or suspected of
containing, heavy metal ions contains heavy metal ions at a femtomolar, attomolar,
or zeptomolar concentration, and the change in the observable luminescent emission
of the composite material following contact with the sample is observéble.

73. The composite material of claim 42, wherein the sample containing, or
suspected of containing, heavy metal ions contains heavy metal ions at a
concentration of about 0.1 zeptomolar, and the change in the observable luminescent
emission of the composite material following contact with the sample is observable.

74. A kit useful for detection of heavy metal ions, wherein the kit comprises:
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a metallic composite material comprising a mesoflower structure having a
metal core and a plurality of luminescent nanoparticles affixed to the mesoflower
structure, wherein the composite material has an observable luminescent emission
when heavy metal ions are not bound to the composite material and wherein there is
a change in the observable luminescent emission when heavy metal ions are bound to
the composite material; and

at least one secondary reagent or reaction container.
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FIGURE 1
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