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METHOD FOR METAL NANOPARTICLE 
ELECTROCATALYTIC AMPLIFICATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to U.S. Provisional Appli 
cation Ser. No. 60/943,771, filed Jun. 13, 2007, the content of 
which is incorporated by reference herein in its entirety. 

STATEMENT OF FEDERALLY FUNDED 
RESEARCH 

This invention was made with U.S. Government support 
under Contract No. CHE 0451494 awarded by the National 
Science Foundation. The government has certain rights in this 
invention. 

TECHNICAL FIELD OF THE INVENTION 

The present invention relates in general to the field of 
nanoparticles; and in particular, the present invention relates 
to instruments, methods and reagents for amplifying a signal 
from a catalytic reaction using metal nanoparticles. 

BACKGROUND OF THE INVENTION 

Without limiting the scope of the invention, its background 
is described in connection with nanoparticles. The physical 
properties (e.g., high Surface-to-volume ratio, elevated Sur 
face energy, increased ductility after pressure loading, higher 
hardness, larger specific heat and the like) of nanoparticles 
have let to increased applications in the material-directed 
industry and material Science. For example, a variety of metal 
nanoparticles have been used to catalyze numerous reactions. 
The size of nanoparticles range from the 0.5 to 100 nm and 

the electronic energy band configuration is a size-dependent 
property, which in turn affect the physical and chemical prop 
erties. A fundamental distinction between nanoparticles and 
their bulk materials is that the fraction of surface atoms and 
the radius of curvature of the surface are comparable with the 
lattice constant. As a result, the nanostructured catalysts have 
a higher catalytic activity of as compared with their analogues 
based on bulk materials. The methods of forming nanopar 
ticles are known to the skilled artisan and include formation 
by combining atoms (or more complex radicals and mol 
ecules) and by dispersion of bulk materials, e.g., thermal 
evaporation, ion sputtering, reduction from Solution, reduc 
tion in microemulsions and condensation. 

For example, U.S. Pat. No. 6,537.498 entitled, “Colloidal 
particles used in sensing arrays' discloses chemical sensors 
for detecting analytes in fluids having a plurality of alternat 
ing nonconductive regions and conductive regions of conduc 
tive nanoparticle materials. Variability in chemical sensitivity 
from sensor to sensor is provided by qualitatively or quanti 
tatively varying the composition of the conductive and/or 
nonconductive regions. 

Another example includes U.S. Pat. No. 6,972,173 
entitled, “Methods to increase nucleotide signals by Raman 
scattering teaches methods and apparatus relating to nucleic 
acid sequencing by enhanced Raman spectroscopy using 
nucleotides covalently linked to silver or gold nanoparticles. 
Electrocatalysis at nanoparticles, for analytical purposes, has 
been described in the art; however, such descriptions involve 
large numbers of nanoparticles, at least hundreds of thou 
sands, as monolayer or near monolayer films on electrode 
surfaces." 
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2 
SUMMARY OF THE INVENTION 

The present inventors recognized the difficulties in gener 
ating, locating and characterizing a single nanoparticle elec 
trochemically, especially at the nm Scale and in measuring the 
very Small currents or charges associated with these electrode 
reactions. 
The present invention provides a method and apparatus for 

observing electrochemically the collisions of single nanopar 
ticles (NPs) at an electrode. The present invention provides 
electrocatalysis at single nanoparticles, as well as the basis of 
highly sensitive electroanalytical methods. Metal, carbon, 
and semiconductor nanoparticles have a wide range of appli 
cations in electronics, optics and catalysis. 
The present invention relates to a method and device of 

analyzing a sample within a sample chamber. The method of 
the present invention include adding one or more nanopar 
ticles to a liquid sample within a sample chamber, and observ 
ing one or more electrocatalytic properties generated by the 
interaction of the nanoparticles and the liquid sample using 
one or more electrode. Typically, the electrocatalytic property 
is an amplification of a reaction catalyzed by the metal nano 
particles; however, the electrocatalytic property may also 
include, but not limited to a current, a resistance, an imped 
ance, a capacitance, an inductance or any combinations 
thereof, or any other means of recognizing an electron trans 
fer event at an electrode. 

In addition, the present invention includes the use of nano 
particles to detect and analyze biological molecule. For 
example, a molecule (e.g., an antibody, polynucleotide, 
single-strand DNA or RNA) of interest may be linked or 
labeled with nanoparticles that interact with or adhere to the 
electrode Surface to bring the nanoparticles in close proximity 
to the electrode where its electrocatalytic properties are used 
in detection and analysis. 
The device of the present invention includes an electro 

chemical cell connected to a measuring apparatus. The elec 
trochemical cell typically has one or more electrodes, one or 
more nanoparticle deposited in a sample chamber, and a 
detector in communication with the electrodes. The deposited 
nanoparticles interact with the sample and generate one or 
more electrocatalytic properties that can be picked up by the 
detector. The device may optionally contain an indicator in a 
Solution. In addition, the electrochemical cell may have a 
dimension in the nanometer scale with ultramicroelectrodes. 
The present invention includes a kit for analyzing one or 

more chemical analyte(s) having at least one nanoparticle, at 
least one chemical indicator, at least one electrode, and a 
measuring apparatus that reads one or more electrocatalytic 
property generated by the interactions between the nanopar 
ticle(s), the electrode(s) and the chemical analyte(s). 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the features and 
advantages of the present invention, reference is now made to 
the detailed description of the invention along with the 
accompanying figures and in which: 

FIG. 1 is a schematic of the platinum nanoparticle collision 
event; 

FIG. 2 is a graph of the electrochemical reduction of proton 
at carbon fiber electrode with and without Pt nanoparticles: 
FIG.3A is a graph of the current transition before and after 

injection of platinum colloidal solution at the carbon fiber 
electrode: 

FIG. 3B is a graph that indicates the Sticking of a single 
particle; 
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FIG. 3C is a graph that shows the sticking of a particle 
aggregate, 

FIGS. 4A and 4B are graphs of current transients at a 
carbon electrode in a solution before and after injecting plati 
num particles; 

FIG. 4C is a plot of the statistics of number of collisions 
Versus their peak currents; 

FIG. 5 is a graph that illustrates current transients at the 
carbon electrode at different applied potentials; 

FIG. 6 is a graph of the current transients at the carbon fiber 
electrode at individual particle concentrations to relate the 
frequency of the collision to the particle concentration; 

FIGS. 7 and 8 are graphs of the current amplitude resulting 
from various sized particles; 

FIGS. 9A and 9B are graphs of the current transient at an 
ultramicroelectrode in the presence of platinum citrate nano 
particles; 
FIG.9C is a cyclic voltammograms of carbon ultramicro 

electrode curve 22 and platinum ultramicroelectrode: 
FIG. 10A is a graph of current transients in the presence of 

large platinum nanoparticles to illustrate B and C types of 
collisions, FIG. 10B is a graph illustrating the fluctuation 
shown in C type of collisions observed in proton reduction 
caused by Smaller platinum particles in the preparation; 

FIG. 11 is a schematic of another embodiment of the plati 
num nanoparticle collision event; 

FIGS. 12A, 12B and 12C are graphs that show a represen 
tative current-time curves; 

FIG. 13 shows two typical current transients recorded at 1 
ms time resolution; 

FIG. 14A is a graph of the current vs. time profile. FIG.14B 
is a plot of the statistic peak current vs. peak frequency. FIG. 
14C is a TEM image of the sample and FIG. 14D is a size 
distribution plot of the corresponding Pt nanoparticles: 

FIGS. 15A, 15B and 15C are plots of the peak current 
distribution shifts with the hydrazine concentration, and FIG. 
15D is a plot of major peak current vs. hydrazine concentra 
tion; 

FIG. 16A is a plot of the current transients recorded at 
individual Pt particle concentrations and FIG.16B is a plot of 
the correspondent first order derivatives; 

FIG. 17A is a cyclic voltammograms at Pt and CUMEs in 
50 and 100 mM sodium dihydrogencitrate electrolytes and 10 
mM perchloric acid electrolyte. FIG. 17B is a graph of the 
current transients recorded before and after injection of Cand 
Pt nanoparticle solutions. FIGS. 17C and 17D are enlarge 
ments of the individual current profiles; 

FIGS. 18A, 18B and 18C are images of current transients 
and cyclic Voltammograms in various solutions; 

FIGS. 19A, 19B and 19C are graphs of the current tran 
sients recorded for individual Pt nanoparticle of different 
particle sizes. FIGS. 19D, 19E and 19F are TEM images 
which correspond to the individual Pt nanoparticle of the 
current transients graphs of FIGS. 19A, 19B and 19C respec 
tively; and 

FIG. 20A is an image of a cyclic voltammogram and FIG. 
20B is a graph of the current transients. 

DETAILED DESCRIPTION OF THE INVENTION 

While the making and using of various embodiments of the 
present invention are discussed in detail below, it should be 
appreciated that the present invention provides many appli 
cable inventive concepts that can be embodied in a wide 
variety of specific contexts. The specific embodiments dis 
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4 
cussed herein are merely illustrative of specific ways to make 
and use the invention and do not delimit the scope of the 
invention. 
To facilitate the understanding of this invention, a number 

of terms are defined below. Terms defined herein have mean 
ings as commonly understood by a person of ordinary skill in 
the areas relevant to the present invention. Terms such as “a”, 
“an and “the are not intended to refer to only a singular 
entity, but include the general class of which a specific 
example may be used for illustration. The terminology herein 
is used to describe specific embodiments of the invention, but 
their usage does not delimit the invention, except as outlined 
in the claims. 
As used herein, the term “linked' or “linking” refers to an 

association between two moieties. The association can be a 
covalent bond. The association can be a non-covalent bond, 
including but not limited to, ionic interactions, hydrogen 
bonds, and van der Waals forces. Exemplary non-covalent 
bonds include hybridization between complementary oligo 
nucleotides and/or polynucleotides, biotin/streptavidin inter 
actions, and antibody/antigen interactions. 
As used herein, the term “nanoparticle' as used herein 

refers to an individual nanoparticle, unless otherwise indi 
cated. Nanoparticles, as disclosed herein, are materials with 
dimensions at the nanoscale, which ranges from about 0.5 nm 
to about 100 nm. According to the present disclosure, nano 
particles may comprise metals as well as nonmetals, and may 
be coated or capped. The term "nanoparticle' according to the 
invention does not encompass biological compounds. 
As used herein, the term "electrode' as used herein refers 

to an electrically conductive measuring part of an electro 
chemical cell. As disclosed herein, the electrode is a poor 
electrocatalyst for the redox reactant and is Sufficiently con 
ductive to enable charge transfer to contacting nanoparticles. 
As used herein, the term “contact” as used herein refers to 

two objects being within the tunneling distance of one 
another. Within this distance, charge transfer can occur. 
As used herein, the term “redox reactant” as used herein, 

refers to a material in an electrochemical cell, distinct from 
the nanoparticle and the electrode that is capable of undergo 
ing a reduction or oxidation reaction. 
As used herein, the term “linked' or “linking” refers to an 

association between two moieties. The association can be a 
covalent bond. The association can be a non-covalent bond, 
including but not limited to, ionic interactions, hydrogen 
bonds, and van der Waals forces. Exemplary non-covalent 
bonds include hybridization between complementary oligo 
nucleotides and/or polynucleotides, biotin/streptavidin inter 
actions, and antibody/antigen interactions. 
As used herein, the term “electrocatalyst” as used herein 

refers to a material that is capable of amplifying the rate of 
electrochemical oxidation or reduction of a redox reactant. In 
at least one embodiment, contact between a nanoparticle and 
an electrode enables charge transfer between the nanoparticle 
and the electrode and enables the nanoparticle to become an 
electrocatalyst for the redox reactant. 
As used herein, the term “trace amount’ as used herein 

means that a material is present, if at all, in an amount that 
cannot measurably contribute to an electrocatalytic reaction. 
The present invention provides methods based on the large 

current amplification factor involved in a rapid electrocata 
lytic reaction of a species in single particle collision events. 
The reaction of the species at a relatively high concentration 
in Solution at the nanoparticle does not occur at the conduc 
tive, but not catalytic, measuring ultramicroelectrode (UME). 
The skilled artisan will recognize that the measuring micro 
electrode surface can be treated to decrease the activity for a 
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particular electrode reaction, for example by forming an 
oxide film or adsorbing certain compounds. The electrode can 
also be treated to promote the adsorption or sticking of the 
catalytic particle and this can provide the basis of various 
analytical Schemes. 

FIG. 1 is a schematic of a single platinum nanoparticle 
collision event. The particle diffuses to the electrode where it 
collides and catalyzes a reduction (in this schematic of a 
proton) during the residence time. The collisions of single 
platinum nanoparticles 10 at an ultramicroelectrode 12 were 
observed electrochemically by their characteristic current 
time transients for a particle-catalyzed reaction 14. A single 
event is characterized by the current generated by an electro 
catalyzed reaction of an indicator species 16 (e.g., proton, 
hydrogen peroxide) present in solution. Since the indicator 
reaction 14 does not occurat the selected ultramicroelectrode 
12 and can involve a high concentration of indicator species 
16 with a much larger diffusion coefficient than the nanopar 
ticle 10, large amplification (e.g., ten orders of magnitude or 
more) in the current occurs. Every collision produces a 
unique current-time profile that can be correlated with the 
particle size, the particle residence time and the nature of the 
nanoparticle 10 interaction with the ultramicroelectrode 12 
surface. The present invention also allows the study of het 
erogeneous kinetics at single nanoparticles 10, determination 
of particle size distributions and the application of very sen 
sitive electroanalytical technique. While this example 
describes herein is reduction reaction, one schooled in the art 
will recognize that the same principle holds for a catalyzed 
oxidation reaction, for example of methanol, at the appropri 
ate potential of UME with a platinum particle. 

FIG. 2 is a graph of the electrochemical reduction of proton 
at a disk carbon fiber in glass electrode without in the lower 
curve 18 and with platinum nanoparticles in the upper curves 
20 on the surface in air-saturated, 50 mM sodium dihydro 
gencitrate solution, fiber diameter: 8 um, sweep rate: 100 
mV/s). The electrode is made by sealing an 8 um diameter 
carbon fiberin soft glass and then polishing the bottom so that 
only a disk of carbon is exposed to the solution. As an 
example, consider a carbon fiber ultramicroelectrode 
immersed in a dispersion of platinum nanoparticles in an 
acidic aqueous solution. The steady-state diffusion-con 
trolled flux of particles to the ultramicroelectrode surface, 
J, is given by: ps 

J-4DC/ta (1) 

where D, is the particle diffusion coefficient, C, the particle 
concentration, and a is the radius of the carbon ultramicro 
electrode disk electrode. Ordinarily, in the simple nanopar 
ticles charging process, only one or a few electrons would 
transfer between the nanoparticles and the ultramicroelec 
trode (n) to yield a current, is nFlaf... that is much too 
small to observe above the noise and background level (where 
F is the Faraday). However, the nanoparticles can electrocata 
lyze another reaction of an indicator species (e.g., proton, 
hydrogen peroxide), and a reduction of a species Oto R, upon 
contact with the ultramicroelectrode (e.g. hydrogen evolution 
at a platinum particle), a much larger current, it can flow. 
That is, when the nanoparticles collide with the electrode 
surface, it allows the reaction of O to R at a potential where 
this reaction does not occur at the ultramicroelectrode. For 
example, if the particle sticks to the ultramicroelectrode sur 
face after a collision, the steady-state diffusion-controlled 
current at a particle is given by: 

ionoFAJoe BioFDoCoro (2) 
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6 
where Jo is the flux of O to the particle, Do is the diffusion 
coefficient of O in the solution, C, the concentration of O, and 
ro the radius of the particle. The factors, A, the particle area, 
and B, depend on the particle shape and how it is situated on 
the ultramicroelectrode. If it can be considered a sphere on an 
infinite plane, then A 47tro and B-47tlin 2=8.71. Since C. 
and D can be much larger than C, and D, even with the 
difference in a and ro, the diffusional flux of O to a single 
particle can be ten orders of magnitude or more larger than 
that of particles to the ultramicroelectrode. 
The current for a collision is a transient that includes par 

ticle charging and a changing faradaic current for O reduction 
that attains steady state in a time-ro/Do Since different types 
of collisions can occur, the current-time (i-t) transient for each 
collision event will be determined by the residence time, t, of 
the particle at the electrode, i.e., the time period when the 
electrode can pass electrons to the particle. If the particle 
sticks to the electrode for a time sufficient for a steady state 
current to be attained, and the reactant O is only reduced at the 
particle, an amplification factor given by the relative steady 
state fluxes of the particles and O, is ~(B/16)(DC-a)/ 
(DCro). This will lead to relative steady-state currents of 
-B(DCro)/4(DC,a)(assuming n no). For a 1 pM particle 
solution and 10 mMindicator O, the estimated amplification 
factor for a 1 nm radius particle can be nine to ten orders of 
magnitude, assuming the diffusion coefficient of reactant O 
and that of the particle are different by about an order of 
magnitude. 
Two electrochemical reactions, the reduction of proton and 

the reduction of hydrogen peroxide, were chosen to illustrate 
this effect. The skilled artisan will recognize that other mate 
rials may be used that undergo catalyzed reduction or oxida 
tion. Both of these reactions are sluggish at a carbon ultrami 
croelectrode but are more rapid at the platinum. As shown in 
FIG. 2, proton reduction does not occur at a carbon electrode 
in 50 mM sodium dihydrogen citrate (NaHCitr) at potentials 
positive of -0.5 V vs SHE, the small increase in current 
between 0 and -0.5V is due to some reduction of oxygen in 
the solution. For a carbon electrode covered with Pt particles 
or a pure platinum electrode, proton reduction gives rise to a 
steady-state current at potentials more negative than -0.3 V. 
At these potentials, oxygen reduction is also significantly 
promoted. The steady-state current at a platinum particle can 
be estimated from the steady-state current to a sphere in 
contact with a nonreacting plane, provided the particle main 
tains ohmic contact with the ultramicroelectrode and the 
applied potential is sufficient to change O to Runder diffusion 
control. This current for proton reduction under the described 
conditions should be about 30 pA for a spherical particle of 2 
nm in diameter. Higher currents per particle could be 
achieved by increasing the proton concentration, for example, 
using higher concentrations of Sodium dihydrogencitrate or 
tens millimolar concentration of perchloric acid (must be less 
than 60 mM to prevent formation of hydrogen bubbles), how 
ever the particles would aggregate and precipitate under these 
conditions as seen in FIG. 3. 
FIG.3A is a graph of the current transition before and after 

injection of platinum colloidal particle Solution at the carbon 
fiber electrode in 20 mM HClO and 0.1 MNaClO4. The FIG. 
3B is a graph that indicates the Sticking of a single particle and 
FIG. 3C is a graph that shows a particle aggregate. 

FIG. 4 shows the current transients at a carbon electrode in 
a solution before and after injecting platinum particles. FIG. 
4A is a graph of the current transients at a carbon fiber elec 
trode in 50 mM sodium dihydrogencitrate solution in the 
absence of platinum citrate nanoparticles seen in the bottom 
curve 22 and presence of platinum citrate nanoparticles seen 
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in the top curve 24. Particle concentration is about 50 pM. 
FIG. 4B is a graph of a magnified portion of FIG. 4A showing 
three kinds of collisions distinguished by the current, ampli 
tude and frequency: A, B and Crespectively. FIG. 4C is a plot 
of the statistics of number of collisions versus their peak 5 
currents. Collisions with peak currents less than 15 p.A, which 
were typically frequency (C) type, are not included and col 
lisions with peak current larger than 40 pA are mostly due to 
Sticking of the particles. Inset is a TEM image of representa 
tive platinum nanoparticles. 10 

The carbon ultramicroelectrode potential was -0.4V. The 
platinum colloidal solution was obtained by reducing 
HPtCl with sodium borohydride in the presence of sodium 
citrate. The particle sizes had a range of between about 2 to 
6 nm, with a major distribution at 4+0.8 nm in diameter. 15 
Typically about 2, 5, and 10 uI colloidal solutions (initially 
0.5 mM in HPtCl before reduction to form the nanopar 
ticles) were injected sequentially into a about 50 mL electro 
chemical cell under nitrogen bubbling, resulting in pM solu 
tions of nanoparticles and then the i-t responses were 20 
recorded under a nitrogen atmosphere. Before injection of the 
particle Solution, the current transient was a Smooth curve 
with a small constant noise level, while after injection, large 
current transients appeared. These fluctuations are due to the 
collisions of particles with the supporting electrode. The 25 
amplitude of the steady-state current for the irreversible col 
lisions, i.e., where a particle Sticks to the Surface and thus 
increases the current level is about 40 to 80 pA which is 
consistent with the sizes of particles injected. 

FIG. 5 is a graph that illustrates current transients at the 30 
carbon electrode at different applied potentials. The ampli 
tude of the current spikes decreases with the positive shift of 
the electrode potential, which is in agreement with the steady 
state current recorded at the platinum ultramicroelectrode. 
The proton concentration has large influence on the observed 35 
characteristic frequency and amplitude of the current spikes, 
which is shown in FIG. 3. The frequency of the collision was 
almost proportional to the particle concentration as seen in 
FIG. 6. 

FIG. 6 is a graph of the current transient at the carbon fiber 40 
electrode in a 50 mM sodium dihydrogencitrate solution cor 
responding to five individual injections of platinum nanopar 
ticles. The average frequency is about 0.02 per second perpM 
particle concentration at the carbon ultramicroelectrode used, 
which is very close to that estimated by equation 1 of 0.03 s 45 
pM' particle concentration for an 8 um carbon electrode. We 
assumed that the diffusion coefficient of particle is 1x10 
cm/s and the particle concentration is about 1000-2000 times 
less than the concentration of HPtCl used in synthesis, i.e., 
one particle has about 1000-2000 Pt atoms. The current 50 
amplitude varies with the size of particles injected, larger 
particles and bigger spikes, as shown in FIGS. 7 and 8 for 
particles bigger than about 8 nm and less than about 2 nm, 
respectively. 

Particle collisions with the electrode typically give rise to 55 
three types of i-t responses, as shown in FIG. 4B. Each i-t 
profile is associated with individual single particle collisions. 
The characteristics of an individual i-t profile are affected by 
the particle size, the particle residence time and the interac 
tion between particle and the electrode surface. In many 60 
cases, a particle leaves the electrode after its collision so the 
current increases but then returns to the background. This can 
be attributed to a repulsive interaction between the negatively 
charged particle and the negatively charged surface, this 
effect has been examined by setting the potential at even more 65 
negative values, where we observed fewer collisions. The 
reason that the current generated in each individual collision 

8 
events varies, as illustrated by transients with characteristics 
denoted A, B, and C in FIG. 4B, is due to the nature of the 
collision (e.g. how closely a particle can approach to the 
electrode surface within a distance where electron tunneling 
is possible), the residence time and also to particle size 
effects. Deactivation of the particles, that is a loss of catalytic 
efficiency with time, is also a factor. 

FIGS. 9A and 9B are graphs of the current transient at an 
ultramicroelectrode. FIGS. 9A and 9B shows the typical 
shape of the representative spikes. The current maximum of 
individual spikes varies, signaling a very sensitive detection 
of the individual single particles, mostly related to the particle 
sizes, and the communication properties between the Sub 
strate surface and the particle surfaces. FIG. 9A is a graph of 
the current transient at a carbon ultramicroelectrode in 10 
mM perchloric acid and 20 mM sodium perchlorate in the 
presence of platinum citrate nanoparticles. Particle concen 
tration is about 25 pM. FIG.9B is a Zoom in of FIG.9A. FIG. 
9C is a cyclic voltammogram of carbon ultramicroelectrode 
curve 22 and platinum ultramicroelectrode in 50 mM sodium 
dihydrogencitrate curve 24 and 10 mM perchloric acid and 20 
mM sodium perchlorate curve 26. 
The advantage of using strong acid is that the kinetic pro 

cess of deprotonation of weak acid can be ignored, as shown 
in FIG.9C. However, when increasing proton concentration 
to 10 mM using strong acid, Such as perchloric acid, the 
platinum nanoparticles are not stable due to the protonation of 
the carboxylic groups of citrate which stabilize the particles 
negatively. The stability of the particles can be also evidenced 
by recording the current transient in the presence of platinum 
citrate particles. Typically, right after injection of particles 
very abrupt spikes appear in the time frame of about less than 
600 seconds, as shown in FIG. 3A, Interestingly, in this case 
there is no significant increase of the current after each spike, 
which clearly shows that the particles do not stick well to the 
Surface, but give rise to catalytic current only for a relatively 
short time. 
The current transients in the presence of large platinum 

nanoparticles, typically larger than 8 nm in diameter, were 
also taken. The particles are stabilized by oxalate. Only a few 
current spikes can be captured within the same time period 
and the same platinum concentration. The results are reason 
able because both the particle concentration and the particle 
diffusion coefficient become smaller due to the larger particle 
sizes. However, the above described B and C types of colli 
sions are not clearly observed, as shown in the current tran 
sients graph of FIG. 7. 

Single nanoparticle collision events have been examined 
using hydrogen peroxide as the indicator instead of proton, 
the skilled artisan will know that other compounds and indi 
cators may be used, e.g., oxygen, for reduction reactions and 
hydrogen, methanol, and hydrazine for oxidations. In order to 
reduce the background current and promote binding of the 
particle to the electrode Surface, a gold ultramicroelectrode 
(which is not catalytic for HO reduction) was coated with a 
surface assembled monolayer of benzenedimethanethiol, 
which forms a stable monolayer capable of electron tunneling 
to solution species. The terminal thiol group can strongly 
bind to the platinum particles. An instant increase of current is 
observed upon particle injection due to the proximity of 
immobilized platinum particles. In addition to the discrete 
steps in the i-t response, characteristic of sticky collisions, we 
also observed smaller current fluctuation with smaller ampli 
tudes but with higher frequency. The frequency of these is 
about 2 orders of magnitude higher than that of the discrete 
current steps. The fluctuation shown in FIG. 10B is similar to 
the C type of collisions observed in proton reduction as shown 
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in FIG. 4B and may be caused by smaller platinum particles 
in the preparation. The ultramicroelectrode or electrode may 
contain gold, carbon fiber microelectrodes and other materi 
als like ITO. In addition, the indicators species may be a 
proton, hydrogen peroxide, oxygen or other materials known 
to the skilled artisan. 

The present invention provides a novel method of observ 
ing single particle collision events with an ultramicroelec 
trode. A single event is characterized by the current generated 
through the particle-catalyzed reaction of an indicator present 
in solution. Since the indicator can be selected to have a high 
concentration and a high diffusion coefficient, large amplifi 
cation occurs. Every collision produces a unique i-t profile 
that can be correlated to the particle size, the particle resi 
dence time, and the particle interaction with the electrode 
Surface. By modifying the particle concentration, particle size 
(e.g. platinum citrate nanoparticles VS platinum dendrimer 
nanoparticles), applied Substrate potential, and the concen 
tration of the indicator, it should be possible to use the i-t 
profiles to obtain information about the indicator reactionata 
single particle. In comparison to amplifying optical, conduc 
tivity and mass signals using nanoparticles, the catalytic 
current amplification the present invention allows observa 
tion of single particle collision events and through the i-t 
curves, the study of electrochemical kinetics at the single 
particle level. Moreover, it might be useful in determining 
particle size distributions and as a very sensitive electroana 
lytical method, perhaps to the single binding event level. 
The platinum nanoparticle Solution was prepared by com 

bining 60 mL of a 2 m Maqueous HPtCl solution was mixed 
with 3 mL of 50 mM aqueous sodium citrate solution, then 
under vigorous stirring, 7 mL 120 mMaqueous NaBH solu 
tion was added dropwisely. The solution was kept stirring for 
another half hour. 

Metal nanoparticles (MNPs) of various sizes ranging from 
Subnanometer to a few nanometers are of interest because of 
their large Surface to Volume ratio, size dependent optical 
properties, and high density of Surface defects, these particles 
show unusual physical and chemical properties. The skilled 
artisan will recognize that other nanoparticle Solutions may 
similarly be prepared, e.g., platinum, palladium, copper, sil 
ver, ruthenium, iron, aluminum, nickel, tin and gold as well as 
nonmetals, like carbon and tin oxide. The choice of the par 
ticle material depends on the electrode reaction that will be 
catalyzed. For example, the nanoparticles can comprise at 
least 50, 100, 300, 1000, or 3000 atoms of the element. For 
example, the nanoparticles can comprise at least 10,000; 
30,000; 100,000;300,000, or 1,000,000 atoms of the element. 
In certain embodiments, the nanoparticle comprises at least 
one of elemental carbon, graphite, carbon black, carbon nano 
tubes, and fullerenes. For example, the nanoparticles can 
include at least 100 atoms of an element selected from gold, 
platinum, palladium, rhodium, carbon, and copper. The nano 
particles do not have to be purely elemental (e.g., pure plati 
num) and may include alloys, oxides, and compounds, as well 
as core-shell type structures. In various embodiments, the 
nanoparticles may not be homogenous. In some embodi 
ments, nanoparticles with differing compositions can be used 
simultaneously. 

In electrochemical studies, MNPs are usually immobilized 
at an inert Supporting material to form an electrode and their 
effect in electrocatalytic reactions, such as proton or oxygen 
reduction is probed. In characterizing the electrocatalytic 
effect of MNPs, the homogeneity of MNP size and shape 
plays a complicated role, as does their Surface coverage on the 
Supporting materials. One usually sees an average effect, and 
relating the activity to MNP properties is complicated by the 
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10 
effect of the Surface coverage and total area, as well as the 
interaction of particle with support material. Thus there has 
been disagreement about the effect of particle size on elec 
trocatalytic behavior. Generally, the characterization of elec 
trodes at the single nanoparticle level has been limited in the 
art with numerous challenges with relatively few experimen 
tal studies. 

It has also been proposed that nanoelectrodes or MNP 
electrodes would find applications ranging from single-mol 
ecule detection to real-time imaging of cell exocytosis. The 
size of these electrodes is comparable to those of biological 
molecules and of ion channels in biological membranes. 
However, the skilled artisan recognizes that making elec 
trodes at nanometer scale is still technologically challenging. 
Moreover at nm size the current generated at Such electrodes 
is usually at pA levels, making measurements with good 
signal-to-noise levels challenging. A variety of analytical 
tools have been developed to determine MNP size and size 
distributions, e.g. electron microscopy, Scanning probe 
microscopy, UV-visible spectroscopy, Surface plasma reso 
nance, mass spectrometry, dynamic light scattering, and 
X-ray absorption spectroscopy (XRD and EXAFS). For 
example, transmission electron microscopy (TEM) is com 
monly and widely used to precisely determine the size of 
MNPs of a few nm in diameter by casting on a carbon grid 
Support. The present invention provides an electrochemical 
method that is able to screen the MNP sizes in a liquid solu 
tion, and also provide a platform for the study of the kinetics 
of electrocataylysis at single MNPs. 

Briefly, a heterogeneous electron transfer reaction is 
selected that occurs sluggishly at a given detector electrode 
material, e.g. C, but takes place at the MNPs when they 
collide and stick at the electrode. Once the MNP is in contact 
with the detector electrode, electrons flow into or out of the 
MNP. maintaining the catalytic reactions at the MNP surface. 
FIG. 11A is a schematic of the platinum nanoparticle colli 
sion event for a single nanoparticle collision at the Au UME 
Surface, the reaction is Switched on when the particle is in 
contact with the detection electrode. The limiting current 
generated at a single spherical MNP in contact with a planar 
electrode is given by: 

where D is the diffusion coefficient of reactants at concentra 
tion of C, and r is the radius of a single MNP. This equation is 
different from that for a spherical UME by the lin2 term, which 
accounts for blocking of the diffusion path to the MNP by the 
Supporting planar Surface. 

Clearly, the particle size, or radius, is proportional to the 
catalytic current recorded at a given concentration of the 
reactants, assuming that D is kept constant in a certain con 
centration ranges of reactants and Supporting electrolytes, 
which are mostly less than 100 mM. 
To observe single MNP collisions, the first step is to 

amplify the current by selecting a catalytic reaction. The 
reaction rate at the MNP should first be significantly faster 
than that at the Substrate within a certain potential range, e.g. 
proton reduction at Pt vs. C. Secondly, the catalytic reaction 
should occur under mass transport controlled conditions with 
negligible kinetic influence, where the current is proportional 
to the size of a single MNP, i.e., equation (3) applies. Since the 
heterogeneous kinetics of electrocatalysis at MNPs may be a 
function of their geometry and the capping agent, it is useful 
to minimize these effects by biasing the electrode at a poten 
tial where the diffusion limited current at the MNP is always 
maintained. Finally, the reactant should be at a high concen 
tration and have a large diffusion coefficient so that a large 
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enough current, well above the detection limit, i.e., of the 
order of tens of p A or more, is obtained 

In addition to proton reduction, reactions such as oxygen 
reduction, methanol and formic acid oxidation, oxidation or 
reduction of hydrogen peroxide, and hydrazine oxidation at 
Pt, Au, and C microelectrodes show potential differences in 
their electrocatalytic response at these electrodes. However, 
the current for oxygen reduction is limited by its low solubil 
ity in water, and the oxidation of Small organic molecules, 
Such as methanol and formic acid, leads to poisoning of the 
surface by adsorbed intermediates, like CO, which limits and 
causes instability of the oxidation current. The use of HO, is 
perturbed by the heterogeneous catalytic decomposition of 
hydrogen peroxide and gas bubbles are generated when Pt 
MNPs are injected into a hydrogen peroxide test solution. 
Hydrazine oxidation and proton reduction show distinguish 
able catalytic behavior among Pt, Au and C electrodes and 
yield reproducible responses in certain pH regions. 

FIG. 11B is a graph of the current amplification tuning the 
hydrazine oxidation rate between Au and Pt UMEs where the 
scan rate is 50 mV/s and the electrolyte is 10 mM hydrazine 
and 50 mM PBS buffer with a pH of about 7.5. FIG. 11 Basan 
example, shows that hydrazine oxidation gives rise to a 
steady-state limiting current at an Au UME at potentials 
above 0.4V in a pH 7.5 phosphate buffer, while the potential 
for oxidation is shifted by about -0.5V at a Pt UME. Such a 
potential shift would lead to a potential window that is large 
enough to tune the reaction rate at Pt to be significantly larger 
than that at Au. The steady-state limiting current is about 50 
nA for 10 mM hydrazine and 75 na for 15 mM hydrazine at 
pH 7.5 at an UME with a radius of 5um. 

FIG. 11C is a graph of the representative current profile 
observed in a single nanoparticle collision event. The indi 
vidual stepwise current profiles of FIG. 11C can be used to 
determine particle size, as described below. Such a current 
profile represents a single event of MNP collision and adhe 
sion at the detector electrode before and after it switches on 
eletrocatalytic hydrazine oxidation at the particle Surface. 
The current profile resembles the ones recorded at UMEs, 
indicating that a steady-state current at this MNP has been 
achieved. To determine the particle size, the peak height is 
directly related to the limiting current obtained at a Pt UME 
for the same test electrolyte. To evaluate the particle size 
distribution, we controlled the particle collision frequency by 
injecting very dilute Pt colloidal solutions into the test solu 
tion containing hydrazine and PBS buffer electrolyte. The 
well-separated current profiles signaled individual single 
MNP collision events. 
The Pt nanoparticle (Pt NP) solutions were prepared 

through reduction of Pt precursors, HPtCl or K-PtCl by 
sodium borohydride (NaBH) in the presence of sodium cit 
rate. Briefly, 40 mL 2 mM HPtCl (99.9%, Alfa Alsar) was 
mixed with 28 mg sodium citrate (99--%, Aldrich), followed 
by drop-wise addition of fresh sodium borohydride solution 
(99%, Aldrich) under vigorously magnetic stirring. The con 
centration of sodium borohydride was varied from 56 to 500 
mM to control the particle size, and the solution was stirred 
for another 30 minutes. The nanoparticle solution prepared 
with HPtCl had a relatively narrow size distribution around 
3.2 to 5.3 nm diameter depending on the concentration of 
NaBH injected as determined by TEM. A Pt NP solution 
with particle sizes distributed around 3.6 nm was mainly used 
in the described particle collisions. These colloidal solutions 
were stable for a few months in the synthesis solution. Reduc 
tion of K-PtCl by NaBH led to very small NPs, around 1.3 
nm diameter, or particle aggregates. The particle aggregates 
were star-shaped with sizes ranging from 13 to 25 nm. Both of 
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12 
these colloidal solutions were not stable. Pt particle solutions 
were also prepared through hydrogen reduction of K-PtClain 
the presence of potassium oxalate. In this preparation, the Pt 
particles have better crystallites but the particle sizes are 
widely distributed between 5 to 16 mm. The skilled artisan 
will recognize that these synthesis routes may be modified or 
fine tuned to produce various results. 
The NP concentration was usually calculated from the 

concentration of Pt precursor divided by the average number 
of Pt atoms that each particle contains. For example, a 3.6 mm 
Pt particle is assumed to contain about 1400 Pt atoms, there 
fore, the Pt particle concentration is 1400 times smaller than 
that of the Pt precursor. As confirmed by ICP-MS, the loss of 
Pt is negligible for the fresh prepared colloidal Solution, e.g., 
less than 5% decrease of Pt concentration is possibly due to 
the adhesion of Pt particles to the magnetic stirring bar and the 
glass walls. 

Particle size was determined by TEM. To space the Pt 
particles far apart at the TEM grids, the TEM grids were 
immersed overnight in Pt colloidal synthesis solutions diluted 
about 20 times with water, and then removed them from the 
colloidal solutions vertically and thoroughly rinsed with 
water. The carbon films were usually dry after this rinsing 
since the film was still sufficiently hydrophobic. This proce 
dure was used to minimize the aggregation of the MNPs on 
the grid Surface allowing the determination of particle aggre 
gates or not. The TEM samples prepared by drop casting were 
used for comparison. TEM images were obtained from JEOL 
2010F Transmission Electron Microscope (JEOL Ltd.). The 
TEM resolution for a point image was 0.194 nm. The TEM 
grids were carbon films supported on 200 mesh copper (Elec 
tron Microscope Sciences). 

10 um and 25 um Au, Pt UMEs were prepared by melting 
the metallic wires into soft glass. After connection of the 
metal wire with a Ni Crlead with silver epoxy, the electrode 
was polished with 0.3 um alumina until a mirror Surface was 
obtained. The projected surface area and the quality of UMEs 
were obtained from voltammetry of ferrocene methanol oxi 
dation in an aqueous Solution. Before each use, the electrode 
was repolished with 0.3 and 0.05um Al-O powder. 
The 1-hexadecanethiol (C16SH) and 16-mercaptohexade 

canoic acid (HSC15COOH) self-assembled monolayers 
(SAMs) were prepared by immersing the clean Au electrodes 
into ethanol solutions containing about 1 mM of C16SH or 
HSC15COOH for different time periods, as discussed below. 
The electrodes were then thoroughly rinsed with ethanol, 
acetone and water. 

Cyclic Voltammetry and chronoamperometry were per 
formed with a three electrode cell containing about 50 mL 
electrolyte (CH Instruments, Austin, Tex., Model 660). A 
carbon rod was used as the counter electrode, and a stainless 
steel wire coated with polypyrrole was used as the reference 
electrode. The electrode potential was calibrated by a stan 
dard Ag/AgCl reference electrode and rescaled to yield 
potentials vs. the standard hydrogen electrode (SHE). The 
electrochemical cell was maintained in a Faraday cage and 
the current transients were usually recorded with about 10 ms 
resolution. Before injection of the Pt colloidal solution, the 
electrode was subjected to a few potential cycles to clean the 
surface and then held at the potential where the background 
current was less than 300 p.A. Noise would appear when the 
Faraday cage was opened for MNP injection. After closing 
the cage the cell was maintained in an Ar atmosphere. The 
currents generated by MNP collisions could be easily distin 
guished from the background noise at the amplification levels 
employed when the Faraday cage door was closed. 
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The current was recorded vs. time before and after the Pt 
colloidal solution was injected. The colloidal solution was 
injected into the test electrolyte while the solution was 
bubbled with Arfor about 10 seconds. This procedure quickly 
distributed the Pt NPs uniformly in the whole test electrolyte, 
but producing higher noise levels during this period. Gener 
ally, hydrazine oxidation and proton reduction were used as 
the indicator reactions for current amplification at Pt NPs. 

FIG. 12 is a graph that shows a representative current-time 
curve recorded at an Au UME, held at a potential of 0.1 V after 
mechanical polishing and electrochemical cleaning. The 
background current was about 220 pA and was essentially 
constant, decaying very slowly with time (FIG. 12A, blue 
curve). The large noise observed from 5 to 15 seconds was 
caused by the opening and closing of the Faraday cage door 
while the Pt particle solution was injected. The current was 
slightly offset after that period, which might be due to one or 
a few particle collisions during this time period. Following 
this period the Solution was maintained as vibration free as 
possible and the current monitored. As shown, it increased 
anodically in a stepwise fashion. 

During the initial time period, shown in FIG. 12B, a few 
current steps of less than 20 pA in current amplitudes 
appeared. Note that these small current steps were also fre 
quently observed later. Most of the current steps after this 
period were in the range of 40 to 65 p.A. In each current step 
the current increased very rapidly and then remained at a 
steady state value. A few current steps showed longer tran 
sient times (FIG. 12, blue arrows), which may indicate micro 
scopic details about the nature of the particle collision with 
the substrate (FIG. 12C). For example, although improbable 
at low concentrations, a particle might interact with another 
particle already on the Surface. The rearrangement or fusion 
of two separate particles to become one unit would also lead 
to a decrease of practical Surface area and thus the decrease of 
electrocatalytic current. The MNP might be deactivated by 
the adventitious impurities in solution. We have noted decays 
in the current generally at later recording times. There are 
clearly subtleties in the detailed shapes of the collision steps 
which need to be studied further, but are difficult to control. 

FIG. 13 shows two typical current transients recorded at 1 
ms time resolution. FIG. 13 is a high resolution current tran 
sient for single Pt nanoparticle collisions. The current is 
switched at the limited resolution of our potentiostat which 
was set at 1 ms. The particle size is about 3.6 mm and 10 um 
Au UME with 15 mM hydrazine and 50 mM PBS buffer at a 
pH of about 7.5. FIGS. 13A and 13B show two typical current 
transients recorded at 1 ms time resolution. The rise time is 
within 1 ms. Using a higher time-resolution oscilloscope 
(Tektronix 2440) directly connected to the potentiostat, we 
found that the rise time of the current steps was about 40 to 
100 us. This rise time probably also represents the instrumen 
tal limits of the potentiostat. 

FIG. 14A is a graph of the current step graph for the current 
vs. time profile. FIG. 14B is a plot of the statistic peak current 
vs. peak frequency analyzed within 200s. FIG. 14C is a TEM 
image and FIG. 14D is a size distribution plot of the corre 
sponding Pt nanoparticles. FIG. 14A shows a typical current 
vs. time profile which contains several steps of about equal 
height (-60 pA). This leads to a particle radius via equation 
(3). For a larger number of steps one can plot the number of 
occurrences of a given peak current which indicates the main 
distribution between 40 and 65 pA with smaller numbers of 
larger peak currents around 100 and 160 pA (FIG. 14B). 
Since each current profile signals a single particle collision 
event, the distribution of the peak currents should reflect the 
distribution of the NP sizes. Indeed, it agrees well with the 
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particle size distribution determined by TEM image FIG.14C 
and distribution FIG. 14D). Note that these Pt NPs are also 
attached at the surface of TEM grids through particle random 
collisions, even though they are attached at the open circuit 
potential at the carbon surface. The size distribution of MNPs 
should represent the particles attached at the electrode sur 
faces in the collision experiments described above. The larger 
peak currents probably are caused by collisions of MNP 
aggregates. 

FIGS. 15A, 15B and 15C are plots of the peak current 
distribution shifts with the hydrazine concentration, and FIG. 
15D is a plot of major peak current vs. hydrazine concentra 
tion. Note that the shape of the distribution is slightly varied 
since the time scale for statistic analysis is different, usually 
longer time, more counts for large peaks. 
The individual current profiles were shown to be due to 

single MNP collisions by carrying out studies under different 
conditions, e.g. hydrazine concentration, particle concentra 
tion, nature and area of the detection electrode (C and Au 
UMEs), and the particle sizes. When the hydrazine concen 
tration was changed, the amplitude of the current step 
changed proportionally for the same colloidal Pt solution 
injected. Therefore, for a given concentration of hydrazine, 
we can directly evaluate the particle size distribution by the 
distribution of peak currents. 

FIG. 16A is a plot of the current transients recorded at 
individual Pt particle concentrations and FIG.16B is a plot of 
the correspondent first order derivatives. The bronze curve in 
FIG.16B is from the current transient recorded in the absence 
of MNPs. The traces were offset from zero for clarity. The 
blue arrows point to the spikes which give rise to current steps 
above 20 pA and the red arrows to the current steps less than 
20 pA. The particle size is about 3.6 nm, and 10um Au UME, 
with a solution of 15 mM hydrazine and 50 mM PBS buffer 
with a pH of about 7.5. With increasing concentration of Pt 
NPs, the peak frequency was increased while the amplitude of 
the peak currents remained unaltered as seen in FIG. 16. The 
collision frequency was increased about twice when 25 um 
diameter Au UMEs were used instead of 10 um Au UMEs. 
The first order time derivative of the current was used to 

count steps and obtain the frequency of occurrence, as shown 
in FIG. 16B. Here, each spike represents a current step and 
thus a single event of particle collisions. The separation 
between individual spikes range from a few seconds to a few 
ms. The fluctuation in the frequency with time to observe 
spikes indicates that collisions of MNPs with the electrode 
from the bulk electrolyte are a random process. This collision 
process may also include some collisions of MNPs at the 
detector electrode which do not lead to particle adsorption, 
i.e., the particle residence time at the electrode may be varied 
from one particle to another. 
The bronze curve in FIG. 16B shows the signal to noise 

level recorded in the absence of MNPs. The amplitude of the 
fluctuation is almost equally distributed in both upwards and 
downwards directions. The spikes having the amplitudes 
larger than the ones pointed by blue arrows are correspondent 
to the current steps which are bigger than 20 pA. These spikes 
are due to the MNPs which stick to the substrate after colli 
sions. The frequency of these spikes is about 0.012 to 0.02 
pM's' (i.e. for a 25 pM particle concentration, the fre 
quency is about 0.4s' or an average time between collisions 
of about 2 seconds (see FIG. 16B, red curve)). The spikes 
pointed by the red arrows might be also due to collisions of 
MNPs. Since these collisions lead to current spikes rather 
than current steps, they are possibly correlated to the colli 
sions of MNPs for a very short residence time at the detection 
electrodes. 
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The collision frequency can be determined by assuming 
that all MNPs collide then stick at the detector electrode at 
diffusion limited steady-state conditions, yielding a flux, J 
given by: 

J-4DC/ta (4) 

where Dp and Cp are the diffusion coefficient and concentra 
tion of Pt particles, and a is the radius of the UME. With a 
known particle concentration and radius of an Au UME, the 
observed collision frequency corresponds to a NP diffusion 
coefficient of ~1x10 cm/s. However the diffusion coeffi 
cient of Pt NPs in the range of 3 to 4 nm is estimated to be 
about 1x107 cm/s based on the Stokes-Einstein relation for 
NP diffusion and other data. 

In order for a current step to be observed, the particle has to 
stay in contact with the electrode surface for a certain time 
which is long enough to generate observable current. So what 
we observed is the Sticking frequency instead of the collision 
frequency. The probability for particles to stick is thus about 
1 to 10% of collisions in this experiment. 
Whether or not the test electrolytekeeps the particles stable 

plays a very important role. The number of current steps per 
particle concentration was dramatically decreased when 10 
mMSodium citrate was used as Supporting electrolyte instead 
of 50 mM PBS. This is because the Pt particles are relatively 
stable in a citrate solution. The particles would remain favor 
ably in the liquid phase, leading to low sticking probability. 
While in a PBS solution, the particles are not stable and tend 
to aggregate and precipitate, which makes them easierto Stick 
at the surface after collisions. This also explains why we 
observed less and less occurrence of current steps with time. 
The surface modification of the detection electrodes may 
affect the particle sticking probability, but so far, we have not 
seen big differences, mostly within the same order of magni 
tude. We observed a slight increase in current steps when the 
potential of the detection electrode was set more and more 
positive, and a slight decrease when the Au Surface was modi 
fied with negatively charged 3-mercaptopropionic acid. 

It is worthy mentioning that the number of particles 
counted from TEM grits is much smaller than that calculated 
through equation 4. For a TEM sample grid immersed in a 25 
uMPt colloidal solution overnight one would expect to have 
more than one thousand particles perum estimated by equa 
tion 2 using a diffusion coefficient of 1x107 cm/s. Instead, 
a variety of surface areas have less than 20 particles per 1 um. 

FIG. 17A is a cyclic voltammograms at Pt and CUMEs in 
50 and 100 mM sodium dihydrogencitrate electrolytes (green 
and blue) and 10 mM perchloric acid electrolyte (red). 100 
mV/s. FIG. 17B is a graph of the current transients recorded 
before (black) and after injection of C (red) and Pt (blue) 
nanoparticle solutions. FIGS. 17C and 17D are enlargements 
of the individual current profiles. The samples include 50 mM 
sodium dihydrogencitrate, with an electrode potential of -0.5 
V, a Pt nanoparticle size of about 3.6 nm, 

Proton reduction at carbon electrodes occurs sluggishly 
and requires a high overpotential, while this reaction is rapid 
at Pt, as demonstrated by cyclic Voltammograms at Pt and C 
UMEs in strong and weak acid electrolytes as seen in FIG. 
17A. A steady-state diffusion limited current was observed in 
both HClO and sodium dihydrogen citrate (NaHCit). 50 
mM NaHCit is used as the proton source since Pt NPs are 
relatively stable in this environment, while they tend to aggre 
gate in 5 mM HClO. The steady-state limiting current is 
about 70 nA at a 10 um Pt UME. Injection of Pt colloidal 
solution to 100 mM NaHCit or pure HCIO leads to aggre 
gates. FIG. 17B shows the three current-time curves recorded 
at carbon fiber microelectrodes. No obvious current spikes 
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were observed in either the background or when a solution of 
CNPs (instead of Pt NPs) was injected into the test electro 
lyte. When Pt NPs were injected, the overall current 
increased, Superimposed with current spikes. These current 
spikes are similar to those observed in the case of hydrazine 
oxidation. However, the current did not maintain a constant 
steady state level for longer times, as observed with hydrazine 
oxidation. The current remained at the maximum value only 
for less than one second and then decayed slowly almost to 
the background level (e.g., see FIGS. 17C and 17D). Note that 
almost every current profile showed such a current decay. The 
peak currents are ranged from 30 to 80 pA which correlate to 
the particle sizes ranging around 4 nm. 

FIGS. 18A, 18B and 18C are images of current transients 
and cyclic voltammograms at Pt UMEs in FIG. 18A3 mM 
Fc-methanol--0.1 M sodium perchlorate, FIG. 18B 12 mM 
hydrazine+50 mM PBS buffer, and FIG. 18C 2 mM perchlo 
ric acid-20 mM sodium perchorate. The black arrows indi 
cate the pulse potentials. Pt 10um diameter, FIG. 18C has a Pt 
25um (black) diameter, and Ptdeposited at carbon fiber, 8 um 
in diameter (blue). 
The decay of the current following a collision is more 

prominent with proton reduction than with hydrazine oxida 
tion. The current transients at the Pt UMEs for proton reduc 
tion and hydrazine oxidation were compared to ferrocene 
methanol oxidation. The current transient for Fc-methanol 
oxidation shows a negligible current decay after reaching the 
steady-state current within 20 ms (as seen in FIG. 18A). 
Hydrazine oxidation shows similar behavior as that offer 
rocene-methanol (as seen in FIG. 18B), while proton reduc 
tion shows a little longer transient time, especially at the 
carbon electrode modified with Pt NPs (as seen in FIG. 18C). 
From 0.5 to 10s, the current decayed about 6% for ferrocene 
methanol, 3% for hydrazine, and 32% for proton (as seen in 
FIG. 18C, blue). From 10 to 20 seconds, the current decay 
was about 1% for both ferrocene oxidation and hydrazine 
oxidation, and 5% for proton reduction. The small difference 
at a long polarization time indicates that the current decay is 
mainly due to progressive surface contamination. The pro 
gressive Surface contamination could also lead to current 
decrease in a successive potential pulses. In the case of hydra 
Zine oxidation, we found that the current decay is more severe 
at Pt UMEs than at Au UMEs. The surface contamination at 
MNPs may be worse than at macroelectrodes because of their 
high relative surface area. This would be especially important 
for the hydrogen evolution reaction that depends upon 
adsorption of hydrogenatoms on Pt. Another mode that could 
cause current decay is the absorption of hydrogenatoms into 
the lattice of the Pt MNPs. 
A similar current decrease at the Pt UME when the con 

centration of phosphate was increased to 200 mM has been 
seen indicating that the current decay was not due to the low 
concentration of Supporting electrolyte, which favors the sta 
bility of MNPs. However, the current decay slows down 
appreciably at the Au UMEs, which indicates that the current 
decay is mostly correlated to the catalytic properties of Pt 
Surface. 

FIGS. 19A, 19B and 19C are graphs of the current tran 
sients recorded for individual Pt nanoparticle of different 
particle sizes. FIGS. 19D, 19E and 19F are TEM images 
which correspond to the individual Pt nanoparticle of the 
current transients graphs of FIGS. 19A, 19B and 19C respec 
tively. The concentration based on Pt atom is about 50 nM in 
FIG. 19A, 500 nM in FIG. 19B, and 250 nM in FIG. 19C. 
With 10 um Au UME in 12 mM hydrazine and 50 mM PBS 
buffer at a pH of about 7.5. 
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FIGS. 19A, 19B and 19C are graphs of the current tran 
sients recorded for individual Pt nanoparticle of different 
particle sizes. FIGS. 19D, 19E and 19F are TEM images 
which correspond to the individual Pt nanoparticle of the 
current transients graphs of FIGS. 19A, 19B and 19C respec 
tively. FIG. 19 shows some representative current transients 
recorded for several Pt colloidal solutions with different par 
ticle sizes. Since the Pt NPs were stabilized by similar cap 
ping molecules, citrate or oxalate, they have similar catalytic 
properties. When injecting these NP solutions into the hydra 
zine test electrolyte, the recorded current transients show 
discrete current steps of very different current amplitudes. For 
about 3.6 nm, Pt NPs, the current steps had almost uniform 
amplitude which was mainly distributed around 45 p.A (as 
seen in FIGS. 19A and 19D). In the case of star-like Pt NPs (as 
seen in FIGS. 19B and 19E), the peak currents were mainly 
distributed around 240 pA, corresponding to the particle size 
of about 20 nm. A Small fraction of current peaks has peak 
current less than about 120 pA or larger than about 300 p.A, 
probably due to the existence of Small particles and aggre 
gates of two to three units. FIG. 19C shows the current tran 
sient recorded for polydisperse Pt NPs as seen in FIG. 19F. 
The peak currents were distributed overa wide range between 
60 and 200 p.A, corresponding to particle sizes ranging from 
5 to 16 mm. The amplitudes of the peak currents for the cases 
studied seem to correlate well with the particle size distribu 
tion. 

Another possible application of MNP collisions is the 
evaluation of the porosity of insulating films. One cannote the 
number of collisions compared with those at an uncovered 
electrode and the effect of MNP size using an Au UMEs with 
surface self-assembled monolayer films of alkane thiols. To 
differentiate particle collisions on the top of SAMs from those 
through pores within the SAMs, the Au detector electrode 
was modified with a C16SH monolayer which is long enough 
to inhibit the electron transfer through the monolayer. The 
porosity of the C16SH SAMs on Au was changed by varying 
the assembly time from 30 minutes to overnight. We also 
found that the degree of dryness of the Au substrate plays an 
important role in film quality, since the water layer remaining 
on the Au surface slows down the adsorption of hydrophobic 
molecules. 

FIG. 20A is an image of a cyclic voltammogram and FIG. 
20B is a graph of the current transients recorded at clean 
(black) and C16SH or HSC15COOH assembled Au UMEs, 
CV at Pt was plotted for comparison, with a scan rate of 100 
mV/s. In addition, the traces in FIG.20B were slightly offset 
for clarity. The inset figures show representative current pro 
files and very fast current fluctuations. The substrate poten 
tials in chronoamperometry as indicated with 36 pM particle 
concentration and about 3.6 nm Pt particles and the solution 
contains 15 mM hydrazine in 50 mM PBS buffer, pH of about 
7.5. 
The quality of SAMs could be estimated directly from the 

suppression of hydrazine oxidation (as seen in FIG. 20A). 
Less porous films result in a greater Suppression of hydrazine 
oxidation and thus smaller currents. FIG. 20A shows that not 
only the oxidation potential shifted positively, but also the 
oxidation current decreased as compared to a clean Au elec 
trode at potentials negative of 0.5 V. From the extent of the 
Suppression of hydrazine oxidation at these modified elec 
trodes, the cyclic Voltammograms indicate that 
HSC15COOH films are more porous than C16SH films. 

However, since hydrazine is a small molecule, it is possibly 
able to penetrate all kinds of pores, thus the inhibition of 
hydrazine oxidation does not indicate the pore size distribu 
tion. The pore size distribution might be determined using 
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18 
size definedMNPs. As an example, we injected about 3.6 mm 
Pt NP solution into the same test electrolyte and recorded the 
current transients at these modified electrodes. The collision 
frequency or the number of collisions clearly decreased. Less 
porous films showed fewer collisions for both C16SH and 
HSC15COOH films. This is consistent with the suppression 
of hydrazine oxidation shown in cyclic Voltammograms. No 
obvious collision or only very few collisions were observed 
when the Surface was assembled with HSC15COOH and 
C16SH overnight. 
At these modified electrodes, most of the current transients 

display a very long transient time, which might indicate that 
Pt NP is deactivated by the surrounding alkane thiols. Two 
typical transients are shown in the insert curves (shown in 
FIG. 20B and indicated by the black arrows). The alkane 
matrix might relocate from the Auto the Pt surfaces and thus 
prevent electrochemical hydrazine oxidation. Secondly, the 
current in many cases fluctuated back and forth rapidly with 
almost the same current amplitudes (shown in FIG. 20B and 
indicated by the red arrow), Suggesting that the same particle 
may attach and detach from the Au Surface. Such a fluctuation 
implies a weaker interaction of the particle with the electrode 
Surface because of the Surrounding matrix. 
Comparison of C16SH with HSC15COOH films indicated 

fewer collisions but higher hydrazine oxidation peak currents 
were observed at the electrodes covered by HSC15COOH 
films. This indicates that microscopic pores in the film still 
allows for facile catalytic hydrazine oxidation but may not 
allow a MNP to pass through. In addition to the pore size, the 
exposed terminal carboxylic group may also play a role that 
prevents the MNPs penetration via the pores. More experi 
ments with different particle sizes need to be carried out to 
confirm these effects and to understand which play important 
roles. 

Electrocatalytic amplification allows the observation of 
single MNP collisions, characterized by individual current 
steps generated when the Pt NPs collide and stick at the 
detector electrode. The current result when the MNPs switch 
on an electrocatalytic reaction at their surfaces at a potential 
where the detector electrode shows negligibly small electro 
chemical activity. The observed current profiles during each 
collision are similar to those current transients recorded at 
UMEs and are a function of the NP radius. The kinetics of 
electrocatalytic reactions plays an important role in the 
observed current decay, which demands the exploration of 
more microscopic details related to the particle interaction 
with the electrode and the kinetics of electrocatalysis at the 
nanometer scale. 

Because, at mass transport controlled conditions, the 
amplitude of each current step is correlated to the particle 
size, a plot of the current amplitudes versus the frequency of 
peak occurrence correlates well with the particle size distri 
bution as found with TEM, thus providing an electrochemical 
approach to the rapid screening of NP dispersions. Since the 
collision frequency is also correlated to the effective surface 
area of the detector electrode, this technique may be useful in 
evaluating the porosity of insulating films on electrode Sur 
faces. 
The present invention contemplates the use of microelec 

trodes and ultramicroelectrodes and can be fabricated by 
methods known in the art, including semiconductor manufac 
turing methods and silk screening. The electrode may have a 
variety of size and shapes (e.g., disk, circular, square, rectan 
gular, and oval) and as a result a variety of areas (e.g., an 
electrode can have an area of between about 5um and about 
3 mm). The electrode surface can be rough or smooth. In 
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Some embodiments, the electrode Surface can be Smooth to 
reduce the electrocatalytic rate for the redox reactant in the 
absence of nanoparticles. 
A similar to or different counter/auxiliary/reference elec 

trode can be used to complete the electrical circuit. In some 
embodiments, a 1 cm diameter graphite rode can be used as 
the counter electrode and the reference electrode can be satu 
rated platinum-hydrogen or polypyrrole stainless-steel. Other 
common reference electrodes include Ag/AgCl. See Bard 
(2001) for details on these standard electrochemical tech 
niques. The counter electrode, the optional reference elec 
trode, and the electrode can be placed together in an electro 
chemical cell. The cell can also hold a solution that contains 
a redox reactant. 
As used herein the term “redox reactant” as used herein, 

refers to a material in an electrochemical cell, distinct from 
the nanoparticle and the electrode that is capable of undergo 
ing a reduction or oxidation reaction. In addition, nanopar 
ticles that contact the electrode may become an electrocata 
lyst for a redox reactant in the solution. The redox reactant 
may be found in Solution that contains charge carriers such as 
Na', K, Ca, Mg, Cl, PO, NH. The solution can 
contain pH buffers. The solution can contain other com 
pounds, such as Surfactants, Sugars, fats, proteins, etc. As used 
herein the term “electrocatalyst” as used herein refers to a 
material that is capable of amplifying the rate of electro 
chemical oxidation or reduction of a redox reactant. In at least 
one embodiment, contact between a nanoparticle and an elec 
trode enables charge transfer between the nanoparticle and 
the electrode and enables the nanoparticle to become an elec 
trocatalyst for the redox reactant. For a particular embodi 
ment, the redox reactant can be selected in light of the nano 
particle and the electrode so that the nanoparticle acts as an 
electrocatalyst for the redox reactant, while the electrode has 
little to no electrocatalytic ability for the redox reactant. 
Exemplary redox reactants include methanol, hydrogen per 
oxide, and proton with platinum-containing nanoparticles 
and carbon-containing electrodes. Other exemplary redox 
reactants include hydrogen peroxide, proton, hydrazine, and 
oxygen with platinum-containing nanoparticles and gold 
containing electrodes. Other exemplary redox reactants 
include tripropylamine with carbon-containing nanoparticles 
and a nickel-containing electrode. 
A detector or array of detectors can be used to detect 

nanoparticle collisions with the electrode, via signal amplifi 
cation from the electrocatalytic ability of the nanoparticle for 
the redox reactant, e.g., the detector can count the number of 
collisions, the detector can measure nanoparticle collisions 
by monitoring current changes or the detector can classify the 
collisions into one or more types (e.g., the magnitude of the 
current increase can be used to classify the nanoparticle). In 
various embodiments, the detector can measure nanoparticle 
collisions by monitoring potential changes. For example, the 
electrode can be driven with a constant current. In the absence 
of nanoparticles, the electrode Voltage required to pass the 
current can be large. Upon a nanoparticle collision, the 
required Voltage can drop Substantially; thus, fast, large Volt 
age drops can be interpreted as a nanoparticle collision. The 
magnitude of the Voltage drop can be used classify the nano 
particle, for example, by nanoparticle size. The time response 
can also be used to classify the nanoparticle, for example, into 
different residence times. 
The present invention includes methods, compositions and 

kits for analyzing a chemical analyte having an electrochemi 
cal cell connected to a measuring apparatus. The electro 
chemical cell contains a solution having one or more metal 
nanoparticles, one or more chemical analytes, an indicator. In 
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addition, the electrochemical cell contains one or more elec 
trodes in communication with the solution. One or more 
electrocatalytic properties are generated by the interaction of 
the one or more metal nanoparticles and the liquid sample and 
measured at the one or more electrodes. 
The present invention includes one or more nanoparticles 

in solution within the electrochemical cell. The nanoparticles 
may be entirely or partially metal or a carbonaceous or semi 
conductor material. For example, the one or more metal nano 
particles may be platinum nanoparticles, gold nanoparticles, 
silver nanoparticles, copper nanoparticles, ruthenium nano 
particles, palladium nanoparticles or mixtures and combina 
tions thereof. The nanoparticles may also have cores of a 
different material than the outer material of the nanoparticle. 
Although, the nanoparticles may be of in diameter sized 
between about 0.5 nm and about 100 nm, a common size 
range for one embodiment is between about 1 nm and 7 nm in 
diameter and an average of 4 nm in diameter. Furthermore, 
the size distribution of nanoparticle diameter may be gener 
ally uniform, disperse, or varying. The nanoparticles may 
have different groups of particles that have generally the same 
diameter within the group but differing diameter relative to 
other groups in Solution. 
The electrochemical reactions can be driven by controlling 

the electrical potential of the electrode. The electrical poten 
tial of the electrode can be selected so that oxidization or 
reduction can occur at the electrode. The potential can be set 
to minimize currents resulting from the redox reactant in the 
absence of nanoparticles and from other electrochemical 
reactions. The potential can be set with respect to a counter 
electrode or with respect to a reference electrode. See Bard 
(2001) for details on these standard electrochemical tech 
niques. For example, the electrical potential can be within 1 V 
of Zero, with respect to the standard hydrogen electrode 
(SHE). For example, the electrical potential can be within 1 V 
of Zero, with respect to the counter electrode. Smaller voltage 
magnitudes (e.g., 0.5V, 0.3 V, 0.25 V, or 0.1 V) may also be 
useful. The electrical potential may vary in time or be con 
stant. In certain embodiments, a constant potential can be 
used to eliminate capacitive transients due to double-layer 
charging of the electrode. In some embodiments, a current 
can be driven through the electrode, and the potential can be 
monitored. Upon contact of a nanoparticle, the impedance 
and the voltage are greatly reduced. Other schemes for driv 
ing the electrochemical reactions needed to monitor the pres 
ence of nanoparticles will be evident to those skilled in the art. 
Upon contact of the nanoparticle on the electrode, the 

reaction rate for the redox reactant greatly increases. For 
example, the rate of reaction of the redox reactant attributable 
to the nanoparticle normalized to the nanoparticle's Surface 
area can be at least 200 times greater than the rate of reaction 
of the redox reactant attributable to the electrode normalized 
to the electrode's Surface area. If measuring current, the 
above statement can be mathematically expressed as (i-i)/ 
A 200i/A, where it is the current measured in the pres 
ence of a nanoparticle, it is the current measured in the 
absence of a nanoparticle, and A and A are the Surface 
areas of the nanoparticle and electrode, respectively. 

In some embodiments, the factor of increase is more than 
10, 10, 10, 10, 107, 10, or 10. The factor was about 10, 
as calculated with a current attributable to nanoparticles of 
~100 p.A, a current attributable to the electrode of about 70 
pA, and areas of 50 um and 5x10pm for the electrode and 
nanoparticle respectively. The current generated at a constant 
potential can be large, because the redox reactant can be in 
high concentration and can be a fast diffuser. As an example, 
consider a disk electrode immersed in a dispersion of nano 
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particles in a solution containing aredox reactant. The steady 
state diffusion controlled flux of nanoparticles (NP) to the 
electrode Surface, J.e., is given by: 

JNP-4DNPCypf (pa) (5) 

where D is the nanoparticle diffusion coefficient, C is the 
nanoparticle concentration, and a is the radius of the electrode 
(Bard, 2001). Ordinarily, in a simple nanoparticle charging 
process, only one or a few electrons would transfer between 
the nanoparticles and the electrode (n) to yield a current, 
ive... ny, Fatafwe 4nveFadveCyp, that is much too small 
to observe above the noise and background level (where F is 
the Faraday). However, the nanoparticles can electrocatalyze 
the redox reactant (RR) and, e.g., reduce or oxidize species 
RR to a product P. upon contact with the electrode so that a 
much larger current, is can flow. That is, when a nanopar 
ticle collides with the electrode surface, it allows the reaction 
of RR to Pat a potential where this reaction does not occur to 
any great degree at the electrode without a nanoparticle. 

In some embodiments, a nanoparticle contacting the elec 
trode can be detected. The steady-state diffusion-controlled 
current at the nanoparticle is given by: 

iRRn RRFANPRRNP Bn RRFDRRCRRNP (6) 

where Joe is the flux of redox reactant RR to the nano 
particle, D is the diffusion coefficient of RR, C is the 
concentration of RR, r is the radius of the nanoparticle, and 
n is the number of electrons required per redox reaction for 
RR to be converted into product P. The factors A, the 
nanoparticle Surface area, and B, depend on the nanoparticle 
shape and how it is situated on the electrode. If it can be 
considered a sphere on an infinite plane, then A-4Tr. 
and B-47tln2-8.71 (Bobbert, 1987). Since C and D can 
be much larger than C. and D, even with the difference in 
a and r, the current resulting from electrocatalysis of the 
redox reactant at a single nanoparticle can be ten orders of 
magnitude or more larger than the current resulting from 
capacitive charging the same nanoparticle at an electrode. 

In various embodiments, the time response of electrode 
current can be measured. The current transient includes par 
ticle charging and a changing faradaic current for the electro 
catalysis of redox reactant that attains steady state in a time 
~rve/Dr. Since different types of collisions can occur, the 
current-time (i-t) transient for each collision event will be 
determined by the residence time of the nanoparticle at the 
electrode, i.e., the time period when the electrode can pass 
electrons to the nanoparticle. If the nanoparticle Sticks to the 
electrode for a time sufficient for a steady state current to be 
attained, and the redox reactant is only converted to product at 
the particle, the amplification factor of the electrochemical 
current to charging current is given by the relative steady 
state fluxes of the particles and RR is ~(B/16)(DCsa)/ 
(DCry). This will lead to relative steady-state currents 
of r(BDRCerve)/(4Dw-Cyra), assuming n n ve. For a 1 
pM nanoparticle and 10 mM redox reactant dispersion, the 
estimated amplification factor for a 1 nm radius particle can 
be nine to ten orders of magnitude, assuming the diffusion 
coefficient of the redox reactant is about an order of magni 
tude greater than that of the nanoparticle. Said another way, 
the current caused by the electrochemical conversion of the 
redox reactant to product can be nine to ten orders of magni 
tude larger than the capacitive charging current of the nano 
particles. 

In addition, the present invention provides analysis of a 
sample using a concentrated Solution of nanoparticles. The 
skilled artisan will recognize that depending on the particular 
parameter a wide range of nanoparticle concentrations (e.g., 
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22 
from the single nanoparticle to molar Solutions) may be used 
by the present invention. In addition, mixtures of particles 
having different sizes, different particle compositions and 
different particles may be used with the present invention. 
The event is characterized by the current generated through 
the particle 
The one or more electrocatalytic properties can be any 

property that can be measured by the apparatus; however, the 
most common property is an electrocatalytic amplification 
from a reduction or oxidation reaction catalyzed by the metal 
nanoparticles. Although, other property can be a current, a 
resistance, an impedance, a capacitance, an inductance or a 
combination thereof, or another technique that indicates an 
electron transfer reaction at an electrode. 

Exemplary coating or capping compounds for stabilizing 
nanoparticles include alkanethiols, mercapto alcohols, mer 
captocarboxylic acids, thiophenols, thiol-functionalized oli 
gonucleotides, benzenedimethanethiol, oxalate, and citrate. 
Such stability-improving compounds are sufficiently small so 
that electron tunneling can still occur to enable charge trans 
fer from the electrode to the nanoparticle. 

It is contemplated that any embodiment discussed in this 
specification can be implemented with respect to any method, 
kit, reagent, or composition of the invention, and vice versa. 
Furthermore, compositions of the invention can be used to 
achieve methods of the invention. 

It will be understood that particular embodiments 
described herein are shown by way of illustration and not as 
limitations of the invention. The principal features of this 
invention can be employed in various embodiments without 
departing from the scope of the invention. Those skilled in the 
art will recognize, or be able to ascertain using no more than 
routine experimentation, numerous equivalents to the specific 
procedures described herein. Such equivalents are considered 
to be within the scope of this invention and are covered by the 
claims. 

All publications and patent applications mentioned in the 
specification are indicative of the level of skill of those skilled 
in the art to which this invention pertains. All publications and 
patent applications are herein incorporated by reference to the 
same extent as if each individual publication or patent appli 
cation was specifically and individually indicated to be incor 
porated by reference. 
The use of the word “a” or “an' when used in conjunction 

with the term “comprising in the claims and/or the specifi 
cation may mean "one.” but it is also consistent with the 
meaning of “one or more.” “at least one and “one or more 
than one.” The use of the term 'or' in the claims is used to 
mean “and/or unless explicitly indicated to refer to alterna 
tives only or the alternatives are mutually exclusive, although 
the disclosure supports a definition that refers to only alter 
natives and “and/or.” Throughout this application, the term 
“about is used to indicate that a value includes the inherent 
variation of error for the device, the method being employed 
to determine the value, or the variation that exists among the 
study Subjects. 
As used in this specification and claim(s), the words "com 

prising (and any form of comprising. Such as “comprise' and 
“comprises”), “having (and any form of having, such as 
“have” and “has'), “including (and any form of including, 
such as “includes and “include’) or “containing (and any 
form of containing, Such as “contains and “contain’) are 
inclusive or open-ended and do not exclude additional, unre 
cited elements or method steps. 
As used herein, the term “or combinations thereofas used 

herein refers to all permutations and combinations of the 
listed items preceding the term. For example, "A, B, C, or 
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combinations thereof is intended to include at least one of: 
A, B, C, AB, AC, BC, or ABC, and if order is important in a 
particular context, also BA, CA, CB, CBA, BCA, ACB, BAC, 
or CAB. Continuing with this example, expressly included 
are combinations that contain repeats of one or more item or 
term, such as BB, AAA, AB, BBC, AAABCCCC, CBBAAA, 
CABABB, and so forth. The skilled artisan will understand 
that typically there is no limit on the number of items or terms 
in any combination, unless otherwise apparent from the con 
text. 

All of the compositions and/or methods disclosed and 
claimed herein can be made and executed without undue 
experimentation in light of the present disclosure. While the 
compositions and methods of this invention have been 
described in terms of preferred embodiments, it will be appar 
ent to those of skill in the art that variations may be applied to 
the compositions and/or methods and in the steps or in the 
sequence of steps of the method described herein without 
departing from the concept, spirit and scope of the invention. 
All Such similar substitutes and modifications apparent to 
those skilled in the art are deemed to be within the spirit, 
Scope and concept of the invention as defined by the appended 
claims. 
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What is claimed is: 
1. A method of analyzing a sample comprising the steps of 
adding one or more metal nanoparticles to a liquid sample 

to form a nanoparticle solution within a sample chamber 
comprising at least 2 electrodes individually have a 
diameter of between about 1 um and about 2 mm: 

adding an indicator species capable of undergoing a het 
erogeneous electrocatalytic redox reaction in the nano 
particle solution; 

detecting a discrete electrocatalytic property from the elec 
trochemical amplification which correlates to an indi 
vidual discrete nanoparticle collision; and 

wherein the discrete electrocatalytic property is a discrete 
step or spike selected from at least one of electrical 
current, potential, charge, resistance, capacitance, 
inductance, impedance, light, and color. 

2. The method of claim 1, wherein the reaction is an oxi 
dation or reduction reaction comprising an electrocatalytic 
amplification at an individual one or more metal nanopar 
ticles. 

3. The method of claim 1, wherein the individual one or 
more metal individual nanoparticles comprises platinum 
nanoparticles, gold nanoparticles, silver nanoparticles, cop 
per nanoparticles, ruthenium nanoparticles, palladium nano 
particles, tin oxide nanoparticles, carbon nanoparticles or a 
combination thereof. 
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4. The method of claim 1, wherein the at least 2 electrodes 

individually have an area of between about 1 um and about 1 
mm. 

5. The method of claim 1, wherein the nanoparticle com 
prises at least 50 atoms of an element selected from gold, 
platinum, palladium, rhodium, copper, silver, ruthenium, 
iron, aluminum, nickel, and tin. 

6. The method of claim 1, further comprising at least one 
detector and additional detector an array of detectors, wherein 
the array of detectors can detect discrete transients indepen 
dently. 

7. The method of claim 1, wherein the electrochemical 
amplification is attributed by the distinguishable catalytic 
properties between nanoparticles and the detector electrodes 
wherein the rate of reaction at the individual one or more 
metal nanoparticles is at least 200 times greater than the rate 
of reaction at an electrode after normalizing. 

8. The method of claim 1, wherein the nanoparticle solu 
tion has a concentration between 1 pM and 1 uM. 

9. The method of claim 1, wherein the discrete transient is 
a step or a spike when recording by time. 

10. The method of claim 1, wherein the discrete individual 
metal nanoparticle further comprises a coating. 

11. The method of claim 1, wherein the discrete individual 
metal nanoparticle further comprise a coating of alkanethiols, 
mercapto alcohols, mercaptocarboxylic acids, thiophenols, 
thiol-functionalized oligonucleotides, benzene 
dimethanethiol, oxalate, or citrate. 

12. The method of claim 1, further comprises oligonucle 
otides attached to the discrete individual metal nanoparticle. 

13. The method of claim 1, wherein the nanoparticle solu 
tion has a concentration between 2 picomolar and 1 uM. 

14. The method of claim 1, wherein the nanoparticle solu 
tion has a concentration between 3 picomolar and 1 uM. 

15. A method of analyzing discrete individual nanoparticle 
reactions in a sample comprising the steps of 

providing a sample chamber comprising at least 2 ultrami 
croelectrodes in a liquid sample; 

adding metal nanoparticles to a liquid sample to form a 
nanoparticle solution having less than a micromolar 
metal nanoparticle concentration; 

adding an indicator species to the nanoparticle solution, 
wherein the indicator species is capable of undergoing a 
heterogeneous electrocatalytic reaction; 

interacting a discrete individual nanoparticle with the indi 
cator species and one of the at least 2 ultramicroelec 
trodes to generate a discrete transient, wherein the tran 
sient is a step or a spike of electrical current, an electrical 
potential, an electrical charge, an electrical resistance, 
an electrical capacitance, an electrical inductance, an 
electrical impedance, a light, and a color, and 

recording the discrete transient, wherein the discrete tran 
sient correlates to a discrete electrocatalytic reactionata 
discrete individual nanoparticle. 

16. A method of analyzing separate discrete individual 
nanoparticle reactions from 2 distinct reactions in a sample 
comprising the steps of 

providing a sample chamber comprising at least 2 ultrami 
croelectrodes in a liquid sample; 

adding a first metal nanoparticle to a liquid sample to form 
a nanoparticle Solution having less than a micromolar 
metal first nanoparticle concentration; 

adding a second metal nanoparticle to the nanoparticle 
Solution having less than a micromolar second metal 
nanoparticle concentration; 
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adding a first indicator species to the nanoparticle solution, 
wherein the first indicator species is capable of under 
going a first electrocatalytic redox reaction with the first 
metal nanoparticle; 

adding a second indicator species to the nanoparticle solu 
tion, wherein the second indicator species is capable of 
undergoing a second electrocatalytic redox reaction 
with the second metal nanoparticle: 

interacting a discrete first individual nanoparticle with the 
first indicator species and one of the at least 2 ultrami 
croelectrodes to generate a first discrete electrocatalytic 
step current; 

interacting a discrete second individual nanoparticle with 
the second indicator species and one of the at least 2 
ultramicroelectrodes to generate a second discrete elec 
trocatalytic step current; 

observing the first discrete electrocatalytic step current that 
correlates to a first reaction of the discrete first individual 
nanoparticle; and 

observing the second discrete electrocatalytic step current 
that correlates to a second reaction of the discrete second 
individual nanoparticle. 
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