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Abstract: The increasing production and application of nano-
particles necessitates a highly sensitive analytical method for
the quantification and identification of these potentially
hazardous materials. We describe here an application of
surface plasmon microscopy for the individual detection of
each adsorbed nanoparticle and for visualization of its electro-
chemical conversion. Whereas the adsorption rate character-
izes the number concentration of nanoparticles, the potential at
which the adsorbed nanoparticles disappear during an anodic
potential sweep characterizes the type of material. All the
adsorbed nanoparticles are subjected to the potential sweep
simultaneously; nevertheless, each of the up to a million
adsorbed nanoparticles is identified individually by its electro-
chemical dissolution potential. The technique has been tested
with silver and copper nanoparticles, but can be extended to
many other electrochemically active nanomaterials.

Numerous studies have demonstrated the toxicity of some
engineered nanoparticles (NPs) for human health and the
environment.[1–3] Therefore, analytical techniques for the
ultrasensitive detection and identification of nanomaterials
are highly desired. For this purpose, we suggest a new
technology for counting, tracking, and electrochemically
identifying each single NP by using highly sensitive surface
plasmon microscopy (SPM) in combination with electro-
chemical treatment. SPM was originally developed as an
imaging refractometry[4] to extend the performance of
integral surface plasmon resonance (SPR) biosensors.[5]

Recently, it was reported that the adsorption of single NPs
to a SPM sensor surface leads to characteristic images[6–10] that
are well-described by electrodynamic models.[11] However,
these images, being dependent on the size, shape, and
complex refractive index, can be very similar for NPs of
different materials. To make a chemical identification of NPs
we have complemented the real-time counting of each NP
adsorbed on the SPM sensor with the detection of changes in
its SPM image during electrochemical treatment. This indi-
vidual electrochemical analysis of NPs is performed using an
optical readout, thus avoiding many limitations of impact
electrochemistry[12,13] or integral electrochemical tech-
niques.[14] The Kretschmann configuration of SPM
(Figure 1) allows us to use the advantages of a macroscopic

sensor surface area and to perform simultaneous tracking of
up to a million adsorbed nanoparticles.

The method consists of three steps (Figure 2). The first
one comprises an adsorption of NPs to the sensor surface at
a cathodic potential, detection and counting of these NPs, and
determination of the adsorption rate. During the washing
step, unadsorbed NPs are eluted from the measurement cell.
Finally, the electrical potential of the gold electrode (SPM
sensor surface) is scanned in the anodic direction, and
a disappearance of the adsorbed NPs is detected. The value
of the electrode potential at which these NPs dissolve and
disappear provides information on their chemical composi-
tion.

The adsorption of a single NP to the sensor surface is
revealed by a change in the SPM images in a localized group
of pixels. The changes are small but become highly visible
after a preprocessing, which includes averaging the original
image frames for about one second (Figure 2, first row) and
calculating differential frames (second row). After the
preprocessing, the nth differential frame is a pixel-to-pixel
ratio of the (n + 1) averaged frame to the (n¢1) one. Such
dynamic referencing suppresses a slow drift of the back-
ground of the SPM images and provides a much higher signal-
to-noise ratio of the output signal than the referencing of each
frame to the first (or to any other arbitrarily chosen) frame.

Injection of a suspension of NPs into the flow cell leads to
a “rain” of such clearly visible characteristic images in the
sequence of differential frames. As a consequence of the

Figure 1. Surface plasmon microscopy setup for detecting, tracking,
and in situ electrochemical treatment of adsorbed nanoparticles. The
gold layer in the set-up has two functions: a plasmonic sensing
surface and a working electrode that controls the redox state of the
adsorbed NPs.
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dynamic referencing, these images appear only in 2 or 3
consecutive differential frames, but can be spread to 1 or
2 frames more as a result of the averaging. A typical
differential image of the adsorbed NP is shown in Figure 2
(bottom left). This is close to the theoretical prediction,[11] but,
because of the limitations in optical resolution, a single
particle that is smaller than the wavelength leads to an image
with a typical size of 5 × 10 mm2.

The position of each NP adsorbed on the sensor surface
was determined and saved. The adsorption rate was deter-
mined by counting the number of single NPs in each
differential frame. The number of detected Ag NPs for the
sequential injection of suspensions of 60 nm Ag NPs with
different NP concentrations is shown in Figure 3. To prevent
spontaneous oxidation of Ag NPs, the experiment was
performed at a cathodic potential. Injections of NPs were
performed during 100–1000 s (longer times for lower concen-
trations), followed by washing for 200 s. As expected for the
fixed diffusion conditions (constant flow rate and viscosity of
the electrolyte), the adsorption rate is proportional to the
concentration of the NPs in the whole studied concentration
range (106–109 NPsmL¢1; Figure 3, bottom). This dependence
can be used for the analytical determination of NP concen-
trations.

Taking into account that the surface coverage is less than
1% even with a million NPs on a 1 mm2 sensor surface,
a possible influence of surface coverage on adsorption can be

neglected. At a concentration of 1 × 106 NPsmL¢1, the
adsorption rate per 1 mm2 is about one NP per 10 s. This
defines the detection limit of our method: if the detection of
one NP during a reasonable measurement time of about
1000 s is sufficient, the limit of detection is approximately
104 NPs mL¢1. Further improvement of the detection limit can
be achieved by increasing the sensor area, optimization of
diffusion conditions, or by active collection of NPs near the
sensor surface (i.e. by electrophoresis).[15]

The suggested analytical technique requires chemical
conditions leading to the formation of soluble products after
electrochemical oxidation of the NPs. Usually, complexing
agents are used.[16] Electrochemical dissolution of Cu and Ag
can be performed in electrolytes containing SCN¢ , Cl¢ , or
CN¢ at high concentrations to generate charged complex ions
(e.g. AgCl2

¢) instead of neutral insoluble salts. The rate of
electrochemical degradation of a gold electrode in the
presence of chloride ions is much lower than in the presence
of SCN¢ or CN¢ ;[16] therefore, a chloride-containing electro-
lyte was chosen for the present study. The dependence of the
peak potential of the oxidation of Ag NPs in the anodic
voltammogram on the sweep rate corresponds to the irrever-
sible one-electron transfer (Supporting Information Fig-
ure S1a,b) with a charge transfer coefficient of 0.41 (Support-
ing Information Figure S2). The diffusion coefficient of Ag

Figure 2. Determination of the dissolution potential of single nano-
particles using differential surface plasmon microscopy. The adsorp-
tion and dissolution of nanoparticles in differential frames are revealed
by “positive” and “negative” images of the nanoparticle (bottom, for
60 nm Ag NPs).

Figure 3. Adsorption kinetics for 60 nm Ag NPs during subsequent
injections of their suspensions with different concentrations (top) and
corresponding concentration dependence of the adsorption rate
(bottom). Inset, bottom: Dependence of the maximal signal intensity
on the size of the Ag NPs. Note that the number of adsorbed
nanoparticles was determined by detecting and counting each single
NP.
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NPs, determined from the slope of the dependence of the
peak current on the square root of the potential sweep rate
(Supporting Information Figure S3), is 1.4 × 10¢11 m2 s¢1 and
corresponds to a hydrodynamic diameter of about 31 nm. This
is close to the value of 37 nm obtained by dynamic light
scattering (DLS) measurements (Supporting Information
Figure S4). The voltammogramm of the electrochemical
oxidation of Cu NPs shows a single peak, whose potential is
independent of the sweep rate. This indicates that the
oxidation occurs as a reversible two-electron transfer (Sup-
porting Information Figure S5). The diffusion coefficient,
calculated from the slope of the dependence of the peak
current on the square root of the potential sweep rate, is 5.8 ×
10¢12 m2 s¢1 (Supporting Information Figure S6) and corre-
sponds to the Cu NPs having a hydrodynamic diameter of
about 75 nm. This is close to the value of 80 nm obtained by
DLS measurements (Supporting Information Figure S7).

One can expect that the appearance of a nanoparticle on
the sensor surface (through adsorption) and its further
disappearance (through desorption or electrochemical dis-
solution) will lead to the differential SPM images having the
same shape and intensity but of opposing signs (e.g. Figure 2,
bottom, left and right). This implies that the regression
coefficient (RC) or normalized correlation coefficient
between two images of the same NP (corresponding to its
appearance and disappearance) are close to ¢1. The RC is
more informative than the normalized correlation coefficient
(see the Supporting Information) for quantitative analysis of
gradual changes. The disappearance events occur very rarely
at cathodic potentials: once per several hundreds of adsorp-
tion events. Therefore, the adsorption of metallic NPs under
such conditions is practically irreversible. However, if the
electrode potential is scanned in the anodic direction, the
disappearance events of adsorbed NPs occur very frequently.
This is certainly caused by electrochemical oxidation of the
NPs and their dissolution.

The exemplary sequence of differential SPM images,
corresponding to the adsorption and electrochemical disso-
lution of the same single Ag NP, is shown in Figure 4. An
adsorption of this NP leads to the appearance of a dark spot
(top left). As a consequence of dynamic referencing, this spot
becomes invisible in the subsequent differential frames. When

the electrode potential reaches the value required for
electrochemical dissolution of this nanoparticle, an image
with inverse intensity appears in the same place (bottom left).
The kinetics of the regression coefficient of the image at the
position where this NP was adsorbed, is shown in Figure 4
(right). Most of the time, the RC fluctuates around zero, thus
indicating no changes in the NP state. The positive spike
corresponds to the adsorption event (by definition, in this case
RC = 1), and the negative spike corresponds to the disap-
pearance of the NP. Thus, the electrode potential at which
a NP dissolves, and which is characteristic of its content and
size, can be determined simultaneously for each adsorbed NP.

The results of such an analysis for sequential measure-
ments of 40, 60, and 100 nm Ag NPs, as well as for 50 nm Cu
NPs, are shown in Figure 5, top. At the beginning of the
potential sweep, the value of RC for all the detected NPs
fluctuates around zero, thereby indicating that no appear-
ance/disappearance events occur. However, at some defined
value of the electrode potential, a strong shift of the RC in the
negative direction is observed. This means that the images
with inverse intensity to their values during the adsorption of
NPs are detected in the groups of pixels corresponding to the
positions of the adsorbed NPs. This indicates clearly a dis-
appearance of the NPs from the surface. The fact that this
process occurs only if some defined value of the electrode
potential is reached indicates that the disappearance of the
NPs is caused by their electrochemical dissolution. For Ag
NPs, the size detection limit of our SPM setup is about 20 nm.
Therefore, the observed disappearance of Ag NPs indicates
that their size decreases below this value. For thermodynamic
reasons, once an NP starts dissolving and shrinking in size at
some particular potential, this process should continue until
the dissolution of the NP is complete or there is a loss of its
electrical contact to the electrode. Complete electrochemical
dissolution of Ag NPs has already been reported.[13]

The expected difference between dissolution potentials of
Ag and Cu NPs is clearly visible (Figure 5). The exact
potentials vary for different NPs of the same nominal size and
material. The reasons could be size variations, impurities,
electrical barriers between the NPs and electrode surface (e.g.
through surfactants), or local differences in the crystal planes
of the gold electrode. The dissolution potential decreases as

the size of the NP decreases
(Figure 5); such an effect was
analyzed thermodynami-
cally[17, 18] and confirmed by
electrochemical experi-
ments.[19–21] However, because
of essential quantitative dis-
crepancies in the observed
values of the dissolution poten-
tial of NPs reported in the
literature[21–24] and the broad
distribution of this value for
some types of NPs (Figure 4),
it may be more reliable to
determine the size of the NPs
from the image intensity, not
from the potential shift

Figure 4. Determination of the dissolution potential of a single nanoparticle using differential SPM.
Differential images corresponding to adsorption (top left) and dissolution (bottom left) of the same NP,
and corresponding changes in the regression coefficient (right).
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(Figure 3, bottom, inset). The main goal of electrochemical
analysis in this case is the chemical identification of the
material of the NPs from the characteristic range of dissolu-
tion potentials. Notably, the characteristic potentials of the
electrochemical dissolution in our case were determined for
each individual NP and without electrochemical measure-
ments.

A simultaneous analysis of different NPs is also possible
(Figure 5, bottom). Thus, 40, 60, and 100 nm Ag NPs and
100 nm Au NPs were adsorbed sequentially on the sensor
surface at a cathodic potential (¢50 mV versus Ag/AgCl).
The RCs for each adsorbed NP were determined during
a single potential sweep in the anodic direction. Au NPs, used
as a negative control, do not display any potential peak for
dissolution. The peaks of the RC for Ag NPs of different size
are observed at the same potentials as if each size was
measured individually.

SPM detection and measurement of the concentration of
NPs can be performed not only in pure laboratory samples
but also in much more complex probes such as tap or mineral
water, sunscreen cream, juice, or wine.[25] To determine the
material of the NPs requires combination with a technique for
material analysis. Herein, we have demonstrated an individ-

ual material analysis of each adsorbed Cu and Ag NP. The
analysis is based on the determination of changes in SPM
images caused by controlled electrochemical dissolution of
the NPs. The method might be applied to other types of
electrochemical conversions that result in notable changes in
the complex refractive index of NPs. The potential window of
the method could be increased by using non-aqueous electro-
lytes. This provides a way for extending this technique to
oxide NPs or NPs made from various organic redox-active
materials.

Experimental Section
Citrate-stabilized Ag NPs were obtained from Sigma Aldrich.
Powdered 50 nm Cu NPs were obtained from QuantumSphere.
Prior to measurements, all the samples were characterized using DLS.
The set-up for SPM was based on the Kretschmann configuration and
optimized for l = 642 nm and a SF-10 prism (n = 1.72) with
a ca. 47 nm thick gold layer and 3 nm Ti sublayer. The RC in
Figure 5 is shown at the level of the 5th percentile of all NPs. Other
experimental details are described in the Supporting Information.
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