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ABSTRACT Electrochemical—atomic force microscopy (AFM-SECM)

was used to simultaneously probe the physical and electrochemical
properties of individual ~20 nm sized gold nanoparticles function-
alized by redox-labeled PEG chains. The redox PEGylated nanopar-
tidles were assembled onto a gold electrode surface, forming a
random nanoarray, and interrogated in situ by a combined AFM-
SECM nanoelectrode probe. We show that, in this so-called mediator-
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tethered (Mt) mode, AFM-SECM affords the nanometer resolution required for resolving the position of individual nanoparticles and measuring their size,

while simultaneously electrochemically directly contacting the redox-PEG chains they bear. The dual measurement of the size and current response of

single nanoparticles uniquely allows the statistical distribution in grafting density of PEG on the nanoparticles to be determined and correlated to the

nanoparticle diameter. Moreover, because of its high spatial resolution, Mt/AFM-SECM allows “visualizing” simultaneously but independently the PEG

corona and the gold core of individual nanoparticles. Beyond demonstrating the achievement of single-nanoparticle resolution using an electrochemical

microscopy technique, the results reported here also pave the way toward using Mt/AFM-SECM for imaging nano-objects bearing any kind of suitably redox-

labeled (bio)macromolecules.
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haracterizing the physical and chem-

ical properties of noble metal nano-

particles, either as isolated objects or
forming nanostructures on surfaces, is a
topic of current interest.! Gold nanoparti-
cles have in particular attracted much atten-
tion, notably because they can easily be
endowed with a vast range of functional-
ities via the self-assembly of layers of or-
ganic molecules and biomolecules onto
their surface.>* Gold nanoparticles can for
example be functionalized by specific ligands,
such as DNA strands>® or peptide chains,” for
chemical and biochemical sensing applica-
tions.®2 Functionalized gold nanoparticles
have also found many applications in the
emerging field of medical imaging and
therapy.’ For these applications, gold nano-
particles are typically protected from the
immune system by a polyethylene glycol
(PEG) coating.”'® Redox functionalities can
also be incorporated into the layer coating the
gold nanoparticles for their use as faradaic
electron reservoirs for electrocatalysis;'"'2
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these redox-functionalized nanoparticles
can as well be adsorbed onto surfaces in
view of making high charge storage de-
vices."*'* No matter the targeted applica-
tion, it is of course indispensable that the
properties of the molecular coating of func-
tionalized nanoparticles are fully character-
ized. Of particular interest is the assessment
of the number of copies of the functional
molecules introduced on the surface of the
nanoparticles. So far such a characterization
of the degree of functionalization of gold
nanoparticles has been carried out using
methods that only measure the average
properties of samples containing a large
number of nanoparticles.*'" However, these
ensemble measurements inherently mask
the disparity of the properties of the nano-
particles, which may display unique indivi-
dual characteristics. Therefore, it is much
desirable to develop techniques allowing
the properties of functionalized nanoparti-
cles, such as their degree of functionalization,
to be quantified at the single-nanoparticle
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level. In addition, because the properties of nanopar-
ticles are often size-dependent, such techniques
should also allow the size of the particles to be deter-
mined jointly with their functional properties. Com-
bined local probe microscopy techniques, offering
single-nanoparticle resolution, uniquely fulfill these
criteria'® and have indeed been used to characterize
bare gold nanoparticles,'®'” but very rarely to study
functionalized (or simply coated) gold nanoparticles.
To the best of our knowledge only Abate et al. reported
combined atomic force microscopy (AFM)/near-field
scanning optical microscopy (NSOM) single-particle-
level characterizations of silica'®'® and surfactant-
capped gold nanoparticles.®

The aim of the present work is to explore the pos-
sibility of using scanning electrochemical micros-
copy®' % (SECM), a spatially resolved in situ electro-
chemical technique using a microelectrode as a local
probe, for characterizing individual redox-labeled gold
nanoparticles.

Ever since a very early attempt by Bard et al.** the
ability to interrogate individual nanoparticles by
SECM has remained an elusive goal. This limitation
was initially due to the modest resolution of SECM,
which, for a long time, has remained in the micrometer
range.?"?? Resolution has since been improved down
to the submicrometer range by combining SECM with
AFM, via the fabrication and use of submicrometer-
sized AFM-SECM probes.?>~%’ The recent development
of hyphenated SECM techniques?® and the production
of nanoelectrodes usable as SECM local probes?®32
have resulted in further resolution improvements,
which, for example, allowed Amemiya et al. to succeed
in probing nanoband electrodes,®® nanogaps,®* or
single-wall nanotubes®> by SECM. Unwin et al. also
probed the reactivity of single-wall nanotubes®® and of
isolated ~100 nm sized catalyst particles®” using scan-
ning electrochemical cell microscopy (SECCM), a
SECM-derived technique they designed.>® Most re-
cently, using the same technique, this later group
succeeded in probing the reactivity of 10—15 nm sized
single bare gold nanoparticles. Yet the actual size of
the particles probed had to be measured ex situ by
TEM. It is also worth mentioning that, very early on,
Stimming et al. made use of scanning tunneling micro-
scopy (STM), operated in an SECM-resembling config-
uration, to probe the electrochemical reactivity of bare,
single ~10 nm sized palladium nanoparticles.*® How-
ever, to date no actual electrochemical technique
exists allowing the simultaneous measurement of the
size of nanoparticles and the probing of their redox
properties.

In that context, we propose here to use a high-
resolution variant of SECM, which we introduced earlier
and labeled Mt (mediator-tethered)/AFM-SECM,*'~%3
for probing individual nanoparticles functionalized
by redox-labeled macromolecules. The principle of
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Mt/AFM-SECM is that a force-sensing microelectrode
probe is used to directly contact redox-labeled macro-
molecules immobilized onto a conducting substrate.
Electrochemical detection of the redox label generates
a specific tip current, whose intensity depends on the
local surface concentration of the redox macromole-
cule on the surface.**? When operated in imaging
(tapping) mode, Mt/AFM-SECM allows the surface dis-
tribution of the redox-labeled macromolecule to be
mapped, while the topography of the substrate is
simultaneously acquired.**** We previously demon-
strated that Mt/AFM-SECM could be used to electro-
chemically interrogate nanometer-sized linear macro-
molecules, such as PEG*'~** or short DNA chains,*
end-attached to a surface, and also to map the
surface distribution of ~100 nm sized immunocom-
plex dots.**

In the work reported herein, Mt/AFM-SECM is
used to image a random array of ~20 nm sized gold
nanoparticles functionalized by a molecular layer of
nanometer-sized polyethylene glycol (PEG)s490 chains
end-labeled by a redox (ferrocene, Fc) group. We show
that the Mt/AFM-SECM configuration allows locating
individual Fc-PEGylated nanoparticles, measuring their
size, and simultaneously electrochemically interrogat-
ing the Fc-PEG molecules they bear. We demonstrate
that these measurements uniquely allow accessing
the statistical distribution of Fc-PEG grafting density
on the nanoparticles, a parameter that had remained
inaccessible to the “ensemble” techniques so far used
to characterize PEGylated particles,*®**’ and cross-
correlating the nanoparticle coverage and sizes.

RESULTS AND DISCUSSION

Assembly of a Random Gold Nanoparticle/Nanoelectrode
Array. A natural prerequisite for studying nanoparticles
by local probe techniques is that the particles are
immobilized on a planar surface. In the present case,
where we aim at probing gold nanoparticles function-
alized by Fc-PEG chains, we had the choice of func-
tionalizing the nanoparticles by Fc-PEG either before or
immediately following their immobilization on the
surface. We preferred the later strategy since we feared
that the repelling properties of the PEG layer would
hamper proper attachment of the functionalized par-
ticles to the surface. Hence the first experimental step
was to form an array of bare gold nanoparticles on
a surface, with the additional constraint that, to enable
the electrochemical detection of the redox-labeled
PEG chain, the nanoparticles had to act as individual
nanoelectrodes. Our experimental approach, for the
construction of such a nanoparticle/nanoelectrode
array, is based on the recent reports by Gooding
et al*®* These authors demonstrated that citrate-
stabilized gold nanoparticles adsorbed onto amine-
terminated alkyl thiols self-assembled onto gold elec-
trodes were able to mediate charge transfer from the
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Figure 1. Fabrication of a random array of Fc-PEGylated gold nanoparticles on a gold surface. The AFM image shown is a
3 um x 3 um tapping mode topographic image of a random nanoparticle array acquired in air using a commercial AFM probe.
Nanoparticle surface coverage as derived by particle counting from the AFM image:  ~ 60 particles/um?.

underlying gold electrode toward redox species in
solution. They showed that gold nanoparticles could
transport electrons across thick self-assembled
layers of alkyl amino-thiols, which in the absence of
nanoparticles would otherwise fully passivate the
gold electrode surface. This paradoxical electroche-
mical property, first observed by Natan et al.>°
further described by Brust et al.*' and thoroug-
hly studied by Fermin et al.>? for various types of
electrode—monolayer—nanoparticle constructs, has
been recently rationalized on a theoretical basis by
Chazalviel et al.>®

In the present work, a compact layer (SAM) of a long
amino alkyl thiol molecule, 11-amino-1-undecanethiol,
was first assembled onto an ultraflat template-stripped
(TS) gold surface (see Figure 1).

The quality of the amino-thiol layer and its passivat-
ing properties were confirmed by the observation
that the electrochemical signal of the soluble redox
species ferrocene dimethanol at the gold surface was
almost entirely suppressed following SAM assembly
(see Supporting Information). Ferrocene methanol was
chosen as a test redox species due to its chemical
identity with the Fc label of the PEG chains used
here.

Citrate-stabilized gold nanoparticles ~20 nm in
diameter were then adsorbed onto the amino-thiol
layer by immersing the SAM-modified gold surface into
the nanoparticle-containing solution. The ensuing for-
mation of electrostatic and probably partly covalent
bonds between the nanoparticles and the amino func-
tionalities of the SAM resulted in the assembly of a
robust nanoparticle array (see Figure 1). The presence
of nanoparticles onto the surface was verified by AFM
microscopy imaging in air, which also served to deter-
mine the nanoparticle surface coverage by counting
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the particles visible in 3 um x 3 um topographic
images (see Figure 1). The ability of the gold nano-
particles to shuttle electrons, i.e., to act as nano-
electrodes, was confirmed by cyclic voltammetry
experiments, which showed that the signal of fer-
rocene dimethanol was fully restored after adsorp-
tion of the gold nanoparticles onto the SAM (see
Supporting Information).

We also used AFM imaging to find the experimental
conditions allowing the surface coverage of nanopar-
ticles on the SAM-modified substrates to be finely
tuned. Controlling the interparticle separation was of
great importance here since we wanted the nanopar-
ticles to be sufficiently spaced apart in order to be
individually addressable by the finite-sized Mt/AFM-
SECM tip. We found that exposing the SAM-bearing
gold surface to a 3 nM nanoparticle solution for 1-10
min allowed us to reproducibly obtain random arrays
characterized by a nanoparticle surface coverage of
y = 20—150 particles/um?, i.e., by an average nanopatr-
ticle separation of ~0.1—0.25 um.

Hence the random nanoparticle array fabricated
here displays two important features for its use as a
platform allowing the Mt/AFM-SECM characterization
of Fc-PEGylated particles: The SAM matrix is sufficiently
insulating to prevent direct electrochemistry of Fc
species at the gold surface and electrochemical detec-
tion of Fc species at the nanoparticle is, oppositely,
unhindered and fast.

Directed Immobilization of Fc-PEG Chains onto the Gold
Nanoparticles. Determining the Average Number of F¢-PEG Chains
per Nanoparticle by Cyclic Voltammetry. Immobilization of
the Fc-PEG chains was selectively directed to the
gold nanoparticles by exposing the surfaces bear-
ing nanoparticle arrays to an aqueous solution of a
custom-synthesized Fc-PEGs400-disulfide molecule.*®
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Figure 2. (a) Cyclic voltammograms recorded at a TS-gold
surface bearing ~20 nm citrate-stabilized gold nanoparti-
cles adsorbed on a self-assembled monolayer of 11-amino-
1-undecanethiol. The voltammograms were recorded
before (dashed trace) and after (continuous trace) functio-
nalization of the surface-adsorbed nanoparticles by Fc-PEG-
disulfide. (b) Overall surface coverage in Fc-PEG chains, T,
as determined by cyclic voltammetry for various TS surfaces
bearing Fc-PEGylated nanoparticles, as a function of their
respective nanoparticle coverage, y. In (a), scan rate =2 V/s,
electrolyte = aqueous 0.1 M citrate buffer pH 6.

This molecule was selected for several reasons: (i)
PEGylated nanoparticles used for biomedical applica-
tions are typically functionalized with PEG chains of
similar molecular weight (in the 1—-10 kD range).9 (ii)
The ferrocene (Fc) end-label of the chain displays an
ideal electrochemical behavior.*® (iii) Finally, the high
affinity of disulfide for gold is expected to result in the
end-grafting of Fc-PEG chains onto the gold nanopar-
ticles (Figure 1), just as what has been observed to
occur at planar gold surfaces.** Actual immobilization
of the Fc-PEG chains on the array was monitored by
cyclic voltammetry (CV): Figure 2a shows the voltam-
mograms recorded at a nanoparticle array substrate
before (dashed trace) and after (continuous trace)
10 min exposure of the nanoparticle-modified sub-
strate to a 65 uM Fc-PEG-disulfide aqueous solution.
One can observe that the voltammogram recorded
after the Fc-PEG-disulfide treatment changes from
being purely capacitive into the typical reversible
peak-shaped signal expected for a surface-confined
species undergoing fast (Nernstian) electron transfer
with the surface.>® The peak-to-peak separation is very
small (less than ~10 mV at 2 V/s), and the intensity
of the current peaks increases linearly with scan rate.
Importantly, the peak width at mid heightis ~110 mV,
which is reasonably close to the value of 90 mV ex-
pected for a homogeneous population of noninteract-
ing surface-bound redox species located outside the
double layer. Finally, the signal is centered around a
potential of ~+0.14 V/SCE, which is close to the value
of +0.15 V/SCE we determined earlier for the standard
potential (E°..) of the PEG-borne Fc/Fc™ redox
couple, either free in solution or attached to gold
electrodes or biomolecular surfaces.*’** These results
indicate that, as schematized in Figure 2a, the Fc heads
can reversibly exchange electrons with the underlying
gold substrate via the nanoparticles on which they are
anchored. Integration of the background-subtracted
CV signal yields the overall surface coverage in Fc-PEG
chains, T'g. (in moles per geometric substrate surface
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area). For the various substrates we examined, all
bearing Fc-PEGylated nanoparticles, but differing in
their nanoparticle surface coverage y, we measured
I't. values ranging from 1 to 17 pmol/cm?. Strikingly,
we observed that the value of I't. varied linearly with
the value of y (see Figure 2b). This result confirms that
the Fc-PEG chains are borne by the nanoparticles and
allows n,,, the average number of Fc-PEG chains per
nanoparticle, to be determined by linear regression of
the I'r. vs y variation, yielding n,, = 550 & 200. We also
observed that, for any given surface, I't. did not
increase further when the SAM/nanoparticle/Fc-PEG-
bearing surface was reimmersed into the Fc-disulfide
solution, indicating that the I'r. and n,, values mea-
sured here correspond to saturation of the surface of
the nanoparticles by the PEG chains. Importantly we
verified as well, by measuring y both before and after
immersion of the surface in the PEG-disulfide solution,
that PEGylation of the nanoparticles did not result in
any noticeable nanoparticle loss from the surface.

As further, definitive, evidence that the Fc-PEG
chains are indeed borne by the nanoparticles and
not inserted into the SAM matrix, we designed a blank
experiment where an amino SAM-modified electrode,
not bearing nanoparticles, was left in contact with the
Fc-PEG-disulfide solution for increasing amounts of
times and then interrogated by cyclic voltammetry.
We observed that for the short contact times we used
here (of less than an hour), no inserted Fc-PEG chains
were detectable (see Supporting Information). Inser-
tion of Fc-PEG chains into the SAM matrix did ulti-
mately occur, but only for contact times longer than a
few hours.

Ever since PEG-modified gold nanoparticles were
first described by Murray et al.,'® the issue of reliably
measuring the average grafting density of PEG on
nanoparticles has been debated®*® and has been very
recently revisited.***” The voltammetry results ob-
tained here for our nanoparticle/Fc-PEG system are
thus worth discussing further in that respect. For com-
paring our results with data from the literature, we
first convert n,, into the so-called grafting density of
Fc-PEG on the nanoparticles, defined as the number of
PEG chains per unit surface area of the nanoparticle,
which, considering spherical 15—20 nm diameter nano-
particles, is ~n,,/7(15—20)* ~ 0.4—0.8 PEG chain/nm?.
We note that this latter value is significantly lower
than grafting densities reported for PEGylated gold
nanoparticles dimensionally similar to ours, but dis-
persed in solution. For example a PEG grafting density
of 1.6 PEG/nm? was reported for PEG,g0o chains thio-
grafted onto 42 nm diameter citrate-stabilized gold
nanoparticles.*® Similarly, attachment of thiolated
PEGp00 and PEGsgpe chains onto 10 nm diameter
citrate-stabilized gold nanoparticles was reported to
result in grafting density values of 2.5 and 1.8 PEG/nm?,
respectively.”” Hence from these figures one would
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have expected to find about 1400—2500 chains borne
by the ~15—20 nm diameter gold nanoparticles used
here (taking ~2 PEG/nm?). A reduced accessibility of
surface-attached nanoparticles, as opposed to nano-
particles in solution, may partly explain this discre-
pancy. We note however that the average PEG grafting
density we measured is significantly higher than the
one we determined previously for Fc-PEGsg00 chains
grafted onto planar surfaces. In such a case a saturat-
ing density of ~0.1 chain/nm? was consistently mea-
sured.*® This low grafting density value indicated the
formation of dilute Fc-PEG layers onto planar surfaces,
within which the end-grafted PEG chains adopted a
hemispherical (so-called mushroom) conformation
characterized by a Flory radius, Rg, of ~5 nm. The fact
that the same Fc-PEG molecule is now observed to
form a much denser layer on a nanoparticle surface
illustrates particularly clearly the effect of the curvature
of the grafting interface on the surface density of
polymers. This phenomenon is rooted to the fact that,
as predicted by the Daoud—Cotton model® and con-
firmed by simulations,”®>” polymer chains end-grafted
onto curved interfaces can form high-density spherical
brushes where the chain monomers occupy a conical
section extending radially from the surface. This effect
of the curvature of the grafting interface is theoretically
expected to arise when the radius of the anchoring
surface (particle), Ryp, is much smaller than the Flory
radius of the chains, R..>® However our experimental
results suggest that even for a modest Ryp/Rr ratio
of ~1.5—2, characterizing our present system, transi-
tion from a mushroom regime to a spherical brush
regime is noticeable.

Mt/AFM-SECM  Characterization of Individual Fc-PEGylated
Nanoparticles. A home-fabricated combined AFM-SECM
probe,®* capable of acting both as a tapping mode
AFM probe and as a conical microelectrode, was
excited at its resonance frequency (located in the
2—3 kHz region) and approached in situ, in a 0.1 M
pH 6 citrate buffer solution, from surfaces bearing a
low-density Fc-PEGylated nanoparticle array. The com-
bined probe (tip) was biased at a potential of £, = 4-0.3
V/SCE, while a potential of Ey,, = —0.1 V/SCE was
applied to the surface (substrate). When a predefined
(~15%) damping of the tip oscillation amplitude
was reached, the approach stopped and the tip was
scanned along the surface. The surface topography
and tip current signals were simultaneously acquired
during the scan, and the corresponding images are
respectively shown in Figure 3a and Figure 3b.

Examination of the topography image reveals a
very flat surface, bearing a few (~10) nano-objects
characterized by a heightin the 15—20 nm range and a
width around ~80 nm (see cross section of the topo-
graphy image). These objects are naturally attributed
to gold nanoparticles, since their height falls in the
expected size range of the nanoparticles used here.
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Figure 3. Mt/AFM-SECM tapping mode imaging of a gold
surface bearing a random array of ~20 nm Fc-PEGylated
gold nanoparticles. Simultaneously acquired topography
(a) and tip current images (b). Cross sections of the topo-
graphy and current images taken along the short white line
shown, passing through the center of two nanopatrticles, are
respectively plotted in red and blue. Corresponding cross
sections taken in a zone free of nanoparticles, materialized
by a vertical green line in the images, are plotted as black
traces. Tip and substrate potentials: E;, = +0.30 V/SCE,
Esup = —0.05 V/SCE. The probe is oscillated at its funda-
mental flexural frequency of 2.41 kHz, ~15% damping,
imaging rate 0.4 Hz, aqueous 0.1 M citrate buffer pH 6.

The relatively large apparent width of the nanoparti-
cles, with respect to their height, can be explained by
tip convolution effect, a well-known artifact in AFM
imaging causing an overestimation of the dimen-
sion of objects imaged by a finite-sized AFM tip. In
the case of a spherical tip of radius Ry, imaging a
spherical object of radius Ry, the apparent object width
of the object, W, is given by W = 4(Ry,Ro)"2.>® Hence in
the present case considering that the diameter of
the homemade AFM-SECM probe used to acquire
the images presented in Figure 3 was ~100 nm,
a~15—20 nm sized nanoparticle is expected to display
an apparent width of W ~ 80—90 nm, in agreement
with what can be measured in Figure 3a. This result
confirms that individual nanoparticles, rather than
clusters of particles, are visible in Figure 3.

Turning now to the current image, Figure 3b, we see
that some of the nanoparticles visible in the topogra-
phy image can be associated with a current “spot” in
the current image, whereas others do not give rise to
any current. On average we observed that 70—80% of
the particles were “active” (i.e., generated a current),
whereas the rest were “inactive”. Incidentally the fact
that some particles, well resolved in the topography
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Figure 4. Mt/AFM-SECM tapping mode imaging of a gold surface bearing a random array of ~20 nm Fc-PEGylated gold
nanoparticles. Simultaneous acquired topography (a) and tip current images (b). The images were acquired to evidence the
dependence of the tip current, iyip, on the substrate potential, E;,,. Plots of the cross section of the topography and current
images taken along the white lines labeled 1 and 2 are shown below the corresponding images. The images were acquired
from bottom to top. At some point of the scan, indicated by orange lines both in the images and in the cross section plots, the
scanning mode was changed to “hold-slow”; that is, the same line of the image was scanned repeatedly. Later on, when the
scan reached the position indicated by green dotted lines in the currentimage, E;,,, was linearly swept to +0.4 V/SCE and back
at 5 mV/s. This potential sweep is represented in (c) and is also superimposed to the cross section plots (green trace). In (d) the
tip current, measured along the cross section of 1 and 2, is plotted as a function of the corresponding substrate potential. E;;, =
+0.30 V/SCE; E;,, is initially set to 0.0 V/SCE. The probe was oscillated at its fundamental flexural frequency of 2.40 kHz, with
~20% damping. The imaging rate was 0.4 Hz in the lower part of the image and 0.2 Hz in the upper (hold-slow) part. Aqueous

0.1 M citrate buffer pH 6.

image, did not give rise to any current ascertains the
absence of cross-talk between the topography and
current signals. In order to check if the absence of
current at the level of inactive particles could be due to
a poor electrical connection of those particles with the
underlying surface, we conducted conducting AFM
experiments in air. These experiments consisted in
imaging a SAM/nanoparticle-bearing substrate using
a conductive commercial probe while applying a small
bias between the tip and substrate. The simultaneously
obtained topography and currentimages allowed us to
demonstrate that virtually all (~90%) of the nanopar-
ticles were effectively in electrical contact with the gold
substrate (see Supporting Information). Such a result
indicates that even “inactive” particles are in proper
electrical contact with the substrate.

One can also see from Figure 3b that absolutely no
current is recorded in the flat regions of the sur-
face separating the nanoparticles. In contrast, as can
be measured from the cross section of the current
image, a current on the order of 0.2—0.3 pA is recorded
at the level of the “active” nanoparticles. Importantly the
images shown in Figure 3 could be repeatedly acquired,
showing that the interaction between the homemade
AFM-SECM probe and the nanoparticles was gentle
enough not to damage the nanoarray surface.

HUANG ET AL.

In order to gain insights into the origin of the
current recorded at the level of the “active” particles,
the dependence of the tip current on the potential
applied to the substrate was studied. To do so, a
substrate bearing a Fc-PEGylated nanoparticle array
was initially imaged in tapping mode Mt/AFM-SECM as
described above, until a nanoparticle associated with
a tip current was found, at which stage the “slow” (Y)
scan direction was disabled (see Figure 4). In this so-
called “hold-slow mode”, the probe was thus endlessly
scanned over the same nanoparticle while the topo-
graphy and current signals were recorded and plotted
as scan lines of the corresponding images.

Consequently the nanoparticle and its associated
current signal appear as “bands” in the topography and
current images (Figure 4a and b). The fact that the
bands are inclined is due to a slow surface drift in the
right-hand-side direction. This drift is particularly visi-
ble in the hold-slow mode since the scan rate was
decreased from 0.4 line/s down to 0.2 line/s for a better
accuracy of the current measurement. However this
drift can be exactly compensated by considering cross
sections of the images taken along the axis of the
inclined bands, such as the cross section labeled 1 in
the images presented in Figure 4. For the sake of
comparison a cross section, labeled 2 in Figure 4, was
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taken in a featureless region of the images. These
topography and current cross sections are plotted in
the lower part of Figure 4; the horizontal orange dashed
lines denote the position where the hold-slow mode
was activated. One can see upon examining cross
section 1 that before the hold-slow mode was enabled
the tip progressively “climbed” over the ~16 nm high
nanoparticle, while the current increased concomi-
tantly. Once the hold-slow mode was enabled, both
the topography and the current signals remained
approximately constant. At some point of the scan,
indicated by green dotted lines in the current image
and in its cross section, the substrate potential, Eqp,
was ramped linearly with time toward anodic values
and back to its initial value (see Figure 4¢). One can see
that such a ramp resulted in a black “ditch” in the
current band visible in Figure 4b. This phenomenon
can be more clearly seen by considering the current
cross section, where the substrate potential, Egp, is
plotted as a green trace and superimposed to the tip
current signal. One can see that as the value of E, is
made more anodic, the tip current, iy, decreases
progressively to zero, but is fully restored upon ramp-
ing E,yp, back to its initial value of —0.05 V/SCE. If one
now plots the measured value of i, as a function of
the set E, value, the iy, vs Egp, variation shown in
Figure 4d is obtained. This S-shaped variation is typical
of an electrochemical process probed by a microelec-
trode. Moreover its potential at midheight is found to
be 0.17 V/SCE, a value close to the standard potential
of the Fc/Fct PEG borne redox couple (~0.15 V/SCE).
This latter result demonstrates without any ambiguity
that what has been achieved here is probing of the
electrochemical response of Fc-PEG chains borne by
individual gold nanoparticles.

As schematized in Figure 5, the Fc heads of the
Fc-PEG borne by individual gold nanoparticles are
alternatively oxidized at the tip and reduced back at
the nanoparticle, which acts both as a scaffold and as a
nanoelectrode. The resulting electrochemical tip cur-
rent is kinetically controlled by the dynamics of the
PEG-chain motion.*' But what is most important here
is that the tip current is proportional to the number
of PEG-chains contacted by the tip, which depends
linearly on the surface coverage of Fc-PEG on the
nanoparticles.*>*

Hence, at this stage, we demonstrated here that
tapping mode Mt/AFM-SECM uniquely allows the loca-
tion of individual nanoparticles to be resolved while
the PEG chains they bear are simultaneously electro-
chemically interrogated.

To the best of our knowledge this is the first
example of an SECM-derived technique allowing the
size and the electrochemical properties of individual,
nanometer-sized objects to be simultaneously probed.
Incidentally this result also demonstrates the capability
of Mt/AFM-SECM for resolving the 2D distribution of
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Figure 5. Principle of the Mt/AFM-SECM electrochemical
interrogation of Fc-PEG chains here borne by individual
gold nanoparticles. The nanoparticle acts both as a scaffold
and as a nanoelectrode, mediating electron transfer be-
tween the underlying gold substrate and the redox (Fc)
labels of the PEG. The AFM-SECM probe (tip) is brought
in situ in “molecular” contact with the macromolecular PEG
layer covering the nanoparticle. The tip and substrate are
biased so that the redox label is alternatively oxidized at the
tip and rereduced at the substrate. This redox cycling
generates a specific tip electrochemical current whose
intensity depends on the (time-averaged) tip—substrate
distance, the Brownian dynamics of the PEG, and the local
surface concentration in PEG. The use of tapping mode
allows the tip—substrate distance to be fixed so that the tip
current specifically probes the presence of the labeled
molecule and its surface concentration (coverage) on the
nanoparticle.

redox-labeled macromolecules down to a ~20 nm
resolution.

Of particular interest is also the fact that what is
actually measured here is the coverage of PEG chains
on individual nanoparticles. So far, this important
parameter has been accessible only as an average
number derived from ensemble measurements, such
as in our case cyclic voltammetry measurements at the
substrate (see above). In that respect the absence of tip
current at the level of the “inactive” nanoparticles has
to be interpreted as the absence of Fc-PEG chains on
those particles.

Imaging High-Density Fc-PEGylated Gold Nanoparticle Layers.
Probing the Distribution of the Topographical and Electrochemi-
cal Properties of the Nanoparticles. The interest of the
“nano-array”-like format in which the Fc-PEGylated
nanoparticles are studied here is that, simply by imag-
ing such an array, a large number of nanoparticles
can be individually interrogated by the Mt/AFM-SECM
probe in a single image scan, and the dispersion of the
nanoparticle properties revealed. Of course this re-
quires both a high nanoparticle coverage on the sur-
face and a sharp enough AFM-SECM probe. We thus
selected handmade AFM-SECM probes characterized
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Figure 6. Mt/AFM-SECM tapping mode imaging of a gold
surface bearing a high-density random array of ~20 nm
Fc-PEGylated gold nanoparticles (y ~ 150 particles/um?).
Simultaneously acquired topography (a) and tip current
images (b). Three “inactive” particles are circled. Cross
sections of the topography and current images along the
short white line shown, passing through the center of
nanoparticles 2, 3, and 4, are presented below their corre-
sponding images. The vertical green line passing through
particle 1 denotes the position where the cross sections
plotted in Figure 8 were taken. Tip and substrate potentials:
Eip = +0.30 V/SCE, E,y, = —0.05 V/SCE. The probe was
oscillated at its fundamental flexural frequency of 2.28 kHz,
with ~20% damping. Imaging rate 0.4 Hz. Aqueous 0.1 M
citrate buffer pH 6.

by a tip radius in the ~20 nm size range, produced
following a recently improved process (see Supporting
Information), to image high-density Fc-PEGylated
nanoparticle surfaces, characterized by a nanoparticle
coverage in the order of y & 150 particles/um?. Re-
presentative topography and current Mt/AFM-SECM
images of such a surface are presented in Figure 6.
One can see from the topographic image, and
corresponding cross section, that an immediate bene-
fit of using a very sharp AFM-SECM probe is that the
width of the nanoparticles is now ~40 nm, which is
much closer to their actual diameter than previously.
The thus minimized, but unavoidable, tip convolution
effect allows a tip radius of 19 nm to be derived from
the analysis of the topography image presented in
Figure 6, proceeding as described above. Another
benefit of using a sharp tip is that closely spaced
nanoparticles, such as the particles labeled 2 and 3, or
3 and 4, which are only respectively 60 and 50 nm apart,
can be clearly individually resolved (see cross section of
the topography image). By measuring the height of the
nanoparticles, the diameter of each of the nanoparticles
visible in the image can be measured, and the particle
size histogram presented in Figure 7a constructed. One
can see that the nanoparticle size distribution is rela-
tively broad and characterized by an average particle
diameter of 15 nm and a strandard deviation of 2.4 nm.
Turning now to the current image, we see that, as
previously, some of the nanoparticles give rise to a
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clear current “spot”. One can also note that the current
spots tend to be elongated in the tip-scan (horizontal)
direction. This current tailing effect is due to the slow
rise and decay time of the low current measuring
device. In spite of this, as seen from the current cross
section shown in Figure 6, the individual tip current
signals of the closely spaced nanoparticles, such as
particles 2 and 3, and to a lesser extent 3 and 4, can
be clearly resolved. The presence of a few “inactive”
nanoparticles can also be noted: for the particular
images presented in Figure 6 only 16 out of the 19
particles visible on the topography image seemed
“active”. It is also obvious that the color (ie., the
intensity) of the current spots associated with the
various “active” nanoparticles differs from one particle
to the other As discussed above, this illustrates the fact
that the degree of PEGylation varies from one particle
to the other. This distribution in Fc-PEG coverage of the
nanoparticles can be better visualized, and quantified,
by constructing tip current histograms such as the one
presented in Figure 7b.

One can see that, among the active nanoparticles,
the distribution of tip current is essentially peak-
shaped and centered around 0.45—0.5 pA/nanoparti-
cle, a few particles giving rise to a tip current as low as
0.25 pA. Since the Fc-PEGylation of the nanoparticles
was carried out in “saturating” conditions, ie., by
exposing the nanoparticles to a Fc-PEG-disulfide solu-
tion for a long enough time for a maximal (saturating)
Fc-PEG coverage to be reached, one might suspect that
the tip current distribution is actually at least partly
controlled by the nanoparticle size distribution. Hence
we searched for a nanoparticle size/tip current correla-
tion by plotting the intensity of the tip current gener-
ated by each nanoparticle as a function of the diameter
of the same particle. Being able to establish such a
cross-correlation between distinct properties of the
same single nano-object is a unique benefit of the
combined nature of the high-resolution Mt/AFM-SECM
technique. The resulting plot, shown in Figure 7c, does
not evidence any correlation between the nanoparticle
size and tip current. Incidentaly, this result confirms
that what is probed by the tip is the surface coverage of
Fc-PEG chains on the nanoparticles and not the total
amount of chains present on each particle, which
scales as the square of the particle diameter. Never-
theless the distribution of the number of PEG chains per
nanoparticle can be estimated as follows. The number
of PEG chains, n;, borne by a given particle j, is given by
the product of IT'j, the coverage in Fc-PEG chains of this
particle, times the (spherical) nanoparticle surface, i.e.,
n; = 7d?T; where d; is the diameter of the particle.
Considering that for the Mt/AFM-SECM technique the
tip current ;is proportional to I';, i.e., [;=T'j/f3, where 3 is
a constant, we also have n; = nﬁi,»djz. By virtue of this
equation we see that the average value of the i; x d;?
product, id?, which can be estimated by considering all
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Figure 7. Statistical analysis of the properties of the Fc-PEGylated nanoparticles visible in the images presented in Figure 6. (a)
Particle diameter histogram as derived from the topography image. (b) Tip current histogram, representing the distribution
of the PEG coverage of the nanoparticles. (c) Attempt to cross-correlate the tip current with the nanoparticle size: The current
generated by each particle is plotted as a function of its diameter. The horizontal and vertical dashed lines respectively
indicate the average values of the tip current and nanoparticle diameter. (d) Histogram showing the distribution of the

number of Fc-PEG chains per nanoparticle probed.

of the particles visible in the images reproduced in
Figure 6, should be proportional to n,,, the average
number of Fc-PEG chains per nanoparticle that we
derived by cyclic voltametry, i.e., n,, = 7fid®. For the
present case we find id?= 150 pA nm? and n,, = 530,
and we can thus derive the proportionality coefficient,
B = 1.12 molecule nm~2/pA, which allows the distribu-
tion of the j; d;* product to be converted into the actual
distribution of chains per particle. This distribution is
represented by the histogram shown in Figure 7d. One
can see that among the nanoparticles probed most
bear from 500 to 1000 chains, while a few did not bear
any chains (i.e., were apparently bare). Interestingly the
histogram plot also shows that nanoparticles bearing
as little as 200—300 Fc-PEG chains could electrochem-
ically be detected by the tip. Finally, knowing the value
of 8 also allows the tip current distribution to be
converted into an explicit PEG grating density distribu-
tion (since I; = Bi), as shown in Figure 7b (upper
abscissa). One can see thatamong the “active” particles
many actually displayed a PEG grafting density close to
1 PEG/nm?. This value is comparable to the grating
density of ~2 PEG/nm? reported for PEGylated gold
nanoparticles free in solution, especially if one assumes
that, because of nanoparticle immobilization, only the
upper half of the nanoparticles was accessible for PEG
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grafting. However, because of the significant amount
of particles either bare or displaying a low PEG grafting
density, the average grafting density as derived from
the distribution analysis is only ~0.4 PEG/nm? We note
that this value is compatible with our above estimate
for the nanoparticle average grafting density (0.4—0.8
PEG/nm?), which did not take into account the nano-
particle size distribution.

Even though the histograms presented above cor-
respond to the analysis of a particular set of topo-
graphic and current images, similar analysis of several
series of Mt/AFM-SECM images of different Fc-PEGy-
lated nanoparticle arrays led to similar conclusions (see
Supporting Information): as a result of a notable por-
tion of particles remaining bare, the distribution of
nanoparticle PEGylation encompassed values mark-
edly higher than the average number of PEG chains
per nanoparticle. We have no clear explanation for the
consistently observed presence of these bare nano-
particles among the Fc-PEGylated particles. Yet we
note that if the imaging conditions were altered so as
to (over) decrease the average tip—surface distance, by
increasing damping to >50%, a very intense short-
circuit current was recorded at the level of these
particles. Overall these results suggest that the surface
of the inactive particles might actually bear a layer of
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Figure 8. lllustration of how the Mt/AFM-SECM tip can
selectively probe the PEG corona of Fc-PEGylated nanopar-
ticles. The figure shows superimposed plots of the current
(blue trace) and topography (red trace) signals measured
along the vertical cross section of the corresponding images
reproduced in Figure 6 and passing through the center of
the nanoparticle labeled 1. The topography and current
signals, the nanoparticle, and the idealized tip are repre-
sented to scale. The black arrow denotes the scan direction.
The blue and red arrows denote the positions of the onsets
of the current and topography signals. The PEG corona is
represented by the green dotted circle. The shoulder on the
right-hand side of the current peak is an artifact due to
“tailing” of the current generated by a nearby nanoparticle
(see Figure 6b).

molecular contaminants, which prevents Fc-PEG from
grafting, but is nevertheless thin enough to allow the
tip—nanoparticle electrical contact to occur. Likely
candidates for such contaminants may be amine-thiol
molecules that might have been transferred from the
gold substrate to the nanoparticles by surface diffu-
sion. We actually observed that replacing the amino-
thiol SAM by an alkyl-dithiol SAM yielded a much larger
percentage of “inactive” particles (data not shown).
This result could be explained by the increased ability
of alkyl-thiols, as opposed to amino-thiols, to efficiently
surface-diffuse on gold.

Examining further the high-resolution Mt/AFM-
SECM images presented in Figure 6 reveals another
interesting phenomenon: Even if one considers only
the direction perpendicular to the fast scan axis of the
images (i.e., the vertical direction), which is free of the
current tailing effect discussed above, one can see that
the current “spots” appear systematically broader than
the corresponding nanoparticles. This trend can be
better visualized by superimposing the vertical cross
sections of the topograhy and current images taken
along the particle labeled 1 in Figure 6, as shown in
Figure 8.

Upon examining Figure 8, one can see that the
current “peak” (blue trace) is indeed clearly broader
than the topography peak (red trace). The tip of the
AFM-SECM probe used to acquire the data, which as
discussed above was characterized by an apparent
radius of ~19 nm, is also represented schematically
in Figure 8, at the same scale as the cross sections. The
Fc-PEG coating of the particle, the so-called PEG cor-
ona, is represented as a hemisphere (green dotted
line). This drawn-to-scale figure allows the origin of the
differing width of the current and topographic peaks to
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be understood: one can see that when the probe is
scanned laterally form left to right toward the nano-
particle, a current is detected at an onset position,
marked by a blue arrow, where no topographic feature
is detected. Only when the tip is moved further to the
right is an onset of the topographic signal detected,
at a position indicated by a red arrow, indicating that
the tip then touches the gold nanoparticle itself. This
difference in onset positions of the topographic and
current signals is due to a phenomenon we observed
previously when imaging Fc-PEG-functionalized band
electrodes in tapping mode Mt/AFM-SECM:*" because
of the weak interactions between the tip and the PEG
chains, the topography image reveals only the under-
lying grafting surface, whereas the tip current image
shows a map of the surface distribution of Fc-PEG.
Hence, in the present case, upon laterally approaching
from a nanoparticle, the incoming tip first selectively
probes electrochemically the corona of Fc-PEG chains
before sensing the nanoparticle itself. The thickness of
the Fc-PEG corona can thus be estimated from the
difference in onset positions of the current and topo-
graphy “peaks”. From Figure 8 we find ~14 &+ 2 nm for
the corona thickness. This value is slightly larger than
the distance of ~10 nm over which we have previously
shown that Fc-PEG3,00 chains could shuttle electrons
between a planar substrate and a tip. This result
indicates that the Fc-PEG chains borne by the nano-
particles are indeed slightly elongated away from the
nanoparticle surface, confirming that they form a
dense “spherical brush”. Another benefit of the differ-
ing specificity of the topography and electrochemical
signals is that the nanoparticle dimensions can be
measured from the topography image with no inter-
ference from the PEG coating.

CONCLUSION

We have demonstrated the possibility of probing
individual Fc-PEGylated gold nanoparticles using
Mt/AFM-SECM. We have shown that this original
SECM-derived imaging technique affords the nan-
ometer resolution required for resolving the position
of individual nanoparticles and measuring their size,
while simultaneously electrochemically interrogating
the Fc-PEG chains they bear. The dual measurement of
the size and current response of single nanoparticles
uniquely allowed the statistical distribution in grafting
density of PEG on the nanoparticles to be determined
and correlated to the nanoparticle diameter. Moreover,
because of its high spatial resolution and combined
nature, Mt/AFM-SECM allowed “visualizing” simulta-
neously but independently the PEG corona and the
gold core of individual nanoparticles. The present work
indicates that nanoparticles functionalized by any kind
of suitably redox-labeled biomacromolecules, such
as short DNA strands or peptides, could be similarly
characterized at the single-nanoparticle level by
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Mt/AFM-SECM. Another perspective opened by the
present work is that the use of nanoparticle arrays,
such as those fabricated here, but involving nanopar-
ticles only a few nanometers in size, i.e., dimensionally
close to biomacromolecules, should allow electroche-
mical measurements at the single-biomolecule level

METHODS

Chemicals. The linear [Fc-PEGs400-Slo-disulfide molecules
(M,, = 7800; ~79 monomer units per chain) were custom-
synthesized as described elsewhere.* 11-Amino-1-undecanethiol,
HS(CH,)11NH, (99% purity), was purchased from Aldrich. Gold(lll)
chloride trihydrate (HAuCl4-3H,0, =99.9% trace metals basis)
from Aldrich and trisodium citrate (99% purity) from Alfa-Aesar
were used for the synthesis of gold nanoparticles. All other
chemicals and solvents were analytical grade and used without
further purification. All aqueous solutions were made with Milli-
Q purified water (Millipore).

Preparation of the Citrate-Stabilized Gold Nanoparticles. Citrate-
stabilized AuNPs were prepared by the Frens method as
reported in the literature (see Supporting Information).®%’
The concentration of nanoparticles in the solution was 3 nM.
The average particle size was checked by UV—vis spectra and
SEM and AFM measurements and found to liein the 15t0 20 nm
range varying from batch to batch.

Preparation of the TS-Gold Surfaces. Flat gold surfaces were
produced by template-stripping of a 200 nm thick gold layer
deposited on mica,® as previously described.*®

Assembly of the Random Fc-PEGylated Nanoparticle Array on the TS-
Gold Surface. The freshly peeled TS-gold was immersedina 1 mM
solution of 11-amino-1-undecanethiol in ethanol for 48 h to
allow the assembly of the NH,-terminated SAM. The SAM-
modified surface was then thoroughly rinsed with ethanol
and left in this solvent for 10 min for desorption of weakly
attached amino-thiol molecules if any. The surface was then
carefully rinsed with Milli-Q (MQ) water and immersed into the
nanoparticle solution. The immersion time in the nanoparticle
solution was tuned so as to control the final coverage of the
surface in nanoparticles. An immersion time of 30 min yielded a
surface covered with a saturated layer of nanoparticles. This
kind of surface was used to check the electrochemical response
of 1,1’-ferrocene dimethanol at nanoparticle-covered surfaces
by cyclic voltammetry (see Supporting Information). Decreasing
the immersion time of the SAM-modified surface in the nano-
particle solution down to 1—10 min yielded surfaces with low to
medium coverage in nanoparticles, which were further function-
alized by Fc-PEG-disulfide as follows. After nanoparticle ad-
sorption, the surface was rinsed with MQ water, mounted into a
liquid cell, and covered with 200 uL of a 65 uM Fc-PEG-disulfide
solution in MQ water. After a contact time ranging from 10 min
to 1 h the surfaces was rinsed with water and the cell filled with
the pH 6 0.1 M citrate buffer for characterization by cyclic
voltammetry and Mt/AFM-SECM. Citrate buffer was chosen as
the electrolyte solution because it was observed to yield the
most reproducible results. We attribute this benefit to the fact
that the buffer contains the nanoparticle capping agent, citrate,
which may help stabilize the nanoparticle layer.

Fabrication and Pretreatment of the Combined AFM-SECM Tips. The
tips were hand-fabricated according to a procedure adapted
from the literature®® and largely detailed elsewhere.®* Briefly,
a 60 um diameter gold wire is flattened, and its extremity is
successively bent and etched, so as to obtain a flexible canti-
lever (spring constant in the 0.5—3 N/m, fundamental flexural
frequency ~2—3 kHz) bearing a conical tip with a spherical apex
~100 nm in radius. The etching process has been recently
improved in order to reduce the tip radius down to ~20 nm (see
Supporting Information). The tip is fully insulated by deposition
of an electrophoretic paint and glued onto an AFM chip. The
apex is selectively exposed in order to act as a current-sensing
nanoelectrode. As a precaution against tip contamination, a
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using Mt/AFM-SECM. Finally, we believe the present
work is a clear example of the unique perspectives, in
terms of revealing electrochemical (or electrochemically
transduced) properties of individual nano-objects, offered
by SECM-based techniques displaying a very high (ie.,
nanometer) resolution, first and foremost Mt/AFM-SECM.

monolayer of mercaptohexanol (MCH) was assembled on the
exposed gold apex of the tip prior to AFM-SECM experiments.
This MCH pretreatment was carried out by immersing the tip
apex into a 1 mM MCH solution in aqueous solution for 2 h. The
resulting MCH layer is thin enough to allow unhindered electron
transfer of Fc heads to/from the tip, while greatly improving the
tip durability.

AFM and Combined AFM-SECM Experiments. AFM images in air
were acquired using a JPK microscope operated in tapping
mode. The Mt/AFM-SECM experiments were carried out with a
Molecular Imaging PICOSPM | AFM microscope (Agilent), which
was modified as described in previous contributions (see
Supporting Information).*°

Cyclic Voltammetry. CV characterization of the gold surface
bearing an array of Fc-PEGylated gold nanoparticles, at the
various phases of its preparation, was carried out using the
“substrate”, low-sensitivity, channel of the homemade AFM-
SECM bipotentiostat (see Supporting Information).
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