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Organizing biomaterials, such as proteins, on surfaces is one
of the challenging goals of bio-nanotechnology.!'! Biological
membranes supported on substrates are widely used to mimic
the dynamics and structural features of cell membranes,*?!
and proteins embedded in them could carry out a wide range
of physiological and biochemical processes. For example,
biosensors can be designed by the incorporation of ion-
channel proteins as well as other membrane protein recep-
tors.*! The use of hybrid bilayer membranes (HBMs) that
spontaneously coat a covalently tethered hydrophobic layer
on metals with a monolayer of solvent-free lipids, has opened
up a new era in biomimetic model membranes.® Although
HBM strategies are diverse and well-established,” there are
only few examples that show the embedding of ion-channel
proteins into a HBM system on self-assembled interfaces for
insitu monitoring the behavior of single nanoparticles
(NPs).[

Plasmonics is an emerging sub-field of nanophontonics,
which has attracted increasing attention because of its
potential applications in controlling and manipulating light
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at nanoscale dimensions."!! The advences in dark field
microscopy (DFM) enabled the use of this technique to
probe plasmonic effects at single NP level, and particularly to
examine sizes, shapes, and chemical environments of the NPs.
Specifically, the method was implemented to probe biorecog-
nition events and the dynamics of biomolecules.'> Plas-
monic metal NPs have great potential for chemical and
biological sensor applications, because of their sensitive
response to the local environment and the ease of monitoring
the strong light or absorbance by the NPs.>” These unique
properties suggest the possibility of tuning desired plasmon
resonance scattering properties of NPs at the single NP level,
and probing the sizes and shapes of single NPs.””) Although
chemical synthesis of colloidal NPs with a range of particle
sizes have been reported,*?? it is still a challenge to monitor
in situ and real time the growth of single NPs by single-
particle spectroscopy on a self-assembled template.

The crystal structure of ring-like stable protein 1 (SP1)
reveals a ring diameter of 11 nm, an inner pore of 2-3 nm, and
a width of 4-5nm (Scheme 1a).*%! SP1 was recently
proposed as a new self-assembled molecular scaffold or

C) Time/s——>

Current / pA

A
Constant potential

l&\

«)()(()J((H

ITO electrode ITO electrode

Scheme 1. Electrodeposition in the SP1 generated nanochannels, and
Ag, Au, and Cu NPs deposited on the SP1-HBM/ITO template using a
developing solution of AgClO,, HAuCl,, and CuSO, with the standard
deposition potentials of —0.05V, —0.05V, and —0.6 V vs. Ag/AgCl,
respectively. a) Structure of SP1. b) SP1-HBM/ITO template. c) The
images of typical color changes of a single Ag NP changing from blue
to red, as the electrodeposition time is increased, indicating the in situ
and real time monitoring of the growth process of single NPs on the
SP1-HBM/ITO template.
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nanoscale templates for nano-biotechnological applications.
The wild type SP1 (wtSP1) assembles into protein chain
structures forming nanotubes and nanoarrays.”®! SP1 and its
derivatives have been used to generate hydrophilic nano-
channels in the plasma membrane of living cells, and they
were covalently linked to various surfaces, that facilitate the
assembly of neuroelectronic hybrid systems.””)

Herein, we implement single NP scattering spectroscopy
and electrochemistry for in situ monitoring the growth of Ag,
Au, and Cu single NPs on a self-assembled SP1 template on
indium-tin oxide (ITO) surfaces (Scheme 1b). We use DFM
with a true color imaging charge-coupled device (CCD)
camera and a spectrometer (see Figure S1 in the Supporting
Information) to follow these processes. We show the images
of progressive growth of single Ag, Au, and Cu NPs on the
SP1-HBM/ITO template by following the red-shift of the
plasmon resonance Rayleigh scattering (PRRS) spectra (4,,.¢)
corresponding to the color changes of the different sized
metal NPs (Scheme 1c).

Figure S2a in the Supporting Information shows the AFM
image of SP1. This image shows that the height of SP1 is about
4.9 nm (in the inset). This value is in good agreement with the
value of 4-5 nm reported from the crystal structure. Control
experiments of the AFM images (see Figure S2b in the
Supporting Information) indicate that SP1 self-assembles
with phospholipid layers. The TEM images show the uniform
distribution of SP1 (see Figure S2¢ in the Supporting Infor-
mation) and bare phospholipid layers (see Figure S2d in the
Supporting Information) without SP1, also indicate that SP1
is self-assembled with phospholipid layers. The properties of
SP1-HBM/ITO and HBM/ITO template were further char-
acterized by electrochemical Faradaic impedance spectrosco-
py (EIS)®*?! and cyclic voltammetry (CV, see Figure S3a in
the Supporting Information). At bare ITO, only a very small
semicircle is observed, indicating a very small electron
transfer resistance R, of about 12 Q (curve 1). Silanization
of the ITO surface with triethoxy (octy) silane/acetone
solution generated an insulating layer on the electrode
surface, which increased the electron transfer resistance
(R, value of 31 Q (curve 2). The semicircle diameter of the
Nyquist plot increased significantly and the R, value
increased to 540 Q upon functionalization of the silanized
ITO with HBM (curve 3). After doping of the membrane with
SP1, the semicircle diameter of the Nyquist plot decreased,
and the R, value was reduced to 135 Q (curve 4), indicating
that the membrane turned porous toward the transport of the
redox label. By fitting the EIS spectra with an electronic
circuit, the values of C,, for HBM/ITO and for SP1-HBM/ITO
corresponded to 10.7 and 20.5 uFcm ™2, respectively, indicat-
ing that doping the HBM with the porous SP1 channels
resulted in a net decrease of electron transfer resistance. The
corresponding CVs of bare ITO (1), silanized ITO (2), HBM/
ITO (3), and SP1-HBM/ITO (4) in a 1mM ferricyanide
solution are illustrated in Figure S3b in the Supporting
Information. While the deposition of HBM on the ITO
prohibited the electrical contact between the redox label
Fe(CN),> ™, the deposition of SP1 on the membrane yields
pores that facilitate electron transfer between the redox label
and the electrode support.
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The Ag, Au, and Cu nanoclusters were electrodeposited in
the SP1 pores by the reduction of AgClO, (10~°m), HAuCl,
(107°m), and CuSO, (10°m) at a standard deposition
potentials of —0.05V, —0.05V, and —0.6 V versus Ag/AgCl
on the SP1 (3 x 10~*m)-HBM/ITO support. Figure 1 shows the
reflectance spectra of single Ag (a), Au (b), and Cu (c) NPs.
As the time interval of electrodeposition time is prolonged
(from 0 to 30 min), the A, values are shifted to longer
wavelengths from 528 to 647 nm, from 560 to 620 nm, and
from 530 to 570 nm for Ag, Au, and Cu NPs, respectively. The
corresponding typical color changes of single Ag, Au, and Cu
NP are displayed in the insets. Moreover, SEM images
characterized the growth process of single NPs (see Figure S4
in the Supporting Information), upon increasing the electro-
deposition time for 5 and 25 min, the surface coverage of the
enlarged Ag, Au, and Cu single NPs on the SP1-HBM/ITO
interface also increases, with the particles exhibiting dimen-
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Figure 1. Typical time-dependent scattering spectra of a) single Ag,

b) Au, and c) Cu (1-5) shifted to longer wavelengths observed upon
the electrodeposition of the NPs from AgClO,, HAuCl,, and CuSO,
solutions on the SP1-HBM/ITO template for time intervals of electro-
deposition corresponding to a) 5, b) 10, c) 15, d) 20, and e) 25 min.
(The intensities | of all scattering spectra have been normalized). The
inset shows the typical color images of a single Ag NP changing from
green to red, a single Au NP changing from green to yellow, and a
single Cu NP changing from green to cyan where the initial images
were recorded after 5 min (1) and the final images were recorded after
25 min (5).
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sions of 46.6 nm (al) and 75.8 nm (a5), 52.3 nm (bl) and
71.5 nm (b5), and 39.9 nm (c1) and 49.4 nm (c5), respectively.
Actually, Cu(0) is prone to surface oxidation upon the
exposure to ambient atmosphere at room temperature, the
PRRS spectra of the Cu nanosphere and the optical proper-
ties of the Cu NP arrays are significantly affected by the
presence of copper oxides.’" It was found that removal of the
Cu oxides with glacial acetic acid yielded a dramatic differ-
ence in the observed PRRS spectra, as shown in Figure S5 in
the Supporting Information. Several control experiments
confirm that the electrodeposition of the Ag, Au, and Cu
nanoclusters proceed selectively on the SP1 pores. We find
that no electrodeposition of metallic NPs occurred on the
HBM/ITO support, that lacked SP1 (see respective SEM
images on Figure S6, al, bl, and ¢l and DFM images in
Figure S6, a2, b2, and c2 in the Supporting Information). Also,
on the bare ITO electrode we find that thick and inhomoge-
neous metal aggregates were formed after 1 min of electro-
deposition, and they could be imaged by DFM (see Figure S6,
a3, b3, and ¢3 in the Supporting Information). Furthermore,
the interparticle spacing was modulated by controlling the
loading of SP1 on the HBM (see Figure S7 in the Supporting
Information).

For further support the Ag, Au, and Cu NPs were
electrodeposited in the pores, SP1 was labeled with a
fluorephore and the modified support was imaged simulta-
neously by fluorescence microscopy and DFM. The SP1 was
modified with the fluorescent dye Cy3 and the labelled
protein was incorporated into the HBM. The embedded
protein was imaged by fluorescence microscopy (see Fig-
ure 2a). After electrodeposition of the Ag, Au, and Cu NPs,
the fluorescence/DFM images revealed bright NPs in the
center of the fluorescent protein, implying that the NPs are,
indeed, deposited in the pore cores of the protein (Figure 2b,
¢, and d).

The PRRS shifts of the metallic NPs are sensitive to
dielectric changes or refractive index changes, occurring at
the interface of the NPs. Accordingly, the association of
molecules or biomolecules on the NPs can be assayed by

Figure 2. Fluorescence microscopy images of the Cy3-labeled SP1 on
the HBM/ITO support: HBM/ITO (a) and the corresponding DFM
images of deposited Ag (b), Au (c), and Cu (d) NPs on the SP1-HBM/
ITO template.
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following the PRRS shifts.”"* In fact, the time-dependent
PRRS shifts, as a result of the association of a host substrate,
may also be implemented to follow the dynamics of binding of
the molecule/biomolecule to the NPs. Thus, PRRS may be
used to develop sensors that probe recognization events at the
single NP level. This concept was used to follow by PRRS
antibody—antigen interactions at the single NP level. HED10
is an autoimmune antibody (IgG) that specificity binds
poly(dT).** Accordingly, the thiolated poly(dT) was assem-
bled on the different metals deposited on the SP1 pores. The
fragment (Fab) of the HED10 antibody was then linked to the
poly(dT)s, antigen associated with the Ag, Au, and Cu/SP1-
HBM/ITO surfaces. Figure 3 shows the PRRS spectra shifted
to longer wavelengths by AA,,. for HS-poly(dT)s, observed
upon the attachment of Ag (a), Au (b), and Cu (c) NPs. The
AApax corresponding to 7.9 nm (from 1 to 2), 5.8 nm (from 1 to
2), and 4.5 nm (from 1 to 2), respectively. Subsequently, the
Fab HED10 (107°M) antibody was injected into the HS-
poly(dT)s, antigen-functionalized NPs solution. As shown in
Figure 3, the PRRS spectra are further shifted to longer
wavelengths corresponing to AA=23.7nm for the Ag NP
(from 2 to 3), AA=17.1 nm for the Au NP (from 2 to 3), and
A1=10.3 nm for the Cu NPs (from 2 to 3). Control experi-
ments revealed that no significant PRRS spectral shifts were
observed upon interaction of HED10 with HS-poly(dA) or
HS-poly(dC)-functionalized Ag, Au, and Cu NPs (Figure S8a,
b, ¢, and d, e, f in the Supporting Information). These results
showed that the PRRS spectral shifts in the presence of the
HS-poly(dT)s, antigen and HED10 antibody originate from
specific antigen—antibody interactions. The PRRS spectral
shifts, Al upon binding of the Fab HED antibody to the
poly(dT)s, antigen can also be used for the quantitative assay
of antigen—antibody interactions at the single NP label.
Figure 3d shows the spectral shifts of individual Ag, Au,
and Cu NPs modified with the poly(dT)s, antigen at variable
concentrations of the Fab HED10. The AA,,,, value increased
as the concentration of the antibody was elevated within the
concentration range of 10"°-10~ M. At higher concentrations,
the AA,, value reached saturation, consistent with the
saturation of the antigen site by the antibody. Furthermore,
the spectral shifts A4,,,, upon binding the antibody are highest
for the Ag NPs and lowest for the Cu NPs, consistent with the
plasmonic properties of the different NPs shown in Figure 1.
Thus, the results showed that PRRS can be implemented to
quantitatively analyse antigen—antibody recognition events at
the single NP level. The significance of these results rests on
the fact that the method can be applied to analyze very small
sample volumes.

In conclusion, in the present study electrochemical
methods and dark field microscopy are used to follow the
in situ formation of Ag, Au, and Cu NPs on SP1 pore proteins
integrated in a HBM membrane associated on an ITO
electrode. The PRRS spectral shifts make it possible to
monitor the time-dependent growth of NPs at the single NP
level. The study confirmed that the electrodeposition of the
NPs occurs only on the SP1 pore. Also, the PRRS spectral
shifts make it possible to probe recognition binding events at
the single NP level, thus paving the way to develop a new
sensing and biosensing platform.
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Figure 3. Spectral shifts of single NPs with similar size and shape
upon binding of HS-poly(dT)s, and Fab HED10. The PRRS spectra
corresponding to a) single Ag, b) Au, and c) Cu particles (1 in red),
PRRS spectra after adsorption of 10 um HS-poly(dT)s, onto a) the Ag,
b) Au, and c) Cu NPs (2 in black), and PRRS spectra after functional-
ization of the HS-poly(dT)s, NPs with Fab HED10 (3 in blue).

d) Scattering spectra of poly(dT)s, attached to the Ag, Au, and Cu NPs
as a function of the Fab HED10 concentrations of 1078, 1077, 107,
107, and 107* M. The error bars show standard deviations of five
replicate tests.
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