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ABSTRACT: The membrane-templating method was successfully combined
with electrodeposition and layer-by-layer assembly to create various multi-
segmented nanostructures composed of metal, polymers, synthetic and biological
polyelectrolytes, and colloids. The electrochemical approach offers the control
over the architectural parameters of the resulting structures (in particular the
segment length and morphology), whereas the LbL adsorption technique permits
to integrate nonconducting materials, including biomacromolecules, within the
nanostructures. A supplementary degree of complexity can be reached by capping
or loading the LbL nanotubes with colloidal particles. The ability to easily
generate such hybrid anisotropic nanoparticles with spatially resolved chemical,
physical, and biochemical functionalities is a boon for the synthesis of
nanostructures, which is of tremendous importance for electronic, sensing, drug
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delivery, and modern biomedical and biotechnological applications.
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B INTRODUCTION

Nanorods and nanotubes consisting of segments of different
materials that can either perform specific functions or
selectively interact with specific ligands have emerged as a
new class of advanced one-dimensional (1D) nanomaterials.'™®
The multisegmented architecture of the nanostructures, along
with the ability to vary the block length and the aspect ratio,
can indeed lead to nanomaterials presenting a wide range of
chemical, physical and biochemical properties that are useful in
many applications such as nanoelectronics, (bio)chemical
sensing, and drug delivery devices.*”~"” The engineering and
fabrication of such hybrid nanostructures have therefore
received significant attention over the past few years, but
there are still relatively few examples of methods for
synthesizing multicomponent 1D materials made from both
organic and inorganic materials. So far, sequential electro-
deposition within the nanopores of a template, either track-
etched polycarbonate (PC) or alumina membranes, remains the
predominant methods used to synthesize multicomponent
nanowires or nanorods.>~>*>'®!® On one hand, the membrane
provides cylindrical, uniform, well-defined pores, and on the
other hand, the electrochemical method provides an excellent
control over the architectural parameters (block length and
morphology) of the resulting structures but imposes severe
limitations on the range of materials that can be processed since
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only conducting materials (metals, inorganic semiconductors,
and conducting polymers) can be deposited.*®'*~>* On the
other hand, the membrane-templated layer-by-layer adsorption
technique, based on the alternate deposition of complementary
species such as oppositely charged polyelectrolytes within the
pores of a template, has been shown to be an experimentally
simple but powerful method to integrate many various
functional materials, such as synthetic or biological macro-
molecules, dyes, and nanoparticles into nanotubes and
nanowires.”*>* In this contribution, we report on a versatile
way of synthesizing and assembling hybrid multisegmented
functional nanostructures of higher complexity (Scheme 1).
The membrane-templated method is combined with electro-
deposition and layer-by-layer (LbL) techniques to sequentially
synthesize bisegmented and trisegmented nanostructures
composed of metals, polymers, synthetic and biological
polyelectrolytes and colloids. This new methodology is able
to provide multifunctional nanowires and nanotubes of
unprecedented complexity and of exquisitely controlled
structures that could find applications in fields as diverse as
catalysis, electronics, or drug delivery.
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Scheme 1. Membrane-Templated Strategy to Synthesize
Bisegmented (M/PPY or M/LbL) and Trisegmented (M/
PPy/LbL) Nanostructured Materials
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B MATERIALS AND METHODS

Materials. Pyrrole (Py), lithium chloride (LiClO,), potassium
chloride (KCl), potassium hydrogenophosphate (K,HPO,), nickel(II)
sulfate hexahydrate (NiSO4.6H,0), double-stranded DNA sodium salt
(DNA of molar mass M, 50—100 kDa) and poly(sodium-p-
styrenesulfonate) (PSS of M,, & 70 kDa) were purchased from Acros.
Hydrogen tetrachloroaurate trihydrate (HAuCl,.3H,0, 99.9%), poly-
(allylamine hydrochloride) (PAH of M, 56 kDa), and poly-
(allylamine hydrochloride)-fluorescein isothiocyanate (PAHF'™® of M,,
~ 15 kDa), with a monomer to dye ratio PAH:FITC equals to 50:1,
were purchased from Sigma Aldrich. Boric acid (H;BO;) was obtained
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Scheme 2. PAE Synthesis by Michael Addition
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from UCB. Poly(f-amino ester) (PAE of M,, ~ 22 kDa, Scheme 2)
was synthesized by Michael addition of bis (secondary amines) to
diacrylate esters (4,4-trimethylenedipiperidine and 1,6-hexanediol
diacrylate, respectively) in analogy to methods previously re-
ported.>>>® Before use, pyrrole monomer was purified by passing it
through a micropipet filled with neutral alumina while other products
were used as received. The different aqueous solutions were prepared
with ultrapure water, with a resistivity of 18.2 m€2, produced from an
Elga system. Track-etched polycarbonate (PC) membranes were
provided by It,ip (Seneffe, Belgium, www.it4ip.be) with pore diameter
ranging from 100 to 200 nm, a thickness of 10 ym, and a density of 1
X 10° pores/cm® The cross-section of the template is 1.13 cm®. Silica
nanoparticles and citrate-reduced gold nanoparticles were purchased
from Polysciences.

Electrochemical Synthesis of Gold and Polypyrrole Nano-
structures. The electrosyntheses were performed with a CHI660B
Electrochemical Workstation (CH Inc.) in a one-compartment cell
with a Pt counter electrode and a KCI satured Ag/AgCl reference
electrode. Nanoporous track-etched polycarbonate membranes were
used as templates for the electrochemical growth of the gold (Au),
nickel (Ni) and polypyrrole (PPy) segments. To this end, an
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approximately 450 nm thick layer of Au was evaporated on one side
of the PC membrane to serve as the working electrode. Gold or nickel
nanowires were first electrodeposited in the pores of the PC
membranes. Gold nanowires were synthesized by cycling the potential
of the working electrode from 0.7 to 0 V at 200 mV/s using a
homemade free-cyanide solution (0.1 M KCl, 0.1 M K,HPO,, and
0.03 M HAuCl, in ultrapure water). Nickel nanowires were
electrodeposited by chronoamperommetry at —1.0S V from an
aqueous electrochemical bath containing 0.85 M NiSO,.6H,0 and
0.5 M H;BO,;. After an abundant rinse with ultrapure water,
electrochemical polymerization of pyrrole was carried out by
chronoamperommetry at a constant applied potential of 0.75 V. The
aqueous monomer solution containing 0.03 M Py monomer and 0.1 M
LiCIO, was purged with N, for 10 min. The length of each
electrosynthesized segment can be controlled by monitoring the
charge passed during the electrodeposition process.>>%*"**

Layer-by-Layer Assembly. All polyelectrolytes solutions were
prepared in 100 mM acetate buffer (pH 4.7) with 0.5 M NaCl at a
concentration of 1 mg/mlL, except for PAH"''C that was prepared at a
concentration of 0.6 mg/mL. In those conditions, PAHFITO) and PAE,
which are weak polycations, are positively charged and may interact
with the negatively charged DNA or PSS macromolecules. Besides,
this acidic pH permits the aqueous multilayer fabrication with PAE to
be carried out without significant polymer degradation on the time
scale of the fabrication procedure (e.g., t,, &~ 200 h at pH S.1, SO
°C).3%%” All solutions were freshly prepared before use. The PC
templates (containing or not the PPy segment) were alternately
immersed into the two oppositely charged polyelectrolytes solutions
for 30 min each, with two intermediate rinsing steps in the buffer
solution for 2 min. This process was repeated until the desired number
of bilayers was obtained (a bilayer consists of a polycation layer and a
polyanion layer). In presence of PPy segments, the membrane was first
exposed to the polyanion bath because of the positively charged
surface of the PPy. Otherwise, the LbL deposition started in the
polycation bath. This cycled process led to the formation of
multilayered nanotubes inside the pores of the template. At the end
of LbL assembly, the polyelectrolyte film deposited on the top and the
bottom surfaces of the template was removed with a cotton swab
immersed in a basic aqueous solution (NaOH, pH 12) 3 M in NaCl
and then abundantly rinsed with ultrapure water, as previously
reported by Landoulsi et al.*® The samples were then dried in air
overnight.

Colloid Interactions. The nanoparticles were suspended in 100
mM acetate buffer solution at a concentration of 2 X 10°
nanoparticles/mL. The nanoparticles buffer solution was chosen so
as to avoid premature degradation of the PAE while the nanoparticles
concentration was chosen so as to procure ten silica colloids per pore.
The nanostructures-containing membranes were exposed to the
nanoparticles solution under a slight agitation for 40 h. Before air-
drying, the top and bottom surfaces of the membrane were cleaned
with cotton swab soaked in ultrapure water in order to remove the
nanoparticles interacting with the template surfaces.

Nanostructure Characterization. The nanostructures were
observed using a transmission electron microscopy (TEM) and a
fluorescent optical microscope. Track-etched polycarbonate mem-
branes were first dissolved by immersion in dichloromethane and the
liberated-nanostructures suspension was then dropped and dried on a
TEM carbon grid or on a glass microscope slide. The nanostructures
were imaged with a LEO922 TEM operating at 200 kV and a LEICA
MDR microscope equipped with a FITC filter set and an Epi-
Fluorescence module, and connected to a C4742—80—12AG
Hamamatsu CDD camera. Fluorescence images were processed
using IGOR Pro software (Wavemetrics, Inc.).

B RESULTS AND DISCUSSION

Hybrid Bisegmented Nanostructures. Bisegmented
nanostructures composed of a metallic nanowire and of an
organic LbL nanotube (denoted M/LbL) were constructed in
nanopores of a PC template as schematically represented on
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the right side in Scheme 1. The metallic segment (gold or
nickel) was first synthesized by electrodeposition at the bottom
of the pores and the organic nanotube was then constructed
atop by LbL using oppositely charged (bio)polyelectrolytes,
namely poly(allylamine hydrochloride) (PAH) or a poly(f-
amino ester) (PAE) as polycations and poly(sodium-p-
styrenesulfonate) (PSS) or double-stranded deoxyribonucleic
acid (DNA) as polyanions. Because the surface of the PC
membrane bears negative charges, the LbL deposition started
with the polycation. After the removal of the multilayer film on
the top of the template,®® the bisegmented M/LbL
nanostructures were individually freed from the template by
dissolving the membrane and collected for transmission
electron microscopy (TEM) characterization. Figure 1 shows
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Figure 1. TEM images of bisegmented M/LbL nanostructures
composed of a (a, c) gold or (b, d) nickel nanowire, and a (a, b)
(PAH/PSS); or (¢, d) (PAH/DNA); LbL segment. The scale bar of
the insets is 1 pum.

various bisegmented M/LbL nanostructures composed of a
metallic nanowire (Au or Ni) and of a LbL segment (PAH/PSS
or PAH/DNA) of § bilayers. The polymeric segment appears
more transparent than the metallic one because of its lower
electronic density. Although the diameter and the total length
of the hybrid segmented-nanostructures correspond respec-
tively to the pore diameter and to the thickness of the
membrane, the length of the metallic segment can be easily
adjusted at the desired length by controlling the amount of
charge (related to the number of cycles or to the deposition
time) passed during the electrodeposition process (Figure 2).
In all cases presented in Figure 1, the LbL segments are
observed to be homogeneous along their entire length with a
smooth outer surface, indicating that the polyelectrolytes are
able to diffuse through the nanopores, allowing the LbL
assembly to occur uniformly along the length of the pores walls.
The TEM images also show that the PAH/PSS segments
exhibit a higher optical density at the edges (Figure la, b),
typifying a hollow structure (nanotube) while PAH/DNA
segments exhibit a more uniform optical density (Figure 1c, d),
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Figure 2. Length of gold nanowires as a function of the number of
potential sweeping cycles performed during the electrodeposition.

indicating a filled structure (nanowire). In previous studies, it
was reported that the morphology of the LbL segment might be
varied from nanotubes to nanowires by tuning the polyelec-
trolytes, the fabrication conditions (filtration versus immersion,
ionic strength of the immersion solutions, molar mass of the
polyelectrolytes, pH, etc.), and the number of bilayers.® It is
also observed that the diameter of the LbL segment constructed
atop the Ni segment is significantly smaller than the initial pore
diameter. This shrinkage of the LbL segment is due to the
multilayer dehydration after the solvent evaporation. Concern-
ing the inorganic—organic interface, it is observed to be
relatively flat, indicating that the metallic segments grew
homogeneously under our deposition conditions. Despite a
small portion of broken nanostructures, the interface can be
considered as robust since the interactions taking place between
the metallic segment and the LbL segment are strong enough
to resist the template dissolution process. Other LbL segments
composed of various polyelectrolytes pairs such as PAE/DNA
and PAE/PSS were also successfully constructed atop metallic
segments in agreement with the previously mentioned general
considerations (Figure 3). This demonstrates the ability to

’”’
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Figure 3. TEM images of bisegmented M/LbL nanostructures
composed of (a) a nickel nanowire and a (PAE/DNA) ; LbL
segment, and (b) a gold nanowire and a (PAE/PSS); LbL segment.

easily synthesize well-defined hybrid bisegmented M/LbL
nanostructures composed of various materials through the
membrane-templated method.

Trisegmented Nanostructures. By using the membrane-
templated strategy schematized on the left side in Scheme 1, a
second organic segment, namely a polypyrrole (PPy) segment,
was incorporated between the metallic and the LbL segments
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Figure 4. TEM images of (a) a bisegmented M/PPy nanostructure composed of a gold nanowire and a PPy nanotube and (b, c) trisegmented M/
PPy/LbL nanostructures composed of a gold nanowire, a PPy nanotube, and a (DNA/PAH); LbL nanotube.

to obtain trisegmented nanostructures (denoted M/PPy/LbL).
To achieve this, PPy nanotubes were first electrosynthesized
atop gold nanowires and then the LbL construction was
performed. In order to ensure a good electrostatic interaction
between the positively charged PPy segments and the LbL
segments, and therefore to obtain a robust PPy/LbL interface,
the LbL deposition started with the polyanion. Figure 4 shows
TEM images of trisegmented M/PPy/LbL nanostructures
composed of an Au nanowire, a PPy nanotube and a (DNA/
PAH); LbL nanotube. The PPy segments appear in a darker
shade of gray atop black gold nanowires and exhibit a tubular
morphology of ~1 um length. As previously reported by our
group, the morphology (tube or wire) and the length of the
PPy segments can be controlled by the electrosynthesis
parameters that are the applied potential and the amount of
charges passed during the electropolymerization process,
respectively.'®*” The LbL segments appear in a light shade of
gray and extend over the PPy nanotubes for which the cavity
exhibits a peculiar blurry aspect (Figure 4c), strongly differing
from unfilled PPy nanotubes (Figure 4a).

The use of a polycation labeled with fluorescein (FITC), i.e.,
PAH™C, allowed us to investigate the location of the LbL
segment in relation to the PPy segment. Figure S shows a
fluorescent image of the trisegmented M/PPy/LbL nanostruc-
tures; the fluorescence profile traced along this nanostructure
allows us to identify the three segments: the LbL nanotube
exhibits the brightest green emission due to the FITC dyes
coupled to the PAH chains, the gold nanowire emits a light

Intensity (a.u.)

Figure S. Fluorescent optical image of trisegmented M/PPy/LbL
nanostructures composed of a gold nanowire, a PPy nanotube and a
(DNA/PAHF'™®), LbL nanotube. Inset: Fluorescent profile traced
along a trisegmented M/PPy/LbL nanostructure.
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green color due to the reflection of the emission light, and the
PPy nanotube appears in black in-between. The presence of the
LbL segment inside the PPy nanotubes is clearly demonstrated:
while an abrupt decrease of the fluorescence intensity is
observed at the outer edge of the LbL nanotube, the intensity is
progressively decreasing on the side of the PPy segment. The
parabolic-shaped curve of the fluorescent intensity in the PPy
segment is easily explained by the close-to-quadratic depend-
ence of the amount of fluorescent dyes along the symmetry axis
of a cone-shaped PPy segment. The penetration of the LbL
segment inside the PPy nanotube increases the surface of
adhesion between the PPy and the LbL segments, thereby
improving the mechanical stren§th of this interface as already
note for metal/PPy interfaces.* It should also be mentioned
that the surface treatment performed after the LbL deposition
on the top and the bottom surfaces of the template in order to
remove the continuous LbL film deposited over these surfaces
(soft mechanical polishing with a cotton swab immersed in a
basic aqueous solution of high ionic strength), plays a key role
in the successful construction of such multisegmented
nanostructures. Indeed, without any surface treatment, the
observed nanostructures were devoid of the LbL segment
because the LbL film deposited onto the membrane surfaces
was strongly connected to the LbL segments in the pores, and
prevented therefore individualized trisegmented nanostructures
from being obtained after the dissolution of the template.
The surface treatment allowed additional nanoparticles to
diffuse within the pores of the template and to electrostatically
interact with the multisegmented M/PPy/LbL nanostructures.
Small gold nanoparticles with a diameter of 5 nm were able to
homogeneously diffuse through the LbL segments as far as
within the PPy cavity (Figure 6); likewise, individual silica
nanoparticles with a diameter slightly lower than the pore
diameter of the template could penetrate deep in the LbL
nanotubes (Figure 7a), while silica nanoparticles with a
diameter close to the one of the pores were individually
trapped at the end of the soft LbL segments (Figure 7b) (see
the Supporting Information for complementary observations).
These experiments were repeated by changing the surface
charge of the nanoparticles (unmodified silica nanoparticles are
negatively charged since the working pH is above the pK, (1.7—
3.5) of the silanol groups; a positive surface charge was
obtained by using aminosilane-treated nanoparticles) and/or
the charge of the last deposited layer (polyanion or polycation)
in order to investigate the type of interactions taking place
between the colloids and the multisegmented nanostructures. It
was observed that neither the surface charge of the colloids nor
the sign of the last deposited layer played a major role in the
successful construction of such complex nanostructures. For
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Figure 6. TEM images of the PPy and of the LbL portions of a trisegmented M/PPy/LbL nanostructure composed of a gold nanowire, a PPy
nanotube, and a (PSS/PAH); LbL nanotube exposed to a gold colloidal solution of S nm diameter.
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Figure 7. TEM images of trisegmented nanostructures composed of a
gold nanowire, a PPy nanotube, and a (DNA/PAE),; nanotube
exposed to a silica colloidal solution of 150 nm average diameter. The
effectively measured silica particles diameters are (a) 130 and (b) 177
nm.

sake of redundancy, additional TEM images are displayed in the
Supporting Information. The independence of the diffusion of
the nanoparticles with the charge state of their surface suggests
that the inner surface of the LbL nanotubes is not uniformly
charged, as expected from the interpenetration of successive
layers in LbL multilayer films.*' This broadens the range of
materials that can be incorporated in such colloids-functional-
ized multisegmented nanostructures, and demonstrates the
powerful possibilities offered by the membrane-templated
method to construct nanostructures of increasing complexity.

Bl CONCLUSION

In conclusion, we have shown that the membrane-templated
method can be successfully combined with different assembly
techniques such as electrodeposition and layer-by-layer
assembly to create various multisegmented nanostructures
composed of metal, polymers, synthetic and biological
polyelectrolytes, and colloids. The electrochemical approach
offers control over the architectural parameters of the resulting
structures (in particular the segment length and morphology),
whereas the LbL adsorption technique allows nonconducting
materials to be integrated within the nanostructures. The ability
to easily generate such hybrid anisotropic nanoparticles with
spatially resolved chemical, physical, and biochemical function-
alities is very attractive for the synthesis of nanomaterials, and is
highly required for electronic, sensing, and modern biomedical
and biotechnological applications. For instance, these nano-
structures could be useful for drug delivery applications: the
PPy nanotubes — for which the dimensions and the
morphology are well-defined — may serve as protecting shells
for therapeutic agents incorporated inside the tubular contain-
ers through the LbL technique, while the metallic segment or
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the gold nanoparticles may be used for their unique optical
properties allowing imaging and for photothermal therapy.
Moreover, the colloidal nanoparticles capping the end of the
nanostructures may be exploited to control the drug release rate
in association with the biodegradability rate of the polycation
PAE,** or to target the cellular uptake of the nanostructures
by functionalizing the nanoparticles with specific ligands.
Efforts to explore such opportunities in the elaboration of
advanced drug delivery systems are currently underway in our
research group.

B ASSOCIATED CONTENT

© Supporting Information

Some complementary results dealing with the colloidal
interactions with the LbL segments are presented. This
material is available free of charge via the Internet at http://
pubs.acs.org
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