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ABSTRACT A spatially controlled synthesis of nanowire bundles of the functional — | Ag(hCys CP
aystalline coordination polymer (CP) Ag()TCNQ (tetracyanoquinodimethane) from ml o "_‘,;.—— -t
previously fabricated and trapped monovalent silver CP (Ag(l)Cys (cysteine)) using a § el ’:\i' @
room-temperature microfluidic-assisted templated growth method is demonstrated. é;_sT: >
24 mm Ag(I)TCNQCP

The incorporation of microengineered pneumatic clamps in a two-layer polydimethylsi-
loxane-based (PDMS) microfluidic platform was used. Apart from guiding the formation of the Ag(l)Cys coordination polymer, this microfluidic approach enables a
local trapping of the in situ synthesized structures with a simple pneumatic dlamp actuation. This method not only enables continuous and multiple chemical events to
be conducted upon the trapped structures, but the excellent fluid handling ensures a precise chemical activation of the amino acid-supported framework in a position
controlled by interface and damp location that leads to a site-specific growth of Ag()TCNQ nanowire bundles. The synthesis is conducted stepwise starting with
Ag(l)Cys CPs, going through silver metal, and back to a functional CP (Ag()TCNQ); that is, a novel microfluidic controlled ligand exchange (CP — NP — (P) is
presented. Additionally, the pneumatic clamps can be employed further to integrate the conductive Ag(I)TCNQ nanowire bundles onto electrode arrays located on a
surface, hence fadilitating the construction of the final functional interfaced systems from solution specifically with no need for postassembly manipulation. This
localized self-supported growth of functional matter from an amino acid-based CP shows how sequential localized chemistry in a fluid cell can be used to integrate
molecular systems onto device platforms using a chip incorporating microengineered pneumatic tools. The control of clamp pressure and in parallel the variation of
relative flow rates of source solutions permit deposition of materials at different locations on a chip that could be useful for device array preparation. The in situ
reaction and washing procedures make this approach a powerful one for the fabrication of multicomponent complex nanomaterials using a soft bottom-up approach.

KEYWORDS: molecular nanomaterials - flow - template synthesis - amino acids - molecular electronics

he localization and integration of
functional materials on surfaces is

important for rapid device fabrication,’

can be performed under controlled mild con-
ditions economically without the need for
postassembly manipulation that could affect

and bottom-up chemical approaches are
particularly attractive. Among the several ap-
proaches employed so far, templated growth
techniques have proven to be the most
effective methods to localize and control the
growth of monodisperse functional structures
with nanoscale spatial resolution.>®> None-
theless, in many cases, these approaches
are time-consuming, labor intensive, and fre-
quently require the use of expensive equip-
ment. Therefore, a longstanding challenge in
the field is to develop new approaches where
sequential multiple chemical modifications
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the performance of the material. Recently, for
example, the templated growth approach to
functional nanocrystals with the assistance of
biomolecules has gained much attention ow-
ing to the ease with which extremely complex
structures can be constructed from the
bottom-up in a flexible manner with no need
of expensive equipment and under mild
conditions.*> Biomolecular scaffolding of
functional assemblies is an attractive and
an emerging field of research in which a
wide number of functional structures can
be used for nanotechnological applications
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and device fabrication.5~° Within the various biomo-
lecular scaffolding approaches, a set of coordination
polymers (CPs) involving peptide-supported frame-
works have proven to be relevant materials for a
controlled template growth of functional superstruc-
tures at both, micro- and nanoscale dimensions.'®
Typically, CPs are crystalline materials that are com-
posed of metal ion nodes coordinated to organic
ligands.""'2 While significant research efforts are fo-
cused in the development of novel synthetic methods
for new CPs and while modification of the structure
and composition of CPs is necessary in order to expand
their number of functions to go beyond the state-of-
the-art in certain applications, very little is known in
terms of CPs acting as template scaffolds for the
growth of functional materials that could be useful
for introducing components in devices in a bottom-
up way.

Common and straightforward methods employed
so far to induce novel functions to CPs include estab-
lishing functional organic linkers in the structure'*'* or
inducing photochemical processes that can favor the
reduction of the metal ions which act as nodes or
connectors. For example, a direct-writing of micro-
scopic metallic silver patterns inside single metal—
organic crystals employing a laser beam approach
has been reported recently.'”” Moreover, Cohen and
co-workers have effectively reported postsynthetic
organic linker modification approaches to porous CP
crystals.’®2° These studies have demonstrated effec-
tively that tunable chemical and physical properties
(e.g., hydrophobicity or microporosity, respectively)
can be modulated when CP crystals are subjected to
postsynthetic modifications. Despite the progress
achieved in this area, a major challenge that remains
is to define rational and systematic methods that can
enable the synthesis of novel functional structures
grown from CP scaffolds and which could display
distinct functionality to the former building blocks.
For example, we have recently described the formation
of Ag,S semiconductor nanoparticles from a silver-
cysteine (Ag(l)Cys) based CP after e-beam exposure.?’
Nonetheless, it should be emphasized that to impart
functionality to CPs by treating and tuning their build-
ing block composition chemically is still largely
unexplored.

Here we provide the first strong evidence that CPs
can be used as scaffolds to template the growth of
functional nanometer scale matter through sequential
chemical reactions, and we further explore this tem-
plated growth mechanism with a two-layer microflui-
dic platform incorporating microengineered fluidic
clamps, where a spatially resolved crystal template
growth process is accomplished. In contrast to other
templated growth routes where microscale porous CP
crystals are modified by CP-on-CP heteroepitaxy,?*?*
or where CPs are grown on microscale nucleation
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agents,?* we prove a silver-tetracyanoquinodimethane
(Ag('TCNQ) templated crystal growth from a previously
formed and immobilized amino acid-supported frame-
work (Ag(l)Cys) which acts as the backbone scaffold in
the process. Ag(I)TCNQ CPs are well-known charge trans-
fer complexes with very interesting electroactive proper-
ties, for instance, for the fabrication of organic memory
elements thanks to the existence of two reversible and
stable electronic states. That is, the resistivity of this
charge transfer complex switches from a high conductive
state (ON state) to a low conductive state (OFF state)
while changing the voltage applied to the complex.>**>
In addition, the approach used to localize growth involves
square-shaped microengineered fluidic clamps that can
be actuated over electrode arrays located at the bottom
of the fluidic layer which permitted the integration of
Ag()TCNQ nanowire bundles to read-out components
and at desired locations on a surface. To the best of our
knowledge, there are no examples reported so far which
combine sequential chemical event treatments, a func-
tional crystal template growth method, where a micro-
fluidic assisted ligand exchange is favored, and the
actuation of microengineered pneumatic tools toward
the assembly of fully integrated systems on surfaces.
Thus, devices can be prepared on-chip from solution,
with components at specific locations and that require no
further manipulation that might affect the molecular
material that is used.

RESULTS AND DISCUSSION

Double-layer microfluidic chips with square-shaped
embedded deformable features were employed in our
research. As shown in Figure 1a, the chips consisted of
two layers of polydimethylsiloxane (PDMS) where the
bottom-layer was designed to accommodate the flui-
dic channel and a top control layer was used to partially
squeeze (using nitrogen gas) the fluidic channel to-
ward the glass substrate (see Materials and Methods
section for further details). This partial deformation of
the fluidic layer resulted in what are effectively micro-
engineered fluidic clamps (Figure 1). Determining the
performance of these clamps and the behavior of the
laminar flow upon clamp pressurization with nitrogen
gas was necessary prior to Ag(l)Cys CP trapping. We
studied the efficiency of the device with the injection
of an aqueous solution of rhodamine dye through the
fluidic layer. Figure 1b shows an optical micrograph of
the main channel of the microfluidic chip filled with the
dye and the square-shaped embedded deformable
clamps which were not actuated. After actuation of a
single square-shaped clamp with nitrogen gas (3 bar),
the membrane of PDMS between the gas and fluid
channel deflected toward the glass substrate deflect-
ing the fluid flow regime in the actuated region
(Figure 1(c)). Nonetheless, the dye stream could still
flow through the clamp sides as shown in Figure 1c
with black arrows. This noninterrupted flow condition
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Figure 1. (a) Schematic view of the multilayer microfluidic chip used in our experiments. (b) Optical microscope image of the
microfluidic chip filled with an aqueous solution of rhodamine dye. (c) An optical micrograph showing the actuation of the
pneumatic clamp located on the left. The arrows indicate the fluid flow around the squared-shape valve design. (d) Optical
microscope image of the laminar flow regime achieved by coflowing a water stream to the dye flow. (e and f) optical
microscope images showing the tuning of the dye solution—water interface by varying one fluid flow rate when the valves are
actuated. In panel e the dye flow rate is higher (30 «L/min) than the water flow rate (10 xL/min), whereas in panel f, the

opposite is true.

is essential in order to allow an online, continuous, and
sequential chemical event treatment of the trapped
Ag(l)Cys CPs (vide infra). We further demonstrated the
laminar flow regime with the injection of a second fluid
stream; water (Figure 1d). When the clamps were
actuated under a laminar flow regime, a precise guid-
ing of the water and dye interface could be achieved by
varying the relative flow rates. Figure 1e and Figure 1f
show that when the flow rate of the dye solution
stream is lower, a down-shifted guiding of the interface
could be accomplished; whereas at higher dye flow rates
the interface was shifted upward in the optical micro-
graph image. This accurate control of the interface posi-
tion inside the microfluidic channel is very promising for a
precise localization of the coordination pathway which
leads to the formation of Ag(l)Cys CP (vide infra).

With this microengineered fluidic clamp-based chip
in hand, we employed it both to localize in situ syn-
thesis of the Ag(l)Cys CP and to induce a site-specific
growth of functional Ag('TCNQ nanowire bundles on
the underlying surface. In a typical experiment two
aqueous reagent solutions, Ag(NOs) (2.5 mM) and Cys
(2.5 mM), were injected through the fluidic channel at
flow rates of 50 ulL/min. The concentration of the
reagent precursors was optimized to avoid channel
clogging. Figure 2a shows a sequence of optical micro-
scope images of the interface of the two coflowing
reagent streams where the formation of Ag(l)Cys CP
occurred (indicated with green arrows). Actuation of a
microfluidic pneumatic clamp at 3 bar enabled both a
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localized trapping of Ag(l)Cys CP on the glass substrate
surface (Figure 2b) and a successful removal of all
surplus reagents solutions used during the synthesis
of Ag(l)Cys CP, washed away with a flow of pure water
(Figure 2i). Afterward, a saturated ascorbic acid solu-
tion in EtOH was added to the microfluidic platform (10
uL/min) in order to reduce the monovalent silver salt to
the metal. To favor a precise chemical treatment of the
trapped Ag(l)Cys CP underneath the clamped area, the
clamp pressure was reduced to 1 bar (Figure 2ii). As
shown in Figure 2b, a clear color change to a darker
brown was demonstrated after treating the trapped
Ag(l)Cys CP with the solution of ascorbic acid for
approximately 2 min. The color change was attributed
to the reduction of Ag(l) to metallic silver (Ag(0)) by the
ascorbic acid, a supposition that was corroborated with
bulk powder X-ray diffraction (PXRD) studies (Supporting
Information, Figure S1), and in accord with previous
observations.?®~%° It is worth noting that the color
change assigned to the silver reduction was only ob-
served underneath the clamp area, thereby demonstrat-
ing the localized chemical treatment enabled by the
present approach (Figure 2c). After this reduction step,
a washing procedure with ethanol was necessary in order
to eliminate the excess ascorbic acid in the microfluidic
channel (Figure 2iii). An increase of the clamp pressure to
3 bar was necessary during this rinsing process in order to
avoid the movement and elution of the material. Washing
steps between consecutive chemical reactions turned
out to be crucial as they ensure that no additional
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Figure 2. (a) A sequence of optical microscope images showing the assembly of Ag(l)Cys CP at the interface of Ag(NOs) and
Cys aqueous reagent streams. The yellow arrows indicate the Ag(l)Cys CP assembled at the interface of the two coflowing
streams. From panels b to d, optical microscope images showing the five consecutive chemical events (i, ii, iii, iv, and v) that
lead ultimately to the self-supported growth of Ag(I)TCNQ nanowires. (b) An optical micrograph showing trapped Ag(l)Cys
CP. (c) A nonpolarized microscope image (top) and a polarized microscope image (bottom) of reduced Ag(l)Cys CP.
(d) Polarized microscope image of Ag()TCNQ nanowires bundles (top) together with a SEM image showing the nanometer

scale Ag(l)TCNQ wires that are grown (bottom).

reactions with surplus reagents could occur. Next, an
oxidation of the deposited Ag(0) with TCNQ in aceto-
nitrile was conducted after the clamp pressure was again
set to 1 bar. In fact, the Ag(0) deposit acts as nucleation
sites for the Ag(I)TCNQ charge transfer complex growth.
The confirmation of the formation of the crystalline Ag(l)-
TCNQ CPs was immediately clear under inspection with
a polarizing optical microscope where polarization-
dependent crystal colors were observed. Figure 2d (top)
shows an optical microscope image taken using crossed
polarizers showing a deep blue-purple color which is
attributed to the crystalline Ag(l)TCNQ CPs. Furthermore,
PXRD analysis on the sample removed from the chip
corroborated the formation of the Ag()TCNQ complex
in its tetragonal phase, which has been reported
(Supporting Information, Figure $1).3° To demonstrate
that the crystalline Ag()TCNQ CP was formed from
reduced Ag(l)Cys CP, a control experiment was per-
formed where the chemical treatment with saturated
ascorbic acid solution was omitted. In this case, no Ag(l)-
TCNQ CPs were observed even after a long treatment
time with a TCNQ solution. These results clearly evidence
that the reduction of silver metal ions is necessary for
Ag()TCNQ charge transfer complex growth. To avoid
formation of TCNQ crystals after solvent evaporation, pure
acetonitrile was injected into the microfluidic platform to
wash away the remaining TCNQ solution while the clamp
pressure was switched to 3 bar again (Figure 2v). Because
it is inherently difficult to distinguish nanoscale Ag(I TCNQ
CP structures under the optical microscope, scanning ele-
ctron microscopy (SEM) studies on released nonbonded
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LOum
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Figure 3. SEM images of Ag()TCNQ nanowire bundles
synthesized with the presented clamp-based microfluidic
approach.
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Figure 4. (a) Optical graphs showing a sequential templated growth of Ag(I)TCNQ nanowire bundles at different latitudes in
the channel, (i) without, and (i) with crossed polarizers. (b) (i) Micrograph showing the release of one valve, the second valve,
and the wash away process of the Ag(l)TCNQ nanowire bundles located underneath. In panel ii, the same optical microscope
image but with crossed polarizers. Notice that the squared-shape feature represented with a dash line represents the
situation where the clamp is released, and with a solid line when it is actuated. (c) Optical microscope image of a double
Ag(l)Cys CP guided assembly one synthesized before clamp actuation (yellow arrows), and the second after its actuation
(green arrows). (d) Micrograph under crossed polarizers showing the templated growth of Ag(l)TCNQ nanowire bundles only

on the Ag(l)Cys CP outside the clamp region.

chips were conducted. Clearly, SEM characterization
demonstrated the nanoscale nature of the crystalline
Ag()TCNQ CPs grown with this microfluidic-assisted
template method where a localized ligand exchange is
facilitated (Figure 2d, bottom image, and Figure 3). Typical
diameters of these Ag(I)TCNQ nanowires range from 60
to 250 nm, and the length can be longer than 10 um.

A parallelized Ag()TCNQ patterning on a glass sur-
face was also demonstrated with this clamp-based
approach. Figure 4a shows optical micrographs of the
Ag(I)TCNQ CPs grown and located precisely underneath
two clamp patches. Images with parallel and crossed
polarizers are shown in Figure 4a, and Figure 4aii,
respectively. By releasing the second valve and ad-
ditionally increasing the acetonitrile flow rate from
10 uL/min to 50 ul/min and above, a controlled
removal of Ag()TCNQ from the glass surface was
demonstrated (Figure 4b,i and 4b;ii). Interestingly, if
the flow rates were interrupted, the two valves could
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be released and the Ag(I)TCNQ CPs remained in place
and on the surface (Supporting Information, Figure S2).
This result was very important not just to show the
potential of the template growth approach toward surface
patterning, but to further demonstrate the possibility of
integrating the Ag()TCNQ nanowires onto electrode ar-
rays located on the glass surface (vide infra).
Additionally, by controlling the clamp pressure and
the interface position during the formation of the
Ag(l)Cys CP, a precise templated growth of Ag(l)TCNQ
could be achieved. Figure 4c shows an optical micro-
graph of Ag(l)Cys CP formed under laminar flow con-
ditions, which was trapped by the clamp actuation
(indicated with yellow arrows in the figure), and
Ag(l)Cys CP formed outside the clamp region after this
was actuated (denoted with green arrows). We demon-
strated that when all five consecutive chemical events
described in Figure 2, from i to v, were conducted with a
clamp pressure of 3 bar, an accurate templated Ag()TCNQ
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Figure 5. (a) Optical microscope image showing the synthesis of Ag(l)Cys CP over a patterned electrode surface, and in (b) a
micrograph upon the pneumatic actuation. (c) Optical microscope images of Ag()TCNQ nanowire bundles under nonpolar-
ized light (top) and under cross-polarized illumination (bottom). (d) Schematic illustration of the reversible voltage cycle
applied to the Ag()TCNQ nanowires and in (e) the normalized current signal response measured.

growth was accomplished only on the Ag(l)Cys CP located
outside the valve region (Figure 4d). This localized site-
specific templated growth is extremely encouraging be-
cause it provides the best evidence of the control enabled
by the present approach toward a precise crystal template
growth process due to its excellent fluid control. Impor-
tantly, in the present case, the template growth process
was performed at lower flow rates of both reactants and
washing solvents (maximum 2 uL/min) in order to avoid
the elution of Ag(l)Cys CP from the chip. Notice that even
though the flow rates used during the five consecutive
chemical events were low, the Ag(l)Cys CP located outside
the clamp region moved slightly from its initial position
(Figure 4biii). Besides thermal vapor deposition methods,
the number of template techniques which facilitate rapid
and consecutive chemical events to be addressed at
specific locations and with excellent fluid handling con-
ditions is very limited. To the best of our knowledge, there
are no other methods described where an amino acid-
supported framework is employed for the synthesis of
functional crystalline matter with such a control in both
the location of the scaffold enabling the template growth,
and guiding the consecutive chemical events in a “one-
pot” format.

Studies conducted with lower concentrations of
Ag(NO3) (1.0 mM) and Cys (1.0 mM) precursor solutions
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corroborated the formation of a smaller number of
Ag()TCNQ nanowires from the trapped Ag(l)Cys CP,
probably due to the lower amount of Ag(l)Cys CP
trapped under these conditions (Supporting Information,
Figure S3). Interestingly, adjusting the concentration to
1.0 mM enabled a clear time-sequence analysis of the
oxidation process (Supporting Information, Figure S4). In
these investigations, it was demonstrated, under optical
microscope visualization, that around 30 min were ne-
cessary to conclude crystalline Ag(I TCNQ charge transfer
complex growth. Moreover, these studies indicated that
with this approach a continuous growth of Ag(I)TCNQ
nanowire bundles up to 40 um far away from its initial
interface was possible. The small number of Ag(TCNQ
nanowires at this concentration facilitated this study.
Notably, no observation of Ag(l)TCNQ CPs was evidenced
at a lower concentration of reagents (data not shown),
hence delimiting the concentration range of the precur-
sor solutions from which a clear appreciation of the
growth process was feasible.

As stated above, pneumatic clamp actuation can
also be employed for a selective localization and
integration of Ag()TCNQ charge transfer complexes
on patterned electrode surfaces. In these experiments,
a glass surface containing an electrode array was used
during the templated growth process. The electrode
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array was perfectly aligned below the square-shape
valves in order to favor Ag(l)TCNQ integration (Figure 5,
and Supporting Information, Figure S5a). To confirm
the integration of Ag(I)TCNQ nanowire bundles to the
electrode array, microscale two-point electrical mea-
surements (Figure 5 and Supporting Information,
Figure S5b), and current sensing atomic force microscopy
(CS AFM) studies were conducted on different samples
(Supporting Information, Figure S5c). Figure 5 shows,
from panels a to ¢, an Ag()TCNQ template growth
process conducted on a patterned electrode glass
surface. Figure 5d presents a schematic illustration of
a reversible voltage cycle applied to the Ag(l)TCNQ
nanowires, and Figure 5e shows a representative and
normalized current signal response measured at dif-
ferent voltage steps, 2, 4, and 6 V. Figure 5e clearly
supports the assertion that the Ag()TCNQ bundles
grown with this methodology have indeed high (ON)
and low (OFF) current states which can be accurately
switched by controlling the voltage applied to the
electrodes. A characteristic two-order-fold increase in
current (ON state) was evidenced at 6 V,*' therefore
confirming the effective assembly of functional Ag()TCNQ
memory elements with this microfluidic-assisted template
method. In contrast, at 4 V the current change between
the ON and OFF states was lower than at 6 V, indicating the
reversible hysteretic switching behavior of the Ag(I)TCNQ
material (see also Supporting Information, Figure S5b).
Furthermore, CS AFM studies confirmed beyond doubt
the integration of Ag(ITCNQ nanowire bundles to the
electrode array with the acquisition of current maps where
nanowire features were clearly appreciated (Supporting
Information, Figure S5c).

CONCLUSIONS

Both continuous chemical events and a controlled
crystal template growth are possible with a clamp-
based microfluidic approach. We have thus proven

MATERIALS AND METHODS

All reagents were purchased from Sigma-Aldrich Co. High
purity solvents were purchased from Teknokroma, and used
without further purification. Deionized Millipore Milli-Q water
was used in all experiments.

Fabrication of patterned electrode surfaces on glass cover-
slips. The electrodes consisted of a chromium adhesion layer (Cr
(10 nm)) and a top platinum layer (Pt) 100 nm thick. These
electrodes were fabricated on substrates of glass coverslips with
standard UV-photolithography and lift-off using acetate trans-
parency as a mask (JD Photo-Tools, UK) and 1.7 um thin AZ 5214
E photoresist (Clariant, GmbH).

Two-layer microfluidic chip assembly. The two polydimethyl-
siloxane (PDMS) layers were fabricated on silicon wafers
(Okmetic, Finland) with SU8-2025 as photoresist (Microchemicals,
GmbH) using conventional soft lithography techniques.? Both, the
fluid and control layer had features 50 um high as confirmed by
profilometry measurements. The top (control) layer was fabricated
by a replication molding technique,* where a PDMS oligomer and
hardener mixture (5:1 in weight) was poured onto the “control
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that microengineered pneumatic clamps can be
exploited for functions which go far beyond a simple
trapping of in situ formed structures. A unique and
straightforward synthetic route for producing func-
tional and crystalline Ag()TCNQ nanowire bundles
from an amino acid-supported coordination frame-
work (Ag(l)Cys CP) has been described, where mild
conditions were used. The Ag()TCNQ nanowire bun-
dles were generated online within a single microfluidic
channel and on surface. Furthermore, a precise locali-
zation and integration of conductive Ag()TCNQ nano-
wire bundles to electrode arrays located underneath
the clamp area was demonstrated. Thus, unlike other
techniques where the material is formed upon
evaporation,? where electrodes are evaporated onto
existing nanostructures,®’ or where electrophoretic
methods are used to align orientation but not
position,>® this soft bottom-up approach allows the
parallel template formation of molecular nanostruc-
tures from solution on device surfaces with no need for
postassembly manipulation to reach the functioning
system.

It is important to note that the control of clamp
pressure and in parallel the variation of relative flow
rates of source solutions can in principle lead to
spatially controlled deposition of materials at different
locations on a chip. The in situ reaction and washing
procedures make this approach a powerful one for the
fabrication of multicomponent complex systems. We
envision the use of the present method to a variety of
other systems and structures, therefore expanding and
opening up new powerful routes for a localized syn-
thesis and integration of other functional hybrid systems
which could further be employed in optoelectronic
applications, sensing, and catalysis. Indeed, the results
presented here should also open new possibilities in the
ambitious route of biomolecular scaffolding and device
fabrication.

layer” wafer bearing the SU-8 features and polymerized at 80 °C for
30 min. Next, the bottom (fluid channel) layer was spin-coated at
2000 rpm for 1 min with a PDMS oligomer and hardener mixture
20:1, respectively. After spinning the PDMS mixture, the “fluidic”
master was cured at 80 °C over 10 min. Later, 1.0 mm holes were
punched in the control layer with a biopsy punch (Miltex GmbH)
and this was then assembled on top of the cured fluidic layer
present in the “fluidic” master. The two layers were then placed
in an oven at 80 °C overnight in order to enable the bonding
process. After that, the two bonded layers were removed from
the “fluidic” master and 1.5 mm holes were punch in the fluidic
layer. A final assembly of the two bonded layers to a glass
coverslip (24 mm x 60 mm) was finally achieved through
oxygen plasma activation of the two parts.

Instrumentation. Pt—Cr electrodes and fluidic masters were
obtained by standard photolithography by using a DELTA 80
spinner (Suss), a Karl Suss MA/BA6 mask aligner, and an elec-
tron-assisted metal evaporator UNIVEX 450B (Oerlikon Leybold
Vacuum). X-ray powder diffraction (XRPD) measurements were
performed with an X'Pert PRO MPD diffractometer (Panalytical).
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SEM measurements. All SEM images presented in this work
were acquired on a SEM QUANTA FEI 200 FEG-ESEM operating
in a low vacuum mode. In all cases the samples were measured
as prepared with no need of metal deposition on the samples.

Electrical characterization and CS AFM studies. Two-point
electrical characterizations were performed using a two channel
Keithley 2612 SourceMeter and were measured under ambient
conditions. On the other hand, CS AFM studies were performed
on a 5500LS SPM system from Agilent Technologies using the
Resiscope module. Unlike the two-point electrical characteriza-
tion, a nanoscaled conducting tip was biased to the electrode
array patterned on the glass coverslip. In this case, the current
flowing through the electrodes to the integrated Ag(I)TCNQ
nanowire bundles was measured with a conductive grounded
tip at each point of the image, thus providing a current map
image of the region scanned.
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