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We report an electrochemical method for the shape-controlled fabrication of micron-scale surface-bound
chemical gradients. The approach is based on employing platinum microelectrode arrays on glass for the
establishment of a Cu(i) solution gradient via local electrochemical reduction of Cu(i) (cathodic reaction),
and oxidation of the generated Cu()) back to Cu(i) (anodic reaction), under ambient conditions. The Cu())

solution gradient, in the presence of an alkyne in solution and an azide monolayer on the glass surface in
between the platinum electrodes, is exploited for the surface-confined gradient fabrication via the
Huisgen 1,3-dipolar cycloaddition (CUAAC). Owing to the high sensitivity of the CUAAC on the Cu()
concentration, we demonstrate here the control of the shape of the micron-scale surface gradient, in

terms of steepness and surface density, as a function of the reaction conditions. The surface gradients

were assessed by fluorescence microscopy and time-of-flight secondary ion mass spectrometry (Tof-
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SIMS). Moreover, bi-component and biomolecular gradients have been fabricated and a method for

the electrochemically mediated patterning of surface chemical gradients on external azide-

DOI: 10.1039/c3tb20902d

www.rsc.org/MaterialsB gradients.

1 Introduction

Gradients of physicochemical properties, ie. their gradual
variation in space and/or time, are of great value both in solu-
tion and on surfaces. Gradients, in continuous or discrete form,
have been successfully employed in materials science™* and
combinatorial/analytical chemistry’® improving the efficiency
of the design and discovery of catalysts and drugs, and
providing new analytical methods.

Above all, gradients are an essential attribute of biology.*® Of
fundamental importance is the migration of cells in solution
gradients (chemotaxis) during biological processes like angio-
genesis, wound healing, metastasis, etc., underlining the
impact of cell motility research on tissue engineering and
cancer research development.®** Considering that most bio-
logical reactions and interactions occur at the cell membrane-
surface interface, a convenient model to investigate these
biological mechanisms is the directed cell migration on surface
chemical gradients (haptotaxis). Since typical cell sizes are in
the micrometer range (less than 10 pm for prokaryotes and
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functionalized substrates has been developed for the implementation of bi-directional 2D surface

more than 10 um for eukaryotes), micron-scale surface gradi-
ents with fine tuning of the gradient length-scale and steepness
are needed to allow cell edges to adhere and detach direction-
ally.”* With this intention, electron-beam lithography was
conveniently employed for the gradual activation of monolayers
and the formation of micron-scale polymer brush gradients by
surface-initiated polymerization® or gradual decomposition of
monolayers for the aspecific adsorption of protein gradient
patterns.'® Winkler et al. have recently demonstrated that elec-
tron-beam irradiation on self-assembled monolayers on gold is
suitable to introduce surface defects in a micron-scale gradient
manner. The surface alteration was employed for the fabrica-
tion of bio-resistant micrometer-scale gradients by means of a
surface exchange reaction with oligo(ethylene glycol)-termi-
nated thiols."”

Moreover, surface chemical gradients are conveniently used
for the investigation of the induced directional motion of
materials. One example, out of many, is the macroscopic
motion of liquid droplets driven by surface energy gradients
that affect the interfacial tension at the front and back edges of
the droplet.***

Nanoscale transport of materials, driven by micrometer-
scale surface energy gradients, has important impact for the
investigation of assembly and propulsion of nanometer-sized
objects. Recently, Walder et al. employed micrometer-scale
hydrophobic surface energy gradients to direct the motion of
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nanoparticles.”® On an even smaller scale, Perl and coworkers
analyzed the directional spreading of multivalent ligands sub-
jected to self-developing gradients on a receptor platform.*

The ability to control the motion of molecules and nano-
objects on surfaces will thus have a direct impact on single
molecule science and nanotechnology, and constitute a link to
natural, artificial and dynamic assembled systems.

Many techniques are available for the generation of surface
chemical gradients, mainly based on the modification/deposition
of monolayers on substrates. An exhaustive description of
methods for the generation of surface gradients has been repor-
ted in comprehensive reviews.**?¢ Very few of these methods
allow the fabrication of continuous covalently bound surface
chemical gradients on the micron-scale,””** and they usually
show limited control over the shape (surface density and steep-
ness) or require expensive equipment (e.g. electron-beam,'** UV
lithography® and scanning tunneling microscopy*).

In order to exert high control over the length-scale and shape
of surface chemical gradients, we here describe electrochemi-
cally mediated reactions, in particular the electrochemically
activated copper(1) azide-alkyne cycloaddition (“e-click”). Since
the introduction of Cu(i) catalysis,**** the Huisgen 1,3-dipolar
cycloaddition reaction of organic azides and alkynes has
obtained substantial attention.>*** A lot of effort has been
focused on the optimization of the active catalyst (Cu(i)). Finn
and coworkers have demonstrated the electrochemical genera-
tion of Cu(r) (from a CuSO, solution), in the presence of air, for
the bio-functionalization of an azide-modified protein capsid in
solution.*® Moreover, “e-click” has been successfully exploited
for the modification of surfaces, in particular for the indepen-
dent functionalization of electrodes,*”*® patterning of
surfaces,* and morphogen-driven formation of films.*
Furthermore, by means of bipolar** “e-click”, shallow surface
gradients of covalently bound molecules were created on azide-
functionalized conductive polymers on the millimeter-centi-
meter length-scale. In particular Hansen et al. demonstrated
that stenciled* “e-click” is a viable method for the fabrication of
biologically relevant sub-millimeter gradients with adjustable
shape, but this method requires a conductive substrate (here a
conductive polymer). The independent functionalization of
electrodes®*° and the fabrication of surface concentration
gradients*>** demonstrate that the electrochemical reduction of
Cu(n) to Cu(1) is a suitable method for the local modulation of
the “e-click”. We have used*® platinum microelectrode arrays on
a non-conducting (glass) substrate to generate a solution
gradient of a catalytic species (Cu(i)) with the aim to spatially
visualize and map the reactivity and the reaction rate order of
the electrochemically activated copper(i)-catalyzed azide-alkyne
1,3-dipolar cycloaddition (CuAAC) at the surface.

In the present study, the electrochemically promoted CuAAC
is employed to control the shape (density and steepness) of
micron-scale surface chemical gradients by varying the reaction
conditions. Furthermore, we show that this system allows the
fabrication of bi-component and biomolecular gradients as well
as the formation of surface gradients on external substrates
when the active substrate is brought in close proximity to the
microelectrode array.
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2 Experimental

The following materials and chemicals were used as received
without further purification: 11-bromoundecyltrichlorosilane
(ABCR), sodium azide (Sigma-Aldrich), copper sulfate pentahy-
drate (Aldrich), sodium sulfate anh. (Sigma-Aldrich), L-ascorbic
acid (Sigma), 2,6-lutidine (Sigma-Aldrich), tetrabutylammo-
nium tetrafluoroborate (Aldrich), Alexa Fluor® 488 streptavidin
(Invitrogen), tetrakis(acetonitrile)copper(r) hexafluorophos-
phate (Aldrich), poly(dimethylsiloxane) and curing agents (Syl-
gard 184, Dow Corning), HMDS (BASF), LOR 5A (MicroChem),
Olin OiR 907-17 photoresist, and Olin OPD 4262 developer
(FujiFilm). Ultrapure water with a resistivity below 18.2 MQ cm
at 25 °C was employed (MilliQ water).

Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methylJamine
alkyne-modified fluorescein (1),** coumarin (2),*
(3)* were prepared as described before.

(TBTA),*
and biotin

Fabrication of platinum microelectrode arrays on glass

A bilayer lift-off recipe was used for fabricating the platinum
microelectrode arrays on borofloat glass wafers. First the elec-
trode pattern was created in a bilayer of sacrificial resist. The
process started with a dehydration bake (5 min, 120 °C). Then a
HMDS adhesion layer was spincoated (20 s, 5000 rpm), after
which LOR 5A was spincoated (20 s, 5000 rpm) followed by a
baking step (10 min, 160 °C). For the second resist layer, a
standard photolithography recipe was used. First an HMDS
adhesion layer was spincoated (5 s, 500 rpm followed by 30 s,
4000 rpm). Then Olin OiR 907-17 photoresist was spincoated
(5 s, 500 rpm followed by 30 s, 4000 rpm), followed by a pre-bake
step (1 min, 95 °C). The photoresist was exposed (4 s, EVG
EV620 Mask Aligner, Hg-lamp 12 mW cm ?) through a
patterned photomask, followed by a post-exposure bake (1 min,
120 °C). Then the exposed photoresist was washed away and the
LOR 5A layer was etched by developing in Olin OPD 4262 (90 s).
The LOR 5A layer was overetched slightly, creating an undercut,
which is favorable for the lift-off step. As a last step the wafer
was rinsed with MilliQ water in a quick dump rinser.

Prior to metal deposition, the wafer was cleaned with UV-
ozone (5 min, PR-100, UVP inc), guaranteeing a clean substrate.
Immediately after this step, 5 nm Ti and 95 nm Pt were evap-
orated (BAK 600, Balzers), with a deposition rate between 1 and
3 A s7' (<107° mbar). After the evaporation step, metal lift-off
was performed by sonication in acetone (20 min) and iso-
propanol (10 min). Afterwards, the wafer was rinsed with a
quick dump rinser (DI water), followed by spin-drying. Then the
wafer was diced (back-end dicing saw, Loadpoint Micro Ace 3)
into appropriately sized samples which were cleaned prior to
use, by sonicating in acetone, rinsing with ethanol and drying
with a stream of N,.

Substrate and monolayer preparation

Platinum microelectrode arrays on glass and microscope glass
slides were functionalized with azide monolayers.* The prepa-
ration methods for the two different substrates differ only for
the activation step. In the case of microelectrode arrays on glass,
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the substrates were activated by oxygen plasma treatment prior
to monolayer formation (10 min, 50 mA, <200 mTorr). In
contrast, microscope glass slides were oxidized with piranha
solution for 45 min (concentrated H,SO, and 33% aqueous
H,0, in a 3 :1 ratio), rinsed with copious amounts of MilliQ
water, and dried in a nitrogen stream. The activated substrates
were used immediately to form a silanized monolayer. The
substrates were immersed in 0.1 vol% of 11-bromoundecyltri-
chlorosilane in dry toluene under argon for 1 h at room
temperature. Following monolayer formation, the substrates
were rinsed with toluene to remove any excess of silanes, with
ethanol and subsequently dried in a nitrogen flow. The
bromide/azide nucleophilic substitution was carried out by
reaction with a saturated NaN; solution in DMF for 48 h at
70 °C. The substrates were thoroughly rinsed with MilliQ water
and ethanol and dried in a nitrogen flow.

Electrochemically activated CuAAC

Platinum microelectrode arrays on glass, with the glass substrate
areas functionalized with the azide monolayer, were subse-
quently used for the surface gradient fabrication via electro-
chemically activated CuAAC reaction. The -electrochemical
experiments were conducted using a voltage source without a
reference electrode. Aware that the exact potential applied on the
working electrode is unknown, we first performed a basic elec-
trochemical characterization of the system. The current vs. time
and current vs. potential difference graphs (Fig. S17) illustrate
that the reduction reactions of Cu(u) occurred for an applied
potential difference higher than 0.4 V, and that the current
became constant within 30 s. By leaving out a reference electrode
we made sure that the current generated at the anode and the
cathode is of the same magnitude but of opposite sign, which
made sure that the two electrochemical reactions occurring are
equal when no side reactions occur.* This should ensure a stable
solution gradient in between the interdigitated electrode array.

Owing to the enhancement of Cu(i) stability in non-aqueous
solvents and to ensure the solubility of all the components of
the reaction mixture, the reaction was conducted in dry dime-
thylsulfoxide (DMSO).”* The reaction was performed under
ambient conditions.

Reactions with different experimental conditions were per-
formed in silicone containers on top of the electrode array. In a
typical electrochemical experiment, 100 pL of a solution con-
taining alkyne-modified fluorescein (1) (or alkyne-modified
coumarin (2) or biotin (3)), CuSO, and a Cu(1)-stabilizing ligand
(TBTA or 2,6-lutidine) in DMSO were subjected to a potential
difference for a few min to perform the reduction of Cu(u) to
Cu(1) at the cathode (source) and the oxidation of Cu(i) to Cu(u)
at the anode (sink). Adopting this protocol, surface gradients of
1, of a second alkyne modified dye 2 and of biotin (3)/strepta-
vidin (SAv) were achieved. After the reaction, the electrodes were
quickly rinsed with DMF and ethanol to avoid any further
progress of the reaction and to remove any physisorbed mate-
rial, then they were dried in a stream of N,.

For preparing a bi-component gradient, after development of
the first surface gradient of 1 as described above, the cathode
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and the anode were swapped and a second surface gradient of
2 was formed using the same method and conditions. Using
similar conditions also a mono-component bi-directional
surface chemical gradient of 2 was fabricated.

A full monolayer of 1 was prepared by incubation of an azide
monolayer on glass in a 1 mM solution of 1, 10 pM CuSO, and
150 puM ascorbic acid in +BuOH/H,O (2/1 v/v) for 24 and 96 h.
The substrates were rinsed with methanol and water, sonicated
in methanol and dried with N,.

Prior to fluorescence characterization all the samples were
dipped in a 50 mM borax solution at pH 10 to ensure the acti-
vation of 1.

Micro-contact printing of alkyne-modified biotin and
immobilization of Alexa Fluor 488-labeled streptavidin

Stamps were prepared by casting a 10:1 (v/v) mixture of
poly(dimethylsiloxane) and a curing agent (Sylgard 184, Dow
Corning) against a silicon master. After overnight curing at
60 °C, the stamps were oxidized by oxygen plasma for 10 s
(current tuned at 50 mA) and subsequently inked by drop
casting the inking solution onto the stamp (1.5 mM alkyne-
modified biotin (3), 0.5 mM Cu(1)(CH3;CN),PFs and 0.5 mM
TBTA (CH;CN/EtOH 2/1, v/v) (catalyst mixture), prepared by
mixing 75 pL of a 2 mM solution of 3 in CH;CN and 25 pL of
2 mM of catalyst mixture). After 4 min incubation the stamps
were blown dry in a stream of nitrogen and brought into
conformal contact with the substrate for 60 min. The stamps
were changed for each new printing, and the same inking
procedure was used. After stamp removal, the printed
substrates were rinsed with ethanol, sonicated in acetonitrile
for 2 min, rinsed again with ethanol, blown dry with nitrogen
and imaged by fluorescence microscopy.

The substrates functionalized with biotin were incubated
with 300 nM Alexa Fluor® 488 streptavidin (Alexa-SAv) in
phosphate buffered saline (PBS) with 0.005% Tween 20 for
5 min, rinsed with PBS with 0.01% Tween 20 for 30 min and
with MilliQ water, and dried with nitrogen. The same incuba-
tion/rinsing protocol was employed for substrates with patterns
and surface gradients of biotin.

Transfer of gradients onto external substrates via
electrochemically activated CuAAC

Glass slides (1.5 x 1.5 c¢cm) functionalized with azide mono-
layers were employed as external substrates for the fabrication
of surface chemical gradients transferred from platinum
microelectrode arrays (which are not modified with azide
monolayers). In a typical electrochemical experiment, 5 pL of a
solution containing 1, CuSO, and a Cu(i)-stabilizing ligand
(TBTA or 2,6-lutidine) in DMSO was put on top of the micro-
electrode array, and the azide-functionalized glass slide was
gently placed on the top, with consequent spreading and
formation of a thin layer of solution. The maximum distance
between the glass slide and microelectrode array, considering
the volume of solution used and the contact area between the
two surfaces, was estimated to be approximately 28 um. The
electrochemically activated CuAAC reaction was performed
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using similar conditions described above for the fabrication of
surface chemical gradients. Following the gradient fabrication,
both the glass slide and the microelectrode array were rinsed
with DMF and ethanol to avoid any further proceeding of
the reaction and to remove any physisorbed material, after
which they were blown dry with N,. In addition, more complex
surface chemical gradients were prepared on the existing
surface gradients performing a second transfer of gradients
upon perpendicular rotation of the previously functionalized
substrate.

Data fitting

All fluorescence images were analyzed with Image], by extract-
ing cross-sections with averaging over 100 pm, resulting in
fluorescence intensity vs. distance graphs. A different substrate
was used for every different set of reaction conditions.

To compare the results of different samples, the fluorescence
intensity profiles were normalized. To obtain normalized fluo-
rescence intensities, the background was subtracted and the
resulting intensities were divided by the intensity obtained from
the full monolayer (with subtracted background).

The steepness (m) of the gradient was estimated as the slope
obtained from the linear fitting of the intensity vs. distance
graph. Consequently, the slope was calculated from the linear
regression of a range of data selected from the steeper region of
the surface gradient (defined as the linear range) that led to a
correlation coefficient (R°) higher than 0.97. The maximum
intensity (I,.x) was extracted directly as the highest value of the
intensity profile.

Fluorescence microscopy

Fluorescence microscopy images were taken using an Olympus
inverted research microscope IX71 equipped with a mercury
burner U-RFL-T as a light source and a digital Olympus DR70
camera for image acquisition. For the visualization of the
coumarin gradient (2), UV excitation (350 =< A¢x = 370 nm) and
blue emission (Ae;, = 420 nm) were employed using a Dapi
Olympus filter cube. For the visualization of 1 and Alexa-SAv
gradient, blue excitation (460 = A, = 490 nm) and green
emission (Aem = 520 nm) were employed using the U-MWB2
Olympus filter. All fluorescence microscopy images were
acquired in air.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

ToF-SIMS experiments were performed with ToF-SIMS IV and
ToF-SIMS5-300 (Tascon GmbH, Miinster, Germany). For all
measurements, a 25 keV Biz" cluster primary ion beam was
employed (target current of 1 pA). The lateral resolution is 3-
5 um for routine analysis at full mass resolution. A pulsed, low
energy electron flood was used to neutralize sample charging.
For each sample, spectra were collected from 128 x 128 pixels
over an area of 500 x 500 um” The positive and negative
secondary ions were extracted from the sample surface, mass
separated and detected via a reflectron-type of time-of-flight
analyzer, allowing parallel detection of ion fragments having a
mass/charge ratio up to 900 within each cycle (100 ps).
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Electrical characterization

The electrical current measurements were performed with a
Karl Siiss probe station connected to a Keithley 4200 Semi-
conductor Characterization System. The electrochemical reac-
tions were performed using an ES015-10 power supply (Delta
Elektronica) with a voltage range from 0 to 15 V.

Mass spectrometry

ESI-MS mass spectra were recorded using a LCT Mass spec-
trometer (Waters/Micromass).

NMR

'H and "®C NMR spectra were recorded on a Varian Unity
(300 MHz) spectrometer. 'H and '*C chemical shift values,
measured at 300 MHz and 75 MHz, respectively, are reported as
0 (in ppm) using the residual solvent signal as the internal
standard (7.26 ppm for CDCl; and 2.50 ppm for DMSO-dg).

3 Results and discussion

3.1 Investigation of the parameter space of the “e-click”
gradient formation

The system used for the fabrication of surface chemical gradi-
ents via “e-click” is illustrated in Fig. 1. Platinum microelec-
trode arrays on glass were fabricated using a bilayer lift-off
procedure based on a standard photolithographic technique. In
order to study the effect of the geometry of the microelectrodes
on the surface gradient formation, arrays with different elec-
trode sizes and spacings were fabricated. The glass surface of
the platinum microelectrode array on glass was modified by
using silane chemistry to prepare an azide monolayer.* To
attest the advantage of the electrochemically activated CuAAC
for the fabrication of micron-scale surface chemical gradients
on azide monolayers, we employed an alkyne-modified fluo-
rescein (1) for the fluorescence read-out of the reaction.

The CuAAC reaction, which takes place only in the presence
of Cu(1), was carried out on top of the electrode by using a
solution of CuSO, and 1 in DMSO, in the absence or presence of
a Cu(i)-stabilizing ligand. A constant potential difference,
ranging from 0.4 to 1.2 V, was applied between the electrodes to
perform the reduction of Cu(u) to the catalytically active Cu(i) at
the cathode and the re-oxidation of Cu(i) to Cu(u) at the anode.
Owing to the concentration gradient of Cu(r) in solution, the
CuAAC between 1 and the azide monolayer results in a faster
formation of triazole molecules next to the cathode (where Cu()
is produced) compared to next to the anode, with the conse-
quent formation of a surface gradient of covalently bound 1.
The reaction is very sensitive to the Cu(i) concentration as was
demonstrated by the second order rate dependence on the Cu()
concentration.*>*

Fig. 2A-D show the fluorescence microscopy images of the
resulting micron-scale surface gradients after different reaction
times. After preparation of the azide monolayer, 50 um wide and
100 um spaced platinum microelectrodes on glass were incu-
bated in a mixture of CuSOy,, 1, and a Cu(i)-stabilizing ligand in
DMSO. The electrochemically activated CuAAC was performed

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 Fabrication of surface chemical gradients via electrochemically promoted CuUAAC of alkyne-modified fluorescein (1) on an azide monolayer on glass between a

platinum microelectrode array.
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Fig. 2 Fluorescence microscopy images of the surface chemical gradients
resulting from electrochemically activated CUAAC, using 1.0 mM alkyne-modified
fluorescein (1), 1.0 mM CuSQy, salt, 100 mM 2,6-lutidine, 100 mM n-BusNBF, in
DMSO, AV = 1V, after (A) 2 min, (B) 4 min, (C) 8 min, and (D) 16 min reaction time
(50 um electrodes, 100 um gap). (E) Normalized intensity vs. distance graph of the
surface chemical gradient shown in (C) depicting the parameters considered for
the analysis of the surface gradients: steepness (m) and maximum intensity (/max)-
Images were recorded at an excitation wavelength of 490 nm and an emission
wavelength of 520 nm (exposure time: 400 ms).

applying a potential difference of 1.0 V for different reaction
times. Because gradients were prepared using compound 1 in
the neutral lactone form (low quantum yield),* the surface
gradient was barely visible (not shown). Therefore, the substrates
were rinsed with a pH 10 buffered solution prior to character-
ization to generate the highly fluorescent dianion and achieve a
more pronounced visualization of the fluorescent dye gradi-
ents.” The CuAAC reaction between alkyne and azide reflects the
concentration gradient of Cu(i) in solution with consistent
formation of a surface gradient of the reaction product. In the
fluorescence microscopy images of Fig. 2, we observe the

This journal is © The Royal Society of Chemistry 2013

gradient of fluorescence intensity with the maximum localized
next to the cathode. Furthermore, the intensity of the gradient
increased with increasing reaction time.

Fig. 2E shows the intensity vs. distance graph obtained from
Fig. 2C. The profile directly reflects the kinetics of the click
reaction and the local Cu(i) concentration.*” The shape of the
surface gradients was analyzed by means of two main parame-
ters: the maximum intensity near the cathode (I.) and the
steepness (m). The direct comparison of the results required the
normalization of the fluorescence intensities of the surface
gradients. To obtain normalized fluorescence intensities, the
background was subtracted and the resulting intensities were
divided by the fluorescence intensity obtained from the full
monolayer of 1 (with subtracted background, Fig. S2t). Since
the electrochemical activation of Cu(n) is faster and more effi-
cient than the chemical reduction (e.g. using sodium ascorbate
as a reducing agent),’® for some reaction conditions we
observed fluorescence intensities higher than observed for the
reference (full) monolayer made by chemical reduction.

The steepness of the gradient gives information about the
gradual variation of the fluorescence intensity (related to the
surface coverage) in space, and it was estimated as the (steepest)
slope m obtained from the intensity vs. distance graph (Fig. 2E).
Consequently, the slope was calculated from the linear regres-
sion (AI/Ax) of a range of data selected from the steeper region
of the surface gradient that led to a correlation coefficient (R?),
higher than 0.97 (see Fig. 2E and Table S11). The maximum
intensity (I;max), which reflects the surface density and coverage
of covalently attached alkyne molecules, was defined as the
highest intensity observed in the intensity profile (Fig. 2E).

The steepness and maximum intensity of the surface gradi-
ents were found to be strongly affected by several process
parameters such as Cu(u) and alkyne concentration, use of
Cu(1)-stabilizing ligands (tris[(1-benzyl-1H-1,2,3-triazol-4-yl)
methyllJamine (TBTA) or 2,6-lutidine), solvents, distance
between the electrodes, reaction time and electrical potential.

Fig. 3 shows the intensity profiles of the surface gradients
obtained under varying reaction conditions using microelec-
trode arrays with a 100 um gap width and 50 um wide elec-
trodes. When no Cu(i)-stabilizing ligand was added to the
reaction mixture (Fig. 3A) the kinetics of the “e-click” reaction
was rather slow, yielding surface gradients characterized by
shallow profiles (low intensity and steepness), and yielding
products over the whole distance range.
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Fig. 3 Intensity profiles of the surface chemical gradients obtained by reacting
1 mM of 1 in DMSO at a potential difference of 1.0 V under varying reaction
conditions: reaction time in the presence of (A) 1T mM CuSO,4 or (B) 1 mM CuSO,4
and 1 mM TBTA; (C) CuSO,4 and TBTA concentration (CuSO4/TBTA = 1/1; in the
case of the CuSQO4 concentration lower than 1 mM, Na,SO, is used as a supporting
electrolyte to maintain the overall salt concentration at 1 mM) for 4 min reaction
time; (D) reaction time in the presence of 0.2 mM CuSQ,4, 0.8 mM Na,SO,4 and
0.2 mM TBTA. In all cases platinum interdigitated electrodes on glass with 100 pm
electrode separation and 50 um electrode width were employed (see Fig. S3-S6
for the fluorescence images).

Finn and coworkers described that only in the presence of
suitable ligands the electrochemically activated CuAAC shows
excellent yield and fast kinetics in DMSO/water in the presence
of air.*® In contrast to aqueous media, the deprotonation of the
alkyne to the Cu(1) acetylide complex is very slow in pure organic
solvents. Therefore the addition of a base in DMSO is needed.
TBTA, the well-known accelerating ligand for CuAAC, provides
protection of Cu(r) under aerobic conditions and promotes the
rate of the reaction because of the presence of a basic site
employed for the deprotonation of the alkyne. In Fig. 3B we
indeed observe a strong enhancement of reactivity upon addi-
tion of 1 equivalent of TBTA. After 1 min, the fluorescence
intensity obtained without using TBTA was less than 0.2 (Fig. 3A)
while upon addition of TBTA it reached almost 1.0 (Fig. 3B). In
both cases we noticed a decrease of intensity near the cathode
upon prolonged reaction times, with a more pronounced effect
in the presence of the Cu(i)-stabilizing ligand, TBTA (Fig. S2A
and B and S4t). To exclude any specific side reactions affecting
the structural integrity of fluorescein derivative 1 or the mono-
layer, the same reaction conditions were employed using an
alkyne-modified coumarin (2) (Fig. S77). Also with this dye,
similar results were observed regarding gradient shape and
steepness, and in particular also the effect of fluorescence
intensity decrease near the cathode at prolonged reaction times.

Tof-SIMS analysis was performed before and after 8 min
reaction using 1 in the presence of TBTA (Fig. 4). Detection of
molecular fragments of the azide or product triazole was not
possible on these samples because of strong interference of the
metal electrodes present. This was however possible on the
transfer gradients (see below).

After 8 min reaction, the sample exhibited (Fig. 4C) a surface
gradient of sulfur (in negative mode), without the decrease of
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Fig. 4 Tof-SIMS images of sulfur ((A) and (C), in negative mode) and Cu ((B) and
(D), in positive mode) of the azide monolayer before ((A) and (B)) and after ((C)
and (D)) the surface gradient formation using 1 mM of 1, T mM CuSQOg4, and 1 mM
TBTA in DMSO at a potential difference of 1.0 V for 8 min using interdigitated
microelectrode arrays with a 100 um gap width (insets show the intensity profiles,
scale bar = 50 pum).

intensity near the cathode observed in fluorescence. This indi-
cates that the monolayer of 1 is still intact. At the same time, a
strong copper signal, attributed to Cu(0), is detected both on the
cathode and, in a gradient fashion, on the monolayer areas near
the cathode (Fig. 4D). The presence of Cu(0) on the cathode is
attributed to electrodeposition, while deposition on the SAM
areas is ascribed to the disproportionation of Cu() into Cu(0)
and Cu(u).”*** Therefore, the decrease in fluorescence intensity
observed near the cathode is attributed to the presence of Cu(0)
on the surface, upon prolonged reaction times, causing the
quenching of the fluorescence of 1.

The hypothesis of quenching of the fluorescence due to the
formation of Cu(0) by the disproportionation of Cu() was
further confirmed performing the “e-click” employing different
Cu(n) concentrations (Fig. 3C). For instance, decreasing the
Cu(u) concentration from 1 mM to 0.2 mM, using equimolar
amounts of TBTA and the same conditions reported previously
for 4 min reaction, showed less influence of Cu(0) deposition
and a sharp surface gradient with high intensity (0.92). When
the reaction was performed for a longer time (Fig. 3D, 8 min) we
observed an additional enhancement of intensity (1.14) and a
high steepness, but again a decrease of intensity occurred after
16 min reaction time indicating that even at a low concentration
of Cu(u) the disproportionation becomes significant at pro-
longed reaction times. When the concentration of Cu(u) was
further reduced to 0.05 mM the amount of electrochemically
produced Cu(r) was not enough to perform the “e-click” effec-
tively. When no Cu salt was added at all, no functionalization
was observed (Fig. S81). On the other hand, when employing
higher Cu(u) concentrations (5 mM), the effect of the dispro-
portionation was evident, and the Cu(0) deposition compro-
mised the characterization via fluorescence microscopy already
at short reaction times (Fig. 3C).

This series of experiments indicates that: (i) the presence of a
ligand for the couple Cu(u)/Cu(i) and a base for the deprotona-
tion of alkynes in pure organic solvents and aerobic conditions
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Fig.5 Examples of fluorescence microscopy images at different gap sizes between the electrodes: (A) 50 um; (B) 25 pm; (C) 10 um (50 um electrode width); (D) 10 um
gap width (10 um electrode width). Intensity profiles of the surface chemical gradients obtained after reacting 1 mM of 1 in the presence of CuSO4/TBTA 1/1 in DMSO
at a potential difference of 1.0 V with various electrode distances and conditions: (E) 50 um gap width at different CuSO, concentrations and reaction times; (F) 25 um
gap width at different reaction times; (G) 10 um gap width (50 pm electrode width) at different CuSO,4 concentrations; (H) 10 pm gap width (10 um electrode width) at

different CuSO,4 concentrations (see Fig. S10t for all fluorescence images).

is crucial to activate the “e-click” and obtain highly dense and
steep surface gradients; (ii) Cu(u) is required for the reaction to
occur: low concentrations of Cu(u) give only very low surface
functionalization in line with the observed second order rate
dependence on Cu(r);*** (iii) moderate Cu(u) concentrations
give less Cu(r) formation compared to high Cu(ur) concentrations
but still an efficient reactivity of the “e-click” reaction, while
achieving an apparently more localized electrochemical
production of Cu(1) allowing the fabrication of steeper gradi-
ents; (iv) long reaction times and high concentrations of Cu(u)
are responsible for a stronger effect of the disproportionation of
Cu(i) resulting in fast Cu(0) deposition and concomitantly
strong fluorescence quenching.

In an attempt to minimize the effect of the disproportion-
ation and to study the effect on the diffusion of the catalyst and
the reactivity of the CuAAC, some other solvent mixtures were
tested, in particular glycerol/DMSO 99/1 (v/v), DMSO/water 1/1
(v/v) and acetonitrile (in the last case Cu acetate was used
instead of CuSO,). None of these reaction conditions displayed
an appreciable improvement regarding disproportionation
(Fig. S91). Therefore DMSO was used for all subsequent exper-
iments. In the case of DMSO, a polar aprotic solvent, the elec-
trochemically activated CuAAC reaction results in a less
extensive disproportionation of Cu(1) and more stable gradients,
owing to a combination of solvation, complexation and stabi-
lization effects of Cu(1).**

Smaller electrode sizes and gap widths were employed to
investigate the limits of the fabrication of micron-scale surface
chemical gradients making use of the same system described
above (Fig. 5). Decreasing the distance between the electrodes
required further optimization of the reaction conditions. In
general the amount of Cu(u) employed was reduced (from
1.0 mM to 0.2 mM), leading to surface gradients with low I;,,.x
and high m values (see below). As a result of the relatively high
Cu(u) concentration (1 mM) when using a small electrode gap of
10 pm, the monolayer between the electrodes was almost
homogeneously functionalized even after only 1 min reaction

This journal is © The Royal Society of Chemistry 2013

(Fig. 5G and H). In contrast, in particular when using a 10 pm
electrode gap width and 5 pm wide electrodes (Fig. 4D and H)
and performing the reaction in the presence of 0.2 mM Cu(u)
and TBTA, a very sharp gradient was obtained after 1 min.
With the purpose to find reaction conditions for the fabri-
cation of a Cu() gradient with limited effect of the dispropor-
tionation, we employed 2,6-lutidine as a promoter and
supporter ligand of the “e-click”. Excess of an organic base (e.g.
2,6-lutidine) is particularly beneficent to promote the copper
acetylide formation, to achieve high yields of CuAAC, and to
prevent degradation of Cu(r) by oxidation in air or dispropor-
tionation, minimizing side-products.*>** Therefore, we used
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Fig. 6 Intensity profiles of the surface chemical gradients obtained reacting 1

mM of 1 in the presence of 1 mM CuSOy4, 100 mM 2,6-lutidine in DMSO: (A) at
various potential differences for 4 min reaction; (B) as a function of the potential
difference at 5, 50 and 85 um distance from the cathode for 4 min reaction
(dotted lines are guidelines); (C) at 0.4 V for different reaction times; (D) at 0.6 V
for different reaction times. In all cases platinum microelectrode arrays on glass
with 100 um electrode separation and 50 um electrode width were employed
(see Fig. S11-S137 for the fluorescence images).
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similar conditions as described before replacing TBTA with an
excess of 2,6-lutidine (Cu(u)/2,6-lutidine = 1/100) (Fig. 6).

Fig. 6A shows the intensity profiles of the surface chemical
gradients of 1, obtained by performing the “e-click” using 1 mM
Cu(u), 100 mM 2,6-lutidine and 1 mM 1 in DMSO at varying
applied potential differences for 4 min reaction time. When we
plotted the intensity profiles as a function of the potential
difference at three different positions (5, 50 and 85 pm) from
the cathode (Fig. 6B), we observed that the reactivity increased
with the potential, presumably owing to the higher concentra-
tion of Cu(r) locally produced, but potential differences higher
than 1.0 V induced faster side reactions (e.g. disproportion-
ation) giving decreasing intensities as a result of quenching.
Surface gradients, made using different potentials, displayed a
strong influence of the potential on the intensity (0.30 < I.x =
1.13) but weak effect on the steepness (0.013 =< m < 0.023 um ",
see Table S17).

The “e-click” as a function of electrochemical potential
difference was also performed for different reaction times
(Fig. 6C and D). Working at 0.4 V (Fig. 6C) the “e-click” appeared
slow enough to provide a better control of the reaction in time.
In particular a slow but effective enhancement of I,,,,x from 0.30
(4 min) to 1.10 (28 min) was observed, but when the reaction
time was pushed to 60 min, the intensity decreased everywhere
but most strongly near the cathode, showing a limitation of the
system at prolonged reaction times.

Notably, the configuration of the system and the reaction
conditions allowed the fabrication of multi-step surface gradi-
ents on one microelectrode array (Fig. 6C). After 4 min reaction
at 0.4 V the substrate was rinsed with DMF and ethanol to arrest
the reaction and to remove any unspecifically adsorbed
compounds, followed by characterization via fluorescence
microscopy. The same substrate was employed for a subsequent
functionalization for 8 min reaction (followed by rinsing and
visualization of the gradient) and another 16 min, observing an
increase of intensity and negligible influence of Cu(r) dispro-
portionation. The surface gradient obtained after 28 min
continuous reaction yielded a gradient similar to the one
obtained after three sequential steps of 4, 8 and 16 min. Fig. 6D
shows that a similar multi-step fabrication scheme is also
possible using a potential difference of 0.6 V. This approach can
potentially be employed for the immobilization, in a gradient
fashion, of different alkynes, introducing the gradual variation
of more than a single physicochemical property in one or
different (see below) directions along the substrate.

Once the influence of the applied potential on the shape (/;ax
and m) of the surface gradient was established, we proceeded
with a comprehensive study of other parameters (e.g. the Cu(u)/
2,6-lutidine ratio, the concentration of 1, and the addition of a
supporting electrolyte) employing 1.0 V for generally short
reaction times (Fig. S147). The results of the screening of reac-
tion conditions are summarized as follows: (i) a high concen-
tration of Cu(u) (5 mM), in combination with an excess of
2,6-lutidine (100 equiv.), yielded high density gradients across
the whole inter-electrode spacing while sharp and low density
surface gradients were obtained using a low concentration of
Cu(u) (0.2 mM) reflecting the small and localized amount of
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electrochemically produced Cu() (Fig. S14At); (ii) the “e-click”
was demonstrated to be more stable towards Cu(i) dispropor-
tionation in the presence of an excess of 2,6-lutidine, in
comparison with the use of TBTA (Fig. 3C); (iii) a severe drop of
intensity was detected at a high concentration of alkyne
(5.0 mM) (Fig. S14Bf). This counterintuitive behavior is
explained by the mechanism of the CuAAC reaction:** the
reduced reactivity in the presence of an excess of alkyne is
attributed to the saturation of the Cu(i) coordination sites by
alkyne molecules preventing the azide groups from binding, and
consequently reducing the overall rate;**>¢ (iv) the addition of
a supporting electrolyte (100 mM of n-Bu,NBF,) led to surface
gradients with a lower intensity and steepness due to the
contribution of the electrolyte to a significant change of the
solvent conductivity and therefore to a different Cu(1) concen-
tration gradient in solution (Fig. S14C¥); (v) surface chemical
gradients fabricated in the presence of the supporting electro-
lyte were less affected by the deposition of Cu(0). This behavior
is most likely related to the stabilizing effect of tetraalkylam-
monium salts on copper metal clusters and colloids;*”*® (vi)
reactions at different Cu(u) concentrations were performed also
for different reaction times highlighting again a higher activity
but lower stability at higher Cu(u) concentrations (Fig. S14D-Ff¥).

Fig. S211 shows I,.x vs. m graphs for the surface gradients
described in our work. Fig. S21At gives information about the
effects of the different reaction conditions employed on steep-
ness, m, and density, I, of the surface gradients. Overall,
tuning the reaction conditions allowed the preparation of
micron-scale surface chemical gradients with a wide range of
intensities and steepnesses. In general we observed that longer
reaction times (depicted with arrows in Fig. S21At) led to higher
Imax and the formation of steeper gradients. Fig. S21Bf high-
lights the effect of the Cu(i)-stabilizing ligand. The addition of
TBTA, or 2,6-lutidine, clearly promoted the “e-click”, allowing
the fabrication of higher density surface gradients. Without any
addition of the ligand, shallow (m < 0.007 pm™") and low
intensity (Imax < 0.48) gradients were prepared, while using TBTA
the reaction usually yielded steep and highly dense surface
gradients (Fig. S21Bt). High concentrations of Cu(u) (e.g. 1 mM
and 5 mM) led to shallow to moderately steep surface gradients

i‘: Alexa-SAv

Fig. 7 Immobilization of alkyne-modified biotin (3)/Alexa-SAv on an azide
monolayer on glass by means of reactive microcontact printing or “e-click”
gradient formation.
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Fig. 8 Fluorescence microscopy images and intensity profiles: (A) and (B) after
microcontact printing of 3 (5 x 15 um lines) (1.5 mM 3 in CH3CN, 0.5 mM
Cu()(CH3CN)4PFg and 0.5 mM TBTA (CH3CN/EtOH 2/1), 4 min inking, 1 h uCP) or
(C) and (D) after reaction of 1 mM of 3 in the presence of 1.0 mM CuSO,4 and
1.0 mM TBTA in DMSO at the potential difference of 1.0 V for 2 min, in both cases
followed by incubation in 300 nM Alexa Fluor® 488-labeled streptavidin in PBS
(with 0.005% Tween 20) for 5 min followed by rinsing in PBS (with 0.01% Tween
20) for 30 min. Images were recorded at Aexc = 395 nm and Aem = 520 nm.

(m < 0.03 um ™) with a wide intensity range (I,ay extends from
0.19 to 1.14 using 1 mM and 0.71 to 1.27 using 5 mM of Cu(u))
based on different reaction conditions (Fig. S21C¥).

The most common inter-electrode gap employed in this
report was 100 um (Fig. S21Dt), but we observed that using
smaller microelectrode arrays allowed the fabrication of steep
gradients, with the extreme case of a steepness of 0.072 um ™"
(i.e. going from 0-1 monolayer over 14 pm) when using a 10 pm
gap and a 5 um electrode width.
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3.2 Biomolecular surface gradients

The electrochemically activated CuAAC allows the fabrication of
micron-scale bio-molecular surface gradients. As depicted in
Fig. 7, an alkyne-modified biotin 3 was immobilized via
microcontact printing (nCP) or via “e-click”. Upon incubation
with Alexa-SAv, which is expected to interact with the biotin
units by noncovalent interactions, the maximum intensity of
the fluorescent gradient (Fig. 8C and D) reached a value similar
to the one obtained via microcontact printing (Fig. 8A and B),
indicating a similar surface density. This result shows that this
method allows the facile fabrication of micron-scale biomolec-
ular gradients.

3.3 Dual gradients and transfer gradient fabrication

The step-by-step surface gradient fabrication and the configu-
ration of the system allowed the controlled immobilization of
different alkynes in different positions on the same substrate.
Here we demonstrate the development of bi-component surface
chemical gradients via a two-step procedure based on the
immobilization of two different alkyne-modified dyes. As
depicted in Fig. 9, the surface gradient of the first dye (1) was
obtained upon “e-click” followed by switching of the polarity of
the electrodes and further gradient formation via immobiliza-
tion of the other alkyne (2). Fig. 10A and B show the fluores-
cence microscopy image and the intensity profile, respectively,
obtained after overlay of the two fluorescence images upon
immobilization of 1 (Aexc = 460-490 nM, Ay, = 520 nm) and 2
(Aexe = 350 nm, Ay = 420 nm). The two reversed surface
gradients were obtained via selective and localized covalent

Fig. 9 Fabrication of a bi-component surface chemical gradient by means of the “e-click” of 1, followed by switching of the polarity of the electrodes and subsequent

"e-click” of 2.
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Fig. 10 (A) Fluorescence microscopy image and (B) corresponding fluorescence intensity profiles after overlay of the green (1, Aexc = 460-490 nm, Aey, = 520 nm) and
blue (2, Aexc = 350 NM, Aem = 420 nm) filters. (C) Fluorescence microscopy image and (D) corresponding fluorescence intensity profile obtained reacting 1 mM of 2 in
the presence of 1.0 mM CuSO,4 and 1.0 mM TBTA in DMSO at a potential difference of 1.0 V for 2 min and two consecutive times upon switching of the anode and the
cathode. In both cases 100 pum electrode separation and 50 um electrode width were employed.
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bonding of the alkyne-modified dyes next to the respective
cathode.

In a similar way, mono-component bi-directional surface
chemical gradients were fabricated by immobilization of 2 in a
two-step method via switching of the polarity of the electrodes
(Fig. 10C and D).

Platinum microelectrode arrays on glass were used in a
stacked configuration to transfer the triazole gradient onto an
azide-functionalized external substrate (Fig. 11). A drop of a
solution containing 1, a Cu(1)-stabilizing ligand and CuSO, in
DMSO was spotted on the microelectrode array, and a glass
slide (1.5 x 1.5 cm®) was placed on top of it resulting in the
formation of a thin layer of solution. A potential difference of
1.0 V was applied to generate a solution gradient of Cu(i)
employed for the surface immobilization via CuAAC (Fig. 11).
Also in this case the reaction was observed to be slow when it
was performed without any ligand (only CuSO, and 1 in DMSO,
Fig. 12A) but a higher density was observed when adding a Cu(1)-
stabilizing ligand (Fig. 12B). As a result of the geometry of the
electrode arrays (50 um electrode width and 100 pm electrode
gap), a periodicity of the fluorescence intensity of 300 um was
expected and observed (Fig. 12C), while the gradient was
observed over a length-scale of approximately 50 pm (Fig. 12D).

To support the fluorescence results, Tof-SIMS characteriza-
tion of the transfer gradient was carried out. Full monolayers
before and after CuAAC of 1 were analyzed to detect typical
fragments associated with the covalent attachment of 1 on the
surface. While a full azide monolayer on glass shows only
typical fragments coming from the aliphatic chain of the
monolayer (Fig. S221), organic fragments at higher molecular
weight and containing N, O, and S characteristic of 1 were
detected after the reaction with the alkyne-modified fluorescein
(1) (Fig. S23t). Accordingly, the Tof-SIMS surface mappings in
positive (Fig. 13A and B) and negative (Fig. 13C and D) mode
illustrate the formation of gradients, very similar to the

av

Fig. 11 Schematic procedure of the "e-click”-mediated transfer patterning of
surface chemical gradients on an azide monolayer on glass.
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Fig. 12 Fluorescence microscopy images of the surface chemical gradients
obtained by transfer patterning from a platinum microelectrode array onto a
glass slide functionalized with an azide monolayer using 1 mM 1 and (A) 1.0 mM
CuSO,4 or (B) 1.0 MM CuSO4 and 100 mM 2,6-lutidine, in DMSO at 1.0 V for 2 min
reaction time. (C) Intensity profiles and (D) zoom-in of the profile at the gradient
sections of (A) () and (B) (—) illustrating the periodicity and the length-scale of
the surface gradients (pink box, approximately 50 pm).

observation made by fluorescence microscopy, confirming the
selective attachment of 1 in a gradient fashion.

Gradients are, by definition, directional but the most
common structure is unidirectional, ie. with variation of
physicochemical properties in one direction along the
substrate. Here we show that, by means of the transfer
patterned “e-click” method, complex orthogonal surface gradi-
ents can be obtained in a two-step process. Upon gradient-wise
immobilization of 1 in a first step, the substrate was rinsed and
employed for a second functionalization after 90° rotation of
the substrate. Fig. 14 shows two different 2D orthogonal
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Fig. 13 Tof-SIMS images of organic fragments detected after transfer gradient
fabrication: (A and C) surface mappings (scale bar = 100 um) and (B and D)
intensity profiles obtained in positive mode for m/z = 332, 374 and 390 u (A and
B), and in negative mode for m/z 300, 310 and 325 u (C and D). The transfer
gradient was prepared from a platinum microelectrode array onto a glass slide
functionalized with an azide monolayer using 1T mM 1, 1.0 mM CuSO,4 and
100 mM 2,6-lutidine in DMSO at 1.0 V for 2 min.
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Fig. 14 Fluorescence microscopy images (A) and (B) and corresponding intensity
profiles (C) and (D) of the 2D surface chemical gradients obtained by transfer
patterning from a platinum microelectrode array onto a glass slide functionalized
with an azide monolayer using 1 mM 1 and (A) and (C) 0.2 mM CuSO, and TBTA
or (B) and (D) 1.0 mM CuSO,4 and 100 mM 2,6-lutidine, in DMSO at 1.0 V for 2 min.

gradients, obtained using different reaction conditions. This
result highlights the flexibility of the system towards the
patterning of bi-directional surface gradients on external
substrates.

4 Conclusions

In summary we have demonstrated that platinum microelec-
trode arrays on glass, with the glass surface in between func-
tionalized with an azide monolayer, were successfully employed
for the fabrication of micron-scale surface chemical gradients
via electrochemically activated CuAAC (“e-click”). The detection
of the surface gradient was done mainly using fluorescence
microscopy, but the method is in principle open to other
surface characterization techniques (e.gz SIMS, as also
employed here, and Raman spectroscopy) to remove the
constraint of a fluorescent dye present.

The shape of the gradient (surface density and steepness)
can be tuned, when selecting the proper reaction conditions,
ranging from shallow and low density gradients (e.g. using a
reaction mixture without a Cu(1)-stabilizing ligand) to steep and
high density gradients (e.g. using low concentration of Cu(u) in
the presence of TBTA).

Furthermore, after optimization of the technique directed to
diminish the effect of the disproportionation of Cu(i), we proved
the efficacy of the “e-click” to fabricate bio-active surface
gradients (here using biotin/streptavidin as a test case). Using
the same process, we also attested a readily accessible method
for the fabrication of bi-component surface chemical gradients,
by means of a facile two-step gradient fabrication. A stacked
configuration of the electrode array and the target substrate
appeared useful to create surface gradients on external
substrates without electrodes.

This method is an important achievement on the way towards
establishing micrometer-scale surface chemical gradients with

This journal is © The Royal Society of Chemistry 2013
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control over steepness, composition and surface density, of great
interest for applications, among others, in biomedicine to
investigate physiological processes such as polarization and
migration of cells, and in nanotechnology to explore, for
example, the induced motion of nano-objects on surfaces.
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