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Abstract: Polydopamine (PDA) films are interesting as smart functional materials, and their controlled
structured formation plays a significant role in a wide range of applications ranging from cell
adhesion to sensing and catalysis. A pulsed deposition technique is reported for micro-structuring
polydopamine films using scanning electrochemical microscopy (SECM) in direct mode. Thereby,
precise and reproducible film thicknesses of the deposited spots could be achieved ranging from
5.9 +/− 0.48 nm (1 pulse cycle) to 75.4 nm +/− 2.5 nm for 90 pulse cycles. The obtained morphology
is different in comparison to films deposited via cyclic voltammetry or films formed by autooxidation
showing a cracked blister-like structure for high pulse cycle numbers. The obtained polydopamine
spots were investigated in respect to their electrochemical properties using SECM approach curves.
Quantitative kinetic data in dependence of the film thickness, the substrate potential, and the used
redox species were obtained.

Keywords: polydopamine; pulsed deposition; scanning electrochemical microscopy; functional
groups; electron transfer

1. Introduction

Polydopamine has interesting chemical and physical properties, which renders this functional
polymer as a versatile material for a multitude of applications ranging from biomedical to
energy-relevant applications in battery research, as protection films in corrosion, and as coatings
for adsorption purposes [1–5]. Inspired by mussel adhesive proteins, Lee et al. first reported
PDA as coating material in 2007 [6]. Mussel adhesive proteins have a high content of catechol
(3,4-dihydroxybenzene) due to the presence of 3,4-dihydroxy-L-phenylalanine (DOPA) and high
content of primary and secondary amines due to lysine (Lys) and histidine residues. In this first
report, PDA films were obtained by dip coating from basic (pH = 8.5) dopamine solutions. Since then,
PDA has been recognized as universal coating material adhering to almost any material including
teflon and on any geometry (nanoparticles, porous substrates, etc.) [7–9]. The presence of functional
groups such as catechol, amine and imine groups, and its high biocompatibility renders PDA an ideal
material for biomedical applications [1], sensing applications (e.g., for bioaffinity sensing [10], DNA
sensing [11], for intracellular pH sensing [12]), and as substrate for cell adhesion [13]. Deposition
of PDA films can be achieved via a simple one step dipping procedure in slightly basic aqueous
dopamine solutions (>pH 7.4) through oxidation and subsequent self-polymerization in the presence
of oxygen [6] or other oxidants such as reactive oxygen species (ROS) generated via UV radiation [14]
or Cu2+/H2O2 [14] in phosphate buffered, TRIS buffered or hydrogencarbonate-buffered solutions.
Among other factors, the obtained film thickness varies predominantly with the dipping times,
the concentration of dopamine and the used buffered solution [15].
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Polymer films derived from catecholamines as redox active molecules can also be obtained
by electrochemically induced deposition. First reports using electrochemical methods to deposit
PDA films have been reported by He et al. [3] and by Liu et al. [16]. So far, predominantly cyclic
voltammetry has been used to deposit PDA films from deoxygenated solution within a potential sweep
range from −0.6 V or −0.5 V to 0.5 V at slightly basic pH values in buffered solution [3,11,16–18]. It is
reported that electrochemical deposition via cyclic voltammetry results in higher deposition rates and
continuous, smooth films at the electrode surface in comparison to film deposition by dipping [17].
As first steps, an electrochemical homogenous coupled chemical–electrochemical (ECE) mechanism
forms dopamine–quinone that undergoes intramolecular cyclization to leucodopaminechrome, and
further oxidation to dopaminechrome as shown in Scheme 1. Via a subsequent isomerization step,
5,6-dihydroxyindole (DHI) is obtained, and by further oxidation 5,6-indolequinone is formed, which
undergoes coupling and further oxidation reactions resulting in an insoluble precipitation at the
electrode surface. The level of polymerization and the resulting structure, which is dependent
on preparation conditions [19–23] is still under debate, as recently reported by D’Ischia et al. [24].
Structures like supramolecular aggregation of monomers that are held together through charge transfer,
π–π stacking and hydrogen bonding, trimeric assemblies along with covalent bonding between units
and non-covalent self-assembling of monomers or formed oligomers such as aromatic rings stacking
are discussed for the formation of PDA.
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Scheme 1. First electrochemical steps for the formation of polydopamine. The oxidation of dopamine is
generally agreed on is an ECE mechanism leading to the formation of dopaminechrome, which further
leads to the formation of 5,6-dihydroyindole. 5,6-dihydroyindole leads through further oxidation and
reactions to the formation to polydopamine.

There is an increasing number of applications, which typically require uniform coatings with well
controlled thickness and low surface roughness. Frequently, the so far applied deposition routines
result in the formation of additional particulate PDA structures at the sample surface or inhomogeneous
films [25,26]. Within this contribution, we investigate a pulse deposition regime for electrodeposition
of PDA spots employing scanning electrochemical microscopy for microstructuring PDA films, which
enables screening experiments in respect to the relation of pulse cycle number with film thickness and
surface morphology.

Scanning electrochemical microscopy [27] is a versatile electrochemical scanning probe technique,
which is widely used for high-resolution studies of interface processes, in catalysis, energy-related
topics, corrosion, biomedical research [28], as electroanalytical tool for detection of redox active
analytes [29], and to quantitatively determine heterogeneous and homogenous electron transfer rates
at various substrates [30]. The microelectrode used as SECM tip is positioned by recording the current
at the biased SECM tip in solution containing a redox species with fast electron transfer characteristic
while approaching in z-direction the sample surface. These current versus z distance curves are termed
approach curves. Such current-distance curves can be fitted by analytical approximations to obtain
electron transfer kinetic data [31,32]. For example, SECM has been recently employed to investigate
the fouling of electrode surfaces due to the formation of polydopamine during DA detection [33].
SECM is also a suitable tool for in-situ localized surface modifications based on etching and deposition
processes forming microscopic and nanoscopic metal structures, conductive polymer and insulators
structures [34]. Such surface modifications are usually achieved in feedback mode [35] or direct mode
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SECM [36]. In direct mode SECM, the SECM tip is used as counter electrode and the substrate as the
working electrode. If a potential is applied, the electrical field is defined in dependence of the distance
of the SECM tip to the substrate and the size of the electroactive area of the nano- or micro-sized
SECM tip, leading to localized modifications as shown in Figure 1a. Pulsed deposition in combination
with SECM has been proven to be a versatile method to microstructure polymers and metals typically
with dimensions of the used microelectrode. A significant advantage of SECM is that the obtained
structures can subsequently be investigated in respect to their electrochemical properties.
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Figure 1. (a) Scheme of the SECM direct mode approach for micro-structured PDA deposition.
(b) Potential pulse profile for electropolymerization. (c) 3D SECM image of PDA microspot deposited
with 30 cycles. The image is obtained in 5 mM ferrocenedimethanol/0.1 M KCl with a Pt UME (12.5 µm
radius); scan velocity 10 µm/s.

Within this contribution, we evaluate the micro-structured deposition of polydopamine using the
direct mode of SECM. In contrast to the conventionally applied electrochemical deposition via cyclic
voltammetry, pulsed deposition enabled superior control of the achieved film thickness of the obtained
polymer spots. To the best of our knowledge, pulse deposition in respect to PDA formation has only be
reported for layered PDA hydroxyapatite nanoparticles films [33]. The deposits are also investigated
in respect to morphology using atomic force microscopy (AFM), electron transfer characteristics via
SECM, and surface functionality using infrared microspectroscopy.

2. Materials and Methods

2.1. Reagents

Dopamine hydrochloride was purchased from Sigma-Aldrich, (Steinheim, Germany). Dopamine
was dissolved in 10 mM PBS buffer (pH 7.4) and purged with argon for 20 min before its use.
Sodium hydrogen phosphate (Na2HPO4), sodium dihydrogen phosphate (NaH2PO4), sodium chloride
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(NaCl), potassium chloride (KCl), hexaammineruthenium(iii)chloride ([Ru(NH3)6]Cl3) were purchased
from Merck, (Darmstadt, Germany). Potassium ferrocyanide was purchased from Fluka, (Buchs,
Switzerland). All the solutions were prepared with high purity water (18.2 MΩ cm, Elga Labwater;
VWS Deutschland, Celle, Germany). Silicon wafers coated with 5 nm Ti adhesion layer and 95 nm
Au were used as substrates for PDA depositions. Prior to use, the Au-coated Si wafer was cleaned in
acetone, absolute ethanol and high purity water.

Pt ultramicroelectrodes (UMEs) was prepared by sealing Pt microwires (12.5 µm radius,
Goodfellow, Bad Nauheim, Germany) in borosilicate glass (glass capillaries were purchased from
Hilgenberg, Malsfeld, Germany). In order to achieve RG values (ratio of radius of the insulating sheath
and the electrode radius) of the microelectrodes of approximately 5, UMEs were pulled using a pipette
puller (Narishige PC-10, Tokyo, Japan). Disc-shaped microelectrodes were exposed by grinding and
polishing on diamond lapping films (Allied High-Tech Products, Rancho Dominguez, CA, USA) and
alumina oxide suspension (particle size: 0.05 µm, purchased from Buehler, Düsseldorf, Germany)
on red Technotron cloth (LECO, St. Joseph, MO, USA), respectively. A detailed fabrication protocol
is given elsewhere [37]. The fabricated UMEs were characterized by cyclic voltammetry in 5 mM
[Ru(NH3)6]Cl3/0.1 M KCl.

2.2. Electrochemical Measurements

A three-electrode set-up was used for characterization of the ultramicroelectrodes with a Pt
counter electrode (CE), and an Ag/AgCl (3 M KCl) reference electrode. The experiments were
controlled by a CHI660A potentiostat (CH Instruments (Austin, TX, USA). Deposition of polydopamine
was performed in direct mode of SECM as illustrated in Figure 1 using a home-built SECM system
(software: G. Wittstock, University Oldenburg, Oldenburg, Germany). The UME was positioned
at a distance of 160 µm recording an approach curve in 5 mM ferrocenedimethanol/0.1 M KCl and
consecutive retracting of the UME to the desired distance after approach. Polydopamine spots were
deposited from freshly-prepared, deoxygenated dopamine solution containing 1 mg mL−1 dopamine
hydrochloride in 0.01 M PBS (pH 7.4), using a potential pulse sequence of 0.5 V/0.5 s; 0.0 V/2 s;
−0.3 V/0.5 s; 0.0 V/3 s with varying numbers of applied pulse cycles (1, 3, 15, 30, 60, 90 pulse cycles).
The SECM image as shown in Figure 1c was obtained in feedback mode in 5 mM [Fe(CN)6]4−/0.1 M
KCl at a polydopamine spot deposited with 30 pulse cycles. Approach curves at spots with different
thicknesses were recorded either in 5 mM [Ru(NH3)6]Cl3 or 5 mM K4[Fe(CN)6] solution. Kappa (κ)
values were determined at different substrate potentials (substrate either biased at −0.1 V or +0.5 V
vs. Ag/AgCl quasi reference electrode). Evaluation of the data were performed with Mira software
(purchased from G. Wittstock, University Oldenburg, Oldenburg, Germany).

2.3. AFM Measurements

All AFM measurements were performed with a 5500 AFM/SPM microscope (Keysight
Technologies, Tempe, AZ, USA) with silicon nitride probes (OMCL-TR800PSA, Olympus Corporation,
Japan, k = 0.15 N/m) in contact mode either in air or in buffered solution (PBS pH 7.4). The samples
used for imaging in air were after the deposition rinsed with ultrapure water and dried in an argon
stream. Images were recorded with a scan speed of 0.85 ln/s. Data were analyzed with the Picoview
analysis software (Keysight Technologies, Tempe, AZ, USA).

2.4. SEM Imaging

Scanning electron microscopy (SEM) images were obtained with a dual beam system, FIB/SEM
FEI Helios Nanolab 600, (ThermoFisher Scientific, Eindhoven, the Netherlands) with a through-the-lens
(TLD) detector in immersion mode.
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2.5. IR Microspectroscopy

IR data were obtained in reflection mode using a Spero QCL System (Spero-QT microscope,
Daylight Solutions, San Diego, CA, USA) equipped with a 480 × 480 pixel array-based imaging detector
using a 480 × 480 pixel array-based focusing objective with a pixel size of 1.4 × 1.4 µm. As light source
a broadly tunable mid-infrared quantum cascade laser tunable in the range of 988–1800 cm−1 with a
spectral resolution of 2 cm−1 was used. Spectra were obtained from the bare gold substrate and from
spots deposit with 30 pulse cycles, which were polarized at −0.1 v or 0.5 V for 5 min respectively prior
to the measurements.

3. Results and Discussions

3.1. Optimization of the Deposition Process

The advantages of pulsed deposition in direct mode SECM has been described in early
experiments for the deposition of, i.e., conductive polymers [38]. The pulse profile was optimized in
respect to the uniformity of the obtained spots and achievable film thickness for depositions from a
solution containing 1 mg dopamine/mL. At a distance of 160 µm between UME and sample surface,
a pulse sequence of 0.5 V/0.5 s; 0.0 V/2 s, −0.3 V/0.5 s and 0.0 V/0.3 s was determined to achieve
films with uniform appearance with average diameters of approximately 400 µm, which reflects the
dimension of the microelectrode (diameter of electroactive wire and glass surrounding). The first
pulse leads to the oxidation of dopamine to dopaminequinone and sufficient long resting times at
0.0 V after the pulse are required to allow that monomers diffuse into the gap between the counter
microelectrode and the working electrode and for rearrangement of the formed species. At −0.3 V,
dopaminechrome is formed which reacts further as indicated in Scheme 1. At shorter resting potential
times, we observed a non-homogenous distribution of the polymer with a non-coated center of the
deposited spot. Also, at distances <80 µm we observed that a polymer ring rather than a spot was
formed. Hence, all depositions were obtained at a distance of 160 µm and with counter microelectrodes
with RG value of 5 to ensure compatibility of the deposited films. In dependence of the number of
pulse cycles, a uniform spot can be obtained even at very low cycle numbers such as a single pulse.

Figure 1c shows a 3D SECM image recorded at a PDA microspot deposited with 30 repetitive
pulse cycles using a 12.5 µm (radius) Pt microelectrode as counter electrode. The interest here was not
generating particularly small spots rather than using SECM direct mode to generate spots at the sample
surface with varying thicknesses, which then could be screened in a subsequent step in terms of their
electrochemical properties. Therefore, the UME microelectrode was switched to the working electrode
with the sample unbiased; the solution was exchanged to 5 mM ferrocenedimethanol/0.1 M KCl and
the microelectrode was positioned at a height of 40 µm prior to recording the SECM images. It is
clearly evident in Figure 1c that a uniform symmetric spot was formed with 30 cycles. The PDA spot
blocks the electron transfer resulting in negative feedback current compared to the bare gold electrode.

3.2. Film Morphology

For potential applications of PDA as redox active films, the film thickness, but also the film
morphology, plays a significant role. AFM and SEM studies have been performed to investigate the film
morphology and to determine the film thickness in dependence of the applied number of pulse cycles.
The SEM images shown in Figure 2 clearly reveal the quite different film morphology in dependence
of the electrochemical deposition technique at otherwise same experimental conditions. Both films
were deposited by applying 10 cycles. Figure 2a shows the film deposited via pulsed electrochemical
deposition and Figure 2b via cyclic voltammetry. The morphology of the pulse-deposited film appears
smooth with circular features that looks like “cracked blisters”, whereas the film deposited via CV
results in a more “folded” rough structure with less defined features and higher surface roughness.
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Figure 2. Comparison of film morphology in dependence of electrochemical deposition technique.
(a) SEM image of a PDA spot deposited via pulse deposition with 10 pulse cycles; (b) PDA spot
deposited via cyclic voltammetry ten cycles, potential range −0.5 to 0.5 V vs. Ag/AgCl, scan rate
20 mV/s.

In a next step, the film morphology and surface roughness were determined via AFM. Figure 3
shows exemplary AFM topography and deflection images for different numbers of pulse cycles (1, 3
and 30 pulse cycles). These AFM images were recorded in air. Images were also recorded in buffered
solution (see Figure S1) to ensure that drying of the films does not alter the height (i.e., due to possible
swelling effects). As the film height and morphology are not altered, the determination of roughness
parameter and film thickness was performed in contact mode in air. In general, AFM characterization
for chemically or electrochemically deposited PDA films is usually reported for rather small areas (e.g.,
1 µm × 1 µm) or AFM images with insufficient quality are presented, which makes the evaluation of
the film homogeneity difficult [15,39].
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Figure 3. AFM contact mode images of PDA film deposited with different number of pulse cycles.
Topography (a–c) and deflection images (d–f)) are shown: (a,d) PDA film deposited with 1 pulse cycle;
(b,e) PDA film deposited with 3 pulse cycles and (c,f) PDA film deposited with 30 pulse cycles. Images
were recorded in contact mode. The displayed images are tilt corrected.
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As shown in Figure 3a,d, with 1 pulse cycle already a uniform coating of the gold substrate was
obtained, with a surface roughness (Sa) of 1.74 nm +/−0.09 and film thickness of 5.9 +/−0.50 nm
(N = 5). In comparison to dip-coating, much longer times are required to form a uniform coating.
If only one pulse cycle is applied, no “cracked blister-like” features were observed. It should be noted
that, for all thickness measurements, such elevated features were avoided. The surface roughness at
spots without such features is approximately the same, the film thickness increased to 9.75 +/−0.48 nm
(N = 6) for 3 pulse cycles. The film thickness increased with the applied number of pulses (see Figure 4)
from 29.27 +/−3.45 nm for 15 pulse cycles to 55.68 +/−4.41 nm for 30 pulse cycles to 70.42 +/−4.12 nm
for 60 pulse cycles and then reached a plateau at 90 pulses where an averages thickness of 75.4 nm
+/−2.5 nm (N = 6) and a film roughness of 6.54 +/−0.52 (measurements were obtained in blister-free
areas) was obtained. With the film thickness, the number of the “circular cracked blisters” increased
as shown in Figure 3. It appears that the film deposition happens in layers (also clearly visible for
the film deposited with 30 cycles (Figure 3c)). If the surface roughness parameter is determined over
larger areas containing these cracked blisters, the roughness parameter Sa increases significantly from
1.74 nm (1 pulse) to 49.5 nm for a film deposited with 60 pulses. The film height displayed in Figure 4
was determined in areas without the cracked blister features.
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correspond to ±1 standard deviation over 5 thickness measurements.

Interestingly, already a sequence of three pulses leads to a film morphology (Figure 3b), which is
characterized by these blister-like features, although only a view of them were observed. These features
increase in height, density and size with the number of applied pulse cycles (see Supporting
Information Figure S2). We associate these features with hydrogen evolution during the polymerization
reaction that may be entrapped in the film, forming blisters. It is clearly evident that due to the
electrically insulating properties of the deposited PDA films, further film growth is inhibited, however,
the film thickness significantly vary with experimental conditions such as dopamine concentration,
pH value, and numbers of deposition cycles (CVs) [11,16,40].

The electrochemical properties of the deposited films were investigated via SECM. PDA films are
characterized by their multitude of functional groups, such as amphiprotic groups (e.g., amino groups),
and redox active groups such as hydroquinone and quinone groups. By applying a sufficiently positive
bias to the sample, the hydroquinone groups can be oxidized to quinone, which should alter the
charge transfer behavior for negatively charged redox mediator in dependence of the film thickness.
SECM approach curves were used to investigate the electron transfer kinetics in dependence of the
film thickness, the applied substrate potential and used redox active species. Approach curves are
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plotted as the normalized current i = i/iinf versus the normalized distance L = d/r, where i is the
recorded tip current in dependence of the distance d, and iinf is the steady-state current when the
tip is far away from the sample surface. SECM approach curves were recorded at different substrate
potentials with the sample biased at −0.1 V and at 0.5 V vs. Ag/AgCl, respectively. While the PDA
structure is still under debate, it is generally assumed that o-quinone and o-hydroquinone subunits
with their semi-oxidized/semi-reduced forms are present [41]. Hence, by applying a sufficient positive
or negative bias to the electrode, the redox groups can be switched from oxidized to reduced state
or vice versa. For fast electron transfer and a diffusion controlled process, SECM approach curves
recorded at a pure insulator or pure conductor leads to a tip current, which reflects a negative feedback
current (iT < iinf) in case the diffusion towards the SECM is hindered by the presence of the sample
or to positive feedback current (iT > iinf) in case of a conducting sample, where the redox species is
regenerated, as shown in Figure 5 (theoretical approach curves). In case of finite electron transfer
kinetics at modified electrode surfaces [42,43] such as the PDA spots, quantitative kinetic data can be
derived from the SECM approach curves. All experimental data presented in Figure 5 are fitted by
Lefrou’s approach [32]. The dimensionless rate constant κ = keff r/D is evaluated with keff reflecting
the constant of the apparent heterogeneous electron transfer rate, D the diffusion coefficient of the used
redox mediator and r the active radius of the microelectrode. Approach curves were recorded for a
positively charged redox species ([Ru(NH3)6

3+]) and a negatively charged redox species ([Fe(CN)6]4−.
The results are summarized in Figure 5 and Table 1. In dependence of the applied substrate potential,
it was expected that the oxidation state of the PDA groups (quinone/hydroquinone) influences the
electron transfer behavior for the differently charged redox mediators, as electrostatic repulsion may
be effective.
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Figure 5. Approach curves recorded at PDA microspots deposited with different number of pulse
cycles, in dependence of the applied substrate potential and redox active species. (a) Curves recorded
in 5 mM [Fe(CN)6]4− in 0.1 M KCl, Esubstrate: −0.1 V; ET: 0.4 V. (b) In 5 mM [Fe(CN)6]4−/0.1 M KCl,
Esubstrate: +0.5 V; ET: 0.4 V. (c) Curves recorded in 5 mM [Ru(NH3)6]3+/0.1 M KCl, Esubstrate: −0.1 V; ET:
−0.4 V; (d) in 5 mM [Ru(NH3)6]3+/0.1 M KCl, Esubstrate: +0.5 V; ET: −0.4 V. All potentials are reported
vs. Ag/AgCl and all approach curves were recorded with a scan velocity 1 µm/s.
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Table 1. Dimensionless rate constant κ in dependence of substrate potential and redox species.

Number of
Pulse Cycles

Substrate Potential vs. Ag/AgCl
Redox Mediator: [Fe(CN)6]4−

Substrate Potential mV vs. Ag/AgCl
Redox Mediator: Ru(NH3)6

3+

−0.1 V 0.5 V −0.1 V 0.5 V
1 1.4331 ± 0.0402 2.3090 ± 0.0334 2.7222 ± 0.0211 1.6197 ± 0.0274

15 0.0257 ± 0.0034 0.0478 ± 0.0027 0.1617 ± 0.0133 0.0617 ± 0.0082
60 0.0009 ± 0.0003 0.0012 ± 0.0002 0.0068 ± 0.0012 0.0045 ± 0.0007

It is clearly evident that deposition with 60 pulses leads to a hindered electron transfer
independent of the applied substrate potential and used redox mediators, which almost reflects
that of a pure insulator (solid line: theoretical approach curve for an insulator). For 15 pulse cycles
the dimensionless rate constant dropped by two orders of magnitude in comparison to the bare gold
electrode. For the negatively charged ferrocyanide, kappa is half the value at a negative substrate bias
(−0.1 V) with reduced hydroquinone groups compared to a substrate bias of 0.5 V where it is assumed
that the oxidized quinone groups are present. The difference in the kinetic data may be explained
due to electrostatic repulsion of the negatively charged redox mediator at −0.1 V substrate potential.
For the positively charged [Ru(NH3)6]3+ at the negative substrate potential electrostatic attraction
should lead to an increased dimensionless rate constant (κ = 0.1617), which is clearly evident compared
to the positive substrate potential, where a lower κ value of 0.0617 was obtained. For 1 pulse cycle,
a positive feedback current was observed for both redox mediators and oxidized and reduced states
of the hydroquinone/quinone couple, whereby the substrate potential again had an influence on the
obtained kinetic data following the same trend as observed for 15 pulses. The κ value is highest for
the positively charged redox mediator at the negative sample potential assuming that electrostatic
interaction (attraction) facilitates the electron transfer, whereas the κ value is lowest for the negatively
charged redox species at the negative substrate potential (see Table 1). For only one cycle defects or
pinholes in the thin polymer film may also contribute to the observed higher rate constants.

IR microspectroscopy in reflection mode was performed to confirm the presence of hydroquinone
or quinone structures in dependence of the oxidation state. Several IR studies of PDA films in
dependence of the deposition mode, deposition time and substrate have been reported [44,45].
Figure S3 shows the reflection mode scans of the background (gold electrode) and an oxidized and
reduced film of a PDA spot deposited with 30 pulse cycles. Characteristic features associated with
functional groups at 1250 cm−1 (C-OH stretching), at 1652 cm−1 (C=N stretching imine/oxime or
N-H bending), and the band at 1736 cm−1 associated with the quinone C=O group were evaluated.
In dependence of the applied potential, a significant change of the band at 1736 cm−1 was observed,
which indicates the presence of oxidized quinone groups.

4. Conclusions

We successfully demonstrated a pulsed deposition method for the localized precipitation of
polydopamine spots using direct mode SECM. The number of pulse cycles allows a precise control
of the PDA film thickness. Interestingly, in comparison to cyclic voltammetric-induced depositions,
we obtained a substantially different morphology of the deposited films. The film morphology
and thickness were determined by AFM measurements. SECM has the unique advantage that not
only surface modifications can be obtained, but the deposited films can also be characterized in
respect to their electrochemical properties. Recording SECM approach curves reveals charge transfer
kinetics at the deposited spots in dependence of the film thickness and the applied substrate potential.
The electron transfer is already significantly hindered at films deposited with 15 cycles.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/2/242/s1,
Figure S1: AFM images comparing air und liquid measurements of PDA spots. Figure S2: SEM images of PDA
spots deposited with 10 and 60 pulse cycles, respectively. Figure S3: IR microspectroscopy data of oxidized and
reduced PDA spots.

http://www.mdpi.com/2079-4991/9/2/242/s1
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22. Liebscher, J.; Mrówczyński, R.; Scheidt, H.A.; Filip, C.; Hădade, N.D.; Turcu, R.; Bende, A.; Beck, S. Structure
of Polydopamine: A Never-Ending Story? Langmuir 2013, 29, 10539–10548. [CrossRef] [PubMed]

23. Herlinger, E.; Jameson, R.F.; Linert, W. Spontaneous autoxidation of dopamine. J. Chem. Soc. Perkin Trans. 2
1995, 2, 259. [CrossRef]

24. D’Ischia, M.; Napolitano, A.; Ball, V.; Chen, C.T.; Buehler, M.J. Polydopamine and eumelanin: From
structure-property relationships to a unified tailoring strategy. Acc. Chem. Res. 2014, 47, 3541–3550.
[CrossRef] [PubMed]

25. Alfieri, M.; Panzella, L.; Oscurato, S.; Salvatore, M.; Avolio, R.; Errico, M.; Maddalena, P.; Napolitano, A.;
d’Ischia, M. The Chemistry of Polydopamine Film Formation: The Amine-Quinone Interplay. Biomimetics
2018, 3, 26. [CrossRef]

26. Li, S.; Wang, H.; Young, M.; Xu, F.; Cheng, G.; Cong, H. Properties of Electropolymerized Dopamine and Its
Analogues. Langmuir 2019, 35, 1119–1125. [CrossRef] [PubMed]

27. Bard, A.J.; Fan, F.R.F.; Kwak, J.; Lev, O. Scanning Electrochemical Microscopy. Introduction and Principles.
Anal. Chem. 1989, 61, 132–138. [CrossRef]

28. Polcari, D.; Dauphin-Ducharme, P.; Mauzeroll, J. Scanning Electrochemical Microscopy: A Comprehensive
Review of Experimental Parameters from 1989 to 2015. Chem. Rev. 2016, 116, 13234–13278. [CrossRef]
[PubMed]

29. Izquierdo, J.; Knittel, P.; Kranz, C. Scanning electrochemical microscopy: An analytical perspective.
Anal. Bioanal. Chem. 2018, 410, 307–324. [CrossRef]

30. Wittstock, G.; Burchardt, M.; Pust, S.E.; Shen, Y.; Zhao, C. Scanning electrochemical microscopy for direct
imaging of reaction rates. Angew. Chem. Int. Ed. 2007, 46, 1584–1617. [CrossRef]

31. Bard, A.J.; Mirkin, M.V.; Unwin, P.R.; Wipf, D. SECM: 12. Theory and Experiment of the Feedback Mode
with Finite Heterogeneous Electron-Transfer Kinetics and Arbitrary Substrate Size. J. Phys. Chem. 1992, 96,
1861–1868. [CrossRef]

32. Cornut, R.; Lefrou, C. New analytical approximation of feedback approach curves with a microdisk SECM
tip and irreversible kinetic reaction at the substrate. J. Electroanal. Chem. 2008, 621, 178–184. [CrossRef]

33. Peltola, E.; Sainio, S.; Holt, K.B.; Palomäki, T.; Koskinen, J.; Laurila, T. Electrochemical Fouling of Dopamine
and Recovery of Carbon Electrodes. Anal. Chem. 2018, 90, 1408–1416. [CrossRef] [PubMed]

34. Mandler, D. Micro- and Nanopatterning Using Scanning Electrochemical Microscopy. In Scanning
Electrochemical Microscopy; Bard, A.J., Mirkin, M.V., Eds.; CRC Press: Boca Raton, FL, USA, 2012; pp. 490–521.
ISBN 978-1-4398-3113-7.

35. Mandler, D. A New Approach to the High Resolution Electrodeposition of Metals via the Feedback Mode of
the Scanning Electrochemical Microscope. J. Electrochem. Soc. 1990, 137, 1079–1086. [CrossRef]

36. Kranz, C.; Ludwig, M.; Gaub, H.E.; Schuhmann, W. Lateral deposition of polypyrrole lines by means of the
scanning electrochemical microscope. Adv. Mater. 1995, 7, 38–40. [CrossRef]

37. Hecht, E.; Liedert, A.; Ignatius, A.; Mizaikoff, B.; Kranz, C. Local detection of mechanically induced ATP
release from bone cells with ATP microbiosensors. Biosens. Bioelectron. 2013, 44, 27–33. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/masy.201400130
http://dx.doi.org/10.1016/j.biomaterials.2014.05.047
http://www.ncbi.nlm.nih.gov/pubmed/24929615
http://dx.doi.org/10.1016/j.electacta.2006.02.023
http://dx.doi.org/10.1039/C6PY02005D
http://dx.doi.org/10.1021/la204831b
http://dx.doi.org/10.1021/la5026608
http://www.ncbi.nlm.nih.gov/pubmed/25262750
http://dx.doi.org/10.1021/la4020288
http://www.ncbi.nlm.nih.gov/pubmed/23875692
http://dx.doi.org/10.1039/p29950000259
http://dx.doi.org/10.1021/ar500273y
http://www.ncbi.nlm.nih.gov/pubmed/25340503
http://dx.doi.org/10.3390/biomimetics3030026
http://dx.doi.org/10.1021/acs.langmuir.8b01444
http://www.ncbi.nlm.nih.gov/pubmed/30137995
http://dx.doi.org/10.1021/ac00177a011
http://dx.doi.org/10.1021/acs.chemrev.6b00067
http://www.ncbi.nlm.nih.gov/pubmed/27736057
http://dx.doi.org/10.1007/s00216-017-0742-7
http://dx.doi.org/10.1002/anie.200602750
http://dx.doi.org/10.1021/j100183a064
http://dx.doi.org/10.1016/j.jelechem.2007.09.021
http://dx.doi.org/10.1021/acs.analchem.7b04793
http://www.ncbi.nlm.nih.gov/pubmed/29218983
http://dx.doi.org/10.1149/1.2086606
http://dx.doi.org/10.1002/adma.19950070106
http://dx.doi.org/10.1016/j.bios.2013.01.008
http://www.ncbi.nlm.nih.gov/pubmed/23384767


Nanomaterials 2019, 9, 242 12 of 12

38. Schuhmann, W.; Kranz, C.; Wohlschläger, H.; Strohmeier, J. Pulse technique for the electrochemical deposition
of polymer films on electrode surfaces. Biosens. Bioelectron. 1997, 12, 1157–1167. [CrossRef]

39. Patel, K.; Singh, N.; Yadav, J.; Nayak, J.M.; Sahoo, S.K.; Lata, J.; Chand, D.; Kumar, S.; Kumar, R. Polydopamine
films change their physicochemical and antimicrobial properties with a change in reaction conditions.
Phys. Chem. Chem. Phys. 2018, 20, 5744–5755. [CrossRef]

40. Bernsmann, F.; Voegel, J.C.; Ball, V. Different synthesis methods allow to tune the permeability and
permselectivity of dopamine-melanin films to electrochemical probes. Electrochim. Acta 2011, 56, 3914–3919.
[CrossRef]

41. Dreyer, D.R.; Miller, D.J.; Freeman, B.D.; Paul, D.R.; Bielawski, C.W. Perspectives on poly(dopamine).
Chem. Sci. 2013, 4, 3796–3802. [CrossRef]

42. Zigah, D.; Noël, J.-M.; Lagrost, C.; Hapiot, P. Charge Transfer between Electroactive Species Immobilized on
Carbon Surfaces by Aryl Diazonium Reduction. SECM Investigations. J. Phys. Chem. C 2010, 114, 3075–3081.
[CrossRef]

43. Hauquier, F.; Matrab, T.; Kanoufi, F.; Combellas, C. Local direct and indirect reduction of electrografted
aryldiazonium/gold surfaces for polymer brushes patterning. Electrochim. Acta 2009, 54, 5127–5136.
[CrossRef]

44. Chumillas, S.; Palomäki, T.; Zhang, M.; Laurila, T.; Climent, V.; Feliu, J.M. Analysis of catechol,
4-methylcatechol and dopamine electrochemical reactions on different substrate materials and pH conditions.
Electrochim. Acta 2018, 292, 309–321. [CrossRef]

45. Müller, M.; Keßler, B. Deposition from dopamine solutions at Ge substrates: An in situ ATR-FTIR study.
Langmuir 2011, 27, 12499–12505. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0956-5663(97)00086-9
http://dx.doi.org/10.1039/C7CP08406D
http://dx.doi.org/10.1016/j.electacta.2011.02.028
http://dx.doi.org/10.1039/c3sc51501j
http://dx.doi.org/10.1021/jp911550j
http://dx.doi.org/10.1016/j.electacta.2009.01.059
http://dx.doi.org/10.1016/j.electacta.2018.08.113
http://dx.doi.org/10.1021/la202908b
http://www.ncbi.nlm.nih.gov/pubmed/21866968
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reagents 
	Electrochemical Measurements 
	AFM Measurements 
	SEM Imaging 
	IR Microspectroscopy 

	Results and Discussions 
	Optimization of the Deposition Process 
	Film Morphology 

	Conclusions 
	References

