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Since the introduction of Faraday’s law, the combination of electrochemical methods with gravimetric tech-
niques has been pursued very actively in the field of electrochemistry. Here, we present a proof-of-concept to
combine electrochemical methods with the recently introduced picobalance, which originates from atomic force

Cantilever . . microscopy (AFM). The picobalance is a cantilever-based technique that can measure mass changes in the order

Electrochemical deposition 4 i i . . )

Ch of a few picograms. The development of fully insulated cantilevers with an integrated microelectrode (electro-
ronoamperometry

chemical balance probes, EBPs) was an essential prerequisite for the electrochemical picobalance. The electro-
chemical deposition of copper allowed for a highly defined and continuous deposition of mass on the EBP. By
comparing the faradaic current and the mass signal of the picobalance, the mass sensitivity of the latter has been
determined as 4.6 fg-um~2-Hz ! (or ~ 460 ng-cm~ 2-Hz"1). This value can be readily compared to the one for the
electrochemical quartz microbalance (EQCM), which has been used here as a benchmark under the same con-
ditions (17.5 ng~cm’2~Hz’1). However, in contrast to the EQCM, the picobalance is capable of measuring ab-
solute masses as low as one picogram. The here-presented electrochemical picobalance allows for applications in

Electrochemical quartz crystal microbalance

electropolymerization, organic electronics, and bioelectrochemistry.

1. Introduction

Material deposition on electrodes is a universal process in electro-
chemistry, which is often referred to as electrodeposition [1,2]. Starting
with Faraday, mass deposition was essential for developing electro-
chemical concepts [3]. Faraday’s law of electrolysis states a direct
relation between the transferred charge at the interface of an electrode
and the deposited mass of a metal [1,3]. Historically, Faraday estab-
lished it based on experimental data for the deposition of copper onto
macroscopic electrodes. The mass change was determined gravimetri-
cally [1,3]. Following this landmark experiment, gravimetric detection
by the associated faradaic current became a standard technique in
electrochemistry [4-7], biomedical sensing [8], and energy storage
applications [9-11].

Electrochemistry has a long history of being integrated with various
surface analytical techniques to further characterize the solid/liquid
interface of an electrode under potentiostatic control. Examples include
IR-spectroscopy, optical microscopy, ellipsometry, X-ray, reflectometry,
and atomic force microscopy (AFM) [5,12-17]. One technique that
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allows for directly determining the mass deposited on an electrode is the
quartz crystal microbalance (QCM), which is among the most utilized
surface analytical techniques in combination with electrochemistry [4,
9,18]. The QCM dates back to the early experiments of Sauerbrey in the
1950s, who employed the inverse piezoelectric effect for micro-
gravimetric studies [19]. The QCM detects a piezoelectric resonator’s
frequency or amplitude shift due to the deposited mass [20]. Originally,
QCMs have been primarily used in the gas phase and are still employed
as a monitoring device to determine the mass deposited by physical
vapor deposition, such as thermal evaporation or sputter coating [21,
22]. According to the Sauerbrey equation, the deposited mass and the
resulting frequency shift are directly proportional [19]. However, this
equation is only valid for sufficiently thin and rigid layers.

The principle of QCM also allows for the operation in liquid envi-
ronment [20,23,24]. QCM in liquid enables not only for applications
such as biosensing [25] but also to follow interfacial electrode processes
[4,9,18,26-29]. In this respect, electrochemical deposition with Fara-
day’s law is often used to calibrate electrochemical QCM (EQCM) setups
or new resonator designs [30-32]. It should be noted that for a QCM
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operated in liquid, water will also be bound to the surface of the QCM
sensor while it is oscillating. Tightly bound water can include much
more than only ions of the double layer, especially when extended layers
of organic material protrude into the solution [24]. Hence, QCM in
liquid determines the so-called wet mass in contrast to other techniques
such as optical reflectometry [24,33]. In the case of extended layers,
hydrodynamic damping can be used to estimate properties, such as
thickness and elastic behavior [20]. One technique used to address hy-
drodynamic damping is referred to as QCM with dissipation monitoring
(QCM-D) and is based on short excitation sequences to the sensor, whose
subsequent damping is followed [24,34]. QCM-D has also been used in
combination with electrochemistry, for example, in the context of
electropolymerization [35,36] and electrogelation [37,38].

Recently, a new technique to determine masses and mass changes of
isolated, micrometer-sized objects has been introduced. This technique
is founded on AFM and is often referred to as picobalance [39]. The
picobalance is also based on the resonance shift of a mechanical
microresonator like the QCM. However, in contrast to the shear oscil-
lations of a QCM crystal, the picobalance is based on the oscillations of a
cantilever commonly used in atomic force microscopy (AFM) [39,40].
The cantilever oscillations are induced by photothermal excitation using
a modulated IR laser focused near the clamped end of the cantilever
beam [41,42]. The cantilever’s deflection during oscillation is read out
by an additional laser that is reflected on the free end of the cantilever
(optical light lever technique) [43]. Any changes in the mass immobi-
lized at the end of the cantilever result in a change of its resonance
frequency. Recording frequency sweeps with and without an attached
mass and fitting the respective phase and amplitude response with a
driven and damped oscillator yields the resonance frequency. The mass
can then be calculated from the difference in natural frequency. The
corresponding frequency shift can also be detected continuously using a
phase-locked loop (PLL). The PLL maintains a constant phase shift of 90°
by adjusting the excitation frequency in accordance with the mass
change at the cantilever.

Originally, the picobalance was developed with the aim to detect the
mass fluctuation in single living cells with millisecond and piconewton
resolution over time scales of days [39]. So far, the picobalance has
mainly been employed in a biological context [40,44-46]. It should be
noted that other microresonators are sometimes also referred to as
‘picobalances’. However, these techniques are not AFM-based [47,48].

Electrochemistry has a long history of hyphenating with other
techniques, such as ellipsometry, spectroscopy, and QCM. Here, we
developed the electrochemical picobalance, which adds another gravi-
metric technique that is sensitive to the smallest mass changes on an
absolute scale. Within this feasibility study, we demonstrated by elec-
trochemical techniques that indeed the mass resolution of the AFM-
based picobalance is on the order of 1 picogram. The preparation of
special AFM cantilevers, which could also act as electrochemical sensors
bearing integrated pm-sized electrodes [49,50], has been further
developed and adapted to the requirements for the picobalance mea-
surements. In our proof-of-feasibility of an electrochemical picobalance,
we show that Faraday’s law of electrolysis can also be used to correlate
current and deposited mass. Thus, ‘classical’ electrochemical tech-
niques, such as cyclic voltammetry and chronoamperometry, can be
readily combined with the picobalance setup. With the advent of organic
electronics and the strong current interest in electrically addressing
cells, the combination of electrochemistry and picobalance will open
new possibilities for single-cell electrochemistry [51,52]. Moreover, the
picobalance technique will allow for overcoming hydrodynamic limits
of EQCM for electropolymerization and electrogelation when thick
polymer films are present on the sensor [24,53].

Electrochimica Acta 540 (2025) 146907
2. Experimental
2.1. Fabrication of electrochemical balance probes

The electrochemical balance probes for the picobalance were fabri-
cated from commercial gold-coated tipless AFM cantilevers (HQ:NSC35-
C/tipless/Cr-Au, MikroMasch, Sofia, Bulgaria). These cantilevers have a
nominal spring constant of 5.4 Nm™! and a nominal resonance fre-
quency of 150 kHz. The two lever arms, which were not used, i.e.,
NSC35-A and B on the chip, were removed beforehand. We modified a
previously published procedure for the preparation of electrochemical
colloidal probes [49] to meet the requirements for our microelectrode
mass sensors. The cantilevers were electrically contacted and, afterward,
completely insulated, leaving an approximately circular gold electrode
area uncoated.

Briefly, the cantilevers were cleaned by dipping them alternatingly in
MilliQ water (resistivity >18 MQcm, Merck Millipore, Darmstadt, Ger-
many) and EtOH (p.A., VWR, Darmstadt, Germany). Subsequently, the
cantilevers were exposed to air plasma (Zepto, Diener Electronics,
Ebhausen, Germany) for 180 s, dipped into EtOH, and left to dry in air.
The later electro-active area, i.e., the microelectrode, had been pro-
tected by spherical polystyrene particles (PS, with a nominal diameter of
30 um, microparticles, Berlin, Germany). This sacrificial particle masked
the future electrode area during the following insulating steps and was
successively removed after finalizing the insulating process. For this
purpose, a PS microsphere (nominal diameter 30 um, PS-R-30.0, Mi-
croparticles, Berlin, Germany) was placed on the free end of the canti-
lever using a micromanipulator (DC-3 K, Marzhauser, Ebhausen,
Germany) equipped with etched tungsten wires under the control of an
optical fixed-stage microscope (Axio Examiner D1, Zeiss, Oberkochen,
Germany). The particle transfer and immobilization are enabled by
capillary forces. A similar approach has been reported previously by us
for the preparation of electrochemical colloidal probes [49]. Afterward,
the cantilever was tempered at 200 °C in a reflux oven for 180 s (Pro-
toflow S, LKPF Laser, and Electronics AG, Garbsen, Germany) to increase
the contact area of the priorly placed PS particle. Furthermore, electrical
contact was established by attaching a polyimide-insulated silver wire
(0.125 mm, Advent Research Material, Oxford, United Kingdom, insu-
lation partially removed) to the cantilever chip using conductive silver
paint (Acheson silver DAG 1415, Plano, Marburg, Germany). A small
droplet of UV curable glue (NOA 63, Norland Products, Cranbury, USA)
was applied to the contact to seal it electrically and provide mechanical
support. The cantilever chip was insulated by carefully dipping it into
1:1 (w:w) diluted red insulating varnish (4228, MG Chemicals., Bur-
lington, Canada) with the dedicated thinner (4354, MG Chemicals,
Burlington, Canada) using a micromanipulator under optical control
with a digital microscope (Supereyes, Shenzhen Supereyes Co. Ltd.,
Shenzhen, China). After drying at room temperature for >12 h, the
insulating coating was cured in a reflux oven at 80 °C for 1 h.

The cantilever was insulated using a cathodic paint (ClearClad HSR,
LHV coatings, Birmingham, United Kingdom). For this purpose, the
paint was diluted 1:5 in MilliQ water, stirred for >24 h, and filtered
through a syringe filter (PES, hydrophilic, 0.22 pm, Carl Roth, Karlsruhe,
Germany) immediately before use. The paint was deposited in a two-
electrode configuration with a platinum sheet (15 mm?, 99.95 %,
Goodfellow, Hamburg, Germany) acting as the counter electrode. The
deposition was conducted three times at —3.0 V for 120 s using a
potentiostat (PGU BI-1000, Ingenieurbiiro Peter Schrems, Miinster,
Germany). The cantilevers were gently dipped in MilliQ water before
and after every deposition step. After the third step, the cantilever was
removed from the suspension without being dipped into MilliQ water. It
was left to dry at room temperature for 15 min before curing the coating
at 160 °C for 20 min in a reflux oven. This deposition cycle was repeated
three times. Finally, the sacrificial PS microsphere was removed from
the cantilever using a micromanipulator equipped with an etched
tungsten wire. Due to the masking effect of the PS particle during the
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different insulating steps, an approximately circular non-insulated gold
electrode at the free end of the cantilever was obtained (cf. Fig. 1C and
Fig. S5). We refer to these cantilevers with integrated electrodes in the
electrochemical picobalance experiments as ‘electrochemical balance
probes’ (EBP).

The spring constants of the used EBPs were calibrated according to
the procedure introduced by Cleveland et al. [54] after the electrode-
position or added mass experiments. Briefly, a minimum of 7 individual
tungsten beads were picked up with each cantilever under ambient
conditions. The micropheres adhered to the EBPs, primarily due to
capillary forces. The spring constant was determined from the shift of
the resonance frequency and the theoretical particle mass, calculated
from the bead diameter and particle position on the cantilever, which
was determined by optical microscopy for each attached particle.

2.2. Picobalance setup

The picobalance setup is based on a commercial AFM (DriveAFM,
Nanosurf AG, Liestal, Switzerland) equipped with a CX controller
(Nanosurf AG, Liestal, Switzerland). Two different lasers are available in
the used AFM: 1) a photothermal excitation laser (CleanDrive, A = 785
nm), which drives the cantilever’s oscillation, and 2) a readout laser (A =
840 nm) to detect the cantilever deflection. Optical control is realized by
placing the AFM setup on top of an inverted optical microscope (Axio-
vert 200, Zeiss, Oberkochen, Germany). A commercial fluid cell (Asylum
Research, Oxford Instruments, Santa Barbara, USA) with exchangeable
glass bottom discs (diameter 35 mm, Irlbacher Blickpunkt Glas,
Schonsee, Germany) was used for measurements in liquid.

o >

Au PS particle neck
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2.3. Resonance shifts by added mass

The mass sensing by the electrochemical balance probes was verified
by attaching tungsten microspheres (p = 19.25 g-cm™> [55]) with var-
iable sizes to the modified electrochemical cantilevers in 0.1 mM
aqueous HCl pH 4 (Titrisol, Sigma-Aldrich, Merck, Darmstadt, Ger-
many). The mass determined by the picobalance has been compared to
the theoretical mass calculated based on the dimensions and density of
the respective particles.

The electrochemical balance probes were exposed to UV/ozone
treatment (UVO—Cleaner, Jelight Co. Inc., Irvine, USA) for 10 min
before immersing them into a 1 g-L™! aqueous solution of poly-
ethyleneimine (PEI, hyperbranched, My ~25,000 g-mol~! LS, Sigma-
Aldrich, Merck, Darmstadt, Germany) for 30 min. Excess PEI was
removed by carefully dipping the electrochemical balance probes
several times into MilliQ water.

Cantilevers were driven to oscillation using the additional photo-
thermal laser [56]. The system was operated using the picobalance
software (v1.2.6.0, Nanosurf AG, Liestal, Switzerland) and the CX con-
trol software (v3.10.5.14, Nanosurf AG, Liestal, Switzerland). Frequency
sweeps in liquid were acquired before and after picking up single mi-
crospheres from a glass slide (11 mm x 11 mm x 1 mm) glued to the glass
bottom disc to compensate for the additional height of the contact wire
on the cantilever chip of the electrochemical balance probe. In order to
attach the mass, the EBP was aligned above a particle and then
approached. Surface forces, such as van der Waals, solvent exclusion,
and electrostatic forces held the particles on the EBP when retracting it
from the surface. Attached particles could be removed by crossing the
liquid-air interface. The successful removal of the attached particles was
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Fig. 1. Fabrication and characterization of electrochemical balance probes. A Electrochemical balance probes (EBPs) were fabricated based on commercial
tipless AFM cantilevers. (o) An Au-coated tipless cantilever formed the foundation for the EBPs. (B) A polystyrene (PS) microsphere was placed on the free end of an
AFM cantilever. (y) Both were tempered at 200 °C for 180 s to form an increased contact area. (5) A polyimide-insulated Ag-wire was attached to the cantilever chip
to provide electrical contact. The electrical contact and the carrier chip were insulated with a red insulating varnish. (¢) The cantilever arm was coated with a
cathodic electropaint for insulation. This process has been repeated several times to achieve better insulation. (¢) The sacrificial PS particle has been removed with a
micromanipulator to expose the previously masked area on the Au-electrode. Thereby, a planar-circular microelectrode has been created at the free end of the
insulated cantilever. B Overview of the insulated cantilever with the planar Au-electrode area at its free end, the connection cable, and the insulation painted over the
carrier chip. The scalebar represents 500 um. C SEM image of an insulated cantilever and a zoom-in on the microelectrode area of an EBP. Scale bars are 20 um. D

Cyclic voltammogram of the microelectrode on the EBP in an aqueous hexacyanoferrate solution (5 mM/5 mM K,4/K3[Fe(CN)g] in 100 mM KNO3) at 50 mV-s™ .

1
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verified once the resonance frequency returned to its initial value and
corroborated by optical microscopy. The phase sweeps were fit to
equation Eq. (2) to extract the resonance frequency of the cantilever
without fy and with an attached mass fy(M). The actual size of the mi-
crospheres and their respective position on the cantilever were evalu-
ated from optical microscopy images. The apparent mass M was
calculated using Eq. (5) and was corrected for the position following Eq.
(6) to obtain the actual particle mass mpp.

2.4. Electrochemical picobalance

The electrochemical picobalance setup has been implemented into
the Drive AFM setup described above. A photograph of the entire setup
and key components is available in the supplementary materials (S1, cf.
Fig. S1). Using the CX control software (v3.10.5.14, Nanosurf AG,
Liestal, Switzerland) in user mode allowed to externally operate the
photothermal excitation using an additional lock-in amplifier (MFLI 500
kHz, Ziirich Instruments, Ziirich, Switzerland) in phase-locked loop
(PLL) mode. The excitation amplitude was fixed at 500 mV, which
resulted in an oscillation amplitude of 3-5 nm. The PLL adjusted the
excitation frequency to maintain a constant phase shift of 90° between
the excitation and the response of the resonator. The shift in the canti-
lever’s resonance frequency, Afy, was monitored to trace the mass
evolution over time. No effects due to swelling or degradation of the
electropaint coating of the EBP have been observed.

Here, the integrated electrode on the EBPs acted as the working
electrode in a three-electrode setup, and the applied potential was
controlled using a CHi 750 E bipotentiostat (CH Instruments, Austin,
USA). A coiled platinum wire (0.1 mm, 99.99 %, Goodfellow, Hun-
tingdon, United Kingdom) acting as a counter electrode (CE) and a
chlorinated wire as a pseudo reference electrode (pseudo-RE) were
placed in a circular manner into the fluid cell around the position of the
electrochemical balance probes acting as WE. The pseudo-RE was
fabricated by electrochemically depositing AgCl onto a partially insu-
lated Ag-wire (0.25 mm, PTFE insulated, Advent Research Materials,
Oxford, United Kingdom) using an automated chlorider (ACI-01, npi
electronic, Tamm, Germany). The offset of the pseudo-RE was verified
against a commercial Ag/AgCl electrode (RE-5B, 3 M NaCl, BASi, West
Lafayette, USA).

All signals from the lock-in amplifier (frequency shift, amplitude,
phase) and the potentiostat (potential, current) were captured simulta-
neously using a low noise data acquisition system (Axon Digidata 1550
B, Axon Instruments, Molecular Devices, San Jose, USA) with a common
time stamp. The data were verified using the raw data from the poten-
tiostat for data analysis.

2.5. Cu deposition traced by the electrochemical picobalance

Copper was deposited electrochemically onto the um-sized Au elec-
trode at the free end of an electrochemical balance probe utilizing the
three-electrode configuration inside the electrochemical picobalance
setup specified above.

To avoid damage to the electrical insulation of the cantilevers, these
home-build EBPs were fixated by paraffin wax (Paraplast, Sigma
Aldrich, Merck, Darmstadt, Germany) to the cantilever holder rather
than using any standard clamping mechanism. Moreover, the wax pro-
vided an additional insulating layer to the cantilever chip.

Before electrodeposition, each electrochemical balance probe was
characterized by cyclic voltammetry (CV) in the range —0.2 V to +0.4 V
vs. Ag/AgCl at a scan rate of 50 mV-s! in an electrochemical analyte
solution containing 5 mM potassium hexacyanidoferrate(Il) (K4[Fe
(CN)gl, >98.5 %, Sigma-Aldrich, Darmstadt, Germany), 5 mM potas-
sium hexacyanoferrate(IlI) (K3[Fe(CN)g]l, >99.0 %, Sigma-Aldrich
Darmstadt, Germany), and 100 mM potassium nitrate (>99.0 %, Carl-
Roth, Karlsruhe, Germany) in MilliQ water. These CV experiments
were performed in the electrochemical picobalance setup directly before
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Cu deposition. The analyte solution was replaced by MilliQ water thrice
before exchanging the solution thrice for 10 mM H3SO4 (99.99 %,
Sigma-Aldrich, Merck, Darmstadt, Germany). A reference experiment
was conducted by applying —0.4 V vs. Ag/AgCl for 60 s with a poten-
tiostat (CHi 750 E bipotentiostat, CH Instruments, Austin, USA) without
any copper added to the supporting electrolyte solution. Then, the so-
lution was exchanged for the electrolyte solution containing 3 mM
CuSO4 (99 %, Griissing, Filsum, Germany) in 10 mM H5SO4 (99.99 %,
Sigma-Aldrich, Merck, Darmstadt, Germany). During the copper elec-
trodeposition, Cu' was reduced to Cu® by applying Ereq = —0.4 V vs. Ag/
AgCl for 60 s with a potentiostat. The frequency shift, current, and po-
tential were traced as specified above.

2.6. Data analysis for the electrochemical picobalance

The mass of the deposited copper was evaluated by two different
methods: On one hand, based on the total charge transferred through the
working electrode according to Faraday’s law of electrolysis (Mgaradays
Egs. (10) and (11)) and on the other hand, by acquiring the frequency
shift recorded by the AFM-based picobalance and evaluating it by
purposely-written procedures in Igor Pro (v. 8.04 Wavemetrics, Port-
land, USA) (mpg, Egs. (5) and (6)). The position and dimension of the
electrode on the cantilever were determined from SEM images by means
of FiJi [57] using the free hand tool to outline the electrode area and the
centroid function to determine the center of mass, i.e., the center of the
electrode area (cf. Fig. S5). A similar approach was used previously to
determine the location and center of mass of cells on AFM cantilevers for
picobalance experiments [39,44,45,58]. The effective mass M was cor-
rected for the mass position to calculate the actual deposited mass mpp
by Eq. (6).

2.7. Cu deposition in the electrochemical quartz crystal microbalance
(EQCM)

Copper electrodeposition on macroscopic quartz sensors (5 MHz, 14
mm, Cr-Au, Quartz Pro, Jarfalla, Schweden) was conducted in a com-
mercial quartz crystal microbalance (QCM) setup (QSense Explorer,
Biolin Scientific, Goteborg, Schweden) equipped with a closed electro-
chemistry module (QEM401, Biolin Scientific, Goteborg, Schweden). In
this setup, the QCM sensor acts as WE. The three-electrode configuration
in the electrochemical QCM-cell was realized by a platinum sheet used
as CE and an Ag/AgCl as RE (Dri-Ref 2SH, World Precision Instruments,
Sarasota, USA). The QCM sensors were cleaned by immersing them into
a 5:1:1 (v:v:v) mixture of MilliQ water, ammonia (25 w:v %, VWR In-
ternational S. A. S, Rosny-sous-Bois, France), and hydrogen peroxide (30
w:v %, Fisher Scientific, Schwerte, Germany) at 75 °C for 5 min. Sub-
sequently, the sensors were thoroughly rinsed with MilliQ water and
dried in a stream of nitrogen. The offset of the RE was verified against a
commercial RE (RE-5B, 3 M NaCl, BASi, West Lafayette, USA). For the
copper deposition, —0.4 V vs. Ag/AgCl was applied to the QCM sensor
WE for 60 s using a potentiostat (Zennium, Zahner-Elektrik, Kronach,
Germany). Measurements were conducted in an aqueous solution con-
taining 10 mM CuSO4 (99 %, Griissing, Filsum, Germany) and 10 mM
HySO4 (99.99 %, Sigma-Aldrich, Merck, Darmstadt, Germany) sup-
porting electrolyte in a constant flow of 100 uL-min~"! facilitated by a
peristaltic pump (IPC multichannel dispensing pump, ISMATEC, Cole-
Parmer, Wertheim, Germany).

Frequency shifts were converted into mass shifts using the Sauerbrey
equation (Eq. (12)): [19]. The third overtone was used for evaluation.
However, comparable results were obtained for higher oscillation
modes. The Faraday mass was determined similarly to the electro-
chemical picobalance according to Eq. (11).
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2.8. Scanning electron microscopy images of electrochemical balance
probes

We analyzed the EBPs by scanning electron microscopy (SEM) after
sputter coating a thin layer of platinum (d = 2 nm) using a field emission
SEM (Leo 1530, Zeiss, Oberkochen, Germany) operated at 3 kV accel-
eration voltage and a working distance of 8.1 mm with an ET detector.

3. Results and discussion

In the following, it is demonstrated how the AFM-based picobalance,
which was initially developed to study small mass fluctuations in cells
[391, was adapted to also follow small mass changes on pm-sized elec-
trodes during dynamic electrochemical experiments. Faraday’s law
allowed for a direct correlation between deposited mass and simulta-
neously acquired current. However, an essential prerequisite for elec-
trochemical experiments with the picobalance were fully insulated
cantilevers with an integrated microelectrode.

3.1. Preparation of electrochemical balance probes

The preparation of suitable electrochemical probes is central for
performing electrochemical experiments by AFM, such as scanning
electrochemical microscopy [50,59,60], nanomanipulation [61], or
direct force measurements [49,62,63]. Here, we adapted a
template-assisted procedure originally developed to prepare electro-
chemical colloidal probes [49]. However, electrochemical probes for the
picobalance have a highly defined electrode area at the end of the AFM
cantilever as a primary requirement. Therefore, we opted for a simpli-
fied approach where a circular microelectrode was obtained by masking
the later electrode area using a sacrificial particle and applying an
insulating coating for the rest of the cantilever. The respective cantile-
vers will be denoted as electrochemical balance probes (EBPs)
throughout this work, and Fig. 1 provides a comprehensive overview of
the required preparation steps and the characterization of EBPs.

The individual steps of the manufacturing process are displayed in
Fig. 1A (a-¢). The electrochemical balance probes (EBPs) were fabri-
cated based on commercial gold-coated conductive cantilevers («). The
future electrode area located at the free end of the EBP was masked by
attaching a sacrificial polystyrene (PS) particle (). Annealing the
cantilever and PS bead above its glass transition temperature at 200 °C
for 180 s generated an increased, approximately circular contact area
(y). Subsequently, the gold-coated cantilever chip was contacted with an
insulated silver wire using conductive silver paint. This attachment
point was additionally sealed by UV-curable glue to insulate the contact
point and mechanically reinforce the attachment (8). Moreover, the
entire chip was electrically insulated using red insulating varnish (8).
The varnish was carefully dip-coated onto the chip using a microma-
nipulator, leaving only the lever arm uncoated. This lever arm was
insulated using a commercial transparent cathodic electropaint [49,61,
64-67], which was deposited under potentiostatic control (g). Three
coating cycles with intermediate heat annealing of the individual
coating layers were performed to achieve a defect-free coating, espe-
cially at the edges of the lever arm. After completing these insulating
steps, the sacrificial particle was removed mechanically by an etched
wire mounted to a motorized micromanipulator. The removal of the
particle resulted in a defined hole in the insulation that uncovered the
underlying gold coating of the cantilever, which acted in the following
as the microelectrode of the EBP ({). Fig. 1B shows an optical micro-
scopy image illustrating the red insulation on the cantilever chip and the
attached insulated wire. Fig. 1C shows the insulated cantilever arm and
the integrated electrode of the EBP by scanning electron microscopy
(SEM).

As we will demonstrate later, the multi-step insulation was essential
to ensure that all faradaic currents originate only from the electrode area
integrated into the fully insulated cantilever (cf. Fig. 1C, S2). The
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flexibility and transparency of the thin polymeric coating enabled
photothermal excitation of the cantilever oscillation and facilitated the
optical readout of the cantilever response while maintaining the
required electrical insulation of the underlying gold coating of the
cantilever. The coating did not show any signs of wear or swelling, and
also seems to be resistant to the IR laser illumination. In contrast, a
thicker and opaque insulation layer could be applied to the cantilever
chip, also providing mechanical stability to the attachment point of the
wire.

3.2. Electrochemical characterization of the electrodes for the picobalance

Cyclic voltammetry (CV) provides a direct approach for character-
izing the performance of probes for electrochemical AFM [60,62,63,68,
69]. Commonly, redox couples, such as ruthenium complexes or hex-
acyanoferrate, are used for CV of nm- or pm-sized electrodes on AFM
cantilevers [60,68]. Here, we characterized the electrode properties of
the EBPs by CV with the redox couple 5 mM K4[Fe(CN)g] and 5 mM
K3[Fe(CN)g] in 100 mM KNOs as supporting electrolyte [49,60,70]. The
CVs with the EBP as a working electrode were acquired at 50 mVs ™!
between —0.2 V and +0.4 V vs. Ag/AgCl in a three-electrode setup
incorporated into a commercial AFM fluid cell [49,61].

Fig. 1D shows a typical CV acquired with an EBP, which was
mounted inside the same electrochemical cell that was also part of our
picobalance setup (cf. Fig. 2 and Fig. S1). The shape of the acquired CV
matched the one typically observed for microelectrodes or ultra-
microelectrodes: No pronounced oxidation or reduction peaks and
overlap of both scan directions [1,71]. The limiting currents were in the
order of 50 nA for this EBP, which is compatible with a microelectrode
area of 533 pm?, corresponding to a circular diameter of ~26 pm (cf.
also supplementary materials for an SEM image of this EBP). The CV
shown in Fig. 1D was acquired with an EBP, which has been insulated by
three repetition cycles of electropaint coating. For lever arms, which
were less insulated, higher currents have been observed (supplementary
materials S2, Fig. S2), indicating that faradic currents from the edges of
the lever arm were involved.

3.3. Setup of the electrochemical picobalance

Fig. 2 shows a schematic representation of the picobalance setup
used in this study. A photograph of the setup is available in the sup-
plementary materials (S1, Fig. S1). The electrochemical cell was inte-
grated into the AFM-based setup. The design of the electrochemical cell
was analogous to those previously described [49,61]. For the picoba-
lance experiments, the EBP acted as the working electrode (WE), the
counter electrode (CE) was a coiled Pt-wire, and the reference electrode
(RE) was a chlorinated silver wire (Ag/AgCl pseudo-RE). The
mass-sensing part of the picobalance was based on a commercial AFM
with additional photothermal excitation of the cantilever [44,46]. Other
groups have also used a similar setup to implement AFM-based pico-
balances [39,40,44-46].

The general working principle of the picobalance is based on deter-
mining the frequency shift of an oscillating cantilever, which is driven
near its resonance frequency fy [39]. Here, the EBP was driven by an
intensity-modulated laser diode that locally heats the cantilever close to
its clamped end at the carrier chip [56]. The resulting EBP oscillation
was detected by a second laser, which is reflected on the free end of the
EBP to a position-sensitive photodiode according to the optical
light-lever technique [43]. The frequency and phase of the readout
signal were analyzed via a lock-in amplifier and correlated to the input
signal modulating the excitation laser. A phase-locked loop (PLL)
maintained a constant phase of 90° with respect to the excitation signal
by continuously adjusting the excitation frequency. The corresponding
frequency shift Afy was acquired and converted to a mass change as
outlined below.
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Fig. 2. Schematic representation of the electrochemical picobalance setup. The central part of the setup was the custom-made electrochemical balance probe
(EBP) based on a commercial, conductive AFM cantilever. The EBP was mounted in an AFM equipped with two separate lasers: an intensity-modulated laser, which
drives the cantilever to oscillation close to its clamped end, and a readout laser reflected at the cantilever’s free end to a position-sensitive photodiode. A function
generator controlled the photothermal excitation. The lock-in amplifier analyzes the frequency and phase of the photodiode signal. A phase-locked loop (PLL)
maintains a constant phase shift of 90° between the cantilever oscillation and the excitation by adjusting the excitation frequency. The EBP acted not only as a mass
sensor but also as the working electrode controlled by a potentiostat. The coiled Pt wire (CE) and chlorinated Ag-wire were implemented into the fluid cell of the AFM
to complete a three-electrode electrochemical cell. All data signals from the picobalance and the potentiostat were acquired with a common time stamp.

3.4. Theory of mass sensing by the picobalance

Commonly, the oscillation of an AFM-cantilever can be described in a
first-order approximation as a driven underdamped oscillator [72,73].
The oscillation is defined by the frequency f at which the oscillator is
driven, the resonance frequency fy, and the quality factor af > 1. The
oscillation amplitude A as a function of the resonator’s frequency can
described according to [72,73]

a sz

with a accounting for the amplitude of the excitation. The parameters a;
and ay represent a description for a linear background due to the fre-
quency dependent excitation efficiency and amplitude noise. The phase
shift ¢ of a driven and damped harmonic oscillator is given by

o(f) =tan! (W) +bif + by 2)

Af) = +aif +a, (€Y

where b; accounts for phase lags of photothermal excitation and elec-
tronics and b, is related to phase contributions of higher modes [72,73].

Generally, the resonance frequency fy of a harmonic oscillator can be
expressed by its effective mass m* and its spring constant k:

1 k
fN:Z\/; 3

After attaching an additional mass M, e.g. a colloidal particle, fy is
shifted to a lower frequency fy(M) as the effective mass changes to
m’ + M:

1 k
fu(M) “oVm M “4)

Fig. 3 summarizes the resulting changes in the amplitude A(f) and the
phase spectrum ¢(f) upon attachment of an additional mass, i.e., a
tungsten microsphere with a diameter of 12.7 um. The attached mass M
can in principle be directly calculated according to Eq. (5) based on the
frequency shift Afy = fy - fn(M):

k 1 1

However, Eq. (5) assumes that the mass is attached exactly at the free
end of the cantilever, which is normally not the case [39,40,45]. The
apparent mass depends on the position x, of the mass M on the cantilever
with a length L and the mode of oscillation (supplementary materials
S3). Here, only the first mode has been excited and was considered in the
data evaluation. A correction factor based on the oscillation amplitude
w(x) is needed to relate the apparent mass M to the actual mass mpg
(supplementary materials S3, Fig. S4):

1
W(XC)Z

For a rectangular beam of the length L, the first oscillation mode can
be described by

mpg = M

©

(sin(éL) + sinh(&L))(cosh(éx) — cos(éx))
cos(éL) 4 cosh(éL)

y(x) = a|sin(éx) — sinh(éx) +
)

with a normalization constant « to fulfill condition y/(L)2él. ¢ is related
to the cantilever length by
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Fig. 3. Mass sensing with an electrochemical balance probe. A Normalized
amplitude A and B phase ¢ spectra of an EBP without and with a tungsten
microsphere (d = 12.7 um) as an external load. Amplitude and phase have been
fitted to eqns. (1) and (2) (dashed lines).

cos(éL)cosh(éL) +1 = 0. (8)

3.5. Added mass as static calibration of electrochemical balance probes

The added mass method, which is based on Egs. (4) and (5), is widely
used to calibrate spring constants of AFM cantilevers [54]. In this
method, small, pm-sized, colloidal particles from high-density materials,
such as gold or tungsten, are attached by capillary forces to the free end
of an AFM-cantilever [54,74]. The resulting frequency shift is related to
the theoretical mass based on the top-view dimensions of the micro-
sphere. However, it has been demonstrated that additional layers on the
lever arm can impact the mechanical properties of cantilevers [75,76].
The EBPs comprise a rather complex sandwich structure with a silicon
core, enclosed by an adhesive Cr interlayer, the conductive gold coating,
wrapped by the insulating electropaint layer. Consequently, we had to
verify that mass sensing was possible for these non-standard probes
using the added mass method. These experiments were performed in
liquid, here 0.1 mM HCI and pH 4, in order to emulate the environ-
mental conditions encountered during the electrochemical experiments.
Moreover, the EBPs were driven photothermally, generating much
clearer resonance peaks with higher amplitudes and quality factors than
piezoelectric or thermal excitation [42].

By evaluating the resonance frequency fy, the experimental mass mpp
was calculated according to Eq. (5) and (6). This mass was compared to
the theoretical mass mueo Eq. (9) as determined by the optical di-
mensions and the position of the respective particles on the cantilever.

4 (d\?
Miheo = gﬂ(é) 14 (9)

We utilized tungsten microspheres of various sizes as externally
attached masses M for these experiments. The theoretical mass me, was
calculated from the volume V and the density p (Eq. (9)). The volume
was determined from the particle diameter d as measured by optical
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microscopy. Moreover, the position of the particles on the lever arm of
the EBPs has been considered according to Eq. (6). The correction factor
for an EBP depending on the location of the added mass is shown Fig.
S4B in the supplementary materials. The position x. was determined by
allocating the particle’s location via optical microscopy. A similar
approach has been utilized previously for localizing cells in gravimetric
studies by picobalance [39,40,44,45,77].

Fig. 4 summarizes the experimental results for weighing 10 indi-
vidual tungsten microspheres of various sizes (6.8 ym < d < 13.3 um) in
the picobalance with an EBP. The respective theoretical masses mgheo, as
determined by the radius and density, ranged thus between 2.1 ng and
20 ng. These masses meo have been compared to the ones determined
by the picobalance mpp. Ideally, one expects a ratio mpp/meo = 1 as
indicated by the dashed line in Fig. 4. The error bars shown were
determined by error propagation based on the uncertainty of the spring
constant calibration for the cantilever with which mpg has been deter-
mined and the inaccuracy of the diameter obtained by optical micro-
scopy for the theoretical mass myeo. The good agreement for all added
masses, which scattered around the dashed line representing perfect
agreement, demonstrated that despite their complex structure, the ECBs
were capable of quantitative mass determination in the nanogram
regime.

3.6. The electrochemical picobalance

The electrodeposition of copper on metal electrodes accounts for one
of the most fundamental and best-studied processes in electrochemistry
[78]. Here, we examined the deposition of Cu on the pm-sized
Au-electrode (cf. Fig. 1C and Fig. S5) of an EBP in combination with the
AFM-based picobalance (cf. Fig. 2). The electron transfer and resulting
Cu deposition have been followed simultaneously by the frequency shift
Afn(t) and the faradaic current I(t). For comparison, we performed the
experiment under analogous conditions on a macroscopic Au-electrode
using the QCM-D technique. A reductive potential of E,.q = —0.4 V vs.
Ag/AgCl was applied to the Au-electrode for both setups. The deposition
was carried out in 3 mM CuSO4 (10 mM for the EQCM experiments) with
10 mM H3SO4 as a supporting electrolyte. These experimental condi-
tions fall within the standard conditions reported in the literature for Cu
deposition [29,31]. The electrochemical reduction of cu” at the EBP
microelectrode leads to a deposition of solid Cu® on the electrode. Ac-
cording to Faraday’s law of electrolysis, the faradaic mass Myaraday
should equal the mass mpp sensed by the picobalance (Eq. (6)).

Fig. 5A shows the frequency shift Afy, current I, charge Q, and po-
tential E during the electrodeposition of Cu on an EBP as determined by
the electrochemical picobalance when E,; was applied via the

25

mass, mpg [Ng]

I I I I I I
0 5 10 15 20 25
mass, nype, [ng]

Fig. 4. Added mass method for electrochemical balance probes. Compar-
ison between the masses of tungsten microparticles of different sizes as deter-
mined by their top view dimensions (meo) and as determined by the resonance
shift of an electrochemical balance probe (mpp) as determined by the AFM-
based picobalance. The dashed line represents a slope of 1, which means
ideal correspondence between the two methods.
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Fig. 5. Cu electrodeposition on an electrochemical balance probe and a QCM sensor. A Frequency shift Afy, total charge Q = [ I dt, current I and potential E
during electrochemical deposition of Cu on an EBP microelectrode in 3 mM CuSO4 and 10 mM H,SO4 at —0.4 V for 60 s as detected by the electrochemical
picobalance. B Frequency shift Af/n, total charge Q = [ I dt, current I and potential E during electrochemical deposition of Cu on an Au-coated QCM sensor in 10 mM
CuS0O4 and 10 mM H,SO,4 at —0.4 V for 60 s. EQCM data is shown for the 3rd overtone. The onset of the potential was set to t = 0 for both types of sensors. Note the
different axis scaling for the EBP microelectrode and the macroscopic QCM sensor due to the large differences in electrode size.

potentiostat. A negative frequency shift of up to —288 Hz after 60 s
corresponded to a mass deposition on the microelectrode of the EBP. By
contrast, no change in frequency could be detected when E.4 was
applied in pure supporting electrolyte only, i.e., without Cu in the
measurement solution (supplementary materials S4, Fig. S6). Hence, the
frequency shift can be assigned to the electrodeposition of copper and
was not resulting from the electromechanical stress on the cantilever as
it had been observed in some conditions for cantilevers with Au-coating
[79-81]. After 5-10 s, the deposition current I was constantly ~40 nA.
The corresponding total charge Q(t) was determined by integrating the
current I(t):

(10)

We conducted an analogous electrodeposition of Cu on macroscopic
Au-coated QCM sensors (A =1.13 cm?) in an EQCM (cf. Fig. 4B). Again,
a continuous negative frequency shift Af/n was observed when a
reductive potential of E.q4 = —0.4 V vs. Ag/AgCl was applied for 60 s to
induce the copper deposition. The frequency shift is normalized to the
overtone n, and data for the 3rd overtone are shown. The maximum shift
was ~—1200 Hz after 60 s. In contrast to the EBP, the currents were
significantly higher, about 1 mA, due to the larger electrode area.
However, a direct correlation between the frequency response Afy (or
Af/n) and transferred charge Q at the electrode became evident for both
methods.

3.7. Correlation between electrochemical and gravimetric mass

Faraday’s law of electrolysis states that the amount of an electro-
chemical reaction product is proportional to the charge Q transferred
through the electrolyte/electrode interface [1,3]. Hence, the mass of a
reactant deposited by an electrochemical reaction is given by

QMy,

zF b

Mfaraday = —

where z is the number of electrons transferred to form one mole of the

reactive species with the molecular weight My, and F is the faraday
constant [1]. Faraday used gravimetric determination of mfraday in his
original experiments. Faraday’s law can be directly applied to the
electrodeposition of Cu on the EBP microelectrode and the faradaic mass
Mfaraday (Eq. (11)) must equal the mass sensed by the picobalance mpg
(Eq. (6)). This relation has also been used extensively to characterize
EQCM sensors and determine their mass sensitivity [30-32].

Here, we performed additional experiments by EQCM under iden-
tical conditions as a benchmark. The mass from EQCM data was eval-
uated by the Sauerbrey equation [19] which relates the frequency shift
Afrocm normalized to the overtone n to a mass per unit area meocm /A via
a sensitivity constant C of the quartz sensor.

A 2
mEQCM/ = ,C@ withC:A\J/[/(:_ﬂ

The sensitivity constant C = 17.7 ng cm~2 Hz~! is determined by the
fundamental resonance frequency fy, the area A of the electrode, the
sensor’s density p, and its shear modulus p. Since the deposited Cu layer
is thin and rigid, the Sauerbrey equation could be applied here without
any corrections or viscoelastic modeling [20].

Fig. 6 summarizes the deposited mass versus time as determined
gravimetrically by the electrochemical picobalance and the EQCM,
respectively, and electrochemically by Faraday’s law. To compare the
results obtained by both techniques, the deposited masses have been
normalized to the electrode areas of the respective sensors. The elec-
trode area of the EBP was determined from SEM images after the
deposition (supplementary materials S3, Fig. S5). It should be noted that
the areas of the two electrodes vary by several orders of magnitude (533
um? versus 1.13 cm?). The normalized gravimetric masses agreed well
with the masses determined according to Faraday’s law of electrolysis
for both techniques. Interestingly, the deviation between electrochem-
ically determined mass and the gravimetric one is higher for the EQCM.
We attribute this to a higher surface area due to the electrode’s rough-
ness (supplementary materials S5, Fig. S7). This type of effect has been
reported previously for copper deposition on polycrystalline gold [31,
32,82]. Moreover, roughness is generally known to impact QCM mea-
surements in liquid [83].

(12)
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Fig. 6. Deposited copper mass as determined by electrochemical picoba-
lance, EQCM, and Faraday’s law. Mass of Cu deposited electrochemically on
the microelectrode of the EBP as determined from the frequency shift in the
picobalance (mpp) and by integration of the current according to Faraday’s law
(Mgaraday)- B Mass of Cu deposited on an Au-coated quartz-crystal in an EQCM as
determined from the Sauerbrey equation (mggcm) and Faraday’s law (Mgaraday)-
For both experiments, a potential of —0.4 V (vs. Ag/AgCl) was applied for 60 s.
The faradaic (Mgyraday), and gravimetric masses (mpp, mgocm) have been
normalized to the electrode areas (533 pm2 vs. 1.13 cm?).

3.8. Mass sensitivity of the electrochemical picobalance

The mass change determined by the two methods, i.e., gravimetri-
cally and electrochemically, was in excellent agreement not only for the
EQCM but in particular also for the AFM-based picobalance. Figs. 5 and
6 corroborate that the picobalance can be utilized in an electrochemical
mode. In the following, we will address the question of the detection
limitations of the electrochemical picobalance. The combination of the
picobalance with electrochemistry allows addressing the mass sensi-
tivity and mass resolution of the picobalance technique in a new way:
Electrodeposition allows for a defined mass deposition over time, in
contrast to adding masses like the tungsten beads in section 3.5 or small
blocks of silicon [39]. Moreover, the deposited mass could be verified
independently of optical or electron microscopy resolution by means of
Faraday’s law. In the following, we concentrate on the so-called
mass-sensitivity [40,84,85].

The resolution of the electrochemical channel of the picobalance
depends strongly on the electrochemical performance of the EBPs (de-
tails in the supplementary materials, S2, and S6). Accurate mass deter-
mination by Faraday’s law requires optimal electrical insulation of the
probes. Any defects in the insulation will lead to additional electro-
chemically active areas, which would lead to additional deposited
masses outside the intended electrode area (supplementary materials S2,
Fig. S3). The chip could be coated with relatively thick layers of non-
transparent insulating varnish. Moreover, mounting EBPs via paraffin
provided additional mechanical stability and electrical insulation of the
contact point between the chip and the wire. In consequence, we found
that the quality of the electropaint insulation on the lever arm was
crucial. Due to the small microelectrode area, even minor defects on the
lever arm disturbed the mass evaluation drastically. The electrochemical
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response of the EBPs varied with the number of layers of electropaint.
This variation could also be traced in the CVs, where with an increasing
number of layers, the overall current reduced significantly. Corre-
sponding CVs are available in the (S2, Fig. S2). After three layers, the
current density in the CVs did practically not change. Hence, we decided
on 3 layers for all results presented in this study. For only one and two
layers of electropaint, the coating did show imperfections, especially at
the edges. Defects in the insulation became evident after electrodepo-
sition and could be visualized (supplementary materials, S2, Fig. S2).

By contrast, the gravimetric mass resolution depended primarily on
the choice of the cantilever (cf. Fig. S8) and the accuracy with which the
spring constant of the EBP could be determined according to Egs. (4) and
(5), respectively. Due to the more complex structure of the EBPs, ap-
proaches that are based on geometrical dimensions and homogeneous
material constants (e.g. [76]). will most likely not provide sufficiently
accurate results. The thermal noise method [86] and added mass
method [54] are more appropriate for the EBPs, as these methods are
based directly on the resonator properties.

Combining the picobalance with electrochemistry allowed dynamic
mass deposition on the picobalance for the first time. So far, the pico-
balance has been only tested by static loads, i.e., colloidal particles of
defined mass (cf. section 3.4) that have been attached to the cantilever
[39,40]. It should be kept in mind that the AFM-based picobalance was
originally developed for following small mass changes in living cells.
The linear increase of mass with time during Cu-deposition allowed for a
dynamic approach for which the mass could be determined indepen-
dently according to Faraday’s law (cf. Fig. 6). For the picobalance, the
absolute mass of Cu electrodeposited was 705 pg after 60 s with a res-
olution of 2.44 pg-Hz !, which demonstrated that mass changes < 1 pg
can be readily detected by the picobalance (supplementary materials S6,
Fig. §9). The sensitivity has been extracted from the slope of a mass vs.
frequency shift plot shown in Fig. 7. For QCM and EQCM, the mass
sensitivity is normally stated per unit area of the sensor [87]. Hence, for
the electrochemical picobalance, we found an ‘area normalized’ mass
sensitivity of approximately 4.6 fg.um 2-Hz ! (or 460 ng-cm 2-Hz )
following the QCM convention. By comparison, we determined a
sensitivity of 17.5 ng-cm~2-Hz ! for the commercial QCM resonator,
which is in good agreement with 17.7 ng-cm ™ 2-Hz ! as stated by the
manufacturer [87]. As the electrode of the EQCM is much larger than the
one on the cantilever (533 me vs. 1.13 cm?), we find that the mass
sensitivity normalized to the electrode area is favorable for the EQCM.
On the other hand, it should be kept in mind that on an absolute scale,
the picobalance can detect significantly smaller absolute mass changes
supplementary materials S6, Fig. S9C). The difference between the two
techniques becomes especially evident for small frequency shifts (cf.
insets in Fig. 7).

4. Conclusions

In this feasibility study, we presented the combination of electro-
chemistry with an AFM-based picobalance (electrochemical picoba-
lance), for the first time. The electrodeposition of Cu allowed for
dynamic calibration of the picobalance as the deposited mass increased
strictly linearly with time and could additionally be determined in an
independent manner via the Faradaic current. While the mass sensitivity
of the electrochemical picobalance is smaller than for the EQCM, it is
able to determine mass changes for absolute masses several orders
smaller than the EQCM. If one aims for the study of single-entity elec-
trochemical effects, such as for cells, this absolute sensitivity will be
advantageous and could be determined here for the first time by a
combination of two independent techniques. In contrast, for homoge-
nous electroactive films, the EQCM might be the better choice, provided
that these films do not require special hydrodynamic data treatment.
With the experimental setup used here, we could confirm that mass
changes of 1 pg could be resolved by the electrochemical picobalance.
With some experimental improvements, e.g., the cantilever used (cf.
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Fig. 7. Mass sensitivity of the electrochemical picobalance and EQCM. A
Mass sensitivity for the electrochemical picobalance extracted from the fre-
quency change rate with the added Faraday mass Mg, aday- B Mass sensitivity for
the EQCM setup was determined in an analogous manner. The insets show the
initial deposition at short deposition times and, thus, small frequency shifts.

supplementary materials S6, Fig. S8), and the digital resolution of AD
converters, even higher mass resolutions seem feasible.

In the future, the combination of electrochemistry and the picoba-
lance will provide alternative approaches to some electrochemical
problems, especially in relation to soft matter. The hydrodynamic
damping of extended polymeric films on QCM provides a number of
challenges to determine the bound mass. In particular, probing the ki-
netics for electropolymerization and electrogelation is not straightfor-
ward for thicker films. In contrast to the EQCM, the electrochemcial
picobalance is not based on shear oscillations; hence, the hydrodynamic
damping takes place by the vertical oscillation of the cantilever.
Microcantilevers have been used in the past to successfully trace vis-
cosity and mass density for bulk polymerizations in small volumes [72].
The electrochemical picobalance fosters direct electropolymerization on
the mass sensor, i.e., the EBP microelectrode. Hence, this technique
provides a complementary approach to studying the polymerization at
interfaces.

So far, the picobalance has been primarily applied to monitor mass
changes in living cells [39,40,44-46]. Addressing the mass changes of
single cells upon external stimuli under various time scales represents an
important tool for cell biology, and the here-presented setup can extend
this approach to the cellular bioelectric state [52,88]. The bio-
electrochemical stimuli for the cell are supposed to have an influence on
the cell metabolism [51]. With the implementation of the electro-
chemical picobalance, bioelectrical stimuli to cells and the resulting
mass changes can be studied with unprecedented accuracy. The option
of such studies should receive considerable interest [52]. It has also been
shown that electrical stimulation can impact cell proliferation, signaling
pathways, and immunomodulation [89-91]. So far, this relation has
been studied primarily via volume changes and optical microscopy.
However, the mass determination by the picobalance has the potential
to provide a much higher mass and time resolution than previous ap-
proaches. It should be pointed out that these studies would not be
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limited to eukaryotic cells but could also be applied to, for example,
bacteria [92].
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