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A B S T R A C T   

We demonstrate the use of copper underpotential deposition (UPD) for measurement of the electrochemically 
active surface area of a protein-modified gold electrode. The kinetics of adsorption and the subsequent structural 
rearrangement of β-casein, as a model protein, on the surface of a gold electrode have been followed over time. 
The protein-free surface area was determined by measuring the charge derived from UPD copper deposition on 
the non-blocked surface area at different stages of adsorption. The behaviour of β-casein adsorption as a function 
of surface roughness and the microstructure of the gold electrode, as well as the concentration of the protein 
solution, are studied using this method.   

1. Introduction 

Understanding and controlling protein adsorption and assembly on 
noble metal surfaces is important for the development of electro-
chemical biosensors, with applications ranging from virus protein and 
antibody detection, artificial olfactory sensing, early detection of car-
diovascular disease and cancer signals to environmental risk assessment 
[1-5] . 

A wide range of analytical techniques can be used to quantify the 
amount of adsorbed protein on a surface, including quartz-crystal mi-
crobalance, infrared spectroscopy, surface plasmon resonance, ellips-
ometry, optical waveguide lightmode spectroscopy, and atomic force 
microscopy [6-20]. However, these methods do not provide information 
about protein adsorption from the reactive metallic surface point of 
view, which is essential in electrochemical biosensor development. They 
are also poor in dealing with non-flat 3D structured surfaces, which are 
often selected to increase the surface area of the sensor. 

Underpotential deposition (UPD) of a metal is an electrochemical 
process in which adsorbed metal atoms are deposited from a solution 
onto a foreign metal surface at an electrode potential which is more 
positive than the equilibrium potential of the metal deposition/disso-
lution in the same system given by the Nernst equation. The driving 
force of UPD is the adsorption energy of the metal atoms on the foreign 
metal surface. Thermodynamic and kinetic descriptions of this phe-
nomenon can be found in several reviews [21-24]. Gold has been studied 

both as a substrate and as a deposited metal [25-27]. Since the 
adsorption of metal atoms is very sensitive to the atomic arrangement 
and structure of the substrate metal, UPD can be used for character-
ization of the surfaces, especially in the case of noble metals, as 
demonstrated by a recent review [28] and references therein. Copper 
UPD on gold single crystals as well as polycrystalline electrodes has been 
investigated extensively and it is well established that anions have a 
considerable effect on the underpotential deposition [28-30]. 

The adatom probe method has already been used to investigate 
protein adsorption processes [31-33], but the parallel metal–protein 
complex formation [34] in solution might lead to complicated surface 
phenomena and the interesting features of metal–protein co-adsorption 
could interfere with the UPD process. As a mirror approach in a sensor- 
related functional application, UPD copper was used to fill an uncovered 
sensor surface to minimize unspecific protein adsorption [35]. 

Application of nanostructured electrode surfaces in sensor develop-
ment offers new properties, from surface-area-related signal enhance-
ment to tunable biomolecule functionality due to the size-matching 
adsorption sites of biomolecules on different nanoscale structures 
[7,36,37]. 

In this work we aim to give more insight into the precision appli-
cation of the adatom probe method based on the underpotential depo-
sition of copper to follow protein adsorption on nanostructured gold 
surfaces. Copper was deposited from a Cu2+-ion-containing solution on 
an already partially protein-blocked surface, leading to the adsorption of 
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an amount of UPD copper that was solely proportional to the uncovered, 
electrochemically active clean gold surface. The method described is a 
convenient and explicit approach to determine surface coverage of a 
gold electrode by biomolecules and can be incorporated into the 
workflow of protein sensor development. 

2. Materials and methods 

2.1. Preparation and characterization of gold electrode surfaces with 
different electroactive surface areas 

Round disk gold electrodes (Pine Research Instrumentations, USA) 
with diameter of 1.6 or 2 mm were used in the experiments. Electro-
chemical measurements were carried out in 3-compartment electro-
chemical cells, using a hydrogen electrode as the reference, and a large 
platinum sheet as the counter electrode. All electrode potentials quoted 
are on the RHE scale. The supporting electrolyte was 0.5 M H2SO4 
prepared from concentrated p.a. sulfuric acid (Merck) and MilliQ water 
(18.2 MΩ.cm2). The solutions were deoxygenated with argon gas. 

Galvanostatic gold deposition was used in order to increase the 
electroactive surface area (Au/Au) of the polished gold electrodes (Au). 
Gold was deposited from 2.5 × 10-3 M HAuCl4 solution in 0.1 M H2SO4. 
Electrode surface characterization was performed by recording cyclic 
voltammograms on the different gold surfaces in deaerated 0.5 M H2SO4 
solutions. 

The electrochemically active real surface of the gold electrode was 
determined from the charge corresponding to the oxide-reduction peak 
on the cyclic voltammogram of the gold electrode at 1.8 V anodic po-
tential limit, using the generally accepted assumption that 386 µC 
charge corresponds to 1 cm2 active gold surface [38]. The roughness 
factor (RF) is used in the normal sense: RF = real surface area/geometric 
surface area. 

In order to demonstrate the formation of a microstructure on the 
rough surfaces, SEM images of the gold layers electrodeposited on 
smooth gold electrodes were recorded using a ZEISS Merlin Field 
Emission Scanning Electron Microscope. 

2.2. Protein adsorption and copper underpotential deposition 
measurements 

The kinetics of protein adsorption were determined through mea-
surement of the amount of copper deposited on a protein-free surface, 
and then on a protein-covered surface. In order to determine the 
maximum amount of UPD copper on a given surface, copper was 
deposited from 0.5 M H2SO4 solution containing 10-3 M Cu2+ at 400 mV 
for t = 2 min. The deposited copper was measured through its reox-
idation by a linear potential sweep in the 400 mV to 750 mV range. This 
step also ensured that all deposited copper had been removed from the 
surface. After rigorous rinsing with MilliQ water, the electrodes were 
immersed in freshly prepared β-casein (Aldrich, >98%) solutions at 
concentrations of 0.05 mg/ml or 0.01 mg/ml in MilliQ water for 
different periods of time. After rinsing with MilliQ water the electrodes 
were subjected to copper underpotential deposition under the same 
conditions as before β-casein adsorption. The difference in the amount of 
deposited copper before and after protein adsorption was related to the 
area of the electrode surface covered by β-casein at a given time. 

3. Results and discussion 

3.1. Copper underpotential deposition for electrochemically active surface 
area characterization 

Cyclic voltammograms of a gold electrode obtained in pure 0.5 M 
H2SO4 and in 0.5 M H2SO4 solutions containing 10-3 M Cu2+ can be seen 
in Fig. 1. Potentiostatic deposition at 400 mV was chosen for UPD copper 
deposition. At this voltage only the most strongly bonded adatoms are 

formed, ensuring that only adsorbed copper atoms were deposited on 
the gold surface, without any bulk copper deposition. A more detailed 
figure (Figure S1) can be found in the Supplementary Information – this 
gives information on the multiple energy states of copper electrode-
posits, where in addition to the UPD copper deposited at 400 mV, bulk 
copper deposition at 150 mV is also demonstrated. 

Fig. 2 shows the optimization of the UPD process, ie the potential 
sweeps obtained after holding the potential at 400 mV for different 
periods of time. In accordance with earlier results [19] the oxidation 
charge of the strongly bonded adsorbed copper reached a constant value 
after a relatively short time (about t = 1 min), and this charge was about 
one quarter of the charge of the oxide-reduction peak for the same 
electrode. Taking these results into consideration, t = 2 min was set as 
the standard deposition time for copper UPD. 

3.2. Effect of roughness factor on protein adsorption kinetics 

We first investigated the validity of the proposed method, namely 

Fig. 1. Cyclic voltammogram of Au/Au electrode (R = 20) in 0.5 M H2SO4 
(dashed black line) and in 0.5 M H2SO4 containing 10-3 M Cu2+ ions (solid red 
line), sweep rate 100 mV/s. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Polarization curves of Au/Au electrode (R = 20) after holding the po-
tential at 400 mV for 10 s (black), 30 s (red), 60 s (wine), 120 s (green) and 180 
s (blue) in 0.5 M H2SO4 solution containing 10-3 M Cu2+ ions. Sweep rate 100 
mV/s. Inset: Oxidation charge corresponding to the UPD Cu peak as a function 
of the time of deposition at 400 mV. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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that during the copper deposition–dissolution processes, the previously 
adsorbed protein layer remains stable on the gold surface. Two types of 
tests were used to validate the method:  

a) The copper deposition–dissolution steps were repeated on the same, 
partially casein-covered electrodes. It was found that the amount of 
UPD copper was the same, which indicated that the protein-covered 
part of the gold was unchanged.  

b) The time of casein adsorption was divided into shorter intervals and 
the coverage was measured after each interval. It was found that the 
final coverage at a given electrode was independent of the number of 
intervals, depending only on the sum of the adsorption times. Two 
sequential 1-minute immersions in the β-casein solution resulted in 
the same β -casein coverage as a single 2-minute immersion. 

The coverage vs. adsorption time correlation is sensitive to the 
roughness of the gold surface, as demonstrated by Fig. 3, Fig. S2 and 
Fig. 4. In Fig. 4 three Au/Au electrodes prepared by galvanostatic Au 
deposition with different surface roughness (R = 14, R = 22 and R = 50) 
are compared. All the deposition parameters were identical except for 
the time of gold deposition. The shapes of the voltammetric curves are 
practically the same (Fig. 4 insets); only the current range is different. 
The ratios of the electrochemically active surface areas were 1:1.6:3.5 
calculated from the oxide-reduction peak and from the charges related 
to the oxidation of UPD Cu on the bare electrodes. SEM images revealing 
the formation of complex structures in the electrodeposited gold layers 
are shown in Fig. S3. 

The β -casein adsorption experiments were performed using 1–15- 
minute time intervals, and copper UPD was conducted before and after 
protein adsorption. Copper stripping curves are depicted in Fig. 3 and 
Fig S2 and the measured currents were normalized to the geometric 
surface area of the electrode. 

The relative decrease in the uncovered gold area measured as a 
function of casein adsorption time was obtained from the following 
equation: 

(1 − Θ)Au = Q(Cu,ox,t)/Q(Cu.ox,0)

where Θ is the coverage of the gold surface by β -casein, Q(Cu,ox,t) is 
the oxidation charge of the UPD copper deposited after holding the gold 
electrode in casein solution for time interval t, and Q(Cu.ox,0) is the 
oxidation charge of the UPD copper deposited on the bare gold elec-
trode. The time intervals for casein adsorption on a given electrode were 
accumulated within a series of measurements. Fig. 4 shows that the Cu 
UPD method makes it possible to precisely observe that the coverage 
values are higher for electrodes with lower surface roughness for all 
adsorption times. 

3.3. Effect of β -casein concentration on protein adsorption kinetics 

To study the effect of β -casein concentration on the adsorption ki-
netics, two nearly identical Au/Au electrodes (R = 22 and R = 24) were 
prepared, and the adsorption was followed in solutions containing β 
-casein at concentrations of 0.05 mg/ml or 0.01 mg/ml. The CVs of the 
clean gold surfaces are shown in the inset of Fig. 5. The adsorption 
curves clearly indicate the different behaviour exhibited in the different 
solutions, but also reveal an interesting phenomenon in the case of the 
more dilute β -casein solution, namely that after certain time (between 3 
and 5 min adsorption time in Fig. 5), instead of increased coverage a 
slight decrease could be observed. This observation was reproducible 
and, at certain β -casein concentrations and gold surface roughness 
values, a temporary increase in the uncovered gold surface of as much as 
5–10% could be detected. This phenomenon can be explained by the 
interference of two types of surface-related process kinetics: simple 
adsorption kinetics and the surface conformational kinetics of bio-
molecules. The results indicate that the Cu UPD method can detect the 
rearrangement of the already adsorbed β -casein molecules, resulting in 
layer densification. 

3.4. Effect of gold microstructure on protein adsorption kinetics 

It is important to understand that different gold microstructures, 
even with a similar roughness factor, may have a considerable effect on 
the protein adsorption process. Fig. 6 shows that the adsorption capacity 
of the gold surface and the β -casein adsorption rate may be different on 
differently prepared gold surfaces with the same surface roughness. The 
electrodes were prepared by depositing gold from the same solution but 
using different current densities and deposition times. The inset of Fig. 6 
shows cyclic voltammograms of the freshly prepared electrodes, 

Fig. 3. Decrease in the stripping peak of UPD Cu on Au/Au (R = 14) electrode 
as a function of time of β -casein adsorption from a solution of 0.05 mg/ml β 
-casein in MilliQ water. Sweep rate: 100 mV/s. 

Fig. 4. Changes in β -casein-free surface of Au/Au (R = 14) (red circles), Au/Au 
(R = 22) (blue triangles) and Au/Au (R = 50) (black squares) electrodes as a 
function of the time of β -casein deposition from a solution of 0.05 mg/ml β 
-casein in MilliQ water. Insets: CVs of the electrodes before β -casein adsorption, 
sweep rate: 100 mV/s. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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indicating that the gold surfaces have nearly identical surface roughness 
values (R = 14 and R = 19). 

Fig. 6 shows the raw data of the charge measured during dissolution 
of the UPD copper (i.e. without normalization to adsorption on a β 
-casein-free clean gold surface). The gold electrode surfaces show 
different adsorption capacities: for example, during the first minute of 
immersion the decrease in charge corresponding to the oxidation of UPD 
copper was 10 μ C on electrode A, but only 2.5 μ C on electrode B. The 10 
μC decrease in the UPD copper stripping peak is equivalent to a Au 
surface loss of 10 mm2, while in the case of electrode B only 2.5 mm2 of 
the gold surface had been covered during the first minute of casein 
adsorption. For comparison, the electrodes presented in Fig. 4, which 
differ solely in deposition time, which produced a clear difference in 
roughness (R = 14 and R = 50), lost similar areas of 10 mm2 and 12 
mm2, respectively, from their uncovered surface area during the first 

minute of adsorption. These results support our claim that the Cu UPD 
method is sensitive enough to reveal microstructural features on elec-
trodes that can be significant from the point of view of biomolecule 
adsorption. 

4. Conclusions 

Copper underpotential deposition was used as an indirect method to 
study protein adsorption kinetics on structured gold electrodes. This 
method of measuring the protein-free gold surface though Cu UPD 
oxidation was used to study the influence of the electrode roughness 
factor and morphological variations, as well as the solution phase pro-
tein concentration. This method highlights details of the adsorption 
process from the adsorbent side and gives important information about 
the process usually described from data based on the amount of adsor-
bed material. The described methodology would be particularly useful 
for electrochemical biosensor design and in the measurement of precise 
surface coverage. 
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[25] I. Bakos, S. Szabó, T. Pajkossy, J. Solid State Electrochem. 15 (2011) 2453–2459, 
https://doi.org/10.1007/s10008-011-1444-2. 
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