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Abstract
This manuscript describes the effect of the applied potential on the adsorption of bovine serum
albumin (BSA) to optically transparent carbon electrodes (OTCE). To decouple the effect of the
applied potential from the high affinity of the protein for the bare surface, the surface of the OTCE
was initially saturated with a layer of BSA. Experiments described in the manuscript show that
potential values higher than +500 mV induced a secondary adsorption process (not observed at
open-circuit potentials), yielding significant changes in the thickness (and adsorbed amount) of the
BSA layer obtained. Although the process showed a significant dependence on the experimental
conditions selected, the application of higher potentials, selection of pH values around the
isoelectric point (IEP) of the protein, high concentrations of protein, and low ionic strengths
yielded faster kinetics and the accumulation of larger amounts of protein on the substrate. These
experiments, obtained around the IEP of the protein, contrast with the traditional hypothesis that
enhanced electrostatic interactions between the polarized substrate and the (oppositely charged)
protein are solely responsible for the enhanced adsorption. These results suggest that the potential
applied to the electrode is able to polarize the adsorbed layer and induce dipole-dipole interactions
between the adsorbed and the incoming protein. This mechanism could be responsible for the
potential-dependent oversaturation of the surface and could bolster to the development of surfaces
with enhanced catalytic activity and implants with improved biocompatibility.

1. Introduction
Understanding the adsorption of proteins to solid surfaces is a critical topic in a variety of
fields (biomedical, food science, sensing, etc) because it can have significant consequences
in the orientation,1 conformation,2 and biological activity of the adsorbed layer. Overall, the
adsorption of proteins at interfaces is a spontaneous process that occurs almost every time a
protein-containing solution contacts a solid surface. The adsorption is driven by short- and
long-range forces resulting from a combination of electrostatic interactions between the
protein and the sorbent surface, co-adsorption of small ions, dispersion forces, changes in
the state of hydration of the sorbent surface and parts of the protein molecule, and structural
rearrangements in the protein.1, 3–5 The adsorption is therefore influenced by the
characteristics of the protein (size, flexibility, and charge), the substrate (surface energy,
charge, and morphology) and the environment (solvent, pH, temperature, and ionic
strength). As a result, examples highlighting the effect on protein adsorption as a function of
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the characteristics of the protein, the chemical nature of the substrate or the conditions
selected for the interaction abound in the literature.6–8

In most cases, it is evident that electrostatic interactions play a fundamental role in the
adsorption and can affect the conformation, structure, and bioactivity of adsorbed
proteins.9, 10 Besides chemical modifications performed on the protein and/or the substrate,
electrostatic interactions can be controlled in situ by the application of an external potential
to the sorbent surface. A handful of reports have explored this possibility. Brusatori et al.11

showed that the rate of albumin adsorption was increased under an electric field while the
rate of cytochrome C adsorption remained unchanged. Complementarily, it was
demonstrated that the orientation,12 biocatalytic activity,13 and electron transfer
kinetics14, 15 of cytochrome C can be also altered by the presence of an electric field.
Bernabeu and Caprani16 found that the rate of adsorption and the area occupied by selected
proteins (albumin and fibrinogen) can be affected by the surface charge on platinum and
carbon electrodes. Later, Ying et al.2 reported that both positive and negative potentials
promoted albumin adsorption to gold, probably due to the ability of the molecule to change
its conformation on the surface. Moreover, Morrow et al.17 demonstrated that the adsorption
of negatively-charged soybean peroxidase to gold can be controlled by an imposed electric
field. Although the mechanism involved in this behavior was not described, they found that
some proteins could be partially detached from the surface by applying a negative potential.
Other properties of adsorbed peptides18 and proteins (such as insulin19 and green fluorescent
protein20) can be also modified by the presence of external potential. Although they
highlight the potential advantages of affecting the adsorption process by the application of
an external electric field to the adsorbent, most of these studies have been performed using
metallic electrodes (that can form oxides upon the application of the electric field and offer
narrow potential windows), electrically-asymmetric proteins (such as cytochrome C or
insulin), or have not provided adequate electrochemical control (2-electrode setups).
Addressing these shortcomings, this manuscript describes the effect of the external potential
on the adsorption of bovine serum albumin (BSA) onto optically transparent carbon
electrodes (OTCE). BSA was selected because it represents a model soft protein, which is
prone to adsorption to a variety of surfaces under a wide range of experimental conditions.
OTCE were selected as a sorbent surface because they are transparent, conductive, and
feature a wide operational window without the formation of oxides.21, 22 Adsorption
experiments were performed under stagnation point flow conditions23 and followed (in real
time) by spectroscopic ellipsometry as a function of potential applied, solution pH, ionic
strength, and protein concentration.

2. Experimental Design
Reagents and Solutions

All aqueous solutions were prepared using 18 MΩ·cm water (NANOpure Diamond,
Barnstead; Dubuque, IA) and analytical-grade reagents. Citric acid was purchased from
Aldrich Chemical Company (Milwaukee, WI). Brilliant Blue G was obtained from Sigma-
Aldrich (St. Louis, MO). BSA, NaOH, and anhydrous NaH2PO4 were purchased from
Fisher Scientific (Fair Lawn, NJ). Citrate buffer was prepared by dissolving 1.9212 g of
citric acid in ultrapure water to obtain 1 L of 10 mmol·L−1 citric acid. To avoid changing its
analytical concentration, the pH of the buffer was adjusted adding 1 mol·L−1 NaOH
dissolved in 10 mmol·L−1 citrate solution and measured using a glass electrode and a digital
pH meter (Orion 420A+, Thermo; Waltham, MA). Stock solutions of BSA (1.00, 0.50, 0.10,
0.05 and 0.01 mg·mL−1) were prepared by dissolving a known amount of protein in a 10
mmol·L−1 buffer solution.
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Substrates
All experiments were performed using OTCE substrates, prepared following a previously
described procedure.22 Details regarding the optical and electrochemical characterization of
such films are also included in that publication. Briefly, a standard <111> silicon wafer (Si/
SiO2, Sumco; Phoenix, AZ) was first scored using a computer-controlled engraver
(Gravograph IS400, Gravotech; Duluth, GA), defining pieces of 1 cm in width and 3 cm in
length that were then manually cut and cleaned in piranha solution (30% hydrogen peroxide
and 70% sulfuric acid) at 90 °C for 30 min. After thorough rinsing with water, the substrates
were immersed and stored in ultrapure water until use. Then, the wafers were coated with a
layer of photoresist (AZ P4330-RS, AZ Electronic Materials; Somerville, NJ) using a spin
coater (Laurell, WS-400-6NPP; North Wales, PA). In order to control the thickness of the
OTCE, the photoresist was diluted to 60% v/v with propylene glycol monomethyl ether
acetate (PGMEA 99%, Alfa Aesar; Ward Hill, MA). Next, the photoresist-coated substrates
were heated at 110 °C for 60 s in a convection oven to evaporate the solvent and then
transferred to a tube furnace (Thermolyne F21135, Barnstead International; Dubuque, IA)
for pyrolysis. The carbonization step began by flushing the system at 1 L·min−1 with
forming gas (95% Ar + 5% H2, v/v) for 5 min. Next, the temperature was increased to 1000
°C using a 20 °C·min−1 ramp. After 1 h, the system was allowed to cool down to room
temperature in the presence of the forming gas. Finally, the samples were stored in a Petri
dish for a minimum of 3 days to complete the spontaneous surface oxidation.

Spectroscopic Ellipsometry
Adsorption experiments were performed using a variable angle spectroscopic ellipsometer
(WVASE, J.A. Woollam Co.; Lincoln, NE) following a procedure described elsewhere.23, 24

Spectroscopic Ellipsometry (SE) has proven suitable to study adsorption of proteins in real
time and provides useful information about the thickness, optical constants, and structure of
the adsorbed film. More information regarding the principle of SE can be found
elsewhere.25 The mean square error (MSE, calculated by a built-in function in WVASE)
was used to quantify the difference between the experimental and model-generated data. In
agreement with previous reports,23, 24 MSE < 15 were considered acceptable.

Dynamic adsorption experiments were performed in a modified electrochemical cell23 (J.A.
Woollam Co.; Lincoln, NE) mounted directly on the vertical base of the ellipsometer, with
an incident angle of 70°. Before the BSA adsorption experiments, the thickness of the thin
optically transparent carbon film was measured by placing the substrate in the ellipsometry
cell and performing a spectroscopic scan from 300 to 1000 nm (with 10 nm steps) using 10
mmol·L−1 buffer solution as the ambient medium. Unless otherwise stated, a layer of protein
was first adsorbed at open circuit potential (OCP, the potential at which no current flows
through the cell) as follows. The dynamic experiment was started by pumping buffer to the
surface of the OTCE at a rate of 1 mL·min−1 to establish the baseline. After 20 min, the
BSA solution was pumped to the surface and the adsorption began. An initial fast adsorption
process, followed by a slower one, was always observed. After a plateau in the signal was
observed, the selected potential (+500, +650, +800 or +950 mV) was applied while the
ellipsometric angles were monitored over time. As the two consecutive adsorption
experiments were performed with the same protein, no washing steps were implemented.
The applied potentials were selected taking into account the window potential of OTCE,
which spans between −0.4 V and 1.0 V. The potential was applied using a CHI812B
Electrochemical Analyzer (CH Instrument, Inc.; Austin, TX), a Ag|AgCl|KClsat reference
electrode and a platinum wire as the counter electrode, mounted on the cell using ad hoc
supports. This experimental procedure provided the data to calculate the thickness of the
OTCE, the adsorbed amount of BSA, and the adsorption rate. In order to verify the thickness
of the adsorbed layer of BSA, Brilliant Blue was added to the cell and the measurement
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repeated.26 This procedure changes the optical properties of the adsorbed protein layer,
which can be represented using a simple optical model (Lorentz), increasing the sensitivity
of the detection. The experimental data was used to determine the thickness (d, expressed in
nm) of the adsorbed layer. Then the adsorbed amount (Γ, expressed in mg·m−2) was
calculated using Equation 1,

Equation 1

where n and no are the refractive index of the protein and of the ambient (aqueous buffer),
respectively. In accordance with previous reports,24, 27 the refractive index increment for the
proteins in the adsorbed layer (dn/dc) was assumed to be 0.187 mL·g−1. BSA was
considered as a model system to begin the study of protein adsorption to the substrates
(OTCE). Thus, the physicochemical characteristics of this globular protein, such as
molecular weight (66.5 kDa),28 isoelectric point (IEP = 4.7),29 dimensions (4 nm × 4 nm ×
14 nm),28 and glass transition temperature (defining it as a soft protein)3 were taken into
account to analyze the experimental results.

Atomic Force Microscopy (AFM)
AFM was used to confirm the topography of the OTCE. Experiments were performed using
a Veeco diMultimode Nanoscope V scanning probe microscope (Plainview, NY) operating
in tapping and non-contact mode.

3. Results
Development of the Optical Model

The interpretation of ellipsometric measurements typically requires an optical model that
describes the substrate microstructure in terms of the refractive index (n), extinction
coefficient (k), and thickness (d). Accordingly, a previously reported optical model21, 22 was
refined to include five uniaxial layers with optical axes parallel to the substrate surface
(shown in Figure 1A).

In all cases, the ambient was represented using the optical properties of water. First, the
silica wafer was described using the dielectric functions of Si (bulk, d = 1 mm) and SiO2 (d
= 2.1 ± 0.5 nm). Then, the OTCE (d = 19.6 ± 0.7 nm) was described using the optical
constants obtained experimentally in our lab and presented in a previous paper.22 In order to
improve the accuracy of the model, it was necessary to incorporate a layer of void space
representing nano-bubbles on the surface of the OTCE. In agreement with previous
reports,30–33 the hydrophobic and rough surface of nanostructured materials (like the OTCE
used in these experiments, see Figure 1B) can trap nano-sized bubbles in concave areas of
the substrate that are retained on the surface due to unfavorable interactions with water.
Finally, a Cauchy function was used to describe the layer of BSA. This arrangement allowed
good agreement (MSE < 10) between the experimental and model-generated results. This
model enabled the calculation of the thickness of the BSA layer, adsorbed onto the OTCE
substrates.

Effect of Potential on the Adsorption Process
In order to investigate how the BSA adsorption is affected by the potential applied to the
electrode surface, three distinct procedures were initially carried out. Representative results
for the three modes are shown in Figure 2, where the adsorbed amount of BSA was
calculated as a function of time. In the first case (Figure 2A, BSA adsorbed onto the OTCE
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at OCP), it can be observed that the protein quickly adsorbs to the surface, reaching
saturation (1.5 ± 0.2 mg·m−2) in less than 45 min, under the selected experimental
conditions. Considering the thickness calculated for this layer (2.1 ± 0.3 nm), the dimensions
of the protein, and the fact that BSA is a soft protein (prone to spreading3, 34, 35), these
results suggest that BSA adopts a side-to-surface conformation under OCP conditions. In
agreement with previous reports,3, 36, 37 this adsorption behavior has been attributed to a
combination of hydrophobic and (to a lesser degree) electrostatic interactions between the
surface and the protein as well as lateral interactions between protein molecules. As the
surface coverage increases, the number of available sites decreases, therefore limiting the
adsorption rate and leading to the plateau observed in Figure 2A.

It was also observed that if a potential is applied to the electrode surface (traces B and C in
Figure 2), a significantly higher amount of BSA can be adsorbed to the OTCE. In addition, it
was observed that the time at which the potential is applied to the electrode also has a
significant impact on the adsorption process. If the potential is applied from the beginning of
the experiment (Figure 2B), the adsorption process yields the formation of a thicker layer
(~2.3 mg·m−2, at 40 min) that continues to grow for as long as the potential is applied. As
most experiments in the literature have been performed with charged proteins, this
observation has been attributed to favorable electrostatic interactions between the surface
and the protein.38, 39 It is important to address that although this experimental design clearly
supports the hypothesis that a potential applied to the electrode surface influences the
adsorption process, it does not allow an independent evaluation of the effect of the applied
potential during the initial stages of the interaction. In part, this limitation can be attributed
to the high affinity of the protein for the surface that, even in the absence of the external
potential, prevails over any other contribution and leads to the accumulation of protein on
the surface. In order to separate these effects and perform a kinetic evaluation of the
interaction upon the application of the potential to the electrode, experiments described in
this manuscript were performed using OTCE substrates that were first modified with a layer
of BSA, adsorbed under open circuit potential and using experimental conditions leading to
fast saturation of the surface (10 mmol·L−1 citrate, pH = 4.7, and 0.50 mg·L−1 BSA). This
set-up also minimized the effect of slight differences (thickness and/or surface properties)
between OTCE prepared in different batches. As can be observed in Figure 2C, the
thickness (and the adsorbed amount) of the protein layer increased upon the application of
the external potential. The adsorption rate upon the application of the potential (dΓ/dt1),
calculated from the Γ-t plot in the first seconds of the experiment was 0.014 ± 0.002
mg·m−2·min−1. This value is substantially lower than the adsorption rate of BSA to the bare
surface of the OTCE with or without the application of external potential (2.0 ± 0.3
mg·m−2·min−1).

It was observed that applying a potential to the electrode surface can lead to higher amounts
of protein adsorbed to the surface. For example, in a case where the adsorption process was
followed for ~15 hours during the application of +800 mV (see Supplementary Information),
a steady increase in the adsorbed amount was observed, reaching almost 8 times the amount
obtained at OCP (17.6 ± 0.8 mg·m−2). These findings not only are the highest adsorbed
amounts reported in literature to date, but also indicate that the effect of the applied potential
is able to propagate through the layer of adsorbed BSA. Furthermore, the results shown in
Figure 2 indicate that multiple layers of protein can accumulate on to (conductive) solid
surfaces. The time constants for such processes are significantly slower (on the order of
10−3) than those associated with the formation of the first layer of protein onto the bare
OTCE surface. Since the presented results were verified by the addition of Brilliant Blue
(yielding to a signal that is proportional to the amount of protein adsorbed), the observed
changes cannot be attributed to the protrusion of the protein layer towards the solution
(which could increase the thickness of the layer with constant amount of protein).3, 5, 40
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Other effects such as the roughness of the substrate41 or the so-called electro-optic effect42

have been discarded in control experiments.

Effect of the Magnitude of the Applied Potential
The adsorption of BSA was also investigated as a function of the magnitude of the potential
applied. In all cases, the adsorption experiment began by recording the baseline (bare
electrode) and then allowing a monolayer of BSA to adsorb on the surface of the OTCE at
OCP (2.1 ± 0.3 nm). After 60 min, when stable readings were obtained for the ellipsometric
angles, the selected potential was applied and maintained until the end of the experiment. In
order to favor electrostatic interactions between BSA and the surface (anodically polarized),
experiments were performed at pH = 5.7 (above IEP). Representative results are shown in
Figure 3.

As can be observed, when +500 mV was applied to the OTCE, no significant differences in
the thickness of the layer (and the adsorbed amount) were observed. The same behavior was
also observed when potential values in the −500 mV/+500 mV range were applied (data not
shown). Higher potential values, however, induced the accumulation of BSA molecules,
leading to significant changes in the thickness of the layer (and the adsorbed amount). In all
cases, a fast growth in the protein layer was observed within the first 15 sec upon the
application of the potential (dΓ/dt1), followed by a slower process (dΓ/dt2) that remained
constant until the end of the experiment. Table 1 summarizes the results calculated (using
the least square method) for each of those processes as a function of the potential applied to
the electrode surface.

The observed increases in the adsorbed amount have been attributed to the polarization of
the adsorbed layer and the subsequent electrostatic interaction with the incoming protein
molecules. Likely, the inherent flexibility of BSA plays a critical role in the described effect,
making its tertiary structure particularly susceptible to structural changes as a response to
electrical conditions. Several papers have described the possibility of inducing changes in
the adsorbed layer based on redox processes involving the adsorbed protein. It is also
important to note that many of these reports are based on the immobilization redox-active
proteins (such as ferredoxin43) or the adsorption of proteins to electro-active susbtrates (for
example mercury amalgams,9 PoPD/C-Ni/GCE,44 or doped polypyrrole,45). In limited
cases, BSA shows an oxidation peak at potential values in the 700 mV46, 47 to 800 mV48, 49

range, which have been attributed to the oxidation of three amino acids (cysteine, tryptophan
and tyrosine) that, after protein adsorption, are in close proximity to the electrode surface. In
order to verify that redox processes are not associated with the changes described in the
manuscript, cyclic voltammetry was performed before and after the protein was adsorbed to
the electrode. While it was observed that the adsorption of BSA onto OTCE induced
increases in the capacitance of the substrate, no evident redox peaks were obtained within
the selected potential window (see Supplementary Information). Therefore, in order to
induce fast changes in the adsorbed layer while minimizing the possibility of inducing redox
processes in the adsorbed layer, +800 mV was considered optimal and used for the
remaining experiments.

Effect of the pH
Among other alternatives to manipulate the charge of proteins,50, 51 adjusting the pH of the
solution is probably the simplest one. Therefore, adsorption experiments were performed in
BSA solutions buffered in the 3.7 – 6.7 range. This range was selected to include the IEP of
BSA (4.729, 52) while retaining sufficient buffer capacity in the ambient solution (citrate
pKa1 = 3.14, pKa2 = 4.77, pKa3 = 6.39).53 In order to gain preliminary insights about the
effect of electrode potential on the adsorption of BSA under physiological conditions,
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additional experiments performed at pH = 7.2 (buffered with 10 mmol· L−1 phosphate) were
also performed. Under these conditions, the zeta potential of BSA spans ± 15 mV54 and
could lead to conformational changes in the protein,29, 55 and varied surface coverage,
depending on the pH.52, 56–58 Therefore, to minimize variability in the thickness of the BSA/
OTCE substrate used for the experiments, the first layer of BSA was adsorbed to the OTCE
at pH = 4.7, yielding a monolayer of protein with an average thickness of 3.5 ± 0.7 nm (after
40 min at OCP). Then, the solution impinging the substrate was sequentially replaced by the
buffer at the selected pH value and then by a solution containing BSA (prepared in the
selected buffer) to establish the baseline (at OCP and the pH selected for the experiment).
No spontaneous adsorption of BSA was observed within the pH range studied. Next, the
potential (+800 mV) was applied to the electrode surface and the adsorption process
followed by SE. In all cases, the two previously described processes were observed after the
potential was applied, leading to the accumulation of BSA on the substrate. As a summary,
Figure 4 shows the relative increase in thickness of the BSA layer after 3 hours, defining
100 % as the thickness of the first layer of BSA adsorbed to the OTCE.

As seen in Figure 4, a significant increase in the thickness (and adsorbed amount) of the
BSA layer was observed upon the application of the external potential at all studied pH
values. As these changes correspond to the change in thickness upon the application of the
potential, they cannot be attributed to differences in conformation of BSA.29 The increase in
thickness (and absorbed amount) obtained above the IEP has traditionally been explained by
considering the electrostatic attraction between the positively charged surface and the
negatively charged protein; however the large increases obtained below the IEP (electrode
polarized at +800 mV, positively charged protein) contrast with the expected electrostatic
behavior. Furthermore, the largest change in adsorbed amount was obtained at the IEP,
yielding a 2.5-fold increase in the thickness of the resulting layer. These findings suggest
that electrostatic interactions between the sorbent surface and the protein being adsorbed
(while possibly present) are much less relevant than other processes induced by the external
electric field.

Effect of BSA Concentration
The effect of BSA concentration was evaluated in the 0.01 - 1.00 mg·mL−1 range. Again, the
experiment was performed by first adsorbing a monolayer of BSA (10 mmol·L−1 citrate, pH
= 4.7, 40 min) on the OTCE at OCP. Next, the impinging solution (10 mmol· L−1 citrate, pH
= 4.7, containing BSA at the selected concentration) was pumped to the cell for 20 min to
evaluate the stability of adsorbed protein layer and to establish a baseline. Then, the
potential was applied and the experiment followed for additional 220 min. Figure 5 shows
representative results related to the dynamic adsorption of BSA in the conditions above
described.

As shown in the figure, no desorption was observed after rinsing the surface with either the
citrate buffer solution or any of the BSA solutions introduced in the cell. A change in the
thickness (and adsorbed amount) of the BSA layer was only observed when the potential
was applied to the sorbent surface. The kinetics of the adsorption process (dΓ/dt1 and dΓ/
dt2) were found to be proportional to the concentration of BSA used in each experiment.
These results indicate that the attachment of BSA is controlled by the number of protein
molecules arriving to the sorbent surface. However, by comparing the adsorption rate
obtained at the bare OTCE (2.0 ± 0.3 mg·m−2·min−1) and the adsorption rate obtained upon
the application of the potential (1.75 ± 0.01 × 10−3 mg·m−2·min−1) using 0.10 mg·mL−1

BSA, it is evident that only a small fraction of the incoming protein molecules can be
adsorbed in the latter case.
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Effect of Ionic Strength
In order to investigate the contribution of electrostatic interactions on the adsorption process
assisted by potential, the effect of ionic strength was investigated. For these experiments, a
monolayer of BSA was first adsorbed (10 mmol·L−1 citrate, pH = 4.7, 0.50 mg·mL−1 BSA,
40 min) on the OTCE at OCP. Next, the impinging solution was switched to a solution
containing the selected concentration of NaCl (prepared in 10 mmol·L−1 citrate buffer at pH
= 4.7, 0.50 mg·mL−1 BSA) for 20 min. Finally, the potential was changed from OCP to
+800 mV to induce accumulation on the surface. The results are summarized in Figure 6.
After the BSA/OTCE substrate was exposed to increasing concentrations of NaCl (between
60 and 80 min), a slight decrease in the thickness of the adsorbed layer was observed. Rather
than desorption of BSA from the substrate, this decrease can be attributed to a compression
of the protein layer due to shielding of the electrostatic interaction within the adsorbed
protein molecules and was not considered significant.

Upon the application of the potential, substantial increases in the thickness (and adsorbed
amount) were observed. The kinetics of the adsorption process (dΓ/dt1 and dΓ/dt2) were
found to be inversely proportional to the concentration of NaCl used in each experiment.
These results (performed at the IEP of the protein) indicate that the potential applied to the
substrate is able to affect the adsorption process and that the ions present in the surrounding
solution are able to reduce that interaction. The observed effect is opposite to the behavior
observed when the adsorption experiment is performed with charged proteins,40, 59, 60 where
increasing concentrations of ions can increase the adsorbed amount by either complexation
with oppositely charged patches or electrostatic shielding.

4. Summary and Discussion
The experiments described in this manuscript have used the surface of an optically
transparent carbon electrode saturated with a layer of BSA (as the sorbent substrate) to
investigate the effect of an external potential applied on the adsorption of subsequent BSA
molecules. Only potential values higher than +500 mV (applied to the substrate), promoted
the accumulation of BSA on the substrate. Both the magnitude of the resulting change
(arbitrarily determined at 250 min) and the kinetics of the process showed a significant
dependence on the experimental conditions selected. In general, application of higher
potentials, selection of pH values around the IEP of the protein, high concentrations of
protein, and low ionic strengths yielded faster kinetics and the accumulation of larger
amounts of BSA on the substrate. The obtained values are compatible with the formation of
a disordered system composed of multiple layers of protein.

In a traditional adsorption experiment (performed at OCP), these findings would suggest that
the adsorption process is driven by a gain in entropy and the formation of attractive non-
covalent interactions such as van der Waals forces and hydrogen bonds of the BSA
hydration shell,58 overpowering lateral electrostatic repulsions, when relevant. At OCP also,
BSA molecules could also form an arrangement favoring electrostatic interactions between
negative and positive patches in the protein (polar ordering58) or enclose counterions leading
to the formation of a multilayer system. However, the described accumulation of BSA on
the substrate (OTCE/BSA) was only observed when the potential was applied. Although
similar experiments have been previously described, the results obtained around the IEP of
the protein are in contrast with the accepted hypothesis that enhanced electrostatic
interactions between the polarized substrate and the (oppositely charged) protein are solely
responsible for the enhanced adsorption.

To explain these results, it is necessary to consider that the rate of adsorption at the solid/
liquid interface can be generally described by the transport of the solute molecules from the
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bulk to the interface, the attachment to the surface, and the relaxation on the surface. When
the concentration at the surface is zero, the flux of adsorbate (J) towards the surface can be
described by Equation 2,

Equation 2

where ν is the kinematic viscosity of the solvent, R is the inner radius of the tube through
which the solution enters the cell, D is the diffusion coefficient of the studied adsorbate, β is
the probability of attachment, γ is a correction factor that accounts for the geometry of the
cell,23 and C is the concentration of the adsorbate in the bulk. Around the isoelectric point,
the probability of attachment of BSA to the bare surface of the OTCE can be approximated
to be one, leading to dΓ/dt0 values that increase linearly with the concentration of BSA in
solution, until a plateau is reached at approximately 0.1 mg·mL−1.

Therefore, it is reasonable to assume that in the experiments designed to investigate the
effect of the potential applied to the electrode, there is enough BSA supplied to the surface
to sustain a much higher adsorption rate than the observed. However, the probability of
attachment of BSA to the BSA/OTCE surface is much lower than the probability of
attachment to the bare OTCE surface. According to the described results, the potential
applied to the electrode is able to increase this probability, allowing other proteins to adsorb
and grow the layer. The hypothesis is that this phenomenon can be associated to the
possibility of polarizing the incoming adsorbing molecules. As schematically shown in
Figure 7, when the experiment is performed at OCP, BSA is able to form a rather compact
layer of protein adsorbed to the electrode surface.

As no desorption was observed and thickness values lower than the dimensions of the
protein were obtained, it is reasonable to assume that after the interaction with the surface,
BSA underwent structural rearrangements (spreading). At this point, and although more
protein can reach the substrate, the absence of available sites limits the adsorption and the
surface is considered to be saturated.

On the other side, if a potential (larger than +500 mV vs Ag|AgCl|KClsat) is then applied,
the surface of the electrode (OTCE/BSA) becomes polarized. The larger the applied
potential, the larger the effect. More importantly, comparing the adsorption rates it can be
concluded that the probability for incoming proteins to get close enough to the surface,
become polarized, and adsorb to the substrate is about 1 in 1000. Because a rather constant
adsorption rate was observed (within the time course described in this manuscript), the
polarization effect does not seem to be limited by the thickness of the layer.

Because BSA is a “soft” protein, it is probably particularly prone to this polarization effect
that can be attributed to the alignment of individual dipoles present in the protein (charged
amino acids, peptidic bonds, etc.). The experiments performed as a function of solution pH
suggest that this effect is more pronounced at the isoelectric point of the protein. The
experiments performed as a function of the concentration of protein indicate that as more
protein molecules impinge on the surface, more proteins can become polarized molecules,
increasing the adsorption rate. Moreover, this hypothesis is also in agreement with the
experiments performed at different ionic strengths, which showed that increasing amounts of
salt decreased the adsorption rate. We believe that this observation can be attributed to the
shielding effect exerted by the ions in solution, which can shield the incoming proteins from
the electric field applied to the surface. Also in agreement with the soft nature of BSA, it is
important to note that no significant desorption of BSA was observed, enabling the gentle
rinse of the surface without affecting the thickness of the adsorbed layer.
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5. Conclusions
The adsorption of BSA onto OTCE was investigated using spectroscopic ellipsometry,
coupled to chronoamperometry and under different experimental conditions (pH, protein
concentration, and ionic strength). The experimental results suggest that the potential
applied at the BSA/OTCE interface can polarize the substrate and induce the polarization of
a fraction of the BSA molecules present in the proximity of the surface. This polarization
effect could result in a new route to promote the immobilization of larger amounts of
macromolecules to solid surfaces, leading to the development of surfaces with unparalleled
biological properties and catalytic activity.
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Figure 1.
A) Ellipsometric model used to interpret the optical behavior of adsorbed protein layer. B)
AFM micrograph of the surface of the OTCE used as substrate for adsorption experiments
of BSA.
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Figure 2.
Dynamic adsorption experiment of BSA onto OTCE at open circuit potential (A), when 800
mV were applied from t=0 (B); and when +800 mV from were applied at t=60 (marked with
the arrow). Conditions: 0.50 mg·mL−1 BSA, dOTCE = 19.6 ± 0.7 nm, 10 mmol·L−1 citrate
buffer at pH = 5.7, flow rate of 1 mL·min−1.
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Figure 3.
Effect of applied potential on the dynamic adsorption of 0.50 mg·mL−1 BSA onto a BSA/
OTCE substrate. Adsorption experiments were performed in 10 mmol·L−1 citrate buffer at
pH = 5.7 with a flow rate of 1 mL·min−1 at: A) OCP; B) +500 mV; C) +650 mV; D) +800
mV; and E) +950 mV. The arrow shows the time when the external potential was applied.
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Figure 4.
Effect of pH on adsorption of 0.50 mg·mL−1 BSA at +800 mV after adsorption of a BSA
layer (3.5 ± 0.7 nm) onto OTCE at OCP and IEP. All experiments were performed in 10
mmol·L−1 citrate or phosphate buffer and a flow rate of 1 mL·min−1.
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Figure 5.
Effect of BSA concentration on adsorption at +800 mV of: A) 0.01, B) 0.05, C) 0.10, D)
0.50, and E) 1.00 mg·mL−1 after a BSA layer (3.5 ± 0.7 nm) was adsorbed onto OTCE at
OCP. All experiments were performed in 10 mmol·L−1 citrate buffer at IEP and at a flow
rate of 1 mL·min−1. The arrow shows the time when the external potential was applied.
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Figure 6.
Dynamic adsorption of BSA (0.50 mg·mL−1) at +800 mV onto a BSA/OTCE substrate in
citrate buffer at pH = 4.7 with the addition of 100 mmol·L−1 NaCl (A), 50 mmol·L−1 NaCl
(B), 25 mmol·L−1 NaCl (C), and no NaCl (D). The experiments were performed at a flow
rate of 1 mL·min−1. The arrow shows the time when the external potential was applied.
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Figure 7.
Schematic representation of the adsorption process of BSA at OCP and in the presence of
the external potential.

Benavidez and Garcia Page 20

Langmuir. Author manuscript; available in PMC 2014 November 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Benavidez and Garcia Page 21

Table 1

Initial adsorption rate (calculated after the corresponding potential was applied, dΓ/dt1), linear approximation
of the second adsorption process (dΓ/dt2), calculated in the 150–250 min interval of the experiment) and final
adsorbed amount of BSA onto the BSA/OTCE substrate as a function of the potential applied to the electrode.

dΓ/dt1 (× 10−3 mg·m−2·min−1) dΓ/dt2 (× 10−3 mg·m−2·min−1) Γ @ 250 min (mg·m−2)

+500 mV 1.0 ± 0.7 0.28 ± 0.02 1.62 ± 0.02

+650 mV 6.4 ± 0.7 0.95 ± 0.03 1.88 ± 0.03

+800 mV 14 ± 2 2.73 ± 0.02 2.29 ± 0.03

+950 mV 22 ± 3 6.63 ± 0.02 3.03 ± 0.03
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