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Abstract

The adsorption of a model protein, bovine serum albumin (BSA), on Au electrodes was investigated using the Cu adatom probe method and
Electrochemical Quartz Crystal Nanobalance (EQCN) technique. The adsorption of BSA was confirmed by AFM imaging and has been found to be
controlled by kinetics. Using the Cu adatom probe method, we were able to reconstruct the entire BSA adsorption transient @gga vs. £. The adsorption
rate constant k, determined from this transient is k; =2.45x 10> L mol ' s~ . We have found that the bulk Cu® deposition process is blocked by BSA
adsorption and it decays exponentially with time during BSA adsorption. It ceases completely when a full monolayer of BSA is formed. In contrast to
that, the mass associated with Cu-u.p.d. decreases only to ca. 50% of that in the absence of BSA, indicating that Cu adatoms can penetrate (wedge)
into the space between the surface Au atoms and the adsorbed BSA molecules. In addition to that, we have found that the degree of penetration of Cu
adatoms can be controlled by the applied deposition potential. By selecting a sufficiently cathodic potential, we were able to deposit a full Cu-u.p.d.
monolayer, independent of the BSA surface coverage extending from @ggs =0 to Opga = 1. The positive shift of Cu,q desorption peak potential £,,,
observed in the presence of adsorbed BSA, has been interpreted in terms of Frumkin exchange interaction forces between Cu,yq and BSA,4, on the
basis of our earlier theoretical model, expanded here to include adsorbed species in two monolayers. This expansion is possible owing to the fast rate
of Cu adatom penetration in the interfacial region. From the plots of £, vs. @gga, the presence of strong attractive interactions between Cu,q and
BSA,4 was deduced. These interactions result in a super-shift of the Cu-u.p.d. desorption peak potential, corresponding to the exchange interaction

coefficient gy x <—4, indicating on a possibility of the formation of a stable interface complex.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The adsorption of proteins on solid surfaces has been the
subject of a particular scientific interest in many fields, including
biomimetic electron-transfer processes [1-3], protein-mem-
brane phenomena [4], studies of antibody—antigen and other
affinity interactions [5—7], and the interactions of proteins with
solid surfaces with various kinds of adsorbed species [8,9]. The
interactions of proteins with metals have also been studied to
investigate the effects of substrate materials on the protein
molecule integrity and its biological activity [10—22]. The
adsorption of proteins is an important issue for many practical
applications such as the biosensors [7,23—29], medical implants
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[30], drug development and drug delivery systems [7,31], food
processing [32—34], and others.

Among different methods used in studies of adsorbed
proteins and other compounds of biological importance, are
non-electrochemical techniques such as the radioactive labeling
[35], ellipsometry [35-38], infrared reflection-absorption spec-
troscopy [39], electron microscopy [40], surface stress measure-
ments [41], lateral friction force [42], electroreflectance [43] and
surface-enhanced Raman spectroscopy [44]. A group of elec-
trochemical methods includes voltammetry, used for studies of
redox proteins [1-3], electrochemical quartz crystal nanoba-
lance (EQCN) technique [26,45], adatom probe [8] and redox
ion probe [9] methods, atomic force microscopy (AFM)
[8,9,46], quartz crystal immittance (QCT) technique [9], rotating
disk electrode (RDE) voltammetry [8], capacitance and surface
charge measurements [1,47], and electrochemical impedance
spectroscopy (EIS) [33]. The EQCN technique has been
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previously used to monitor a variety of surface processes [26],
including adsorption and reactivity of small organic compounds
of biological importance and biocompatible polymers [48—58].
Recent studies included also small polypeptides [48,49] and
globular proteins [9,59,60].

In this work a model protein, bovine serum albumin (BSA),
was used to study its adsorption on Au electrodes and surface
interactions between underpotentially deposited copper adatoms
and adsorbed BSA molecules. This experimental work is related
to our earlier theoretical analysis [61] of the effect of irreversible
adsorption of organic compounds on anodic stripping voltam-
metry of metals. In previous studies [8], we have investigated the
kinetics of BSA adsorption on a Ag-RDE using the Pb-adatom
probe technique in the range of low BSA surface coverages,
0<6psa<0.4. It has been found that the adsorption process is
relatively fast, with the rate constant: k,qs=2.42 x 107* cm/s.
The equilibrium constant for BSA adsorption on Ag electrode is:
K,4s=2.17x10" L/mol, which corresponds to the Gibbs free
energy of adsorption: AGoy=—9.99 kcal/mol (—41.85 kJ/mol).
The adsorption of BSA on Au is also relatively strong, as
documented in EQCN and AFM studies [9]. Recently [9,62], we
have investigated the conformational transitions of BSA
molecules adsorbed on Au using the EQCN and QCI techniques.
The conformational transitions were induced under potential
control conditions by Cd adatoms and the electrocatalytic nitrate
reduction process.

To gain further insight into the nature of metal adatom inter-
actions with adsorbed proteins, in the present work we have in-
vestigated the surface phenomena associated with adsorbed BSA
and Cu adatoms, which do not induce conformational transitions
observed with underpotentially deposited cadmium [9]. The parti-
cular interest was whether the Cu,q adatoms do interact with BSA 4
and whether they can wedge into the space between the surface Au
atoms and the adsorbed BSA molecules. This type of wedging
process was suggested before for copper metal adatoms and
adsorbed tripeptide glutathione [48,49], as well as for Cu-u.p.d. and
self-assembled monolayer films of short carbon chain thiols [63].

2. Experimental
2.1. Chemicals

All chemicals used for investigations were of reagent grade
purity. Bovine serum albumin (BSA) was purchased from
Aldrich Chemical Company and was used without further
purification. The molar mass of BSA is Mgga=69,000. Other
compounds, including copper sulfate and sulfuric acids, were
obtained from Alfa Aesar. Solutions were prepared using Milli-
Pore Milli-Q deionized water (conductivity o =55 nS/cm). They
were deoxygenated by bubbling with purified nitrogen. The
experiments were performed at room temperature, 22 °C.

2.2. Instrumentation
An Electrochemical Quartz Crystal Nanobalance Model

EQCN-930 (Elchema, Potsdam, NY) with 10 MHz AT-cut quartz
crystal resonators was used in this study. The EQCN technique

allowed us for simultaneous monitoring of voltamperometric and
nanogravimetric characteristics. The resonant frequency of the
quartz crystal lattice vibrations in a thin quartz crystal wafer was
measured as a function of the mass attached to the crystal interfaces.
For thin rigid films, the interfacial mass changes Am were related to
the shift in series resonance oscillation frequency Afof the EQCN
through the Sauerbrey equation [64]:
Af = - 2Amnfg
N

where f; is the oscillation frequency in the fundamental mode,  is
the overtone number, A is the piezoelectrically active surface area,
Pq is the density of quartz (p,=2.648 g cm %), and Uq is the shear
modulus of quartz (tq=2.947 % 10" g em™ ' s™?). The oscillator
was tuned to the resonance frequency of working piezoelectrodes to
minimize effects due to energy dissipation in protein films. All
experimental variables influencing the resonant frequency [26] of
the EQCN electrodes, such as the temperature, pressure, viscosity
and density of the solution, were kept constant during the course of
measurements. The experimental uncertainty in the apparent mass
change measurements was +0.1 to 0.5 ng (depending on the time
scale of experiments) and the instrument resolution was 0.01 ng.

The piezoelectrically active (geometrical) surface area of the
working Au electrode was 0.196 cm? and the real surface area
A=0.255 cm? (roughness factor R=1.3). A 200 nm thick Au
film was deposited on a 14-mm diameter, 0.166-mm thick, AT-
cut quartz resonator wafer with vacuum evaporated Cr adhesion
interlayer (20 nm thick). The real surface area was determined
for Au-EQCN electrodes by a standard monolayer oxide forma-
tion procedure [65].

The resonator crystals were sealed to the side opening in a
glass vessel of 50 mL capacity using high purity siloxane glue
with intermediate viscosity (Elchema SS-431). The seal was
cured for 24 h at room temperature. The working electrode was
polarized using a Pt wire counter electrode and its potential
measured vs. a double-junction (1M KNO; external solution)
KCI saturated Ag/AgCl electrode.

A Model PS-605 potentiostat/galvanostat (Elchema) was
used in the measurements. A 16-bit real-time Data Logger and
Control System DAQ-716v with VOLTSCAN 5.0 (Intellect Sft.,
Potsdam, NY) working under MS Windows-XP operating sys-
tem was used for simultaneous recording of i—F and Af~F, or i~
and Af~t curves. The experimental curves were fitted using
Voltscan 5.0 or Microcal Origin 6.0 least-square fitting routines.
For fitting of adsorption kinetics transients, appropriate equa-
tions were programmed as the user-defined functions.

Atomic Force Microscopy (AFM) imaging of BSA films on
Au piezoelectrodes was done using a Veeco Model Nanoscope
[IIa SPM and an Elchema nanopositioner Nanoscan NP-5.03.
The cantilevers with high resonance frequency (higher than
250 kHz) with sharpened Si tips for tapping mode AFM imaging
were employed.

(1)

2.3. Procedures

The Au electrode surface was cleaned by degreasing in propyl
alcohol, followed by immersing in piranha etching solution
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(30% H,0,/H,SO4=1:3) for 2 min, and rinsing with triply
distilled water. The Au|BSA films were formed by injection of an
aliquot of 0.1% w/w BSA stock solution (14.49 pM) into the
analyte under study while monitoring the EQCN frequency shift
and/or the decay of a redox ion probe current using cyclic
voltammetry. The BSA concentrations, after dilution, were in the
range from 4.8x10™® to 6x 10”7 M. The permeability of BSA
films was tested using a Cu adatom probe method or occasionally
a redox probe method with 0.4-3 mM Fe(CN);~ ion probe
solution, except as otherwise noted. The electrolyte concentra-
tions employed during BSA film formation and experiments
with Cu deposition were maintained low to avoid suppression of
electrostatic components of BSA-BSA and BSA-substrate
interactions. The main solution used for investigations of BSA
dynamics was 5 mM CuSO4+5 mM H,SO, with pH=2.19,
which was used in all experiments, except as otherwise noted. In
this solution, BSA is in a partially unfolded (denatured) state [62]
(the native state can be reversibly restored at higher pH and
higher salt concentration). The medium exchange, whenever
necessary, was done without drying the protein film. All experi-
ments were carried out with freshly prepared Au|BSA electrodes
(within 2-3 h from the film deposition) to avoid long term
conformation changes of adsorbed BSA, which may be en-
countered at longer times (e.g. overnight).

The acoustic impedance characteristics vs. frequency in
vicinity of resonance and antiresonance frequency were
recorded using QCI unit of the Model EQCN-930 employing
the procedure described earlier [9,66]. The high frequency
complex admittance (10 MHz band) of quartz crystal resonators
was analyzed using evaluation and simulation functions of
Voltscan QCI 2.0 software. The adsorption of BSA on Au
piezoelectrodes caused only a minor increase in the resonance
resistance (less than 2 €)). Hence, the BSA film can be treated as
a thin rigid film. The admittance characteristics of BSA films on
Au are published elsewhere [9]. No changes in the admittance
modulus vs. frequency characteristics were observed on
deposition of small amount of copper, investigated in this work.

The BSA films for AFM imaging were prepared in the same
way as for the EQCN measurements, viz. by injection of a
9.6x10"*M BSA to a solution with submerged substrate for
60 min, followed by washing with distilled water and drying
with a stream of nitrogen at room temperature.

3. Results and discussion
3.1. Effect of albumin on bulk-Cu deposition on Au electrode

The adsorption of BSA on a gold electrode results in the
partial blocking of electrode surface. The diminished accessibil-
ity of electroactive species to charge transfer centers can be used
to evaluate the degree of surface coverage by BSA. In Fig. 1,
the effect of BSA on linear scan voltammetric characteristics of
a Au electrode in 5 mM CuSO4+5 mM H,SO, solution after
injection of a 9.6x10 *M BSA, is presented for scan rate
v=>50 mV/s. During the course of BSA adsorption, the active
surface area of Au electrode is gradually diminished and, hence,
the Cu®" discharge currents decrease in consecutive curves ob-
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Fig. 1. Linear potential scan voltammograms for a Cu’ deposition and
electrodissolution obtained in a 5 mM CuSO,4+5 mM H,SO, solution, recorded
at v=>50 mV/s, before and after injection of a 9.6 x 10-*M BSA; BSA adsorption
time [min]: (1) 0, (2) 0.15, 3) 1, 4) 2, (5) 3, (6) 4, (7) 5, (8) 6.

tained at longer times of BSA adsorption. At the same time,
the Cu® electrooxidation peak height also decreases, confirming
the lower amounts of copper deposited. The mass of Cu” formed
in these experiments was monitored by recording the EQCN
resonant frequency changes. The graph of Cu® mass My bulk VS-
time of BSA adsorption #,4s gsa 1 presented in Fig. 2. The mc,,
bulk—lads,Bsa curve can be fitted with empirical single exponential
decay function:

Tads BSA
MCubulk = Miin + Aexp{— %} (2)
0

where myg, is the final mass (mgz,=1.58 ng), 4 is the amplitude
(4=169.4 ng), and T, is the characteristic time constant for the
mass decay (tp=3.12 min). It is seen that at times longer than
18 min (ca. 6 % 13), the Au surface is virtually completely blocked
to the bulk Cu® deposition process. Therefore, the probing test with
bulk Cu® deposition can basically be used to estimate the surface
coverage @ggp by adsorbed BSA. However, in order to do that, the
linearity of the dependence @gga =/ (mcy upa), OF €xact form of this
dependence if it is non-linear, should be tested. Although the
experimental mcy puk and i, oy pui correctly decrease to zero on
adsorption of BSA, we have to take into account the fact that in the
growth of 3-D nuclei of Cu, both the current and mass are related
to the projected surface area as follows:

1/4 2 2
mCu,bulkOCVCu = E <§TE}"3) = §AI” = mA3/27 (3)

if we assume a simple model of monodispersed Cu’ nuclei with a
hemispherical shape. In the above expressions, V¢, is a volume
and 4 is a cross section of the nucleus. Therefore, mc pui should
show an inherent superlinear dependence on 4. The same type of a
relationship is expected between i, cypuic and 4. In reality, the
situation becomes more complicated because the nuclei are usually
polydispersed and the shape of nuclei may vary. The theory and
experimental evidence for the non-linearity of the charge—time
transients for progressive nucleation processes were published
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Fig. 2. The mcypuik V. tadspsa plot for the EQCN mass of Cu’® deposited on a
Au piezoelectrode from 5 mM CuSO,4+5 mM H,SO, solution, by scanning to
Eqep=—0.1V vs. Ag/AgClat v=50 mV/s, as a function of BSA adsorption time
after injection of a 9.6 x 10~ * M BSA; solid line represents the exponential decay
fitting function.

elsewhere [67]. This means that the calculation of ®@gg, from the
bulk Cu deposition characteristics is not as straightforward as it
might seem at the first glance. Since, in contrast to the bulk metal
probes, the adatom probes form only a monolayer coverage, they
are free from 3-D nucleation problems of the bulk metal probes, we
will rely more on the adatom probes, evaluated in the following
sections. The bulk Cu’ probe will be employed to confirm the full
coverage of BSA.

3.2. Formation of Cu-u.p.d. on Au in the presence of adsorbed
albumin

The u.p.d.-Cu on gold, which is observed in the absence of
BSA, is also formed in the presence of BSA. We have found that
in contrast to the bulk Cu® deposition, the u.p.d.-Cu process
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Fig. 3. Voltammograms for Cu-u.p.d. formation and stripping in a 5 mM CuSO,4+
5 mM H,SOj solution; Cu-u.p.d. deposited potentiostatically at Ege,=+0.15 V vs.
Ag/AgCl for 14¢,=5 s, recorded at v=>50 mV/s, before and after injection of a
9.6x 10" % M BSA; BSA adsorption time [min]: (1) 0, (2) 0.15, (3) 5, (4) 10, (5)
15, (6) 21, (7) 25, (8) 45, (9) 50.
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Fig. 4. The time dependence of: (1) peak current 7, ,,q and (2) peak potential
E‘;"d, for the desorption of a Cu-u.p.d. formed during the adsorption process of
BSA on a Au electrode; conditions the same as for Fig. 3; solid lines: non-linear
LSQ fitting.

does not vanish completely at high BSA surface coverage.
Therefore, we have investigated this interesting phenomenon in
more details. In Fig. 3, a series of voltammograms for u.p.d.-Cu
formation and stripping are presented. The program waveform
included a potential scan from E;=0.6 V to E,=0.15 V at
v=50 mV/s, holding at £,=0.15 V for 74.,=5 s, and a scan to
E;=0.6 V at v=50 mV/s. The test voltammograms were
recorded before BSA injection and periodically after the
injection of 9.6x10*M BSA. It is seen that the anodic Cu
desorption peak current 7, cy-upa decreases during the adsorption
of BSA and simultaneously, the peak potential £, cy.ypa shifts
toward more positive values. However, the i, cy-upa does not
decrease down to zero, even after 60 min of BSA adsorption.
The peak current decay plot of i, cy-upd VS- faasBsa 1S presented
in Fig. 4, curve 1. The solid line represents a nonlinear least-
square (LSQ) fitting to the exponential decay function: i=ig,+
Aexp{—t/ty}, with ig,=10.58 pA, 4=12.55 pA, and 7,=8.43
in. At @pga = 1, the peak current actually decreases only to ca.
50% of the initial value. In comparison to that, the bulk Cu’
deposition decreased to ca. 2% of its initial value, for the same
Ogga. Therefore, it is possible that part of the u.p.d.-Cu may be
wedged into the space between the Au surface atoms and the
adsorbed BSA molecules.

It has to be pointed out that it is not only the bulk Cu® mass,
which decreases to zero at f,4sgsa>18 min, that makes us
believe that a full monolayer coverage of BSA has been
achieved. We have also an independent confirmation from AFM
imaging, which indicates that a full monolayer coverage of BSA
is developed on samples showing high penetration of Cu
adatoms. An example of an AFM image of such a AuBSA
electrode surface is presented in Fig. 5. The AFM image was
obtained using a Si tip oscillating at 273 kHz, in the constant
amplitude negative feedback mode (also called the tapping
mode) to avoid any effect of the scanning tip on the soft BSA
film. The tapping mode is well established for studies of soft
targets. The AFM image presented in Fig. 5 shows the edge of a
dense BSA film. The sectioning analysis of the film thickness
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Fig. 5. Tapping mode AFM image of the edge of a BSA adsorption film on Au
piezoelectrode obtained from a 5 mM CuSO4+5 mM H,SO4+9.6 % 1008 M
BSA solution after 60 min of BSA adsorption; image size: (A) 875 x 875 nm?,
(B) 280 %280 nm?; vertical sensitivity 5 nm/div.

indicates that the height is #=4 nm, which corresponds to the
height of BSA molecules in horizontal orientation. Single
molecules of BSA observed in other media [9], could not be
resolved here, most likely because of the partial melting of the
protein at the low pH of the solution (conformer F with partially
unfolded domain IIT). We have not observed any Cu® clustering
on top of the BSA film, which appeared to be very smooth.

The peak potential shift for u.p.d. desorption is shown in
Fig. 4, curve 2. It can be fitted with the empirical logistic
function:

 E-E
- 1+ (tadsl::SA)p

with £1=0.292 'V, E,=0.372V, t,=6.70, and p=1.56. It has to
be noted that any binding of Cu®" to BSA in solution [68]

E, + E; (4)

would cause a decrease of the Cu(Il) discharge potential and a
negative shift of £,,. In our experiments, to the contrary, not a
negative shift but positive shift of the peak potential is ob-
served. The positive shift indicates on some kind of hindrance
of removal of Cu adatoms from Au surface at higher @gga.
However, these difficulties are not due to any kinetic retar-
dation of the desorption process or mass transport slowness
since this would immediately be manifested by the strong
asymmetry of desorption peak, which is not observed on any
curve (Fig. 3). Evidently, the shift of £, must be associated
with surface interactions of Cu adatoms with adsorbed BSA.
Further analysis of these interactions is presented in the next
section.

3.3. Surface interactions of Cu,, with adsorbed BSA

The interactions of Cu,q with adsorbed BSA can be related to
the model of lateral interactions of organic species with metal
adatoms, which we have developed before [61] for stripping
voltammetry. On the basis of Frumkin interaction forces, the
desorption peak of a metal u.p.d. (M,q) should be shifted nega-
tively when repulsive forces between M,4 and the adsorbed
organic X,q are present. Alternatively, the M,y desorption peak
should be shifted positively when atractive forces between M,q
and the adsorbed organic X,4 are dominant. The relationships
between the peak potential £, and system parameters are complex.
For a potentiostatic metal adatom deposition followed by linear
scan anodic stripping, we have derived the following formula:

RT
E,=E% +~—In ﬂ)

ozF ks
RT Omono \ RT
= in(- L oux® 5
e n( RT > 2 SMXTX ®)

where E% is the formal standard potential for M/M=" couple, z is
the metal ion charge, o, ia the charge transfer coefficient, & is the
standard rate constant, v is the potential scan rate, Opono 1S the
monolayer charge, gy x is the exchange interaction coefficient
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Fig. 6. The mcy upd V8. tads,sa plot for the mass of a Cu-u.p.d. formed during the
adsorption process of BSA on a Au electrode; conditions the same as for Fig. 3;
solid line represents a nonlinear LSQ fitting to the exponential decay function.
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between M,4 and X4, and Oy is the surface coverage by X,q4. In
our case, £%/ includes also the term due to the Gibbs free energy of
M-u.p.d. formation on the given substrate, AEﬂpd. By rearrange-
ment, Eq. (5) can be presented in the form:

RT RT
Ep :E’—i— EIH(V)_;gM,X@X (6)

where E’ is a constant. From this equation, it becomes clear that at
a constant scan rate, the peak potential for M,q desorption is
directly related to the exchange interaction coefficient gy, x and
the surface coverage by organic compounds O. To determine the
kind and strength of interaction forces between M, 4 and X4, we
can plot £, versus Ox and obtain the interaction coefficient gy x
from the slope:

JE, RT
<a @X) oF SMX ™)

v

Since the @ values are usually not directly known, we can use
the probe current or adatom mass to determine these values. Here,
we have a choice of ip,Cu,bulka ip,Cu,upda My bulks and Mcy,upd- As
discussed earlier, we will rely more on the adatom probes due to
the expected superlinear dependence of bulk Cu functions on free
surface area (Eq. (3) and the problem of incubation time due to the
nucleation and growth effects [67]). Therefore, we utilize here the
u.p.d. mass data to evaluate @gga. The Cu adatom probe variables
(especially, mc, upa) should be linear with the accessible surface
area (1-O@pg,). In an ideal case, one would expect then that mc,,
upd should cease to zero when @gsa—1. As seen in Fig. 6, this is
not happening in our experiments despite that the Cu bulk probe
tests indicate a full blocking effect by BSA. In Fig. 6, the mcy upa
VS. tasBsa €xperimental data are fitted with an exponential decay
function (solid line): m=mg,+Aexp{—1t/1o}, with mg,=6.89 ng,
A=13.43 ng, and 79=7.05 min. The only plausible explanation of
high final mass of Cu-u.p.d. mg, is that Cu adatoms may still be
able to penetrate the interface Au|BSA by wedging into the space
between Au surface atoms and the adsorbed BSA molecules,
while there is no other mechanistic pathway to form 3D Cu’
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Fig. 7. Plot of the peak potential E}’,pd vs. mass of Cu-u.p.d. mcyupa Observed
during the adsorption of BSA on a Au piezoelectrode from a solution of 5 mM
CuSO,4+5 mM H,80,+9.6x 10”* M BSA.
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Fig. 8. Plot of EWP® vs. surface coverage of BSA @gs, obtained from a single
experiment during BSA adsorption on a Au piezoelectrode from a solution of
5 mM CuSO,+5 mM H,S0,+9.6x10”* M BSA.

nuclei, other than on an uncovered Au surface. Similar effects
were considered in thiol SAM’s by Espandiu et al. [63] and in
systems of small adsorbed biological molecules [48,49,69].

To test the above conclusions, we can return back to Eq. (6) and
note that £, should be a linear function of @gga. Thus, if nmcy ypq is
really a measure of @gsa, then £, should be a linear function of
Mcyupd- The plot of B, vs. mcy ypa 18 presented in Fig. 7 and shows a
well defined linear dependence. On the other hand, if we plot £, vs.
My pulk OF £, V8. i, oy puik (plots not shown) then we do not obtain
linear dependencies, as expected. Therefore, we can conclude that
Mcyupd can be used to calculate @pg,. In further investigations, we
have employed the following definition for @gga:

(mCu_mCu,min)

Opsa = 1—
(mCuA,max_mCu,min)

(8)

Using this extended definition, we can now plot the Cu,g
desorption peak potential £, vs. @gga. This plot is shown in
Fig. 8. The slope (0E,/00),=0.0718, hence the value of gy x=
—2.80, indicating strong attractive interactions between the
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Fig. 9. The BSA adsorption transient @pga Vs. fy4spsa reconstructed from
measurements of EQCN mass of a Cu-u.p.d. formed on a Au/BSA electrode
during BSA adsorption.
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adsorbed BSA and Cu,qy. For the sake of comparison, we can
invoke similar investigations we have performed with BSA and
Pb-u.p.d. on Ag-RDE [8], which have shown that the interactions
of adsorbed BSA with Pb,4 are very weak and gy x = 0.

Using the BSA surface coverages determined from Cu-u.p.d.
mass data, the adsorption transient &g vs. ¢ can now be
reconstructed, as shown in Fig. 9. The experimental transient is
fitted (solid line) with the adsorption kinetics function:

Opsa = @eq(l—exp{—%}> 9)

with @.,=0.954, and time constant 7,=7.07 min. Here, 7o=1/
(kyC+k_1), where k; and k_ are the adsorption and desorption
rate constants, respectively, and C is the BSA concentration in
solution. The initial slope of adsorption transient is: (0@/
01)~0=0.141 min~'. From this slope, the value of k; can be
evaluated since: (00)/0f)—o=k(1—O)C. Hence, for ©=0 at
=0, one obtains: k;=1.47x10° L/(mol min)=2.45x10> L/
(mol s).

3.4. Further insights into the formation of Cu-u.p.d. and
interactions with adsorbed albumin

The process of wedging of Cu,q into the space between the
surface gold atoms and the adsorbed BSA molecules, mentioned
earlier, is difficult for detailed studies. In particular, the
assessment of surface density of Cu,g, of copper adatoms
underneath BSA is not well understood. On the basis of the mc,,
upd Measurements (Fig. 6), it is seen that the surface coverage of
Cu,q is close 0.5 at @pga = 1. In other words, copper adatoms
underneath adsorbed BSA molecules fill only about half of
adsorption sites that would otherwise be filled on an uncovered
Au surface.

To gain more information on Cu,q wedging process, we have
performed a series of experiments similar to those shown in Fig. 1,
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Fig. 10. Voltammetric desorption peaks of a full monolayer Cu-u.p.d. formed on:
(1) bare Au and (2) Au|BSA electrode, in a solution of 5 mM CuSO4+5 mM
H,SO.; solution contained also 9.6x 10 M BSA for curve (2); v=50 mV/s,
Edep:70-1 V, Tdepzl S.
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Fig. 11. (A) The EQCN characteristics: (1) i—£ and (2) m—E, for the Cu-u.p.d.
formation and stripping on a Au|BSA piezoelectrode in 5 mM CuSO4+5 mM
H,S04+9.6x10™* M solution. (B) The m—Q analysis (1) on the basis of the
above data (see text for explanation of symbols); the £—Q plot (2) is provided to
reference the charge to potential.

in which the Cu-u.p.d. desorption peak was recorded before and
after the injection of 9.6x10”® M BSA. The test waveform
involved a potential scan to £=—0.1 V so that in every test a bulk
Cu’ was always formed. In the return potential scan, after
dissolution of bulk Cu®, we recorded the Cu-u.p.d. peak. We have
found that the peak current and charge for the Cu,q desorption
remain approximately the same. At the same time, the peak
potential shifts positively by AL,=66 mV after BSA adsorption,
as shown in Fig. 10. The invariance of desorption charge means
that by forcing the deposition of bulk Cu” by applying sufficiently
cathodic potential, the Cu-u.p.d. could be formed with filling all
active centers on Au surface, similar as in the absence of BSA.
Therefore, we were able to attain a full Cu,g coverage Oy ypq ~ 1
under a full BSA film with @gga =~ 1. As far as we know, this is the
first observation of metal adatoms wedging underneath an
adsorbed protein film.

The observations of a 0.5 monolayer coverage of Cu,q in data
presented in Fig. 6 and full monolayer coverage in experimental
data presented in Fig. 10 are not contradictory. We can
rationalize these two observations by realizing that the time
scale and value of the deposition potential were different in these
measurements. While in the former case (Fig. 6) only a short
deposition time at relatively high potential was applied, the scan
to a much more negative potential was used in the latter case
(Fig. 10). Obviously, the wedging process of Cu,q requires more
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time and lower potentials for the completion. To evaluate the role
ofthese two variables (i.e. time and potential), we have to invoke
once again the experiments of Fig. 6. The variation of the mcy ypa
with BSA adsorption time ceases after ca. 18 min and mcy upd
approaches a constant value. Evidently, at the deposition poten-
tial £=+0.15 V, the wedging can not progress any further.
Therefore, it is the selection of a proper deposition potential that
is needed for further progressing of the Cu,y wedging process
into the space between surface Au atoms and the adsorbed BSA
molecules. The possibility of wedging metal adatoms beneath
the thiol SAM’s was considered by Czanderna et al. [70,71] and
demonstrated by Espandiu et al. [63] for Cu-u.p.d. on Au(111),
while Eliadis et al. [72] in galvanostatic experiments found a low
density of Cu clusters on top of a short chain thiol monolayer. It
is interesting that the buried Cu-u.p.d. investigated by Espandiu
et al. [63] has shown a positive shift of the desorption peak
potential £, with respect to that on a bare Au(111) surface, with
E,=+0.39 V (vs. Ag/AgCl) for Cu-u.p.d. buried beneath the
ethanethiol monolayer. Similar to the observations of Espandiu
etal. [63], we have also found in our experiments a positive shift
of E,, which increased gradually from +0.295 V to +0.370 V
with increasing surface coverage of BSA from @ggp=0 to
Ogpsa = 1. The evaluation of the strength of interactions between
Cu,g and adsorbed BSA using Eq. (6) leads to gv x=—2.8 z. By
substituting z=2, one obtains gy; x=—>5.6, which is less than the
critical value g*=—4 setting the boundary for a new compound
or phase formation. However, if a new compound or phase
would be formed, e.g. in the process:

pCu%;) + BSAu + 2pe” = Cu,BSA( (10)

then both the Nernstian equilibrium potential £.q and E), for the
oxidation of Cu,BSA would be expected to show a shift: (OF,/
00)=RT/(2F)=0.0128 V in the quasi-reversible case, or: (OF,/
00)=RT/(aF)~0.0514 V in the irreversible case. The E, shift
observed experimentally is much larger, (0F,/00)=0.072 V.
This supershift of £, may be due to the surface supersaturation
and partial charge transfer. Experimental measurements of the
latter are difficult due to the two-step electrode reaction of Cu”".
To test the system response to the standard mass-to-charge
evaluation procedure, we have performed EQCN measurements
using a Au|BSA electrode in 5 mM CuSO4+5 mM H,SO4+
9.6x 10~ * M BSA, with potential waveform including scan from
E=0.6 Vto E,=0.15 Vat v=50 mV/s, holding at £,=0.15 V
for T4ep=35s, and a scan to £3=0.6 Vat v=50 mV/s. The EQCN
characteristics of i—F and m—F are presented in Fig. 11A, curves
1 and 2, respectively. It is seen that the mass cycle is reversible
and the loss of mass due to diffusion of reactants to the bulk
solution is negligible. The initial small mass decrease in the
potential range from £=0.6 V to £=0.32 V can be attributed to
the ligand expulsion [73—75] and double-layer effects [26],
leading to the egress of anions (SO3  and HSOy ) from the surface
and double-layer region. The analysis of mass vs. integrated
charge m—Q is presented in Fig. 11B, curve 1. The theoretical
slope can be calculated from the formula [26]: (0m/0Q)=—M/
(nF), where M is the reaction molmass (the molar mass gain or
loss of electrodic film due to the reactants attachment or de-

tachment from the film) and » is the number of electrons
exchanged in the reaction. Thus, for a 2-electron Cu(II) discharge
and electrodissolution of Cu®: Scu2=(0m/00Q)=-0.329 ng/nC.
In Fig. 11B, curve 1, the sections A and C show a slope (0m/0Q)
which is smaller than the theoretical Sc,,. The smaller slope
means that in the region of section A the copper ion reduction
process partially involves Cu(II) ions trapped or bound in BSA
film, which results in the mass deficiency with respect to the
charge used in the process. The second region of mass deficiency
is the region of section C, where during the oxidation process, part
of the Cu(Il) ions formed is not leaving the BSA film either
because of interactions with BSA, requirements of Donnan
membrane equilibria, or slowness of the mass transport. If we
reject regions A and C from further considerations and calculate
the effective number of electrons involved: n=M/[F(0m/0Q)]
only for regions B and D, we find that the slopes (0m/0Q) are:
—0.408 and —0.391 ng/nC, respectively, which correspond to
n=1.61 and n=1.68 for sections B and D. We can assume the
average value of n for these two sections to be: n=1.65. It is,
therefore, possible that Cu-u.p.d. retains a partial charge of £=2—
n=+0.35. By substituting the new value of » for z in Eq. (6), one
can correct the interaction coefficient gy x determined from the
slope (OE,/0@gs,) to obtain: g*\; x=—4.62, which is now very
close to the critical value of —4. The resemblance of Cu-u.p.d.
desorption voltammograms observed in this work for Au/BSA to
those obtained for ethanethiol SAM on Au [63] suggests that a
similar strong interactions between Cu,4 and adsorbed ethanethiol
may exist. This is justified by very strong interactions of thiols
with copper and other metals [76—90]. From our measurements, it
follows that BSA interactions with Cu,q are almost as strong as
those of ethanethiol (according to Eq. (6); the stronger the
attractive interaction is, the more positive the shift of £, becomes).
Further studies are needed to elucidate in more detail the observed
phenomena in these systems. In a similar wedging process of
metal adatoms, which we have found previously in supported
phospholipid membranes with embedded gramicidin ion chan-
nels [69], a full monolayer of Tl-u.p.d. was formed underneath a
lipid film. In this case, the wedging of Tl,4 was found to induce a
temporary lipid film lifting. Unlike this, the Cu adatoms here have
not induced any BSA film dynamic transformations, which could
be revealed in the m—E or m—t characteristics, such as those
observed in Cd-adatoms/NO3 systems [9].

4. Conclusions

The investigations of adsorption of a model protein, BSA, on
Au electrodes were performed using the Cu adatom probe me-
thod and Electrochemical Quartz Crystal Nanobalance (EQCN)
technique in an attempt to explore the interfacial phenomena in a
system where large biological molecules interact with small
metal adatoms. We have found that the formation of a dense
protein adsorption film can block completely only a bulk Cu’
deposition process. In contrast to that, the mass associated with
Cu-u.p.d. decreases during the adsorption of BSA only to ca.
50% of that in the absence of BSA, indicating that Cu adatoms
can wedge into the space between the surface Au atoms and the
adsorbed BSA molecules. We have found that the degree of
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penetration of Cu adatoms can be controlled by the applied
deposition potential. By selecting a sufficiently cathodic poten-
tial, we were able to deposit a full Cu-u.p.d. monolayer, inde-
pendent of the BSA surface coverage extending from @gga =0
to @pga~ 1. Our interpretation of the positive shift of Cuyq
desorption peak potential £,, observed in the presence of ad-
sorbed BSA, is based on the Frumkin exchange interaction
forces between Cu,q and BSA 4, defined according to our earlier
theoretical model [61], expanded here to include adsorbed spe-
cies in two monolayers. This expansion is possible owing to the
fast rate of Cu adatom penetration in the interfacial region. From
the analysis of E|, vs. @ggu plots, the presence of strong at-
tractive interactions between Cu,q and BSA,4 was found. The
wedging effects demonstrated in this work are similar in nature
to those observed for Cu-u.p.d. on the ethanethiol SAM on Au
(111) by Espandiu et al. [63] and metal adatoms on a tripeptide
glutathione adsorbed on gold [48,49]. No dynamic transforma-
tions of BSA film, such as those observed for the Cd-adatoms/
NOs3 system [9], were induced by Cu adatoms.
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