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Abstract

The modification of surfaces by polyethylene glycol (EGn) is an approach used to reduce
the antifouling effects of these materials in a biological medium. It has been found that
the packing density and conformational order of these molecules in the films are crucial
for the inhibition of unspecific protein adsorption. In this work, we present a study of the
formation and characterization of a self-assembled monolayer of O-(2-Mercaptoethyl)-
O'-methyl-hexa(ethylene glycol) (EG7-SAM) on either poly-oriented or Au(111) single
crystal surfaces. The final properties of the formed EG7-SAMs are studied by examining
the reductive desorption process as well as the electronic and ionic blocking behavior of
these layers, under different experimental conditions, by using cyclic voltammetry and
electrochemical impedance spectroscopy. Additional information of the structure,
composition and organization is obtained by absorption-reflection infrared and X ray
photoelectron spectroscopies and contact angle measurements. In contrast to the behavior
observed with alkanethiols, the EG7-SAM shows the best final organization at a
modification time of 1h. The antifouling properties of this EG7-SAM against the
adsorption of the bovine serum albumin protein in a phosphate saline medium, has been

evidenced by using the electrochemical quartz crystal microbalance technique.

Keywords. Polyethylene glycol, self-assembled monolayer, gold, cyclic voltammetry,
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1. Introduction

The covalent attachment of poly(ethylene glycol) chains (PEG or EGn, being n the
number of EG units) to bioactive substances has been long defined as PEGylation [1] and
recently, it has been applied to the modification of nanoparticle surfaces for its use in
different fields to induce, on one hand, aqueous solubility, and on the other, to sterically
shield nanoparticle surfaces to effectively minimize opsonisation and prolong blood
circulation time in vivo [2, 3]. Although these applications are based in the ability of
avoiding protein unspecific adsorption, the factors that influence the interactions and
circulation of PEGylated nanoparticles in the biological fluids are numerous and many
efforts have been devoted to rationalized them. Molecular weight, surface density and
conformation of the PEG chains are the most studied parameters and there is no doubt
that is the precise knowledge of how they impact on the systemic administration that will
lead to more efficacious products [3-5]. Complementary structural studies of these EG
polymer layers on flat surfaces may help in understanding the suppressive effect for
protein unspecific adsorption and in the translation to these drug delivery systems to the
living systems [6, 7].

Self-assembled monolayers (SAMs) of oligo(ethylene glycol) (OEG)-terminated
alkanethiols on gold and silver substrates have been widely used to analyse the factors
that influence the minimization of protein resistance [8-11] and within the facts
responsible for this undesirable phenomenon, steric repulsion, large exclusion volume,
rapid mobility of highly hydrated chains, low EG-water interfacial energy and weak
interactions with the proteins have been mentioned. Earlier studies [8, 12, 13] comparing
SAMs with short terminal EG segments to that of PEG, focussed on the steric repulsion
model that attributes the protein resistance to the balance between this steric repulsion
and the attractive forces. The steric repulsion has an elastic component caused by the
compression and restriction of the EG segments and an osmotic component due to the
loss of water by both the chains and the proteins. As the SAMs with the shorter EG
terminal fragments have a more compact structure, the protein resistance was generally
attributed to the osmotic component of the steric repulsion model. However, Grunze et
al. [10, 14] suggest that protein resistance of EG terminated SAMs is a consequence of
the stability of the interfacial water layer, which prevent direct contact between the
surface and the protein. Moreover, the conformation of the terminal strand contributes to

the ability to bind water, being the helical but not the all-trans conformation the one which



behaves as amphiphilic with respect to water, increasing the hydrogen bond density, and
thus preventing irreversible protein adsorption.

SAMs formed with molecules containing an EG strand closer to the substrate binding and
an alkane terminal portion have been used as models for hybrid bilayer membranes to
allow for water and/or protein fragments incorporation. Although this hydrophilic spacer
should retain a linear framework and provide a good coverage due to the nearly perfect
match between the cross-sectional area of the structures, a less ordered conformation than
the alkanethiol portion is expected based on the presence of ether oxygen atoms in the
skeleton. However, infrared and ellipsometry data suggest a lamellar-type crystal
morphology in an ordered 7/2 helical structure oriented normal to the substrate
independently of the length of the alkyl group [15, 16]. These results make the authors to
expect that the EG strands itself can form conformationally well-defined, helical SAMs
and studied the conformation and the resistance to protein adsorption of chains that
contain only EG units [17, 18]. EG6-SAMs assembled on gold from 95 % ethanol
solutions show well-ordered 7/2 helical conformation, similar to that of the folded chain
crystal polymorph of PEG, and a behaviour that approaches to a near ideal capacitor but,
when assembled from other solvents, the structure was found more variable and less
ordered [18, 19]. The EGn-SAMs structures vary with n, being helically ordered for n >
4, as seen by infrared spectroscopy and electrochemical impedance spectroscopy data,
whereas with less than 6 EG units in the chain, the films are rapidly penetrated by water
[16, 18, 20, 21].

The use of EGn films for the development of electrochemical biosensors requires that its
interfacial structure allows electron transfer between the electrode and the redox species
in solution. There have been many studies in the literature dealing with EGn films of
various thickness attached to different electrode surfaces that uses the extent of
passivation or permeation of redox pairs to draw information about the film structure and
properties [22-24]. These studies focus on the sieving effect of the films as they allow the
permeation of the molecules depending on molecular size [22] or the solubility of the
redox probes into the film [23, 24]. The attachment of thiolated EGn molecules of definite
length on gold electrodes can serve as platform to better study these phenomena. In this
sense, the studies of Doneux et al. [25, 26] using an EG7-SAM on gold and applying
electrochemical techniques showed that the film consists of a compact and fairly hydrated
single monolayer with a peculiar behaviour that they explain on the basis of the hydration

properties of the monolayer as well as the [Fe(CN)e]>"* couple.



In the present work, the formation and characterization of a SAM of EG7 on either poly-
oriented or single crystal gold electrodes and its behaviour against the unspecific
adsorption of proteins employing different experimental techniques are performed.
Reductive desorption (RD) processes of the SAMs under different experimental
conditions inform about their structural organization and compactness and the studies of
the electronic and ionic blocking properties performed by using electrochemical
techniques such as cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) in the presence and absence of redox probes, complete this
information. More insight on the film’s properties are obtained by infrared and XPS
spectroscopies and contact angle measurements. Finally, the possible adsorption of
proteins in the EG7-SAM is checked by electrochemical quartz crystal microbalance.

2. Experimental section.

2.1. Chemicals.

O-(2-Mercaptoethyl)-O’-methyl-hexa(ethylene glycol) (EG7), Potassium hexaferri-
cyanide and potassium hexaferrocyanide ([Fe(CN)e]*7*), ferrocenemethanol and
hexaamineruthenium chloride were purchased from Aldrich-Sigma (purity > 99%). The
rest of the reagents were from Merck analytical grade. All solutions were prepared with
deionized ultrapure water produced by Millipore system.

2.2. Experimental Methods.

Electrochemical experiments were performed on an Autolab (Ecochemie model Pgstat30)
instrument attached to a PC with proper software (GPES and FRA) for the total control
of the experiments and data acquisition. A conventional three electrode cell comprising a
platinum coil as counter electrode, a 50 mM KCI calomel (CE 50mM) as reference
electrode and either a poly-oriented (po-Au) or a single crystal (111) gold (Au(111)), as
the working electrodes, was used. The po-Au electrode was a homemade sphere obtained
by melting a gold wire up to reach a diameter of approximately 2 mm and attached to the
gold wire that serves as electrode connection. The Au(111) single crystal was from
Arrandee™ (based on a 250 nm thick Au layer adhered to a 2.5 nm thin chromium layer
deposited on a Borosilicate glass 11 x 11 mm flat surface). Before each experiment, the
working electrodes were annealed in a natural gas flame to a light-red melt, cooling in air
and then transferred to the electrochemical cell or to the working solutions. The state of

the surface conditions was confirmed by cyclic voltammogram shapes taken in 0.01M
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HCIOa4. This surface treatment was the most appropriate for producing a surface that was
clean, ordered, and reproducible. The real area of the gold electrodes was determined
from the charge involved in the gold oxide reduction peak obtained under these conditions
(A(po-Au) = 0.24 cm?).

Electrochemical impedance experiments were recorded in aqueous solutions of KNO3z 0.1
M in the absence and presence of 1 mM [Fe(CN)s]**". The later were obtained at the
midpoint potential of the CV for the naked electrode, at 0.08 V. The spectra in the absence
of the redox couple were recorded at different potentials. The frequency range used in all
experiments was from 100 kHz to 0.1 Hz and the pulse amplitude was of 10 mV.

The electrochemical quartz crystal microbalance used was a CHI 400c series. The quartz
crystals were covered by a layer of Ti of 100 A and a layer of polished gold of 1000 A.
These crystals operate at 8 MHz. The mass deposited is obtained by using the Sauerbrey
equation by using a calibration constant of 1.4 ng/Hz [27].

Infrared-reflection absorption spectroscopy (IRRAS) was measured by using a JASCO
6300 FTIR single (He-Ne) laser beam spectrometer in the 400-4000 cm™ wavenumber
range, at a resolution of 4 cm™. Spectra Manager software was employed for data
collection and analysis. A Pike Technologies-VeeMAX™, variable angle specular
reflectance accessory was used. Before measurements, the interferometer and sample
compartment were purged with a flux of dry air of 8 I/min for half an hour. This flux was
supplied by a compressed air adsorption dryer (K-MT LAB, Parker/Zandet
GmbH&Co.KG). To record IRRAS spectra, Au-modified substrates were placed on a
mask platform with an aperture of 10 mm in diameter to define the position and sampling
dimensions where the beam spot was collimated. A p-polarized laser beam at a grazing
angle of 80° was selected to interact with the sample surface for enhancement of the IR
signals collected by the instrument MCT-detector.

XPS analysis was performed using an MCD SPECS Phoibos 150 spectrometer (from the
Servicio Central de Apoyo a la Investigacion (SCAI) of the Universidad de Cordoba)
employing non-monochromatized (12 kV, 300 W) Mg Ka radiation (1253.6 eV). The
substrate, either clean or modified, was mounted on a steel sample holder and transferred
to the XPS analytical chamber. The working pressure was less than 5-10°° Pa. The spectra
were collected using a take-off angle of 45° respect to the sample surface plane. The
spectrometer was calibrated by the binding energy (BE) of the Au 4f7, line at 84.0 eV.
The standard deviation for the BE values was 0.2 eV. Survey scans were run in the 0-

1100 eV range (pass energy 60 eV), and higher resolution scans were recorded for the C
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1s, O 1s and S 2p regions. The analysis involved Shirley background subtraction, and
whenever necessary, spectral deconvolution was carried out by nonlinear least-squares
curve fitting adopting a Gaussian sum function, employing the software CASA-XPS.
Contact Angle (CA) Measurements were conducted by using an Optical Tensiometer
Theta T200 device (Attension, Biolin Scientific) equipped with a high-speed camera (420
fps). The CA of the formed SAMs were measured in sessile drop method. The
experiments were performed at room temperature and at open atmosphere. The results
are given as an average of six measurements.

2.3. Formation of the EG7-SAM.

The SAMs were formed by contacting the gold substrates with 1.0 mM EG7 ethanol
solutions for the desired modification time. After the immersion time, the modified
electrode was thoroughly washed with ethanol and water and then drying under a nitrogen
stream. The po-Au electrode was used in all the electrochemical experiments, unless

otherwise stated and the Au(111) single crystal for IRRAS, XPS and CA measurements.

3. Results and discussion

3.1. Electrochemical characterization of the EG7-SAMs formed at different immersion
times.

The reductive desorption (RD) process monitored by cyclic voltammetry (CV) has long
been used to inform about properties related to film stability and compactness, as well as
to the suitability for the SAM preparation methods. We carried out preliminary
experiments involving the evaluation of the influence of modification time in the SAMs
properties. Figure 1 shows a set of CVs recorded with the freshly prepared EG7-SAMs
in the potential range from —0.50 to —1.30 V, in KOH 0.1 M solutions. The EG7-SAM-
Au substrates are removed from the formation solution (1 mM EG7 in ethanol), and
subsequently washed and immersed in the working solution under potential controlled
conditions (at -0.5 V). When the current density at this potential becomes constant, the
CVs are recorded. As a general behaviour, all the curves present a well visible although
small peak (peak 1) at higher potentials, and a last very intense peak (peak Il1) at lower
potentials, that show some kind of fine structure that also changes with modification time
(peak 1V). Moreover, a small signal between these peaks (peak Il) is observed. The peak
potentials do not significantly vary at modification times lower than 1 h (Figure 1 b). At
larger modification times the lower resolution of these peaks does not allow to draw a

clear conclusion about its nature and will not be further commented.
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Figure 1. (a) CVs for the RD process of the EG7-SAM-po-Au formed at different
modification times. The CVs are obtained in KOH 0.1 M; scan rate: 0.02 V/s (the thick
and thin lines in each case correspond to the EG7-SAM and naked electrode,
respectively); Plots of (b) peak potentials, Ep, (¢) Ep — Epzc and (d) the overall charge
densities of the RD peaks as a function of modification time.

The presence of well-defined peaks in the CVs for the RD process obtained at po-Au
electrodes has been related to the breakage of the S-Au bond from gold facets of different
crystalline orientations, from which at least the low-index facets Au(111), (100) and (110)
have been clearly identified in SAMs formed at po-Au electrodes [28-32]. The direct
relationship of the desorption potentials with the pzc for the different facets of the naked
electrode would mean that the process is only governed by the interfacial electric field.
However, the values of Ep-Ep,c are found to vary for the different facets and SAMs
chemical composition being the existence of lateral attractive forces one of the main
factors that affect this discrepancy. These lateral interactions also depend on the surface
structure, including not only the type of facet but also the surface roughness [32].
Moreover, multiwave responses in RD processes carried out in smooth surfaces have been

interpreted as the existence of domains of different sizes that desorb at different potentials



due to variation in cohesive interactions between chains as well as in permeability to
counterions and solvent [33].

We have plotted Ep-Epzc values at the different modification times for all the peaks
obtained (Figure 1c) and the results show that all the peaks get closer in an interval of 50
60 mV (Epzc values applied are +0.23, +0.08 and -0.02 V for (111), (100) and (110) facets
of gold, respectively, that correspond to values measured in 10 mM HCIO4 [32, 34]).
However, it is well known that the presence of the SAM on the electrode surface leads to
large shifts on the Ep;c that depend on the surface coverage, the adsorption/desorption of
ions and the surface dipole of the monolayer [35]. In the present analysis, the only object
to subtract Epzc values to the peak potentials is to see if these normalized values are only
influenced for the gold facet where they were grown up or, on the contrary, there is
additional phenomena playing a role in the occurrence of the peaks [36]. These results
would indicate that peaks I and I11/1V correspond to domains of molecules desorbed from
the (111) and (110) facets, respectively, and that the fine structure observed (peaks 111/1V)
should be ascribed to the existence of domains with different lateral interactions. .

We have checked the surface recognition phenomenon by building an EG7-SAM on an
Au(111) single crystal electrode and the results are plotted in Figure 2. As it can be
observed, the unique peak shown at the Au(111) electrode at -0.99 V, coincides in
potential with the peak | for the RD obtained at the po-Au electrode, confirming our
hypothesis. Thus, influences of lateral interactions in the RD potential values for the

molecules in these domains cannot be discarded
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Figure 2. CVs for the RD process of the EG7-SAM formed in two different gold
substrates at a modification time of 1 h, in KOH 0.1 M. Scan rate: 0.02 V/s.

The information on SAMs surface coverage based on RD processes is based in the widely
accepted reaction [36-38],

R-S-Au + solvent + 1e” — Ausoiy + R-S'solv 1)

where Ausov and R-Ssoiv Stand for the solvated thiolate and gold surface, respectively.
This equation is a solvent substitution reaction that gives a chemical description of the
initial and final states of the process and takes into account the energetic contributions
involved in SAMs RD such as substrate-adsorbate, SAM-solvent, lateral interactions,
substrate-solvent and surfactant solvation [32, 36]. In this sense, the charge density, Q,
should contain not only the faradaic charge due to the RD but also the double layer
charging contribution. Moreover, it has been pointed out that although we use the reaction
(1) to account for the RD process, the charge flowing to the interface per desorbed
molecule is not an integer equal to the number of electron transferred from metal to the
molecule but, this value depends on electrode potential and the nature of the supporting
electrolyte [39]. Thus, as an approximate tool, we measure the charge involved in the RD
CVs of Figure 1 and the results are shown in Figure 1d. The charge densities obtained
increase with modification time up to 1h and then, remain constant. Independent of the

absolute values obtained, it can be said that the EG7 formed at shorter times should
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correspond to a sub-monolayer while at higher times, a saturated coverage is obtained. It
Is interesting to note that in the time interval of 20 to 60 min the EG7-SAM suffers a
reductive process with well resolved peaks that loose resolution upon increasing
modification time. If we accept that the presence of resolved peaks is related with the
presence of domains with a preferential organization, it can be concluded that when the
modification time is of 1h, the monolayer have reached the maximum charge density, that
Is, its maximum coverage, and the higher organization in domains. A roughly calculation
of the surface coverage T', by taking into account the charge density obtained under this
condition, gives us a value of 5.7 x 10"° mol-cm and an area per EG7 molecule of 29 +
1 A2, A cross sectional area of 21.38 A%EG chain has been determined based on the X-
ray unit cell dimensions of the crystalline polymer, and is presumed to be achieved for
the alkylated EGn SAMs where the EG strands acquire the helical conformation [15], is
not observed in the present system. This larger fingerprint of the EG7 molecules must be
due to a lower compactness of the layer, probably due to the existence of a larger
conformational freedom in the absence of alkyl chains in the molecules.

To get more insight into the properties, the following potential programs were applied to
the EG7-SAM. First, the modified electrode is contacted with the alkaline solution at the
initial potential (-0.4 V) and the scan to negative direction is initiated up to values where
the complete monolayer is reductively desorbed. Then, the potential is scanned to positive
values including the gold surface oxidation region and ended after scanning to negative
values to the initial potential (Figure 3). Comparing to the blank profile, the EG7-SAM
modified electrode shows, besides the RD peaks already commented, a small current
density broad peak in the anodic frame (at -1.135 V) that could be ascribed to a partial re-
adsorption of the desorbed EG7 molecules in the cathodic scan probably giving place to
a sub-monolayer coverage that, however, does not affect in great extension the oxidation
of the gold surface as the anodic peak at higher potentials almost coincides with that of
the clean electrode. Second, the freshly modified electrode is now submitted to a potential
scan in the positive direction to investigate if the presence of the EG7-SAM passivates
the gold surface against oxidation. In fact, the CV shows that the onset for surface
oxidation is displaced more than 250 mV in the presence of the monolayer (blue double
arrow in the CV). At around 0.275 V, a burst of oxidation current is observed that should
correspond to the oxidative desorption of the monolayer concomitant with the oxidation
of the gold surface. In the reverse scan, when the potential reaches the values for the RD,
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a small signal coinciding with the lowest potential peak obtained for the direct RD process

Is observed.
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Figure 3. CVs for the reductive (red line) and oxidative (blue line) desorption processes
of the EG7-SAM-Au, formed at a modification time of 1 hour. KOH 0.1 M, scan rate:
0.02 VI/s. The grey curve represents the electrochemical profile for the naked gold
electrode in the same medium. The inset shows an expanded view (in the Y axis direction)
of the double layer region for the three curves showing coloured arrows to signal the
direction of the scans and the trends of the current densities obtained.

3.2. Blocking behaviour of EG7-SAM.

The EG7-SAM can be further characterized by analysing the effect on the heterogeneous
electron transfer rate of some redox couples such as [Fe(CN)e]>"*, [Ru(NH3 )s]**?",
Fc(MeOH),"*. Whereas the CVs for [Ru(NHs )6]**2* and Fc(MeOH),Y* redox probes are
insensitive to the presence of the molecular layer (data not shown), that of [Fe(CN)e]* 74~
shows important changes when compared to the naked electrode (Figure 4a). It can be
observed that the electrochemical signal is completely suppressed when the EG7-SAM is
present. Only a very small current density can be measured (see expanded view of the
CVs in the insert) as it is typical for good blocking behaviour. However, the inhibition
seems to be slightly weaker at immersion times higher than 1 h. The impedance data

(Figure 4b) show the same trend, with a decrease in the diameter of the semicircle as the
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modification time increases. Under these experimental conditions, only the semicircle is

seen, whereas the linear portion of the impedance spectrum is absent, indicating absence

of diffusion.
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Figure 4. (a) CVs and (b) impedance spectra of 1 mM [Fe(CN)e]>”* in KNO3 0.1 M ina
naked and EG7-SAM po-Au electrode at different times of modification; scan rate for
CVs is 0.1 V/s; the impedance spectra are recorded at the midpoint of the CV: 0.08 V.
Some frequency values are indicated. Green and red open circles represent the
experimental data and solid green and red lines are the best fits obtained by using a
simplified Randles equivalent circuit, for the impedance spectra recorded for the EG7-

SAM prepared at 1 and 24 h modification time, respectively.

Recently, Whitesides et al. [40] have examined the phenomenon of charge transport by
tunnelling across SAMs of EGn of different chain lengths and have found that the
attenuation factor B across these SAMs is much lower (B(EGn) = 0.29 + 0.02 - Natom ™)
than the observed with alkanethiolates. If the exponential decrease with the chain length
of the EG7 chain, with a tunnelling factor of § = 0.29 per atom unit in the chain, d, is
taken into account (equation 2), the apparent electron transfer rate constant, kap, obtained
would be of around 6.5-10° cm-s* for a tunnelling transport mechanism by using a ko
value of 0.033 cm/s [41].

kop = ko.e P4 2)

The impedance spectra have been fitted by using a simplified Randles circuit (without

Warburg element, as the spectra do not show diffusion features) and the charge transfer
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resistances have been obtained. From these data, kap values can be obtained by using

equation (3):
_ RT
ar " n2'F2-RoeAcc

k 3)

where R is the gas constant, T the temperature, F the Faraday constant, n the number of
electrons, A the geometric area of the electrode and ¢ the concentration of the redox pair.
The kap values obtained for the EG7-SAMs formed at 1 and 24h modification time, are
4.4-107" and 6.4-107 cm-s™%, respectively, that are much lower than the above given value
based on the tunnelling mechanism. Although the occurrence of such a mechanism cannot
be discarded under these conditions, an additional concomitant effect must take place that
produces this strong blockage of the ferricyanide redox probe by the EG7-SAM. This
behaviour has already been described for this system by Doneux et al. [25, 26], that
investigated the heterogeneous electron transfer processes of different redox probes either
positive, neutral, or negatively charged, across EG7-SAMs built on a polycrystalline gold
electrode. They found that, as we also report in the present work, only the ferricyanide
redox probe is affected, being its signal completely supressed in the presence of an EG7-
SAM. In an elegant approach, they demonstrated that this electron transfer inhibition is
not due to a simple size or solubility driven permeation issue and recall the fact that the
[Fe(CN)s]* " system is not an ideal outer-sphere redox couple. In contrast, they connect
this behaviour to the impact of water molecules that play an important role in the change
of the hydration shells of the oxidized and reduced form of this molecule, together with
the reduced mobility of the water molecules in the EG7-SAM interface [42, 43].

Now, the electrical properties of SAMs involve not only electronic but also ionic modes
of conduction. The ionic insulating properties of n-alkanethiol SAMs have been largely
studied employing electrochemical impedance spectroscopy, in the absence of redox
probes, as a way to test if the SAMs behave as an ideal parallel capacitor Helmholtz model
either as a function of the applied potential or the medium chemical composition. In the
present work, we have carried out impedance measurements as a function of the applied
potential under the same experimental conditions of the experiments described in Figure
4 except that the redox probe was not present. The impedance spectra are represented as
Bode phase plots to examine the values of the phase angle at low frequencies (c.a. 1 Hz)
that is taken as a measure of the ideal capacitor system behaviour [44-46]. Figure 5a
shows the variation of the phase angle values at 1 Hz with the applied potential for the
EG7-SAM and for the naked gold electrodes. The CVs taken in the potential range of the

14



electrochemical profile for the gold electrode in this media for the naked and the EG7-
SAM modified electrodes are also shown (Figure 5b). The CVs for the reductive and the
oxidative desorption included are obtained by starting the scan at -0.15 V and scanning
in the negative or positive directions, respectively, using two different freshly prepared
EG7-SAMs to see the stability potential range. The double layer capacitance, Cqi, has
been recorded under the same experimental conditions and the results are plotted together
with the values obtained from the fitting of the impedance spectra taken as a function of
potential (by using a RC circuit, where R is the solution resistance and C the capacitance
and adding a parallel R element when necessary to account for the ionic resistance). The
potential interval where the Cq values are almost constant (~4.3+0.1 uF/cm?) and is
almost coincident with that of constant current in the CV. In this way, we can evaluate
the potential range of film stability and compare it with the data of phase angle obtained.
It is interesting to highlight that the phase angle approximately reaches the highest value
of 90°, in a wide frequency range (see insert of Figure 5a) and that this behaviour is
maintained in the potential interval that coincides with the stability of the film and with
that where the ferricyanide probe is monitored (Figure 4). This behaviour agrees with
results of EGn-SAMs studied by electrochemical impedance spectroscopy under
somewhat different experimental conditions (0.1 M potassium phosphate + 0.2 M
potassium chloride) that show that the EG chains contact with nearest neighbours leaving

little room for nonhelical conformations or penetration of solvent and/or ions [17-19].
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Figure 5. Insulating properties of the EG7-SAM gold electrode in KNO3 0.1M. (a) Phase
angles taken at the frequency of 1 Hz for the naked (solid green circle) and EG7-SAM
(solid red circle) electrodes as a function of potential. Insert: Bode plots obtained at -0.1
V for the naked (green) and EG7-SAM (red) electrodes. (b) Double layer capacitance
against potential recorded at a frequency of 500 Hz (solid red line) and capacitance values
taken from the fitting of the impedance spectra (solid red circle). (c) CVs of the naked
(green) and EG7-SAM gold electrodes recorded in the negative (blue) and positive (red)

potential direction; scan rate: 0.02 V/s. Insert: enlarged view of the RD potential range.
These results together, allow us to conclude that the EG7-SAM have good blocking
properties against electronic and ionic events in the potential range of SAM stability under

neutral pH conditions.

3.3. Infrared characterization of EG7-SAMs
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Infrared spectroscopy is one the most used techniques for the characterization of the EGn
films and the assignation of the peaks for the different adopted structures of the chains
within the SAMs is already well known [10, 17-21, 47-49]. One of the most addressed
points has been the determination of the structural organization of the EGn chains in the
films, as the helical conformation has been found to be less resistant to protein adsorption

in comparison to the all-trans or disordered SAMs [17].
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Figure 6. IRRAS spectra of the EG7-SAMs formed at different modification times on

Au(111) single crystal surfaces recorded in the fingerprint region.

Figure 6 shows IRRAS of EG7-SAMs formed at different modification times on Au (111)
single crystal surfaces. The fingerprint region has been used to prove the helical structure
that it is characterized by the presence of a series of peaks at 1347, 1244, 1118 y 964 cm”
1 which belong to vibration modes parallel to the helix axis (Az2(4) to (7)) for a 7/2 helical
axis structure in a normal orientation to the substrate and the absence of signals at 1360,
1280, 1234, 1149, 1116, 1061, 947 y 843 cm™, related to vibration modes perpendicular
to the chain axis (E1(8) to (15)) [50]. As it can be observed in Figure 6, the EG7-SAM
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formed in 15 min shows two broad signals at 1124 and 1237 cm™, and a well-defined but
small peak at 1351 cm™. These broad peaks should contain more than one single
component corresponding to different modes of chain organization within the layer, either
parallel or perpendicular vibration modes. At a modification time of 30 min, the peaks
become narrower and new peaks emerge, which match with the different vibration’s
modes of the EG chains in a helical conformation. Upon increasing modification time to
1 h, the typical spectrum for the 7/2 helical structure is obtained. However, at larger
modification times, the typical fingerprint disappears indicating that the structure gets less
ordered, as it can be inferred from the broadening of the peaks.

The signals obtained for the EG7-SAM prepared in 1 h coincide with these of the well-
ordered helical structure described for H- and CHz-terminated EGn-SAMs, in particular,
asymmetric COC-stretching + CHa-rocking, asymmetric COC-stretching, CH2-twisting,
CHo-wagging and CH.-bending vibrations at 965, 1119, 1243, 1347 and 1462 cm},
respectively [51, 52]. These findings agree with the electrochemical results that indicate
that the optimum modification time for this EG7-SAM is of 1 h and indicate that the

adopted conformation is the helical.

3.4. Contact Angle Measurements

Water contact angle measurements inform on the hydrophilic / hydrophobic character of
the surfaces. We have measured the water contact angles of the EG7-SAMs formed at
different modification times. The obtained values are gathered in Table 1. If the structure
of the EG7 chain used in this study is considered, the contact angles must be sensitive to
the organization of these molecules. Thus, the terminal methyl group, if exposed, will
give a hydrophobic character to the layer in contrast to the possibility that they can be
hidden in a disorganized structure. In fact, the EG7-SAM formed at 15 min shows a
contact angle of 49 ° that increases up to values higher than 60° for the SAMs formed at
longer times. Although higher values have been measured for similar structures [17], the
observed increase is an indication of the exposure of the methyl terminal groups to the

external SAM face.
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Table 1. Water contact angles of EG7-SAMs at different modification times (standard

deviations + 1°)

Modification time EG7-SAM-Au / O20)
0 67
15 min 49
30 min 59
1h 64
24 h 63

3.5. XPS qualitative/quantitative characterization of t-OEG7

To get more insight into the composition of the EG7-SAM formed on a gold electrode,
we have carried out XPS experiments. The spectra show peaks corresponding to S 2p, C
1s and O 1s that can be obtained in high resolution as shown in Figure 7. The S 2p
spectrum is dominated by a strong peak at 162.0 eV that can be deconvoluted by two S
2par2, 12 doublets characteristics of thiolate species bound to gold (161.8 and 163.0 eV)
and free thiol or di-sulphur groups (163.8 and 165.0 eV), the first one representing an area
higher than 80 % of the overall signal. This fact points to the preferent adsorption of the
EG7 molecules to the gold surface via S-Au bonds [10, 53-59]. The C 1s spectrum
exhibits three components peaks at 284.6, 286.2 and 287.5 eV. The strongest peak at
286.2 eV is associated with the ether carbon atoms in the EG segments [60]. The O 1s
spectrum also shows three components at 531.5, 532.6 and 533.7 eV. Similarly, the peak
at 532.6 eV that represents the biggest contribution corresponds to the oxygen atoms in
the EG segments.

The EG7-SAM characterized in this study is prepared from EG7 ethanol solutions. Thus,
no water molecules are expected to be adsorbed in the SAM. However, ethanol molecules
can be entrapped within the layer even after the just-prepared specimens are dried with a
nitrogen stream. Thus, the extra peaks in the C 1s and O 1s signals can be due, on one
side to molecules or fragments of ethanol [61] or to adventitious carbons coming from

impurities within the SAMs.
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Figure 7. XPS spectra of the EG7-SAM gold electrode. The layer has been formed from
an ethanolic solution in a modification time of 1 h. After modification, the modified
substrate was dried with a nitrogen stream and subsequently maintained in a closed vial
up to introduction in the vacuum XPS chamber.

3.6. Adsorption of bovine serum albumin (BSA) on the EG7-SAM.

To ascertain if the EG7-SAM formed on gold, under the experimental conditions
described in this work, suffers unspecific adsorption of proteins, we have used the
electrochemical quartz crystal microbalance to analyse the behaviour upon contacting
with a solution of the protein bovine serum albumin (BSA). Figure 8 shows the CV curves
for the RD process of the as-prepared EG7-SAM and that after contacting with a solution
of 10 uM BSA for a long period of time (c.a., 2 hour), together with the frequency changes
accompanying the electrochemical process.
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Figure 8. Electrochemical quartz crystal microbalance study of the RD process of an EG7-

SAM on gold electrode, (red line) as-prepared and (blue line) after contacting with a BSA
solution for 2 h. Insert: Changes in frequency of a EG7-SAM modified gold-quartz crystal
upon introducing 10 uM BSA solution in sodium phosphate buffer at pH 7.4.

The mass change accompanying the complete release of an EG7-SAM is of around 40
ng, if the packing density of the EG7 molecules is taken as the fingerprint of 29 A? per
EG7 molecule determined above. The experimental mass change for the reductive
desorption of the as-prepared SAM is of 29-30 ng. This value is close to the theoretical
expected although, it cannot be ignored that this value can have some influences of the
interfacial changes occurring simultaneously with the RD process. These processes
include not only the replacement of the EG7 by water or electrolyte molecules [62] but
also, the concomitant desorption of the water molecules co-adsorbed within the EG7-
SAM [63]. The RD process is initiated after the frequency is equilibrated at the initial
potential and as it can be observed, the value is kept constant up to the values where the

desorption starts. At this point, coinciding with the voltammetric desorption peak, an
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abrupt increase in frequency, describing a sigmoidal shape, is observed. At lower
potentials, the frequency slightly increases up to reaching a plateau. The traces obtained
for the desorption of the EG7-SAM after being exposed to the protein BSA shows a
similar shape with a total frequency change that equals this of the as-prepared SAM. The
only found difference is that the RD takes place at around 50 mV higher potential. This
Is indicative of a decrease in the stability of the layer during the exposure to the protein
solution, probably due to the interaction of some protein molecules that, in some way,
disturbs the compactness of the layer. Moreover, the equivalence in the mass changes that
accompany the desorption is an indication of the absence of adsorbed protein on the EG7-
SAM. The insert of Figure 8 shows the frequency trace obtained when, after the SAM is
equilibrated with a phosphate saline solution at pH 7.4, the BSA protein is added to this
solution. At this point (marked with the arrow in Figure 8), the frequency suddenly
decreases and after 1 min, starts increasing up to reach a constant value. The total
frequency decrease accounts for a mass increase of 11-12 ng that supposes less than 10%
of a BSA monolayer. Taking together this small value and the fact that this excess of mass
is not monitored in the RD of the EG7-SAM, we think that the protein molecules are
weakly adsorbed, if it does, and get released when the substrate is contacted with the

solution used to carry out the RD process [17].

4. Conclusions.

The EG7-SAM formed on a gold electrode from an ethanolic solution reaches a helical
conformation at a modification time of 1 h. At longer times, the layer seems to acquire
some disorganization, probably by the introduction of solvent molecules in the film
structure. RD, IRRAS and contact angle measurements agree with this observation. While
the RD shows well defined peaks that could be ascribed to ordered domains localized in
different facets of the poly-oriented gold electrode, the IRRAS spectra taken in the
fingerprint region show that the films prepared at modification times within 30 min and
1 h have the characteristic peaks of a helical conformation. The disorder obtained at
longer times is, however, not translated to the contact angle values that keep constant
under these conditions indicating that the disorganization of the helical conformation does

not affect the terminal face of the film.

The compactness of the EG7-SAM is lower than that found in the EGn-alkanethiol

terminated SAMs that show a fingerprint closer to these of the pure alkanethiol, probably
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forced by the presence of the long alkane chain that acts as an arm anchoring to the gold
surface. However, the EG7-SAM formed in the present work exhibits good blocking
properties against the ferrocyanide redox probe as well as good ionic insulating properties

in neutral agueous saline solutions.

Finally, the EG7-SAM prepared from ethanol solution with 1 h of immersion time resists
the adsorption of the BSA protein as monitored by the quartz crystal microbalance. The
mass change obtained after 2 h of contact with the BSA solution corresponds to less than
10 % of a BSA monolayer. However, when the protein solution is removed, the few
adsorbed proteins are released, as it is demonstrated in the mass changes accompanying
the RD process of the EG7-SAM recorded for a pristine and a SAM substrate submitted
to protein adsorption. This is a confirmation of the weak strength of the protein adsorption

phenomena in the EG7-SAM obtained under these experimental conditions.
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