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Abstract
This work describes a simple, versatile, and inexpensive procedure to prepare optically transparent
carbon electrodes, using proteins as precursors. Upon adsorption, the protein-coated substrates
were pyrolyzed under reductive conditions (5% H2) to form ultra-thin, conductive electrodes.
Because proteins spontaneously adsorb to interfaces forming uniform layers, the proposed method
does not require a precise control of the preparation conditions, specialized instrumentation, or
expensive precursors. The resulting electrodes were characterized by a combination of
electrochemical, optical, and spectroscopic means. As a proof-of-concept, the optically-transparent
electrodes were also used as substrate for the development of an electrochemical glucose
biosensor. The proposed films represent a convenient alternative to more sophisticated, and less
available, carbon-based nanomaterials. Furthermore, these films could be formed on a variety of
substrates, without classical limitations of size or shape.

1. Introduction
Carbon-based nanomaterials have proven essential to the development of a wide range of
technological applications in physics, chemistry, biology, and engineering.1 Besides their
high mechanical strength, low weight, exposed area, roughness, and electron distribution,2

their ability to promote interactions with biological entities3-5 have allowed the application
of carbon-based nanomaterials into a variety of analytical processes.6 Although many
carbon allotropes have been used, carbon nanotubes (CNT) are amongst the most widely
reported.7 Due to their wide potential window, low background current, and relatively low
cost, CNT have been of particular interest to the development of electrochemical
biosensors.8-9 In most cases, the basic structure resembles that of graphite and is composed
of layers of sp2-bonded carbon atoms yielding to the formation of a weakly delocalized π-
electron cloud. This configuration is responsible for the good electrical conductivity, the
capacity to form charge-transfer complexes when in contact with electron donor groups,7

and the plasmon resonance observed in some of these structures.10 A variety of processes
including vacuum filtration, spin coating, dip coating, Langmuir–Blodgett deposition, spray-
coating, and press-transfer have been used to fabricate transparent films of CNT.11-15

Although great progress has been recently made in the fabrication of CNT,16 one common
limitation for their use is the difficulty to obtain multiple batches with uniform chemical and
physical properties. This problem has been pointed as one of the major challenges limiting
commercialization of CNT-based devices17 and, not surprisingly, also affects other popular
forms of carbon-based nanomaterials such as graphene.18 To overcome such deficiencies,
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alternative materials should be developed. Among them, optically transparent carbon
electrodes (OTCE) are particularly attractive because they offer properties that are similar to
those of carbon nanotubes including good electrical conductivity, high stability in acidic and
basic solutions, wide potential window, and adequate robustness.19-22 Although OTCE can
be systematically fabricated by reduction at high temperature of photoresists;20, 23-24 a
precise control of the preparation conditions, specialized instrumentation, or expensive
precursors25-26 are typically required to strike an adequate balance between optical
transparency and electrical resistivity of the films.27-29

In addition, these films must often be deposited on conductive (or semiconductive)
substrates such as gold, platinum, or indium-tin oxide19 further complicating its analysis by
spectroscopic means. The immediate consequence of these drawbacks is the reduced
availability and limited applicability of OTCE. In order to bolster the development of new
applications, alternative methods for the fabrication of ultra-thin OTCE are currently
required. Such methods should be versatile, reliable, and amenable to standard laboratory
set-ups. Considering such critical need, this manuscript describes the fabrication of
nanostructured, uniform, transparent, and conductive OTCE obtained by pyrolysis of
biological precursors. These precursors (e.g. proteins) were selected based on their
characteristics (elemental composition, size, solubility, and cost) and deposited on solid
substrates by simple adsorption from an aqueous solution. The resulting electrodes were
characterized in terms of topographical, optical, and electrochemical properties and used for
the development of an electrochemical biosensor for glucose.

2. Experimental Section
Reagents and Solutions

All chemicals were analytical reagent grade and used as received. All aqueous solutions
were prepared using 18 MΩ·cm water (NANOpure Diamond, Barnstead; Dubuque, IA).
Hydrogen peroxide, sodium hydroxide, and α-D-glucose were purchased from Fisher
Scientific (Fair Lawn, NJ). K3Fe(CN)6 and Ru(NH3)6Cl3 were purchased from Sigma-
Aldrich (Saint Louis, MO). Bovine serum albumin (BSA, 66.5 KDa, Fraction V) was
purchased from Fisher Scientific, and used to prepare solutions at a concentration of a 0.1
mg·ml−1 in DI water. Glucose oxidase from Aspergillus niger (EC 232.601.0; 21200
units·g−1) was purchased from Sigma-Aldrich. When required, the pH of the solutions was
adjusted using either 1 M NaOH or 1 M HCl and measured using a glass electrode and a
digital pH meter (Orion 420A+, Thermo; Waltham, MA). Unless otherwise stated, all
experiments were conducted at room temperature (22 ± 2 °C).

Fabrication of the OTCE
The procedure for the fabrication of the presented OTCE consists of three basic steps and is
a much simpler version of the common procedure used to prepare these electrodes by
chemical vapor deposition30 or spin coating.20 In the first step, standard <111> silicon
wafers (Si/SiO2, Sumco; Phoenix, AZ) were scored using a computer-controlled engraver
(Gravograph IS400, Gravotech; Duluth, GA). The process defined substrates of
approximately 1 cm in width and 4 cm in length that can be manually cut. Substrates were
then cleaned in piranha solution (30% H2O2 and 70% sulfuric acid) at 90 °C for 30 min,
thoroughly rinsed it with DI water, and dried in a convective oven. In the second step,
substrates were immersed in a solution of BSA (0.1 mg·ml−1 in DI water) during 60 min
under gentle stirring (50 rpm; Innova 2000; New Brunswick Sci.), rinsed with DI water and
dried at 60 °C. These conditions, selected based on previous reports,31-32 allowed saturating
the surface with the selected protein. In the third step, the samples were pyrolyzed during
1hour at 1000 °C in a tube furnace (Type F21100, Barnstead-Thermolyne; Dubuque, IO)
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and under reducing conditions (95% Ar – 5% H2).33-34 In order to avoid oxidation reactions
that could remove carbon from the substrate (as CO2), the quartz tube containing the
substrates was rinsed with Ar during the heating and cooling steps (~1 hr each).35 For the
case of electrodes composed by multilayers (2 to 12 layers of protein) the second and third
steps were sequentially repeated. Electrical contact to the OTCE was achieved by sputtering
a gold contact (60 sec at 0.2 mA, Cressington 108 Auto; Watford, England) and fixing a
standard copper wire and a drop of silver paint (SPI Supplies; West Chester, PA). For all
experiments, electrodes of 1 cm × 1 cm were defined by either wrapping the electrode with
Teflon tape or applying an insulating spray (422, MG Chemicals).

Characterization of the OTCE
The contact angle between water and the OTCE was obtained at ambient temperature using
a VCA-Optima surface analysis system (Ast Products, Inc.; Billerica, MA) and analyzed
using the software provided by the manufacturer, 30 second after dispensing 2 μL of
deionized water. Measurements were made at 3 different locations on the surface, and the
values reported correspond to the average value ± one standard deviation.

In order to determine which electrodes could be used for electrochemical measurements, the
electrical resistance of the OTCE was measured using a digital multimeter (Radioshack; Fort
Worth, TX) using a 1 cm separation between the tips of the probes. Conductive electrodes
(those fabricated with > 4 layers of protein, vide infra) were selected for further
electrochemical characterization. In such cases, the charge-transfer properties of the selected
OTCE were investigated by cyclic voltammetry (CV), using a 1.0 mM solution of either
K3Fe(CN)6 or Ru(NH3)6Cl3, dissolved in 0.1 M NaH2PO4/Na2HPO4 buffer (+ 0.1 M KCl,
pH = 7.4). These couples were selected because while electrochemical reactions involving
the former may depend on the state of the carbon surface, the latter represents the simplest
case of an outer-sphere electron transfer reactions with no known chemical interactions with
the surface.36 CV experiments were performed using a CHI604 electrochemical analyzer
(CH Instruments, Austin, TX) and a three-electrode cell, where the selected OTCE were
used as the working electrodes, an Ag/AgCl/KClSAT electrode was used as the reference,
and a coiled platinum wire was used as the counter electrode. These experiments were
performed without iR compensation. Electrochemical impedance spectroscopy (EIS) was
used to investigate the evolution of the electrochemical properties of the OTCE. Impedance
measurements were also performed using 1.0 mM K3Fe(CN)6, dissolved in 0.1 M
NaH2PO4/Na2HPO4 buffer (+ 0.1 M KCl, pH = 7.4), at −0.4 V and between 10−2 and 105

Hz. The applied potential was selected to maximize the faradaic current (under the selected
experimental conditions). To determine the contribution of each electrical element, a
Randles-type equivalent circuit (vide infra) was used and fit with the simulation software
Zview-Impedance®, version 2.4a.

In order to evaluate the transparency of the OTCE, equivalent films were deposited on
quartz substrates (Technical Glass Inc., Painesville, OH) and measured in transmittance
mode (300-800 nm wavelength range) using a variable angle spectroscopic ellipsometer
(WVASE, J.A. Woollam Co., Lincoln, NE). The ellipsometer was also used to measure the
ellipsometric angles (Ψ and Δ) as a function of the incident wavelength, according to a
procedure described elsewhere.3-4, 37-38 In order to calculate the refractive index (n) and
extinction coefficient (k) of the film, the collected data were modeled using the WVASE
software package (J. A. Woollam Co., Lincoln, NE) using an optical model composed of a
layer of Si (bulk; d = 1 mm), a layer of SiO2 (d = 2.104 nm) and the OTCE. Differences
between the experimental and model-generated data were assessed by the mean square error
(MSE),39 a built-in function in WVASE. In agreement with previous reports,10, 40 MSE < 15
were considered acceptable.
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In order to obtain structural information of the substrates, the OTCE were investigated using
a confocal Raman automated imaging spectrometer (iHR320, Horiba Jobin Yvon) equipped
with a Synapse CCD detector, with 488 nm wavelength of the excitation laser, exposure
time 2 sec, accumulation factor of 3, at 100X (NA= 0.9) objective, and scanned in the
frequency range of 1100-1850 cm−1.

The topography of the generated electrodes was investigated by atomic force microscopy
(AFM), using a Veeco diMultiMode Nanoscope V scanning probe microscope operating in
tapping and non-contact mode. In addition, AFM was utilized to measure the thickness of
the OTCE, after removing a portion of the carbon film with a scalpel. The thickness of the
film, calculated by performing a depth profile analysis of the step created, was also used to
refine the model to calculate the optical constants by ellipsometry. Preliminary scanning
electron microscopy (SEM) images as well as in-situ elemental analysis were obtained using
a FEG Hitachi S-5500 SEM/STEM, operated at 10 kV (data not shown).

Safety considerations
The described procedure for the preparation of OTCE involves the use of heat (1000 °C) and
a mixture of 5% H2 – 95% Ar and should be carefully handled. Piranha solution (30% H2O2
and 70% sulfuric acid) is a strongly oxidizing cleaning solution and should be carefully
handled.

3. Results and Discussion
OTCE were fabricated by adsorption/pyrolysis of layers of BSA. Besides its low cost and
wide availability, this protein was selected because it is a soft protein (Tm = 57 °C)41 prone
to adsorption to a wide variety of surfaces with rather simple kinetics.31 The statistical
analysis of the sequence of BSA (PDB ID: 3V03, Chain A) was performed using Protein
Workbench (v 5.2, CLC Bio; Cambridge, MA) and used to calculate the elemental
composition (H = 4617, C = 2935, N = 781, O = 898, S = 39), the number of residues with
hydrophobic (234) and hydrophilic character (151), and the isoelectric point (4.8) of the
starting material.

Contact Angle and Topography
One of the simplest methods to gain insight about the surface of electrodes is the
measurement of the contact angle with water. These results revealed systematic increases in
the contact angle of the electrodes as more layers of protein were adsorbed/pyrolyzed. The
values increased from 29 ± 2°, to 45 ± 2°, 70 ± 2° and 90 ± 1° for the bare Si/SiO2 substrate,
and OTCE prepared by adsorption of 1, 5, and 12 layers of protein adsorbed/pyrolyzed,
respectively. Besides indicating that the surface of the OTCE produced with 12 layers of
protein is hydrophobic, the gradual change suggests that the underlying substrate (Si/SiO2)
was gradually covered, as successive layers of protein were deposited on the substrate. In
order to confirm this hypothesis and to gain insight about the morphology of the OTCE
produced by adsorption/pyrolysis of proteins, the surface of the electrodes was surveyed by
atomic force microscopy (AFM). Representative images, obtained in tapping mode, for
OTCE obtained with substrates coated with 1 and 12 layers of protein are shown in Figure 1.

As it can be observed, the OTCE obtained with a single layer of protein adsorbed/pyrolyzed
produced a thin and discontinued layer. On the contrary, the surface of the OTCE fabricated
with 12 layers shows full coverage and abundant density of nanostructures. The surface
roughness calculated by AFM was ± 0.7 nm. This value is in agreement with other thin
electrodes fabricated with pyrolyzed photoresist (0.5 nm42, 0.8 nm20, 0.2 nm33), graphene (2
nm43), or indium-tin oxide (14 nm44).
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Transmittance, Resistance, and Thickness
In order to take advantage of the proposed electrodes and rationally select the most suitable
ones for a given application, the proper balance between transmittance and resistance should
be achieved. This relationship is typically controlled by the thickness of the films.
Therefore, the transparency of the films was evaluated in the 300 – 800 nm range and
analyzed as a function of the number of layers of protein adsorbed/pyrolyzed. As it can be
observed in Figure 2A, rather featureless spectra were obtained for all the substrates,
showing only a slight decrease in transmittance as the wavelength decreases. Figure 2B
shows a summary of the overall trend observed using 600 nm as the reference point. As it
can be observed, and although the overall transmittance of the substrates was influenced by
the number of layers of protein adsorbed/pyrolyzed, all electrodes were able to transmit at
least 89% of the incident power, confirming the transparent nature of the films.

In order to complement the transmission data, the resistance of the proposed OTCE was
investigated as a function of the number of layers of protein adsorbed/pyrolyzed.
Experiments were performed by measuring the resistance of the film between two gold
contacts with a standard multi-meter (2-point probe). Based on the results presented in
Figure 3A, electrodes were classified into three main groups. The first group, that included
electrodes fabricated by adsorption/pyrolysis of 1-4 layers of protein, were not able to
conduct electricity. These electrodes were not considered appropriate for the development of
biosensors and therefore were not further investigated. The second group included
electrodes fabricated with 5-9 layers of protein adsorbed/pyrolyzed and showed a
proportional decrease in the film resistance. Similar trends have been reported for other
OTCE as well as for metallic and semiconductor films.20 The third group of electrodes
(fabricated by the adsorption/pyrolysis of ≥ 10 layers of protein) displayed a resistance
lower than 1 kΩ·cm−1.

As it determines the resistivity and the transparency of the OTCE,20 one of the most
important parameters to control during the development of OTCE is the thickness of the
deposited layer. For that reason, the evolution of the thickness as a function of the number of
layers of protein adsorbed/pyrolyzed was determined by atomic force microscopy (AFM).
As it can be observed in Figure 3B, significant increases in the thickness of the OTCE were
observed as the number of layers of protein adsorbed/pyrolyzed increased from 1.2 ± 0.1 nm
(1 layer) to 36.6 ± 0.3 nm (12 layers).

Electrochemical and Spectroscopic Characterization
In order to identify the most suitable electrodes for the potential development of biosensors,
cyclic voltammetry experiments were performed. Initially, the limits of the OTCE under
normal operational conditions were determined in supporting electrolyte using the electrode
with the lowest resistance (fabricated with 12 layers of protein adsorbed/pyrolyzed). Under
these conditions, no significant O2 or H2 evolution were observed within −0.5 V and 1.2 V.
In agreement with result obtained with other OTCE,30 upon deoxygenation of the solution
(bubbling N2 for at least 10 min) the onset for oxygen reduction was shifted to
approximately −1.5 V (see Supporting Information). Next, the evolution of the
electrochemical properties of the OTCE was investigated by CV, as a function of the
number of layers of protein adsorbed/pyrolyzed and using 1.0 mM K3Fe(CN)6 (prepared in
0.1 M NaH2PO4/Na2HPO4 buffer + 0.1 M KCl, pH = 7.4) as the redox couple. Although
electrodes fabricated with 1 – 4 layers of protein did not render oxidation/reduction peaks,
one anodic current peak during the positive scan and the corresponding reduction peak in the
negative sweep were observed for most of the other electrodes. As a summary of the results
obtained, Figure 4 shows the dependence of the anodic and cathodic peak current (Ip, A) and
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peak potential (Ep, B) as a function of the number of layers of protein adsorbed/pyrolyzed
used to fabricate the corresponding electrode.

In agreement with the results described in Figure 3 (A and B), thicker electrodes (fabricated
with more layers of protein adsorbed/pyrolyzed) yielded significantly larger oxidation/
reduction peaks and smaller differences between the anodic and cathodic peak potentials
(ΔEp). The ratio of the anodic and cathodic peak current was always lower than 0.94 and
despite the gradual decreases, the difference between the anodic and cathodic peak
potentials (ΔEp) was, in all cases, larger than 0.88 V (both values obtained for the electrode
fabricated with 12 layers of protein adsorbed/pyrolyzed). These observations suggest that
the resistance of the electrodes is responsible for the irreversible behavior observed. Similar
results have been reported for similar systems.20, 45

The reproducibility of the proposed method was evaluated by evaluating the peak current
(either anodic or cathodic wave) obtained for three electrodes, independently prepared. In all
cases, the relative standard deviation of the peak current observed was lower than 5%. This
finding was considered a mayor advantage of the proposed electrodes with respect to other
carbon-based nanomaterials, which generally display poor batch-to-batch
reproducibility.17-18

Based on these results and the fact that films with large internal resistances could induce
variations in the applied potential distribution across the electrode surface and distort the
electrochemical response, it was concluded that electrodes prepared with 12 layers of protein
adsorbed/pyrolyzed were more suitable for the development of sensors and were further
characterized. Although it could be possible to further improve the properties of the OTCE
by adsorption/pyrolysis of more than 12 layers of BSA, such strategy would further expand
the time required to prepare the electrodes and was not considered advantageous.
Consequently, the influence of the scan rate was investigated in the 0.005 – 0.3 V/s range
and using electrochemical couples of either negative (K3Fe(CN)6) or positive charge
(Ru(NH3)6Cl3). Figure 5 shows representative voltammograms obtained for the selected
couples at different sweep rates using OTCE fabricated with 12 layers of protein adsorbed/
pyrolyzed.

At all scan rates, one anodic current peak during the positive scan and the corresponding
reduction peak in the negative sweep were observed. The peak current showed a linear
dependence with respect to the square root of the scan rate. In addition, significant shifts in
the ΔEp were observed as the sweep rate increased (see Supporting Information). These
observations suggest that although the reaction is a diffusion-controlled process and that no
adsorption occurs at the interface, electrodes fabricated with 12 layers of proteins adsorbed/
pyrolyzed exhibit some limitations, most likely due to the resistance of the film (IR drop).
Complementary experiments conducted with both electrochemical couples but under
different pH values (0.1 M NaH2PO4/Na2HPO4 buffer + 0.1 M KCl, pH = 6.4, 7.4, 8.4, or
11.4) did not yield to significant differences in either peak current or peak potential,
indicating negligible electrostatic interactions between the electrochemical couples and the
electrode surface.

In order to measure not only the internal resistance but also the charge-transfer resistance of
the OTCE fabricated with 12 layers of protein adsorbed/pyrolyzed, electrochemical
impedance spectra were collected. Figure 6 shows a representative example of a Nyquist
plot obtained for these electrodes.

In order to obtain the assumed parameters on the proposed equivalent circuit, the spectrum
was simulated using the equivalent circuit included in Figure 6 (see insert), where R1, kΩ =
0.35 ± 0.01, R2, kΩ = 0.36 ± 0.01, and R3, kΩ = 4.1 ± 0.1 and correspond to the resistance of
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the solution, the internal resistance of the film, and the charge-transfer resistance,
respectively. Besides including an element to account for the capacitance of the film (C1, nF
= 6.9 ± 0.6), the circuit also features a constant phase element (CPE1, μF = 6.7 ± 0.2) with an
exponent constant (α = 0.83 ± 0.01) instead of the traditional Cdl (representing the
capacitance of the double layer). In agreement with previous reports,46 this small change
(pure capacitors display α = 1) yields better fittings of the model Nyquist plots to the
experimental data by accounting for heterogeneities and roughness of the surface of the
electrode (also evident in the AFM image). Similar circuits have been previously described
in literature to represent CNT-modified electrodes.47-48 The quality of the fitting was
evaluated using a built-in function in the software (chi-squared = 0.0081), which was
considered adequate. The difference between these values and those obtained under DC
conditions (2-point multimeter), suggests that the OTCE show the typical frequency
dependence observed in other thin films.49-50

Raman spectroscopy was used to assess the structure of the electrodes fabricated with 12
layers of protein adsorbed/pyrolyzed. Figure 7 shows a representative Raman spectra
corresponding to an OTCE and a silicon wafer, used as substrate. Although the underlying
substrate does not have any remarkable signal, the OTCE displayed two intense features at
1360 cm−1 and 1605 cm−1. These peaks, also known as the D and E2g bands, are
characteristic of carbon substrates and are associated with symmetry breakdown and sp2

lattices of graphitic structures, respectively.51 Although the position and intensity of these
bands can be slightly affected by the temperature of the pyrolysis step52 or the presence of
adsorbed oxygenated species,34 the ratio D/E2g can be typically used to obtain qualitative
information related to the structural disorder of the carbon substrate.20, 34, 53 In order to
obtain such information, the spectra shown in Figure 7 was deconvoluted into two Gaussian
peaks (centered at the D and E2g bands) with areas of 55706 and 44320 counts·cm−1,
respectively (R2 = 0.97). The D/E2g ratio of the areas of these bands was calculated to be
1.26. This value which is slightly higher than previously reported ratios for other OTCE
fabricated from photoresists33 and traditional glassy carbon electrodes,36, 51 and could
explain the resistive behavior observed by electrochemical impedance spectroscopy (see
Figure 6), driving the irreversible electrochemical response (see Figure 4 and Figure 5).
Although a-priori this may represent a disadvantage of the proposed OTCE with respect to
traditional electrodes, the larger disorder and proportion of edges of the proposed OTCE
could enable the fabrication of nanostructured electrodes with significantly higher
electrochemical activity54 and density of functional groups on the surface.

As previously stated, the optical constants of the OTCE were determined by ellipsometry by
fitting a parameterized model to the measured data. In order to improve the accuracy of the
calculation, the thickness of the substrate coated with 12 layers (obtained by AFM) and the
optical properties of arc-evaporated carbon55 were used as the starting values for the fitting
process. The results of the calculation, which display Kramers–Kronig consistency, are
summarized in Figure 8. As it can be observed, an intense peak in k, attributed to the
resonance of excitons in the carbon structure, was observed at 450 nm. Unlike structured
carbon-based nanomaterials,37, 56 where strong and well-defined features are often observed
(band gap at ~220 nm for crystalline diamond), the proposed OTCE displayed broader
features, approaching those obtained with disordered carbon structures.36, 57

OTCE-Based Biosensor
In order to demonstrate the potential applications of the described OTCE, the electrode
fabricated with 12 layers of protein adsorbed/pyrolyzed was used to develop an
amperometric sensor for glucose. The sensor was prepared following a previously described
procedure4-5, 58-60 by immersing, for 1 hour under mild agitation, the OTCE in a solution
containing 4 mg·mL−1 glucose oxidase (a model enzyme for bioanalytical applications) in
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10 mM acetate buffer, matching the isoelectric point of the protein. The response of the
sensor was evaluated by following the oxidation of H2O2 (produced by the oxidation of
glucose) upon the sequential addition of glucose to a beaker containing 20 mL of 0.1 M
NaH2PO4/Na2HPO4 buffer + 0.1 M KCl, pH = 7.4. The detection was performed in a three-
electrode cell by applying at 0.8 V (vs Ag/AgCl/KClSAT). Figure 9 shows a typical
calibration plot for glucose obtained with the GOx-modified OTCE, in the 1-100 mM range.
At it can be observed, a linear least-squares fitting, calculated over the 1 – 10 mM
concentration range, yielded a sensitivity and a limit of detection (3 times the noise value of
the baseline) of 3.0 ± 0.1 nA·mM−1 and 10μM, respectively. The average response time was
14 ± 2 s.

4. Conclusions
A series of optically-transparent carbon electrodes were developed by pyrolysis of adsorbed
proteins. As most proteins interact with most surfaces, the process does not require
specialized instrumentation and can be used to coat substrates of different composition, size,
and shape. By sequential cycles of adsorption/pyrolysis, thicker layers of carbon can be
produced. Although electrodes fabricated with 5-9 layers of protein showed moderate
resistivity, films with < 1 kΩ·cm−1 can be systematically (RSD < 5%) produced by the
deposition of 10 – 12 layers of protein. Substrates fabricated with 12 layers of protein
adsorbed/pyrolyzed were able to facilitate electron-transfer reactions with irreversible
behavior, likely associated with the internal resistance of the film. According to the
presented results, the substrates display the characteristic Raman features of graphitic
samples, with a large ratio of edges/basal (sp2) planes, therefore suggesting the presence of a
significant number of sites that can be manipulated through standard chemical
derivatization. In addition, the substrates display a high contact angle and a large density of
nanostructures on the surface. The described substrates were used to develop a glucose
biosensor with a performance that is comparable to other sensors recently published. All
things considered, the presented methodology display advantages with respect to other
procedures to fabricate transparent electrodes as it allows the fabrication of a novel carbon-
based nanomaterial, with high uniformity, in almost any laboratory setting, and at a very low
cost.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
AFM topographical image (500 × 500 nm) of the OTCE fabricated with a single (A) or 12
layers (B) of protein adsorbed/pyrolyzed.
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Figure 2.
A: Representative transmission spectra of a series of OTCE on quartz.
B: Transparency of the proposed OTCE as a function of the number of layers of protein
adsorbed/pyrolyzed.
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Figure 3.
A. Resistance of OTCE as function of the number of layers of protein adsorbed/pyrolyzed.
Each data point represents the average ± standard deviation obtained for three electrodes,
independently prepared. Line included to guide the eye.
B. Thickness of OTCE as function of the number of layers of protein adsorbed/pyrolyzed as
measured by AFM. Each data point represents the average ± standard deviation obtained for
three electrodes, independently prepared. Line included to guide the eye.

Alharthi et al. Page 14

Langmuir. Author manuscript; available in PMC 2014 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Summary of the peak current (A) and peak potential (B) as a function of the number of
layers of protein adsorbed/pyrolyzed. Conditions: 1.0 mM K3Fe(CN)6 in 0.1 M NaH2PO4/
Na2HPO4 buffer + 0.1 M KCl, pH = 7.4, scan rate: 100 mV·s−1. Each data point represents
the average ± standard deviation obtained for three electrodes, independently prepared.
Positive and negative values correspond to the anodic and cathodic process, respectively.
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Figure 5.
Potentiodynamic I/E profiles for 1.0 mM K3Fe(CN)6 (A) or 1.0 mM Ru(NH3)6Cl3 (B)
obtained at 5 mV·s−1 (------), 100 mV·s−1 (——), and 300 mV·s−1 ( ). Conditions:
0.1 M NaH2PO4/Na2HPO4 buffer + 0.1 M KCl, pH = 7.4, OTCE fabricated with 12 layers
of protein adsorbed/pyrolyzed.
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Figure 6.
Nyquist plot obtained with an OTCE fabricated with 12 layers of protein adsorbed/
pyrolyzed (•). Conditions: 1.0 mM K3Fe(CN)6 in 0.1 M NaH2PO4/Na2HPO4 buffer + 0.1 M
KCl, pH = 7.4. Also included in the figure is the spectrum ( ) simulated with the
proposed equivalent circuit (insert).
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Figure 7.
Raman spectra obtained with a plain wafer ( ) and an OTCE fabricated with 12
layers of protein adsorbed/pyrolyzed (—).
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Figure 8.
Dependence of the index of refraction (n, ——) and extinction coefficient (k, - - -) as a
fucntion of the wavelength and as determined by ellipsometry for a OTCE fabricated with
12 layers of protein adsorbed/pyrolized.
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Figure 9.
Calibration curve obtained with a OTCE fabricated with 12 layers of protein adsorbed/
pyrolyzed and modified with GOx. Conditions: 0.1 M NaH2PO4/Na2HPO4 buffer + 0.1 M
KCl, pH = 7.4, EDET = 0.8 V. Line represents the linear fitting obtained in the 1-10 mM
range. Each data point corresponds to the average ± standard deviation obtained with 3
consecutive injections.
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