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Abstract

This paper reports a novel cholesterol biosensor based on nanostructured platinum (Pt)
thin films prepared by Magnetron Sputtering (MS) in an oblique angle (OAD)
configuration. Pt thin films were deposited onto a gold screen-printed electrode and
characterized using Rutherford Back Scattering (RBS), Scanning Electron Microscopy
(SEM), X-ray Diffraction (XRD), Cyclic Voltammetry (CV), X-ray Photo-electron
Spectroscopy (XPS), Atomic Force Microscopy (AFM) and wetting analysis. Our
results confirmed that the film is highly porous and formed by tilted nanocolumns, with
an inclination of around 40° and a total thickness of 280 nm. XRD and CV analysis
confirmed the polycrystalline nature of the Pt thin film. Cholesterol oxidase (ChOx) was
covalently immobilized using a bioinspired polymer, polydopamine (PDA), via Schiff
base formation and Michael-type addition. After being immobilized, ChOx displayed an
apparent activation energy of 34.09 kJ mol™ and a Michaelis constant (Ky) equal to
3.65 mM, confirming the high affinity between ChOx and cholesterol and the excellent
ability of the PDA film for immobilizing biological material without degradation. Under
optimized working conditions our biosensor presented a sensitivity of 14.3 mA M ‘cm™

(R%:0.999) with a linear range up to 0.5 mM and a limit of detection of 10.5 pM (S/N =
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3). Furthermore the biosensor exhibits a fast response (< 8 s), good anti-interference

properties and high stability after relatively long-term storage (2 months).

Keywords: Platinum, magnetron sputtering, oblique angle deposition, polydopamine,

cholesterol, GLAD

1. Introduction

Present days are witnessing a growing demand of new sensor devices for analytical,
health, agro-alimentary, pharmaceutical, defense and environmental applications.
According to the International Union of Pure and Applied Chemistry (IUPAC) a
biosensor is “a self-contained integrated device, which is capable of providing specific
semi-quantitative or quantitative analytical information using a biological recognition
element which is retained in direct spatial contact with a transduction element” [1].
Biosensors may replace or complement classical analytical methods (e.g.
chromatography, capillary electrophoresis and mass spectrometry) simplifying or
eliminating sample preparation steps and making field-testing easier and faster with a
significant decrease in cost per analysis [2]. In particular, electrochemical biosensors are
very attractive because of their low dimensions, high sensitivity and selectivity, low
cost, real-time output, simplicity of starting materials or the possibility to develop user-

friendly and ready-to-use devices [3, 4].

First-generation biosensors, based on the detection of an electroactive metabolites (e.g.,
H.O, generated through an enzymatic reaction), are still preferred due to its easy and
practical implementation [5]. Platinum (Pt), thanks to its outstanding electrocatalytic
properties, is the most common material for electrochemical detection of H,O, [3-8].
This feature, together with the availability of commercial Pt electrodes in different

configurations, alloy compositions and dimensions, make this material very attractive
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for biosensor applications. However, classical commercial Pt electrodes present
polished and flat surfaces with a low surface to volume ratio that limit sensitivity and
provide a great freedom of orientation to biomolecules anchored onto their surface (i.e.,
non-oriented immobilization). Random distribution and poor orientation of
biomolecules may induce conformational changes (especially in the active/binding site)
and biomolecule denaturation, as well as constrain the accessibility of the substrate to
the active/binding sites [9, 10]. These deleterious effects can be avoided using
nanostructured porous layers with higher surface/volume ratios which, providing more
effective surface sites for the immobilization of biomolecules with the desired
orientation and conformation, present higher biological activity and enhance the sensing

response capacity [10-13].

In the present work we combine both a new nanostructured Pt electrode and
polydopamine (PDA), a bioinspired material, to develop a cholesterol biosensor. This
combination ensures the correct immobilization of the biological recognition element
(cholesterol oxidase) and preserves its electrocatalytic activity. Magnetron Sputtering
(MS) has been selected to fabricate the Pt electrode [14]. This physical vapour
deposition technique is typically used for the fabrication of compact films, a feature that
restricts the expected functionality with regard to biomolecules. An alternative to
conventional MS consists of using an oblique angle deposition configuration (MS-
OAD) where the substrate is placed at an oblique angle with respect to the target [14-
22]. This deposition geometry leads to the formation columnar and highly porous
microstructure with mesopores extending from the surface of the film up to the interface

with the substrate [18, 21].

PDA coatings have attracted considerable interests in the recent years because they can

be applied in a simple and fast way to modify surfaces. This bioinspired polymer has
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been usefully applied for biomedical applications, remediation, biomineralization, drug
delivery and hyperthermia, as well as for sensor and biosensor manufacturing [23, 24].
From a biosensor perspective an interesting feature of PDA is the possibility to
covalently graft onto its residual quinone groups other nitrogen and thiol containing
molecules through either Schiff base or Michael-type additions [23-27]. This
possibility, together with a high reactivity and the possibility to cover an almost
unlimited number of materials offer many unexplored opportunities for biosensor
assemblies [23-32]. In fact, PDA provides a suitable microenvironment for
immobilizing a high density of oriented biomolecules with their catalytic and bio-

recognition activity intact [23, 25, 33-37].

In the present work we prove that these concepts can be used for the development of a
cholesterol biosensor consisting of a Pt porous electrode fabricated by MS-OAD, a PDA
layer and a specific enzyme. The high performance of our biosensor, its good analytical
response and interference properties and the retention of the enzymatic activity for a
long time support the use of the developed complex electrodes as robust and reliable

biosensors.

2. Materials and Methods

2.1 Reagents, materials and solutions

Cholesterol oxidase (ChOx) (C8868, from microorganism), dopamine (DA),
cholesterol, Triton X-100 and all other chemicals were obtained from Sigma. The target
for MS was supplied by SMP and consisted of a 1 inch diameter disk of high purity
(99.99%) platinum. Gold screen-printed electrodes (Au-SPE) (AT220, Dropsens)
consisting of a 4-mm diameter gold working electrode, a gold counter electrode and a

Ag pseudo-reference electrode were employed as electrochemical transducers.



Phosphate buffer solutions (0.1 M, pH 7.4) were prepared in doubly distilled (DI) water
(18.2 MQ cm, Millipore-Q). ChOx was dissolved (Img mL™) in 50 mM PBS with 0.1
M NaCl. PDA monomer solutions (10 mM) were prepared in a PBS solution (pH 7.4)
before use. Since cholesterol does not dissolve well in standard buffer solutions, a non-
ionic surfactant (Triton X-100) was used [38-40]. Cholesterol stock solutions (5 and 10
mM) were prepared in PBS incorporating 10% (v/v) Triton X-100 which were slowly
heated until 60 °C during 30 min. The solutions were stored in a refrigerator and
remained stable for 1 month (until a slight turbidity was observed). Electrochemical
tests were carried out in 0.1 M PBS with 1% (v/v/) Triton X-100 (PBST) [38]. The
spectrophotometric kit for cholesterol determination was supplied by Linear Chemical

SL.

2.2 Preparation and characterization of the nanostructured platinum film

electrodes

Nanostructured platinum thin films were deposited onto gold screen-printed (Au-SPE)
substrates using the MS-OAD technique in a cylindrical vacuum reactor pumped down
to a base pressure lower than 5x10™ Pa that was equipped with a magnetron sputtering
target device (A310-XP, by AJA International). This base pressure was achieved by a
combination of turbomolecular and rotary pumps. The gas used for the deposition was
Ar (purity 99.995 %) and the working pressure was adjusted with a throttling valve
placed between the chamber and the turbo pump at 0.4 Pa. The electrodes were placed
70 mm apart from the target. Preparations were carried out using a unipolar power DC
supply at a constant electromagnetic power of 40 W. Deposition of platinum was
performed at oblique angle by tilting the surface of the electrodes 85° relative to the
target [21]. A mask was placed over the electrodes to cover only the 4-mm diameter

gold working layer (Au-SPE/Pt).



Field emission scanning electron micrographs were obtained using a HITACHI S 4800
microscope for doped silicon supported films conveniently diced for cross section
observation. Raman and FTIR spectra were taken with a HORIBA HR-800-UV
microscope and a JASCO FT/IR-6200 spectrophotometer set in the “Attenuated Total
Reflection” (ATR) mode, respectively. Wetting measurements were carried out
according to the Young method measuring the contact angle of small water droplets (3
pL) with a Contact Angle System OCA20 (DataPhysics). Topographic images of the
surface were taken at the scale of 1umxlum with a Nanotec AFM microscope and
Dulcinea electronics, working in tapping mode and using high frequency levers. Data
were processed with the WSxM software [41]. X-ray photo-electron spectroscopy
(XPS) was carried out in a Phoibos-100 spectrometer, working in the pass energy
constant mode, with Mg Ka as excitation source. The binding energy scale was
referenced at 284.5 eV for the C 1s peak of some slight contamination of carbon present
on the electrode surface. X-ray diffraction spectra, obtained in a grazing angle
configuration, were acquired using a Panalytical X’PERT PRO diffractometer.
Rutherford back scattering, RBS, spectra were obtained in a tandem accelerator (CNA,
Sevilla, Spain) with a beam of alpha particles with energy and intensity of ca. 2.1 MeV
and 1.7 nA respectively, and ca. 1 mm diameter. RBS spectra were analyzed with the

SIMRAG.0 program [42].

To evaluate the quality and the effective electrochemical area of the Pt thin film, cyclic
voltammetry (CV) experiments were carried out with a DRP-uSTAT400
BiPotentiostat/Galvanostat, while data were acquired with the Dropview 8400 software
(DropSens) in a 10 mL glass cell at room temperature. Therefore, a Pt-modified
electrode was used as working electrode and a commercial Ag/AgCl (3 M KCI) and a

Platinum (Pt) wire as reference and counter electrodes, respectively.



2.3 Biosensor fabrication and characterization

PDA was directly electrodeposited using CV. To this end, a drop (80 pL) of 10 mM DA
was deposited onto both the working Ag pseudo-reference and counter electrodes, and
cycled between —0.2 and 0.6 V at a scan rate of 0.1 V s* (default 20 cycles). Then,
electrodes were washed several times with DI water to remove non-polymerized DA
and subsequently dried under a N, atmosphere. Enzymatic immobilization was done by
casting the working electrode with 20 pL of ChOx solution (1 mg mL™) followed by its
storage overnight in a wet atmosphere at 4 °C. Finally, biosensors were washed several
times with DI water to remove then non-immobilized enzyme, dried newly with N, and

stored at 4 °C.

Biosensor electrochemical characterizations (CV, chronoamperometry, constant
potential amperometry) were carried using a full electrochemical cell configured on the
AuU-SPE. It consisted of a 4-mm diameter working electrode (Au-SPE/Pt/PDA-ChOXx), a

gold counter electrode and an Ag pseudo-reference electrode.
3. Results and discussion

Scheme 1 displays a schematic representation of the structure and concepts applied for
the construction of the final cholesterol biosensor. The procedure encompasses the
following steps: (a) deposition of the nanoporous Pt thin layer onto the Au-SPE, (b)
PDA electrodeposition, (c) enzymatic immobilization and (d) biosensor response. A
more detailed description of the procedure is reported in Section 2, materials and

methods.

1. MS-OAD thin film characterization



The physicochemical properties and performance of the nanostructured Pt layers were
determined using the techniques mentioned in the section 2.2. Figure 1 shows the top-
view (Fig. 1a, b) and cross-section (Fig. 1c) images of the Pt nanostructured layer
prepared on a silicon substrate. The former reveals the porous nature of the Pt layer with
a surface formed by separated and well-defined domains. Meanwhile, the latter shows a
microstructure formed by 40° tilted nanocolumns and a total thickness of ca. 280 nm.
This porous and nanostructured configuration of these OAD layers has been attributed
to shadowing effects during the film growth [39]. Porosity of the Pt thin film was
estimated from the mass thickness determined by RBS (see material supporting, Fig.
S1) and its actual thickness determined from the FE-SEM cross-section image [16, 17].
This comparative assessment yields a void space ratio of approximately 45% of the Pt
thin film volume.

XRD analysis confirmed the deposition of a metallic and polycrystalline Pt thin

film deposited on doped silicon (100) wafer. The diffractogram (in Fig. 2a) shows
characteristic diffraction lines at ca. 39.78, 41.16, 67.47, 81.26 and 85.82 degrees that
can be assigned to Pt(111), Pt(200), Pt(220), Pt(311) and Pt(222) diffraction peaks [43].
A crystallite average size of ca. 22 nm was calculated with the Debye-Scherer equation
using the full-width at half maximum (FWHM) value of the (111) XRD peak. Figure
2b displays the characteristic CVs in sulfuric media for Au-SPE/Pt electrodes with a
porous and a compact configuration. They are characterized by two well-defined pairs
of redox peaks, a first one (at ca. -0.1 V) related to the adsorption/desorption of
hydrogen and a second one attributed to the formation of oxide/hydroxide species (ca.
+0.6 V). The presence of a broad peak in the adsorption/desorption region confirmed
the polycrystalline nature of the film [44, 45]. From the intensity of the CV curves it

was possible to confirm an enhancement in the exchange of charge at the porous film.



Moreover, from the integrated area of the anodic peak at ca. -0.1 V, we calculated the
electrochemical surface area (ESA) and the roughness factor (RF) of the Pt film
electrode that were estimated according to:
ESA=Q/Q" (Eq. 1)

RF = ESA/GSA (Eq. 2)
where Q is the integrated charge of the anodic peak, Q* is the standard value of 210 uC
cm™ corresponding to a single hydrogen layer (1.3x10™ atom cm™) adsorbed onto a
polycrystalline Pt electrode, and GSA is the geometrical area of the electrode [46, 47].
For the porous layer and a total charge of 253 PC, the determined ESA was 1.25 cm?,
one order of magnitude higher than the GSA (0.13 cm?) and expected values for a
compact Pt layer. The RF value determined with Eq. 2 was 9.2. In contrast, CV for the
compact configuration displayed an ESA and RF values of ca. 0.13 cm? and 1
respectively, and confirmed the advantages of working under the OAD approach.
The chemical oxidation state of the electrodeposited Pt porous thin film was determined
by XPS. Figure 3a shows a general photoelectron spectrum recorded for the Au-SPE/Pt
electrode which is very similar to spectra previously reported for other Pt electrodes
[43]. The oxygen peak (O1s) in this spectrum may be related with the formation of
oxide species at the surface, while the carbon peak (Cls) must be attributed to
adventitious carbon. As shown in Figure 3b, the Pt 4f spectrum depicts two bands at
binding energy values of 73.5y 77.3 eV and the intensity ratio typical of the Pt 4f;;, and
Pt 4fs;, components. These values are very close to the binding energies found for PtO
(Pt**) and PtO, (Pt*"), thus confirming the formation of an oxide layer on the surface of
the electrode [48-50].

3.2. Polydopamine-modified Pt porous thin film characterization



Electropolymerization of Dopamine has been selected as a method to modify the Pt thin
films. This procedure exhibits higher deposition rates and more efficient results in terms
of dopamine recovery [51] than the more conventional self-polymerization [23, 24]. In
addition, it is not time-consuming and leads to the complete coverage of the surface of
the Pt electrode with a reactive polymeric layer quite well-suited for the covalent
immobilization of ChOx. Figure 4a shows a cyclic voltammogram (CV) with a pair of
peaks at 0.25/0.05 V that are typical for the electropolymerization of PDA. The anodic
peak at 0.25V is responsible for DA oxidation to ortho-dopaminoquinone and the
cathodic peak at 0.05 V is related to ortho-dopaminoquinone reduction to DA [51]. In
successive scans, the peak currents decrease cycle-by-cycle suggesting that a compact
and insulating PDA film is progressively growing in thickness onto the electrode
surface [52]. Figure 4b shows the CV for Au-SPE and Au-SPE/Pt electrodes, using the
ferro/ferricyanide pair as redox probe. The suppression of the redox activity of this
redox probe [51, 52] confirms the correct electrodeposition of PDA on the electrode

surfaces.

Figure 5a shows the ATR-FTIR spectra of the Au-SPE/Pt and Au-SPE/Pt/PDA
electrodes. The PDA-modified electrode depicts broad peaks at ca. 3300 cm * and
2900 cm ! [25-27, 53] that can be assigned to v(N—H) and v(O—H) stretching modes
(due to the presence of amino and hydroxyl groups) and to aliphatic v(C—H) stretching
modes, respectively. The peak at 1720 cm™ is assigned to v(C=0) groups, indicating the
presence of quinone groups in the polymeric film [25-27]. Meanwhile, the peak at ca.
1450 cm™, assigned either to the v(ring-(C=C)) or/and to v(ring-(C=N)) stretching
modes, together with the peak at ca. 1390 cm™, confirm the presence of aromatic amine
species in the deposited film [25-27]. Raman spectra (Fig. 6b) for Au-SPE/Pt electrodes

present three overlapping peaks in the range 1000-1900 cm™. The two latter, at 1400
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and 1600 cm™, can be associated with the stretching and deformation of catechol groups
in the polymeric film [25-27, 54] and confirm the succefuly electrodeposition of PDA
onto the Pt surface. Interestingly, the peak at 1100 cm™ has not been reported in
previous works dealing with PDA biosensing applications and its development in this
case must be associated with the use of slight alkaline conditions during the
electrodeposition of PDA [18, 19, 46]. We relate the appearance of this peak in PDA,
otherwise typical of DA [55], to the entrapping/adsorption of the monomer in/on the
polymeric film during the rapid electropolymerization process and its retention after
washing [56].

Additional characterization of the Au-SPE/Pt and Au-SPE/Pt/PDA surface
morphologies has been performed by AFM. Since the Au-SPE/Pt and Au-SPE/Pt/PDA
surfaces present similar grain-like topographies (see figure S2 in the supporting
information) and their roughness expressed as root mean square (RMS) values only
increases from 7.5 to 13.1 nm after PDA deposition, it is possible to conclude that the
PDA coating covers conformably the Pt surface. It is noteworthy that, within the
expected discrepancies between the two techniques, the determined Pt AFM surface
roughness (i.e., RMS value) is in good agreement with the roughness factor obtained by
electrochemical analysis (see above).

Since the surface tensions of metallic and polymeric materials are very different [57],
another surface property that may confirm the complete covering of the Pt electrode
with the PDA film is a change in wettability. This property depends on several factors
including the roughness and chemical functionalities of the surface [58]. WCAs on the
Au-SPE/Pt and Au-SPE/Pt/PDA surfaces (see Figure S3 in the supporting information
for the shape of the droplets) present values of 100° and 76° respectively. Clean flat

platinum surfaces are typically hydrophilic (i.e. WCA smaller that 90°) [59], while a
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hydrophobic behavior (WCA higher than 90°) is only achieved after chemical surface
modification of microstructured platinum samples [60]. Therefore, the hydrophobic
behavior found for the MS-OAD Pt film must be attributed to its rough character and
oxidized surface state after the electrochemical activation. However, most interesting
for the present investigation is that the WCA decreases to 76° when this oxidized Pt
electrode is coated with the PDA film. Since the RMS values are similar for the two
electrodes, this improved wettability must be attributed to the formation of a new
liquid-surface interface with a higher surface tension due to the different chemical
nature of the latter after PDA deposition.

3.3. Cholesterol oxidase-modified Au-SPE/Pt electrodes characterization

In order to demonstrate the biosensing possibilities of the PDA-modified Pt electrodes,
cholesterol oxidase (ChOx) was immobilized on their surface. Cyclic
voltammogrametry (CV) and chronoamperometry (see in supplementary materials, Fig.
S4) were used to characterize the electrochemical behavior of the cholesterol biosensor
(Au-SPE/Pt/PDA-ChOx). After the addition of cholesterol, the CV of the Au-
SPE/Pt/PDA-ChOx biosensor showed a noticeable increase in current (Fig. 6a), starting
at about +0.20 V and depicting a clear anodic peak shoulder at around +0.55 V. This
behavior was reproducible during successive additions and can be attributed to the
oxidation of the H,O, generated during the enzymatic reaction. The effect of the scan
rate on the anodic peak was studied cycling the Au-SPE/Pt//PDA-ChOx biosensor in 2.5
mM cholesterol solution in the range 0.01-0.35 V s™ (Fig. 6b). The obtained linear
dependence between the peak current and the square root of scan rate (Fig. 6¢) indicates
that the diffusion of cholesterol, rather than a surface-bound process, is the limiting step
of the reaction rate. In turn, these results suggest that a rapid electron transfer process

occurs at the surface of the electrode, a situation that is ideal for analytical applications.
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3.3.1. Applied potential, pH and temperature effects

The effect of the applied potential, pH and temperature on the amperometric response of
the Au-SPE/Pt-ChOx biosensor against 1 mM cholesterol was conveniently evaluated to
determine the application ranges of the developed cholesterol biosensor electrode. The
choice of the proper potential applied at the working electrode is critical to increase the
sensitivity towards H,O, and, therefore, to lower the detection limit, improving the
analytical performance of the system. Traditionally, in most biosensors based on Pt
electrodes, detection of H,O; is carried out at relatively high potentials (ca. +0.7 V),
conditions that are prompt to interferences with other electroactive stuffs in the medium
[4, 61]. Evaluation of the Au-SPE/Pt-ChOx biosensor in the range 0 to +0.7 V (see Fig.
S5a in the supporting information) showed a clear enhancement in sensitivity at +0.2 V,
a maximum at +0.4 V and no additional improvement at higher potentials. This
behavior, agreeing with both the CV data discussed above and the good electrocatalytic
activity of nanostructured Pt electrodes previously reported by other authors [61, 62],
strongly supports the use of these electrodes as a robust device for the detection of

cholesterol.

The effect of pH on the amperometric response of the biosensor was checked in the pH
range 4.0 to 10.0 (see Figure S5b in the supporting information). The biosensor current
exhibited an almost bell-shaped behavior, with a maximum response at an onset pH of
7.4 that extends up to pH 9, confirming the excellent stabilization of the enzyme on the
surface of the PDA film. Based on these results, +0.4 V and pH 7.4 were selected for

further analysis.

The effect of temperature on the Au-SPE/Pt-ChOx biosensor response was evaluated

from 15 to 60 °C. As shown in Figure 7a, the response current increased with
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temperature up to a maximum value at 45 °C due to an enhancement in the activity of
the immobilized ChOx. Then, the enzyme activity slightly decreased (ca. 10%) at higher
temperatures (< 55 °C) due to the deactivation of ChOx. The apparent activation energy,
calculated according to the Arrhenius theory [27], had a value of 34.09 kJ mol™ (c.f.,
Figure 7b), i.e., it was lower than the values of 42.6 and 71.1 kJ mol™ reported by
previous authors [38, 40]. This result further confirms that ChOx activity is properly

retained on the surface of the PDA-modified Pt electrode.

3.3.2. Biosensor response under optimized conditions

After optimizing the main experimental variables, the biosensor response was newly
revised. For convenience, all measurements were carried out at ambient temperature.
Figure 8a shows the amperometric response of the Au-SPE/Pt/PDA-ChOx biosensor
(under stirring conditions) for successive cholesterol additions. Each time, the biosensor
presented a fast response after a short stabilization time of ca. 8 s. This low value
confirms that this hybrid configuration does not present significant diffusional problems
and demonstrate that the very thin nature of the PDA film and the excellent
electrocatalytic properties of the nanostructured Pt layer are quite adequate for their use
as biosensor assembly. As shown in Figure 8b, the calibration curve presented a
Michaelis-Menten (MM) behavior. Enzyme kinetics parameters obtained using the Hill
modified MM equations yielded values of Ky = 3.65 mM, Vpax = 6.93 pA and Hill
parameter (h) = 0.99. The h value obtained indicates that the biosensor responds
according to a MM kinetic (h = 1, for MM mechanism). Ky determines the affinity of
an enzyme for a specific substrate, smaller values of this magnitude signifying a higher
affinity [25-27]. Therefore, the low Ky value obtained for the developed biosensor, in

line with previous values reported in literature for other systems [38, 63-66], confirms

14



that ChOx is well immobilized on the PDA film where it retains its enzyme structure

with very little conformational changes.

The biosensor presented a linear response with cholesterol concentration up to a
value of 0.5 mM, with a sensitivity in this range of 14.3 mA M™* cm? (R? = 0.999)
that is comparable or even superior than that of other complex biosensor designs [40,
65, 67-73] (Table 1). The calculated limits of detection (LOD) (S/N = 3) and
quantification (LOQ) (S/N = 10) were 10.5 and 35.3 uM, respectively, in line with other
similar nanostructured biosensors (Table 1). The reproducibility and repeatability of the
Au-SPE/Pt/PDA-ChOx biosensor activity was evaluated by measuring the slope of
calibration plots for cholesterol in the 0-500 mM concentration range. Relative standard
deviation (RSD) values were 3.2 and 7.4% as determined for three calibrations plots
successively obtained with the same electrode or with three different biosensors

prepared in the same manner, respectively.

The effect of common interfering substances in cholesterol determination such as
ascorbic acid, glucose and lactate was also investigated. Interference tests were carried
out with 5 mM cholesterol (normal value in human blood), comparing the current
changes in the presence of 0.1 mM AA and 5mM for glucose and lactate. As shown in
Figure S6a, all tested interferences produce negligible effects onto the actual
cholesterol signal, thus confirming the high selectivity of the developed biosensor for

cholesterol detection.

In order to compare our biosensor against common methods used for cholesterol
determination, different cholesterol solutions were prepared in PBST and measured with
both electrochemical and spectrophotometric methods. Recoveries obtained for both

methods (Table S1) were in the same range 96-103% clearly sustaining a good
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accuracy and reliability of our biosensor. Short term biosensor stability was studied
during ca. 1 h after adding 400 uM cholesterol. Our results showed an excellent
response and retained more than the 95% of the initial response after the addition
(Figure S6b). The long term stability of the biosensor was proved after its storage in a
refrigerator at 4 °C for 2 months. It is noticeable in these experiments that the biosensor
depicted no significant losses of sensitivity after the first month and retained ca. 85% of
the initial activity after 2 months (Figure S7), duplicating the stabilities of the majority
of cholesterol biosensors displayed in Table 1. This feature confirmed that ChOXx is
firmly retained on the surface of the biosensor and effectively stabilized even after long

time periods.

4. Conclusions

In this work we have developed a novel cholesterol biosensor based on a specifically
designed porous platinum thin film electrodes. Control over the porosity and
nanostructure of the Pt thin films used as electrodes was possible using an oblique angle
configuration during their physical vapor deposition with the magnetron sputtering
technique. Using this type of thin films we have prepared a complex biosensor electrode
integrating the Pt film a polydopamine layer and cholesterol oxidase. This assembply
presented and excellent biosensor response which, having a low Ky value, high
temporal stability, high sensitivity and excellent response time, confirm the ability of
this hybrid structure as an excellent biosensing platform for cholesterol determination

and further investigations.
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Figure and Tables Captions

Scheme 1 Schematic illustration for the different stages (a-c) of the cholesterol
biosensor construction. The CV diagrams in d) represent CV evolution at different
cholesterol concentrations.

Fig. 1 FE-SEM view (a, b) and cross-section micrographs (c) of a Pt porous thin film
deposited by MS-OAD on a flat silicon wafer.

Fig. 2 (a) X-ray diffractogram (XRD) obtained for a platinum-modified silicon wafer.
(b) Cyclic voltammogram (CV) recorded for porous and compact Au-SPE/Pt electrodes
in 0.5 M H,S0, (scan rate: 0.1 V s™) against a Ag/AgCI (3M) as reference electrode.
Fig. 3 (a) General XPS spectra for the platinum-modified electrode (Au-SPE/Pt). (b)

High-resolution XPS spectra of Pt 4fs, and Pt 4f;, core-level lines.

Fig. 4 (a) Cyclic voltammograms (CV) evolution for a Au-SPE/Pt electrode in a DA
solution (10 mM) for successive voltammetric cycles (scan rate: 20 mV s). (b) CV of
the Au-SPE/Pt and Au-SPE/Pt/PDA electrodes in a solution containing 5 mM
[Fe(CN)s]* ™.

Fig.5 (&) ATR-FTIR and Raman spectra (b) for Au-SPE/Pt and Au-SPE/Pt/PDA

electrodes

Fig. 6 (a) Cyclic voltammograms (CV) of the Au-SPE/Pt/PDA-ChOx electrode in the
absence and in the presence of different cholesterol concentrations in 0.1 M PBST (pH
7.4) at a scan rate of 0.1 V s™. (b) CV obtained for a 2.5 mM cholesterol solution at
different scan rates (from 0.01 to 0.35 V s™) in 0.1 M PBST (pH 7.4). (c) Inset: Linear

dependence of the anodic peak against the square root of the scan rate.

Fig. 7 (a) Dependence on temperature of normalized current during the detection of 1

mM cholesterol (in 0.1 M PBST, pH 7.4) with the Au-SPE/Pt/PDA-ChOx biosensor at
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an applied potential of 0.4V and under stirring conditions (400 rpm). (b) Semi-log
Arrhenius-type plot obtained for the previous data (Fig. 7a).
Fig. 8 Amperometric responses (a) and calibration curves (b) obtained for cholesterol

using the Au-SPE/Pt/PDA-ChOX biosensor in PBST at 400 rpm (Ezpp = + 0.4 V).

Table 1 Performance comparison of various cholesterol biosensors based on cholesterol

oxidase.
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Table 1. Performance comparison of various cholesterol biosensors based on
cholesterol oxidase.

Biosensor Linearrange LOD Sensitivity Ky Stability Refs.
(M) M)  (MAM*cm?) (mM)  (days)
MWCNT-ch-Pt—-ChOx 5-300 4.8 44 - 7 [70]
ChOx/AuPt-Ch-IL/GCE 0.05- 10 90.7 0.24 30 [69]
6.2 mM and
6.2-
11.2 mM
PEO-co-PPy/ChOx/Pt foil - - 13 1.47 20 [73]
CP-co-PPy/ChOx/Pt foil - - 11 5.16 30 [73]
PEDOT/ChOx - 400 10 3.4 20 [71]
Polyaniline -MWCNT/ChOx  1.26-12.93 - 6.8 JA mM™* - 87 [67]
mM
ZnO/ChOx 1-500 nM 0.37 23.7 4.7 50 [65]
Pt/PPy-ChOx up to 300 5.7 43.99 0.59 - [72]
Pt/poly(3-TPAA)-ChOXx 0-8 mM 420 45 - 13 [68]
Pt/PAN/ChOx 10-100 - 2.22 - - [40]
Au-SPE/Pt/PDA-ChOx 35.3-500 10.5 14.3 3.65 60 This work

Ch: chitosan; IL: ion liquid; PEO-co-PPy: thiophene capped poly(ethyleneoxide)/polypyrrole, 3-methylthienyl
methacrylate-co-p-vinyl benzyloxy poly(ethyleneoxide)/polypyrrole; PEDOT: poly(3,4-ethylenedioxypyrrole);
poly(3-TPAA): Poly(3-thiopheneacetic acid); Pan: polyaniline
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Figure S1. Experimental and simulated RBS spectra with 2.1 MeV alpha particles and

165° backscatter angle for Pt-modified screen-printed electrode.
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Chronoamperometry was used to study the biosensor response under static conditions.
This first study, together with CV data, helped us to confirm the good biosensor
response against cholesterol. However, a detailed study in order to optimize the main
experimental variables, is showed below (FigSXXXXX). Figure S4 shows the plots
current vs. time for the Au-SPE/Pt/ChOx bisensor recorded by stepping the applied
potential from open circuit conditions to 0.7 V against the Ag pseudoreference
electrode, in the absence and in the presence of cholesterol in a range varying from 0 to
10 mM in PBST solution. Data showed a linear dependence at low cholesterol

concentrations and a saturated response at

high concentrations, in agreement with the

Michaelis-Menten kinetics (see manuscript).

|
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cholesterol biosensor obtained in PBST form

0 to 10 mM cholesterol at applied potential of
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electrode. (b) Calibration curve for the

biosensor in (a).
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Figure S5. Optimization of different experimental variables for our cholesterol

bioensor: (a) applied potential; (b) pH of the buffer solution.
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Table S1. Determination of cholesterol concentrations in different prepared samples

Cholesterol Au-SPE/Pt/PDA- Recovery Spectrophotometric Recovery

mM ChOx biosensor (%0) Method (%0)
2.5 2.41 96.30 2.44 97.75
5 5.05 100.93 5.15 102.90
7.5 7.41 98.77 7.64 101.91
10 10.29 102.86 10.16 101.59
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Figure S6 (a) Amperometric response of the cholesterol biosensor for 300 pl of 5 mM
cholesterol additions (*) in 10 mL of PBST against similar additions of interferences:
0.1 mM AA and 5mM glucose and lactate. (b) Biosensor stability during ca. 1 h after

adding 400 uM of cholesterol.
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Figure S7 Storage stability of our cholesterol biosensor stored at 4 °C during a period of
2 months. Each value represents the mean value of three different measurements. The

upper and lower control limits (dashed lines) were set at + 3 SD of the initial value.



