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A B S T R A C T

We report a straightforward route for the preparation of flexible, electrochemically stable and easily functio-
nalizable poly(3,4-ethylenedioxythiophene) (PEDOT) composite films deposited on PET foils as biosensing
platforms. For this purpose, poly(allylamine) hydrochloride (PAH) was blended with PEDOT to provide amine-
bearing sites for further biofunctionalization as well as to improve the mechanical properties of the films. The
conducting PEDOT-PAH composite films were characterized by cyclic voltammetry, UV–vis and Raman spec-
troscopies. An exhaustive stability study was carried out from the mechanical, morphological and electro-
chemical viewpoint. Subsequent sugar functionalization of the available amine groups from PAH allowed for the
specific recognition of lectins and the subsequent self-assembly of glycoenzymes (glucose oxidase and horse-
radish peroxidase) concomitant with the prevention of non-specific protein fouling. The platforms presented
good bioelectrochemical performance (glucose oxidation and hydrogen peroxide reduction) in the presence of
redox mediators. The developed composite films constitute a promising option for the construction of all-
polymer biosensing platforms with great potential owing to their flexibility, high transmittance, electrochemical
stability and the possibility of glycosylation, which provides a simple route for specific biofunctionalization as
well as an effective antifouling strategy.

1. Introduction

Conjugated polymers (CPs) have emerged as a promising alternative
to replace traditional metallic and carbon-based materials commonly
used for electrode fabrication in bioelectronics [1]. Most strategies for
the implementation of CPs in bioelectronics require their deposition on
conductive substrates. However, metals and other rigid substrates can
limit their use in some specific practical applications, like stretchable or
implantable sensors [1,2]. This is the reason why there has been re-
cently a considerable interest in the fabrication of “all-polymer” metal-
free electrodes for bioelectronics and biosensing [3–7]. Additionally,
the incorporation of enzymes to CPs-based devices provides selectivity,
specificity and catalytic properties towards a determined target. In the
case of affinity or catalytic biosensors, the immobilization of

biomacromolecules is a key process that should be done avoiding the
loss of biological activity while maximizing the accessibility to the ac-
tive/recognition site [8]. Therefore, plenty of bioconjugation strategies
of CPs has been developed, including physical entrapment (drop-
casting, electropolymerization), layer-by-layer techniques, covalent
attachment using cross-linking agents (glutaraldehyde, divinyl sulfone,
EDS/NHS, tosil activated groups, etc.) and affinity-based immobiliza-
tion methods (antibodies, aptamers, molecularly imprinted polymers,
etc.) [8–11]. Within these methods, recognition-directed assembly al-
lows effectively avoiding denaturalization while keeping the active sites
fully exposed to the solution by mimicking recognition mechanisms
found in nature [12–15].

Within CPs, poly(3,4-ethylenedioxithiophene) (PEDOT) constitutes
a reference material to interface biotic/abiotic elements in
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bioelectronics [1,16–18], used in a great variety of applications, such as
medical biosensors [7,19], drug-delivery systems [20,21], stretchable
electronic devices [22] and surfaces for controlling cell growth and
attachment [23–25]. The implementation of PEDOT in such diverse
fields is related to some advantages, such as low-cost of production,
easy synthesis on metallic and plastic substrates [26], high conductivity
(3300 to 5400 S.cm−1 in some cases) [27–29], and adaptability to
flexible and transparent substrates [28,30,31]. Furthermore, PEDOT
properties can be easily modulated by selecting the suitable poly-
merization procedure and the counter anion or dopant nature [32,33],
although it can be also modified by furhter post-biofunctionalization
methods [34]. Concerning PEDOT post-biofunctionalization, most
common procedures are based on the electropolymerization of EDOT
and EDOT derivatives containing a recognition motif or an easily
functionalizable functional group [35]. Alternatively, biomolecules can
be also entrapped by electropolymerization using the monomer EDOT
in solution. Nevertheless, the incorporation of macromolecules can
decrease the conductivity of the PEDOT and/or the biomolecules can be
irreversibly affected [36]. Otherwise, the integration of polyelectrolytes
within the PEDOT matrix has been proved to be an effective strategy for
conferring anchoring sites for further biofunctionalization without
drastically disrupting its electronic properties. In this sense, Rozlosnik
and coworkers have used hydroxyl-modified EDOT for the construction
of impedimetric all-polymer sensors [37], and the incorporation of
easily modifiable polymers like PSS-co-maleic acid or polyallylamine,
produced stable hybrid composites retaining the added polymers to the
PEDOT matrix by supramolecular interactions [4,38].

Following this last functionalization approach, in this work we
present the construction and evaluation of flexible all-polymer elec-
trodes based on the integration of PEDOT and polyallylamine hydro-
chloride (PAH) on PET substrates. Amine groups from PAH were used
as anchoring sites for the glycosylation of the surfaces with mannose
and N-Acetyl glucosamine via divinyl sulfone (DVS) chemistry. Then,
Con A and wheat germ agglutinin (WGA) were selectively assembled on
the glycosylated surfaces and the biorecognition interactions of these
lectins with glucose oxidase (GOx) and horseradish peroxidase (HRP)
were employed for the construction of bioelectroactive electrodes for
glucose and H2O2 sensing. In that way, the synergistic combination of
PEDOT and recognition-directed assembly of redox glyco-enzymes al-
lowed for the building-up of all-polymer bioelectroactive flexible plat-
forms.

2. Experimental details

2.1. Synthesis of PEDOT and PEDOT-PAH composite films

PEDOT films were deposited by spin-coating of the polymerization
solution on PET foils (3 cm × 3 cm × 0.1 cm) as already reported [4].
The oxidant solution consisted of a mixture of iron (III) p-toluene-
sulfonate 40% wt in butanol (CB 40, Clevios™, Heraeus Holding GmbH,
Hanau, Germany), butanol (ACS, Merck) and pyridine (ACS, Biopack)
in a 1:0.3:0.023 ratio, respectively. Then, this solution was mixed with
the EDOT monomer (97%, Sigma-Aldrich), filtered (pore
size = 0.2 μm) and deposited by spin-coating (WS-650MZ-23NPP,
Laurell) at 1000 rpm for 1 min with an acceleration of 500 rpm.s−1.
Finally, the substrates were heated at 50 °C for 15 min, washed in
deionized water for 5 min and dried under N2 flow [4,39,40].

For the preparation of PEDOT-PAH composites, 15 mg of poly-
allylamine hydrochloride (PAH) (58 kDa, Sigma Aldrich) was dissolved
in 200 μL of deionized water and then mixed with 951.5 μL of the
oxidant solution. The resulting oxidant solution was mixed vigorously
and the EDOT monomer was added in a 1:0.013 ratio [4]. This solution
was the filtered and deposited on the PET substrates by spin-coating
under the same conditions described for pristine PEDOT films. At these
conditions, films with a mass proportion of PAH to PEDOT of m(PAH)/
m(PEDOT) = 1.34 are obtained, as previously determined by XPS [4].

2.2. Characterization of the PEDOT films

Sheet resistance measurements were carried out using a TEQ-03
potentiostat with a four-point probe (4PP) accessory (NanoTeq,
Argentina). Five locations were measured for each sample and the
average value with the standard deviation is reported. The effect of
bending on the electrical properties of PEDOT and PEDOT-PAH films
deposited on PET substrates was evaluated by measuring the resistance
(Agilent 1241 U digital multimeter) after performing mechanical
bending cycles.

An UV–Visible modular spectrometer Ocean Optics 4000 UV–Vis
was used to evaluate the transmittance spectra of the samples. Raman
spectra were acquired using i-Raman BW415-532S (BWTek) Raman
spectrometer. The spectral region analyzed ranged from 100 to
4000 cm−1. The excitation wavelength was 532 nm and the laser
(power = 10 mW) was focused on the substrates by a 20× optical
microscope (BAC151B, BWTek).

Cyclic voltammetry (CV) experiments were performed with a TEQ-
03 potentiostat using a three-electrode cell equipped with an Ag/AgCl
(3 M NaCl) reference electrode, a platinum wire counter electrode and
the working electrode with an active area of 0.18 cm2.

AFM images were acquired with a Multimode 8 AFM (Nanoscope V
Controller, Bruker, Santa Barbara, CA). Tapping mode imaging was
performed in a dry nitrogen environment by using silicon probes
(RTESP, 40 N/m spring constant, 12 nm tip radius, Bruker). Image
analysis and RMS roughness evaluation were performed using
NanoScope Analysis software (Bruker).

Contact angle goniometry measurements (Ramé-Hart contact angle
system, Model 290) were carried out to validate the sequential mod-
ification steps. For each system, 1 μL droplets of deionized water were
dispensed five times in different positions of the sample. The average
contact angle value and its standard deviation is reported.

2.3. Glycosylation of PEDOT-PAH surfaces and the self-assembly of lectins

PEDOT-PAH composites were glycosylated based on a protocol by
Hatakeyama et al. [10] with some modifications [4]. Briefly, the pro-
tocol involved a first incubation step with 5% divinylsulfone (DVS,
V3700, Sigma Aldrich) dissolved in carbonate buffer solution (0.5 M
Na2CO3, pH 11) for 1 h and then the substrates were washed twice with
carbonate buffer. After that, the substrates were incubated in 10%
mannose (112,585, Sigma Aldrich) or 10% N-acetylglucosamine
(GlcNAc) (A8625, Sigma Aldrich) carbonate buffer solutions for 18 h.
Finally, the glycosylated surfaces were rinsed thoroughly with TBS
buffer (10 mM Tris, 0.1 M NaCl, pH 7.5) and stored at 4 °C.

The recognition-driven assembly of Con A lectin on the mannosy-
lated surfaces was carried out as previously reported [4,41]. Manno-
sylated PEDOT-PAH films were incubated for 30 min in a 1 μM Con A
(MW = 104 kDa, C2010, Sigma Aldrich) solution containing 20 mM
HEPES, 0.5 mM CaCl2 and 0.5 mM MnCl2 at pH 7.4. The buffer was
supplemented with Ca2+ and Mn2+ to promote the Con A-carbohydrate
recognition [42]. In a similar way, the lectin wheat germ agglutinin
(WGA, 36 kDa, L9640, Sigma-Aldrich) was assembled onto GlcNAc/
PEDOT-PAH films. The substrates were incubated for 30 min in a 1 μM
WGA solution containing 20 mM HEPES at pH 7.4. WGA assembly and
its stability were characterized by surface plasmon resonance spectro-
scopy (SPR) on gold substrates modified with GlcNAc by the DVS
chemistry [4,10]. SPR experimental details are described in the sup-
porting information (Section S3).

2.4. Glycoprotein-lectin recognition

Glucose oxidase (GOx, MW of 160 kDa, Aspergillus niger, 225 U/
mg, Calzyme, USA) and horseradish peroxidase (HRP, MW of 44 kDa,
P8375, Sigma-Aldrich) were assembled on the lectin-modified PEDOT-
PAH platforms, by direct incubation of 1 μM glycoprotein solutions in
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20 mM HEPES (and in the case of GOx, also containing 0.5 mM Ca2+

and 0.5 mM Mn2+) at pH 7.4 for 30 min. In order to assess the non-
specific adsorption, the glycosylated PEDOT-PAH films (without the
subsequent lectin incubation step) were also incubated in the glyco-
proteins solutions.

2.5. Glucose and hydrogen peroxide bioelectrocatalysis

In the case of glucose, 100 μM ferrocenemethanol (FcOH) was
employed as redox mediator in 0.1 M KCl and 20 mM HEPES buffer at
pH 7.4 under N2 atmosphere. Stock 1 M glucose solution was prepared
at least one day before the measurements to reach the glucose muta-
rotation equilibrium [43]. In the case of hydrogen peroxide (H2O2,
30%, ACS, Merck), the bioelectrocatalysis was carried out using 1 mM
hydroquinone (HQ, ACS, Merck) as a redox mediator in 0.1 M KCl and
20 mM HEPES buffer at pH 7.4. The HRP enzyme substrate H2O2 and
HQ stock solutions were prepared daily.

3. Results and discussion

PEDOT-based films were deposited on flexible PET substrates by
spin-coating of the precursor solutions and further oxidative poly-
merization. The construction steps for the PEDOT and PEDOT-PAH-
modified platforms and the biofunctionalization procedures are de-
picted in Scheme 1.

3.1. Spectroscopic and electrical characterization of the PEDOT and
PEDOT-PAH films

Fig. 1 shows comparative results of PEDOT (PEDOT1L) and PEDOT-
polyamine composite (PEDOT-PAH1L) films deposited on PET foils. For
comparison with our previous work, a multi-layer film was constructed
by the deposition of two pristine PEDOT layers and a third layer of
PEDOT-PAH composite (PEDOT2L/PEDOT-PAH1L). This three-layers
coating was employed as reference as it was proved to present good
electronic and mechanical properties when deposited on other plastic
substrates. The thicknesses of the films were estimated from the SEM

images as 2.8 ± 0.2 μm for the PEDOT1L, 2.3 ± 0.4 μm for the
PEDOT-PAH1L composite and 5 ± 0.4 μm for the multi-layer
PEDOT2L/PEDOT-PAH1L composite (Appendix, Fig. S1). The chemical
nature of the deposited materials was confirmed by Raman spectro-
scopy (Fig. 1A). The Raman spectrum of a PEDOT layer deposited on
glass, shows the typical peaks for PEDOT. The most intense peaks are
found at 1365 cm−1 (assigned to Cβ-Cβ stretching), 1421 cm−1 (as-
signed to symmetric Cα = Cβ(eO) stretching) and 1510/1563 cm−1

(assigned to asymmetric Cα = Cβ stretching) [44–46]. In the case of
clean PET foils substrates, there are two main bands at 1615 cm−1 and
1722 cm−1, assigned to the symmetric stretching of 1,4 carbons of
benzene rings and stretching modes of C]O bonds, respectively
[47,48]. For the PEDOT and PEDOT-PAH films on PET, the spectra
show the presence of all the peaks assigned for the pristine PEDOT. The
presence of PAH within the composite material is revealed as a dis-
tortion of the band at about 1500 cm−1 caused by superposition of two
main broad bands from amine groups (symmetric and anti-symmetric
bending modes is protonated amines) and the broadening of the band at
about 1360 cm−1 due to CH bending modes, as reported previously [4].

As can be seen in Fig. 1B, the addition of PAH to PEDOT decreases
the sheet resistance by 47% (from 327 to 174 Ω/sq) if compared with
the pristine PEDOT (PEDOT1L). This change for PEDOT-PAH1L, in
comparison to PEDOT1L, may be attributed to the rearrangement of the
PEDOT polymer chains if PAH is added to the film what could yield to
an improvement of the conductivity such as was reported for PED-
OT:Tos with polyethylenglycol (PEG) [49] or PEDOT:PSS with ethy-
lenglycol (EG) [50].

As commented above, the incorporation of PAH to PEDOT pursues
the aim of conferring easily functionalizable groups for further che-
mical modifications of the platforms. Results in Fig. 1B indicate that no
drastic alterations of the conductance are produced by the addition of
the non-conducting PAH. However, in some applications, films with
particularly low electric resistance could be required. In this particular
case, a possible synthetic strategy could be the deposition of PEDOT/
PAH on a PEDOT modified substrate. This strategy was explored by
preparing the PET/PEDOT2L/PEDOT-PAH1L platform. As expected, in
the case of the PET/PEDOT2L/PEDOT-PAH1L multilayer platform, the

Scheme 1. (A) Preparation of PEDOT1L and PEDOT-PAH1L films by spin-coating on the PET foils. (B) Images of a PET foil substrate with a single layer of PEDOT-PAH
as-deposited and in the bending state. (C) Sequential glyco-modification of a PEDOT-PAH1L composite by divinylsulfone chemistry and the sequential self-assembly of
lectins and glyco-enzymes.
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sheet resistance decreased to 78 Ω/sq. because of the addition of the
two PEDOT conducting layers under the PEDOT-PAH one. Although
better conductance is achieved by previous deposition of PEDOT layers,
this method could also present some drawbacks, such as the increase in
the preparation time, reagent consumptions and capacitive current and
the lowering of the substrates transparency, as explored below.

Transparency features of the films deposited on PET foils are char-
acterized by UV–Vis measurements in the wavelength range from 400
to 800 nm. Fig. 1C presents the transmittance (T%) spectra of the
flexible substrates. If we compare the T% at 600 nm between different

samples, the PET substrate presents a T% of 76, while after the de-
position of the PEDOT1L and PEDOT-PAH1L monolayers, T% decreases
to 47 and 55, respectively. In the case of the multilayer sample (PET/
PEDOT2L/PEDOT-PAH1L) the transmittance decreases to 28. These re-
sults indicate that PEDOT and PEDOT-PAH films on PET present high
transmittance in the visible range, which made them adequate plat-
forms for optical applications. Of course, transparency decreases when
increasing the number of polymer layers deposited. The present results
are comparable to other ones reported for similar systems. For instance,
Sanglee et al., reported a T% at 600 nm for glass (81), polyester sub-
strate + PEDOT:PSS monolayer (80), polyester substrate + PEDOT:PSS
monolayer + poly (3-hexylthiophene) (60) [51]. Li and Ma developed a
liquid phase deposition method to generate PEDOT films on PET di-
rectly by the immersion of a PET foil in an 80 mM FeTos3 in butanol for
10 min, then the films are dried for 3 min at 40 °C and then immersed in
an 80 mM EDOT in cyclohexane solution for 15–20 h [31]. They ob-
tained a monolayer film on PET with a T% of 81–86 at 550 nm, a sheet
resistance of 200–260 Ω/area and a thickness of 100 nm. Hu et al. used
a highly transparent PET mesh as substrates. Then, PEDOT PSS was
deposited by 8 printing cycles on the PET mesh obtaining a sheet re-
sistance of 245 Ω/sq., the substrate presented a T% (at 550 nm) of 46
(before deposition) and 20 after 8 printing cycles [52].

The mechanical stability was evaluated by measuring the electrical
resistance as a function of the number of mechanical bending cycles.
The bending was performed until 108°, which was verified to be the
maximum angle without exceeding the elastic limit of the PET foil is
reached. In Fig. 2, the percentage change in the resistance (%ΔR/Ri) is
plotted as a function of the bending cycles for PEDOT1L and PEDOT-
PAH1L. After 100 bending cycles, the pristine PEDOT showed a re-
sistance increase of 14.2 ± 8.1% (n= 3), whereas for the PEDOT-PAH
films the resistance increased only 1.2 ± 0.4% (n = 3). These results
indicate that PEDOT-PAH composites showed a better mechanical sta-
bility than pristine PEDOT probably due to an improved film adhesion
and/or higher elasticity of the composite material.

3.2. Electrochemical behavior of PEDOT and PEDOT-PAH films

Fig. 3 presents the voltammetric behavior of PEDOT1L, PEDOT-
PAH1L and PEDOT2L/PEDOT-PAH1L using 1 mM FcOH as a redox probe
at different scan rates. In all cases, voltammograms present the same
aspect, indicating the behavior of the redox probe is almost the same.
Moreover, although current values increases with the thickness of the

Fig. 1. (A) Raman spectra of pristine PEDOT and PEDOT-PAH composites
prepared on glass and PET. (B) Sheet resistance measured by 4PP for PEDOT,
PEDOT-PAH1L and PEDOT2L/PEDOT-PAH1L composites deposited on PET sub-
strates. (C) Transmittance spectra of the films deposited on PET substrates.

Fig. 2. Changes in resistance of PEDOT1L (green) and PEDOT-PAH1L (blue) onto
PET substrates for increasing number of bending cycles. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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polymer layer (higher capacitive contributions), when comparing
background-subtracted peak current values, they are quite similar for
all the platforms (Fig. 3D). Furthermore, for all the cases, the back-
ground-subtracted peak current density (jp) increases linearly with the
square root of the scan rate (υ1/2) which indicates that the electro-
chemical reaction of FcOH is controlled by a semi-infinite linear dif-
fusion (Fig. 3D) [53]. No adsorption of the redox couple was observed
independently of the presence of PAH in the films (Fig. S2). As it is
shown in Fig. 3E, the separation between the anodic and cathodic peak
potential increases with υ (characteristic of quasi-reversible electro-
chemical systems) [53] in a similar manner for the three systems, evi-
dencing that the electron transfer rates between the redox probe and
the conducting film does not fall away by the addition of PAH neither
by the simplification of the platform from three to one conducting
layers.

As mentioned above, the capacitive contribution of the current
density in the multilayer system was higher than the monolayer sys-
tems, whereas the faradaic contribution remains almost constant (Figs.
S2 and S3). This is an expected behavior as the capacitive contribution
of conducting polymer films is proportional to the polymer mass [54].
As it is shown in the following section, the capacitive contribution
could present severe implications for the construction of bio-electro-
sensing devices.

The electrochemical stability of the PEDOT and PEDOT-PAH films
was also evaluated by cyclic voltammetry in the presence of 1 mM
FcOH. Fig. 4 presents the voltammograms of PEDOT and PEDOT-PAH
for increasing number of voltammetric cycles. For both systems, the
redox current densities of the films remain almost constant throughout
300 cycles, indicating that the conducting platform is electrochemically
stable. Moreover, the film topography was studied by AFM before and
after the 300 voltammetric cycles. The pristine PEDOT films did not
show appreciable changes of the RMS roughness before (3.5 ± 0.2 nm)
and after (3.3 ± 0.2 nm) the electrochemical procedure. Contrarily,
PEDOT-PAH1L films showed a decrease of the RMS roughness from
4.3 ± 0.7 nm to 1.96 ± 0.05 nm after the 300 cyclic voltammograms.
This last fact could be related to the rearrangement of more flexible
polymer fibers of the composite compared to PEDOT [55].

On the other hand, the voltammetric performance after mechanical
bending of the platforms was also evaluated. After the bending cycles,
the central area of each film was cycled in 1 mM FcOH. Results pre-
sented in the Appendix indicate that the voltammograms showed al-
most no difference in terms of current density and CV shape compared
to those obtained before the bending experiments (Fig. S4).

It is worth pointing out that, in the presence of a redox probe,
PEDOT-PAH1L monolayer showed similar electron transfer rate than
PEDOT1L but an improvement of the electrical conducting stability

Fig. 3. Cyclic voltammograms of PEDOT1L (A), PEDOT-PAH1L (B) and PEDOT2L/PEDOT-PAH1L (C) in 1 mM FcOH at different scan rates (5, 10, 20, 50 and
100 mV s−1). (D) Anodic and cathodic peak current density as a function of the square-root of the scan rate. (E) Peak potentials for increasing scan rates. Colour code
from panels A-C is maintain in panels D and E.
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when the substrates were submitted to mechanical bending cycles.
Moreover, PEDOT-PAH1L platforms are not only easier to prepare than
PEDOT2L/PEDOT-PAH1L platforms but they also showed lower capa-
citance, what is a necessary feature for sensing applications [40].
Owing to the excellent mechanical and electrochemical stability of
PEDOT-PAH films on PET, this platform seems to be promissory for the
development of reliable all-polymer and flexible bioelectronic devices.
Thus, in the following sections, we explore the biofunctionalization of
the single PEDOT-PAH configuration.

3.3. Glycosylation of PEDOT-PAH surfaces for lectin self-assembly

Having in mind the design of flexible and low-cost electrochemical
biosensing devices, we explore the self-assembly of lectins and gly-
coenzymes mediated by carbohydrate-lectin recognition onto the
PEDOT-PAH platforms. Firstly, we proceeded to the covalent anchoring
of sugar motifs to the PEDOT-PAH platform. To achieve this task, di-
vinylsulfone (DVS) chemistry was exploited for the glycosylation of the
primary amines from the PAH integrated into the film, as demonstrated
before [4,10]. This straightforward synthetic route involves two se-
quential nucleophilic 1,4-additions, wherein DVS serves as a cross-
linker between the nucleophilic group of the surface (-NH2) and the
nucleophilic group of the carbohydrate (-OH) [56–58].

Owing to the high hydrophilic character of carbohydrates, glyco-
sylation via DVS can be proved measuring the wettability changes [57].

Fig. 5A shows the contact angle measurements before and after the
glycosylation of the PEDOT-PAH films, as well as along the lectins self-
assembly procedure (Table S1). Before DVS modification, the PEDOT-
PAH1L monolayer showed a contact angle of 70 ± 3°. After the in-
cubation in DVS, the modification of the surface is evidenced by the
decrease of the contact angle to 46 ± 1°. In the subsequent step, DVS
reacted with mannose or GlcNAc, resulting in a remarkable increase in
hydrophilicity (contact angles were 18.9 ± 4.8° and 16.8 ± 1.1°,
respectively) attributed to the sugar hydroxyl groups exposed to the
surface [57,59].

The self-assembly of Concanavalin A (Con A) and Wheat germ ag-
glutinin (WGA) lectins on the glycosylated (mannose or GlcNAc, re-
spectively) PEDOT-PAH films was then studied. Lectins are proteins
which bind determined monosaccharides with high specificity
[10,43,60,61]. As it is well-known, the WGA lectin presents high affi-
nity for GlcNAc and minor affinity for mannose [58,60,61]. On the
other hand, Con A presents the highest affinity for mannose moieties
[10,60]. After Con A and WGA self-assembly on mannose and GlcNAc-
modified films respectively, the hydrophobicity increased due to the
attachment of the proteins to the sugar motifs (Fig. 5A). The functio-
nalization of PEDOT-PAH films was also monitored by EIS in 0.1 M KCl
solution (Fig. S5), observing an increment of the high frequency and
polarization resistances after the successive steps as a consequence of

Fig. 4. Electrochemical stability of PEDOT (A) and PEDOT-PAH (C) films. Each
system was studied throughout 300 voltammetric cycles at 10 mV s−1 in 1 mM
FcOH in buffer HEPES. AFM images (1 × 1 μm) taken in tapping mode before
and after the electrochemical cycling for PEDOT (B) and PEDOT-PAH films (D).

Fig. 5. (A) Contact angle goniometry was used to monitor DVS, Man/GlcNAc
sugars and Con A/WGA lectins modifications of the PEDOT-PAH1L films pre-
pared on PET. P-PAH1L = PEDOT-PAH monolayer on a PET foil,
DVS = divinylsulfone, Man = Mannose, Con A = Concanavalin A,
GlcNAc = N-acetyl-d-glucosamine, WGA = Wheat germ agglutinin (B) Time-
resolved SPR sensogram for WGA self-assembly onto a GlcNAc-modified SPR
sensor. The experiment was performed using a 785 nm laser and a flow rate of
10 μL.min−1. Buffer = 20 mM HEPES, 0.1 M KCl and pH 7.4.
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the surface blocking with insulating materials.
Surface plasmon resonance (SPR) spectroscopy was employed for

testing the lectin self-assembly in terms of surface coverage and stabi-
lity. SPR spectroscopy is a useful and sensitive method to study bior-
ecognition events in real time [62,63]. As PEDOT films present strong
absorption in the visible range, the glycosylation protocol was per-
formed on Au substrates modified with an amine-functionalized thiols
(cysteamine), using the same conditions as those for PEDOT-PAH films.
Employing this strategy, we have recently studied the Con A recogni-
tion on mannosylated‑gold SPR sensors modified via the DVS chemistry
[4]. We have now studied the WGA assembly following the same
strategy. For this purpose, gold substrates were modified with GlcNAc
and the angle of minimum reflectivity (θmin) was monitored during the
WGA self-assembly (Fig. 5B). WGA surface coverage (Γ) was estimated
from the change of θmin before and after the injection of the lectin so-
lution. The Δθmin for the WGA assembly was 0.242°; that is a surface
coverage of 253 ng cm−2, i.e., 7.02 pmol cm−2 (see SPR experimental
details and calculations in the Appendix). This value is slightly smaller
than those reported by Lienemann et al. [60]. After the WGA assembly,
the lectin-sugar interaction was evaluated exposing the surface to a
high concentration of a WGA binding-sites competing agent (100 mM
GlcNAc), yielding only 13% of lectin desorption (Fig. S6). This high
affinity between the WGA and the GlcNAc-modified surface is in
agreement with previous works on other substrates [61]. For example,
Lienemann and co-workers reported that WGA has a higher affinity
towards the immobilized GlcNAc-self-assambled monolayers (SAMs)
than towards the soluble free monosaccharide. These authors suggested
the possibility of multivalent recognition between WGA and the gly-
cosylated surface [60], because WGA presents up to three carbohy-
drate-binding sites.

The strategy of biorecognition-driven functionalization of the
PEDOT-based platforms was validated by the assembly of two model
glycoenzymes (GOx and HRP) via biorecognition interactions with Con
A and further electrochemical detection of glucose and hydrogen per-
oxide.

3.4. GOx biorecognition and glucose bioelectrocatalysis

Glucose oxidase is a dimeric protein (160 kDa) with a 16%wt car-
bohydrate residue content (mainly mannose (80%) but also galactose
and glucosamine) [64]. The bioelectrocatalytic response towards glu-
cose oxidation was studied by cyclic voltammetry in the presence of
FcOH as redox mediator [65]. The bioelectrocatalytic glucose oxidation
is compared for the Con A/GOx assemblies onto PEDOT2L/PEDOT-
PAH1L and PEDOT-PAH1L platforms in Fig. 6A and B, respectively. The
mannosylated-PEDOT-PAH films showed an increased current response
towards the addition of glucose, evidencing the correct GOx self-as-
sembly onto the Con A layer. Since the experiments were carried out in
the absence of O2, the rise of the faradaic current in the anodic wave
was only triggered by the FcOH-mediated glucose oxidation. Before
glucose addition, the redox reaction of the mediator FcOH corresponds
to a quasi-reversible response. By comparing the results in Fig. 6A and
B, it could be concluded that both systems present similar values of the
catalytic currents. However, higher capacitive contribution is clearly
noted in the case of the multilayer substrate, as commented above.
Thus, the relative increase in the bioelectrocatalytic current is higher
for the case of PEDOT-PAH1L in comparison with the multilayer plat-
form. Working with thin base electrode films thus allows gaining sen-
sitivity towards small faradaic changes (biosensing output), avoiding
voltammetric distortions caused by the presence of a relatively high
capacitive contribution frequently found in the case of thicker con-
ducting polymer films [54].

On the other hand, the non-specific adsorption of GOx was eval-
uated on a mannosylated-PEDOT-PAH1L substrate without the Con A
incubation step. As shown voltammograms in Fig. 6C, the catalytic
contribution up to 100 mM glucose is almost negligible. This result

evidences that the PEDOT-PAH mannosylation gives a way not only for
the specific lectin recognition but also for avoiding the non-specific
adsorption of proteins. This observation is in agreement with those
reported for other glycosylated surfaces such as maltose-terminated or
galactose-terminated thiol monolayers [66–68].

The bioelectrocatalytic current contribution (jcat) was obtained by
subtracting the redox mediator current obtained in the absence of
glucose (black lines in Fig. 6). In the presence of glucose, this bioelec-
trocatalytic anodic current reaches a plateau at ca. 340 mV (Figs. S7
and S8). In Fig. 6D the dependence of the jcat current at 340 mV is
plotted as a function of the glucose concentration, yielding the typical
response for enzyme-catalyzed bioelectrochemical reactions. At low
substrate concentrations there is a linear increment on the catalytic
current on the substrate concentration, whereas at high concentrations
a plateau is obtained owing to the enzyme saturation. Particularly, the
Con A/GOx assemblies on mannosylated interfaces exhibited a linear
range up to 10 mM (Fig. S9) with a sensitivity of 2.05 (R2 = 0.997) and
1.86 (R2 = 0.987) μA cm−2 mM−1 for PEDOT-PAH1L and PEDOT2L/
PEDOT-PAH1L platforms respectively. These sensitivity values are
comparable to those reported for different GOx/PEDOT-based archi-
tectures on conducting electrodes, such as gold [69], graphite [70] and
ITO [71].

3.5. HRP biorecognition and hydrogen peroxide bioelectrocatalysis

HRP structure (44 kDa) consists of a single chain polypeptide with

Fig. 6. Cyclic voltammograms of the bioelectrocatalysis of glucose oxidation at
the Con A/GOx assembly on mannosylated-PEDOT2L/PEDOT-PAH1L (A) and
-PEDOT-PAH1L (B). The non-specific adsorption of GOx was evaluated on a
mannosylated-PEDOT-PAH1L monolayer without the Con A incubation step (C).
Background-subtracted bioelectrocatalytic current as a function of the substrate
concentration for the 3 systems (D). Conditions: 100 μM FcOH in 0.1 M KCl,
20 mM HEPES buffer, pH 7.4 deoxygenated with N2, v = 5 mV.s−1, glucose
concentrations: 1, 2, 5, 10, 15, 20, 40, 60 and 100 mM.
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four disulfide bridges, with 18% of carbohydrates content [72]. The
nature of the sugar residues depends on the specific isozyme, and the
monosaccharides galactose, arabinose, xylose, fructose, mannose,
mannosamine, and galactosamine have been reported [73]. Owing to
the superior performance of PEDOT-PAH1L in comparison to the mul-
tilayer films in terms of the lower capacitive contribution, Con A and
WGA were assembled onto the glycosylated-PEDOT-PAH1L composites
to explore the further assembly of HRP based on their specific sugar
content. HRP assembly onto the glyco-surfaces was performed in ab-
sence of the cofactor Mn2+, because it has been identified as an in-
hibitor of the enzyme [74].

Several redox mediators for HRP enzyme were reported in the
construction of hydrogen peroxide biosensors, including ferro/ferri-
cyanide salts, ferrocene and its derivatives (FcOH and FcCOOH), qui-
none and its derivatives [75–78]. Laschi and coworkers evaluated the
suitability of hydroquinone (HQ), ferrocenemethanol and ferrocene
monocarboxylic acid in PBS as redox mediators for HRP in solution. The
authors reported that the current intensity increased 3 times for HQ
when compared with ferrocene-based mediators [79]. Consequently,
HQ was chosen as redox mediator, and its electrochemistry was studied
on a PEDOT-PAH1L electrode by CV. The optimal concentration of HQ
(1 mM) for the bioelectrochemical reduction of H2O2 studies was also
obtained from previous reports [80]. The redox mechanism for this
mediator is also well-known (Section A.4).

Hydroquinone undergoes a quasi-reversible redox behavior on
PEDOT-PAH1L films, as it is revealed by the separation between the
peak potentials (ΔEp = 106 mV) and the ratio between redox peak
currents, Ipa/Ipc = 0.99 (Fig. S10). These results are similar to those
obtained for HQ in aqueous solution by using gold or carbon working
electrodes [78,79,81]. The addition of 1 mM H2O2 to the solution did
not affect the HQ electrochemical redox reaction on the PEDOT-PAH1L

electrode (green and black lines of Fig. S11). However, in the presence
of 1 μM HRP and 1 mM HQ, the addition of 1 mM H2O2 effectively
caused the appearance of catalytic cathodic current (Fig. S11) [79].

This cathodic current was even more evident for 2.5 mM H2O2,
meaning that it is caused by the HQ-mediated hydrogen peroxide re-
duction catalyzed by HRP [78], proving the effectiveness of the plat-
form for bioelectrochemical transduction previously to the study on the
system prepared by HRP assembled to the different functionalized
PEDOT-PAH electrodes.

The bioelectroactivity of HRP assemblies on these PEDOT-PAH
platforms and the specificity of its biorecognition interactions were
then studied by measuring the H2O2 reduction activity on different
configurations. Firstly, the peroxidase activity was tested by assembling
HRP on Con A-functionalized platforms (PEDOT-PAH1L/Man/Con A).
As reported in Fig. 7A, before the addition of H2O2, the electrochemical
response for 1 mM HQ presents a shift of the HQ reduction potential,
which is attributed to the glycosylation and assembly on the PEDOT-
PAH film. As shown in Fig. S10, the electrochemistry of HQ redox re-
action is described by a quasi-reversible diffusion-governed charge
transfer on the PEDOT surface [82]. The assembly of sugars and pro-
teins decrease the electron transfer rate on the PEDOT surface, as it is
shown in Fig. 7A. When 2.5 mM H2O2 was added, the reduction current
increased with a maximum peak around −200 mV vs. Ag/AgCl, due to
the HQ-mediated catalytic reduction of H2O2 by the assembled HRP.
There was no current increase in the absence of HQ, which indicates
that the electrochemical reaction is effectively mediated by HQ.

The specificity of the lectin-glycoenzyme interaction was also stu-
died by employing the lectin WGA, which has a lower affinity for HRP
residues [73]. WGA-functionalized platforms presented a negligible
catalytic current for H2O2 reduction, indicating minor HRP adsorption
(Fig. 7C). On the other hand, there were no significant changes in the
cathodic current after the direct HRP incubation on glycosylated films
with mannose (Fig. 7B) and GlcNAc (Fig. 7D), suggesting the absence of
non-specific adsorption of the glycoenzyme. These results reinforce the
idea that, as observed for GOx, the glycosylation of the conducting
polymer film avoids any non-specific adsorption of proteins without the
need of the common BSA blocking step. This property is of major

Fig. 7. H2O2 bioelectrocatalysis onto HRP-incubated
platforms with different configurations: (A) PEDOT-
PAH1L/Man/ConA (B) PEDOT-PAH1L/Man, (C)
PEDOT-PAH1L/ GlcNAc/WGA, (D) PEDOT-PAH1L/
GlcNAc. The absence of bioelectrocatalytic signal for
H2O2 reduction onto the glycosylated surfaces is in-
dicative of the anti-fouling properties of these films;
whereas the high signal obtained with the lectin Con
A relative to WGA indicates the high specificity for
the HRP sugar content. Conditions: 20 mM HEPES,
0.1 M KCl, pH 7.4, υ = 10 mV s−1,
[H2O2] = 2.5 mM, [HQ] = 1 mM.
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interest for electrochemical biosensing applications [83].

4. Conclusion

Herein we presented a simple strategy to modify PET foils with
PEDOT-PAH composite films, for the construction of functionalizable
and flexible all-polymer biosensing platforms. The PEDOT-PAH single
layer electrode improves the multilayer platform (PEDOT2L/PEDOT-
PAH1L) in terms of flexibility, transparency, cost and time of prepara-
tion. Moreover, as compared with the multilayer platforms, the sim-
plified system presented similar electrochemical stability but lower
capacitive contribution, yielding higher proportion of the useful bioe-
lectrochemical current. We have also extended the use of these all-
plastic sensing platforms, exploring the WGA and the glyco-enzyme
HRP assemblies through supramolecular biorecognition-interactions
yielding functional bioelectrochemical electrodes with antifouling
properties.

In summary, we have presented an alternative strategy to construct
all-polymer electrodes with good mechanical and electrochemical
properties, able of being functionalized with lectins and glyco-enzymes
by taking advantage of the presence of free amine groups. Such prop-
erties make these plastic substrates good candidates for the construction
of bioelectrochemical devices in a variety of applications. The chemical
richness of primary amine groups opens the door to future studies in-
volving the rational modification of these electroactive platforms by
integrating other building blocks for gaining additional functionalities.
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