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CHAPTER 3

Abstract:
Amperometric enzyme-based biosensors, increasingly used in experimental neuroscience for
in vivo biomonitoring, typically suffer from electrochemical interference. At the potential
(≥ 500 mV) necessary to oxidize the target analyte, often hydrogen peroxide (H2O2),
non-specific electroactive species are easily oxidizable, resulting in low selectivity. The
use of permselective membranes is an elegant method to improve selectivity, thus in vivo
performance. Recently, we presented evidence that electrode surface availability plays a
critical role in membrane-induced selectivity. Here, we investigate the impact of surface
availability on the performance of implantable amperometric enzyme-based microbiosensor.
We evaluated needle-type glucose amperometric microbiosensors, assembled with
permselective membrane configurations with distinct surface availabilities. The biosensors
were characterized by electrochemical methods and by scanning electrode microscopy
(SEM). While SEM evaluation did not reveal major changes in the surface amongst the
different designs, the use of a simplified Michaelis-Menten model allowed us to identify
significant differences in key biosensor performance parameters. Although biosensor affinity
(appKM and Linear Range (LR)) was not affected by membrane-induced variations in surface
availability, Linear Range Sensitivity (LRS) and Maximum Current (IMax ) were dependent
on the electrode active surface. The use of a normalization of the kinetic model to correct
for electrode active surface allowed us to calculate surface independent kinetic parameters
(SI IMax and SI appKM). Interestingly, interpretation of these data revealed a strong dependency
of IMax but not appKM on electrode active surface. We show that, in addition to its role in
membrane-induced selectivity, surface availability, determined by the choice of permselective
membrane, regulates biosensor performance.
Keywords: surface availability, amperometry, enzyme-based biosensor, biosensor kinetics,
scanning electron microscopy, implantable
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3.1-Introduction
Amperometric enzyme-based biosensors are powerful bioanalytical tools successfully
employed in several fields, from environmental biomonitoring to biomedical sciences (Castillo
et al. 2004) (Wang 2000). Recent advances in surface chemistry allowed an exponential
increase in the number of biorecognition elements liable to be coupled to suitable transducers
(Gruhl et al. 2013). Despite a rapid growth in proof-of-principle biosensors, electrochemical
enzyme-based biosensors (amperometric in particular) are still the most successful (Turner
2013; Wilson and Gifford 2005).
Recently, various amperometric biosensors were developed for acute and sub-chronic
continuous in vivo glucose monitoring (Castle and Ward 2010; Feldman et al. 2003; Pickup
et al. 2005; Wang 2008). The increasing success of these types of biosensors led to a
dissemination of the technology to new applications, ranging from critical care biomonitoring
to experimental neuroscience (Arredondo et al. 2012; Song et al. 2006). This fast expansion
is mainly due to an improved time (≤ 1 s) and space (µm) resolution when compared with
state-of-the-art brain biomonitoring techniques such as microdialysis and imaging techniques
(PET, MRI and NMR)(Byrnes et al. 2014; Haller et al. 2014; Lang et al. 2014; Li et al.
2013). These features, combined with high selectivity (provided by the enzyme), ease of
use and liability to miniaturization, make these devices very appealing tools for in vivo brain
biomonitoring.
Amperometric enzyme-based biosensors have been successfully employed in in vivo brain
biomonitoring of glucose (Ahmad et al. 2008b; Lowry et al. 1998a; Vasylieva et al. 2011b),
glutamate (Burmeister et al. 2002; Oldenziel and Westerink 2005; Qin et al. 2008; Wahono et
al. 2012), lactate (Cordeiro et al. 2015; Palmisano et al. 2000), γ-aminobutiric acid (GABA)
(Niwa et al. 1998), uric acid (O’Neill and Lowry 1995; Zhang et al. 2005), dopamine (DA)
(Njagi et al. 2010), and acetylcholine and choline (Mitchell 2004).
These biosensors rely on the oxidation/reduction of an electroactive product (often
H2O2) of an enzymatic reaction at the electrode surface at a fixed potential (Thévenot et al.
1999). Typically, but not exclusively, the enzymatic reaction is mediated by an oxidase and
these biosensors can be classified according to its detection mechanism into 1st, 2nd and 3rd
generation.
First generation biosensors rely on direct electron transfer at the electrode surface.
Unfortunately, due to the high applied potentials (≥ 500 mV) necessary for an efficient oxidation
of the electroactive product, these biosensors are prone to electrochemical interference by
non-specific oxidation. In both 2nd and 3rd generation biosensors electrochemical interference
is suppressed by using alternatives methods to direct electron transfer, thereby lowering
the working potential (Castillo et al. 2004; Murugaiyan et al. 2014). However, mediator
degradation, chemical instability (in 2nd generation) lower reproducibility and sensitivity (3rd
generation) limits their in vivo application.
The incorporation of permselective membranes in 1st generation biosensors assembly is
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an elegant solution to overcome electrochemical interference (Wahono et al. 2012).
These membranes are thin polymeric films (nm to µm thick) and can be assembled by
self-assembly (as self-assembled monolayers (SAM) and/or by electropolymerization.
Permselective membranes effectively reduce the current generated by oxidation/reduction
of the non-specific electroactive species, thereby increasing biosensor selectivity. The most
commonly used permselective membranes in in vivo biomonitoring are Nafion (Burmeister
et al. 2002; Maalouf et al. 2007; Moatti-Sirat et al. 1994), poly(phenylenediamine) (PPD)
(Dixon et al. 2002; O’Neill and Craig 2003; Vasylieva et al. 2011b; Yang et al. 2002), and
overoxidized polypyrrole (OPPy) (Moon et al. 2013; Palmisano et al. 2000; Walker et al.
2007). However, besides reducing non-specific oxidation, these membranes are also effective
in rejecting the target analyte (H2O2) by reducing electrode active surface (Cordeiro et al.
2016).
Typically, amperometric enzyme-based biosensors use oxidoreductases (EC 1), particularly
oxygenases (EC 1.13). The list of enzymes used in biosensors for in vivo applications of
amperometric biosensors is vast and includes amongst others, lactate oxidase (Cordeiro et
al. 2015; Hu and Wilson 1997b; Rocchitta et al. 2013), pyruvate oxidase (Cordeiro et al.
2015), glutamate oxidase (Kulagina et al. 1999; Oldenziel et al. 2006; Pomerleau et al. 2003;
Vasylieva et al. 2011a; Wahono et al. 2012), ascorbic acid oxidase (Kulagina et al. 1999)
and glucose oxidase (Ahmad et al. 2008b; Feldman et al. 2003; Fillenz and Lowry 1998; Hu
and Wilson 1997a; Kiyatkin and Lenoir 2012; Roche et al. 2011). Glucose oxidase (GOx)
is often used as a model enzyme, including biosensor studies (Dixon et al. 2002; Sasso et
al. 1990; Wang et al. 2005). Here, using GOx as a model enzyme, we try to understand the
role of surface availability modulated by permselective membranes in the performance of
amperometric enzyme-based biosensors. These enzymes oxidize its substrate by transferring
a single electron from molecular oxygen (O2) to the receptor resulting in the production of
hydrogen peroxide (H2O2) (Equation 1).
				

Substrate + O2

Product + H2O2

Equation 1
For enzyme-based electrochemical biosensors, and assuming a large and constant
co-substrate (O2) concentration, the current is determined by the flux of the product (H2O2)
from the enzymatic hydrogel to the electrode surface (O’Neill et al. 2008). With a constant
analyte loss to the “bulk”(Lowry et al. 1994), enzyme conversion of rate can be calculated as
current by relating VMax to IMax (Equation 2).
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Equation 2
The Michaelis-Menten based model proposed by Lowry and his colleagues allows
an accurate calculation of both relevant kinetic parameters (appKM KM and IMax) and key
parameters in enzyme-based biosensor performance (linear range (LR) and linear range slope
(LRS)) (O’Neill et al. 2008) (McMahon et al. 2006).
However, this model does not take into the account the reduction in surface availability
by the use of permselective membranes (Cordeiro et al. 2016). As the oxidation current is a
function of the flux of H2O2 to the electrode surface, changes in active surface are likely to
affect biosensor kinetic parameters.
Previously, we have successfully investigated the role of surface availability on membrane
induced selectivity. Now, we investigated the impact of surface availability, modulated by
the use of permselective membranes, on the performance of amperometric enzyme-based
biosensors. Therefore, we characterized, both electrochemically (by in vitro calibration) and
visually (by scanning electron microscopy) glucose enzyme-based amperometric biosensors,
assembled with different permselective membrane configurations, each with distinct electrode
active surface.

3.2- Materials and Methods
3.2.1- Materials
Platinum, silver, and stainless steel wires were obtained from Advent Research Materials
(Oxford, England). Hydrogen peroxide (35% wt), Glucose Oxidase (GOx) (EC 1.1.3.4)
(Type X-S 10 KU, Asperillus niger) Nafion (5% wt in aliphatic alcohols), bovine serum
albumin (BSA), Glutaraldehyde (GA), o-phenylenediamine (oPD), m-phenylenediamine
(mPD) pyrrole, glucose, ascorbic acid, uric acid, dopamine and 3,4-dihydroxyphenylacetic
acid were purchased from Sigma- Aldrich (Zwijndrecht, The Netherlands). PBS was used
containing: 145 mM Na+, 1.2 mM Ca2+, 2.7 mm K+, 1.0 mM Mg2+, 152 mm Cl-, and 2.0 mM
phosphate in ultrapurified water, at pH 7.4 (equilibrated with NaOH) and degassed before
use.
3.2.2-Biosensor manufacturing and membrane assembly
Needle type platinum wire electrodes (0.2 mm Ø x 1 mm long) were prepared as described
(Cordeiro et al. 2016; Cordeiro et al. 2015; Wahono et al. 2012). Microelectrode surfaces were
89
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initially functionalized with a permselective membrane (Nafion PmPD, PoPD, OPPy and
membrane combinations) as previously described (Cordeiro et al. 2016; Wahono et al. 2012)
and sub sequentially modified with an hydrogel comprising an enzyme (GOx) cross-linked
with GA and BSA.
3.2.2.1- Enzymatic hydrogel assembly
Microelectrodes functionalized with a permselective membrane configuration were coated
manually under an optical microscope with an hydrogel of GOx (0.2 U/µL) cross-linked with
GA (0.125%) and BSA (1%) (Cordeiro et al. 2015).
The hydrogel was coated using a tiny drop of the mix produced with a Hamilton syringe
(Hochst, Germany). Fully assembled biosensors were allowed to cure for 48 hours prior to
calibration.
We have assembled glucose biosensors with the following configurations:
-Pt/Nafion/GOx
-Pt/PmPD/GOx
-Pt/PoPD/GOx
-Pt/OPPy/GOx
-Pt/Nafion-PmPD/GOx
-Pt/Nafion-PoPD/GOx
-Pt/Nafion-OPPy/GOx
3.2.3-In vitro calibration
Microelectrode and microbiosensor calibrations were carried out in PBS of pH 7.4 at 700
mV vs. Ag/AgCl using a potentiostat (Pinnacle, model 3104 Pinnacle Tech. Inc., USA). The
sensors were placed in PBS and steady-state parameters (noise and baseline) were assessed
after an initial equilibration period (approximately 45 min). All interfering compounds (DA
2 µM; DOPAC 20 µM; UA 50 µM; and AA 200 µM) were added to a constantly stirred
solution, prior to consecutive additions of glucose (0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 4, 8, 16 and
32 mM) and H2O2 (5, 10, 25, 50, 100 and 200 µM). (Burmeister et al. 2002; Wahono et al.
2012; Walker et al. 2007).
3.2.4- Scanning electron microscopy
All microbiosensor configurations were visually inspected by scanning electron
microscopy. For microscopy sensor tips were fixed with double sided adhesive carbon tape
onto metal stubs. Observation and imaging was done using a cold filed emission scanning
electron microscope (JEOL FE-SEM 6301F) at 3 kV and a secondary electron detector
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(JEOL LTD. 1-2 Mushasino 3-chome, Akishama Tokyo 196). A section of the coating on the
electrode surface was removed by abrasion and the thicknesses of the various layers were
estimated from the photographs by using the ImageJ freeware package.
3.2.5- Data processing and statistical analysis
Analytical and kinetic parameters were calculated by non-linear regression using
GraphPad Prism 5.0. Noise and limit of detection (LOD) were calculated by linear regression,
whereas linear range (LR), linear range slope (LRS), apparent Michaelis-Menten constant
(appKM) and maximum current intensity (IMax) were calculated using non-linear regression,
using a Michaelis-Menten derived kinetic model (O’Neill et al. 2008) Data are presented
as mean+SEM (Standard Error of the mean). All parameters were statistically evaluated
amongst different biosensor designs and against bare electrodes either with one-way or
two-way ANOVA, according to the evaluated parameters. When necessary, additional
Bonferroni post-hoc tests were performed. p < 0.05 and p< 0.001 was considered statistically
significant and highly significant, respectively. All statistical analysis were performed using
SigmaStat 12.0.

3.3- Results and Discussion
3.3.1- Electrochemical evaluation
3.3.1.1- Steady-state parameters and electrochemical interference
After its immersion on a constantly stirred beaker, all microbiosensors were allowed to
equilibrate, prior to the assessment of the steady-state parameters and subsequent in vitro
calibration. Noise levels and baseline currents were low for most of the biosensor designs (≤0.1
nA and ≤10 nA respectively) (see Supplementary Information, Table 1). However Pt/OPPy/
GOx biosensors had higher baseline currents than any other biosensor design (27.82±4.58
nA, p>0.001 vs. all). Recently, we showed that platinum needle-type microelectrodes coated
with OPPy had higher noise and baseline levels than all other tested membranes (Cordeiro et
al. 2016). This can be attributed to a previously reported incomplete overoxidation of OPPy
(Wahono et al. 2012; Wang et al. 2005) in combination with a highly irregular surface of the
membrane (Blanc et al. 1978; Loto 2012).
We monitored the changes in biosensor oxidation currents in response to the addition of
the most relevant non-specific electroactive species, at physiological relevant concentration
(Burmeister et al. 2002; Cordeiro et al. 2016; Cordeiro et al. 2015; Wahono et al. 2012).
All glucose microbiosensors displayed very low oxidation currents for all non-specific
electroactive species, negligible when compared with bare electrodes (see Supplementary
Information, Fig 1). Moreover, the changes in oxidation currents observed in response to
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the addition of non-specific electroactive species were very similar to those observed with
microelectrodes coated only with those same permselective membrane configurations alone
(Cordeiro et al. 2016).
The application of the enzymatic hydrogel on microelectrodes coated with effective
permselective membrane had no significant effect on the selective properties of any of the
membrane configurations used in biosensor assembly.
3.3.1.2- Glucose performance evaluation
We monitored the changes in oxidation currents of the biosensors in response to the
exposure of increasing glucose concentrations (0.02 to 8 mM). In vitro calibration of the
biosensors revealed a Michaelis-Menten like profile for all microbiosensors, regardless of the
permselective membrane configuration (Fig 1 A).
We have found a strong correlation (R2 ≥ 0.99) between oxidation currents and glucose
concentration for low glucose levels (≤ 2 mM) for all biosensor configurations (Fig 1 B).
However, this linearity decreased with the increase in glucose concentrations. Oxidation
currents leveled off at high concentrations, (≥ 8 mM), although different biosensor designs
reached different plateaus (Fig 1B). Biosensors coated with Nafion or P (m- and o-)PD
membranes had higher oxidation currents when exposed to high glucose levels (≥ 16 mM , p≤
0.05), when compared with biosensors coated with either OPPy or membrane combinations
(Nafion-P (o and m) PD and Nafion-OPPy).

Figure 1- Oxidation currents for amperometric enzyme-based glucose biosensors assembled using different
permselective layers in response to increasing concentrations of glucose. A: Complete calibration range (0.02 to 32
mM) B: Linear range (0.02 to 2 mM). Data are expressed as mean +SEM.
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The use of non-linear regression analysis and a simplified kinetic model allowed us to
calculate the most relevant biosensor performance parameters (O’Neill et al. 2008). The
LOD, LR, LRS, IMax and appKM, were estimated for every glucose microbiosensor design
(Table 1). Although some studies estimated JMax (McMahon et al. 2007; O’Neill et al. 2008;
Rothwell et al. 2010; Wang et al. 2005), we chose to calculate IMax instead (O’Neill and
Craig 2003). JMax is used preferentially when there is a need to compare biosensors based on
different surface geometry (McMahon et al. 2004), unlike the biosensors we describe here.
Evaluation of the estimated kinetic parameters revealed significant differences for some of
the performance parameters amongst the tested biosensor configurations.
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R2

KM(mM)

0.99

3.76±0.70

684.3±40.51

IMax (nA)

app

218.92±71.79

1.88±0.35

LR (mM)

LRS (nA/mM)

1.61± 0.33

LOD (µM)

Nafion
n=8

0.99

3.62±0.90

965.0±75.32

266.20±83.13

1.81±0.45

1.63±0.32

PoPD
n=9

0.99

3.32±0.68

953.1±60.12

286.56±87.61

1.66±0.34

2.82±1.54

PmPD
n=8

0.98

3.17±0.91

477.5±41.44

150.48±45.48

1.58±0.45

167.42±63.45

OPPy
n=9

0.98

2.53±0.35

348.2±13.98

137.30±39.38

1.26±0.17

8.66±2.76

Nafion-PoPD
n=8

0.99

2.62±0.55

294.9±18.02

112.34±32.46

1.31±0.27

7.41±2.29

Nafion-PmPD
n=8

0.99

2.78±0.27

32.3±0.9

11.60±3.40

1.39±0.13

24.15±6.02

Nation-OPPy
n=8

Table 1- Calculated in vitro analytical and kinetic parameters of the glucose biosensors (limit of detection (LOD), apparent Michaelis-Menten constant (appKM), maximum
current (IMAX), linear range (LR) and linear range slope (LRS)). Data are presented as mean+SEM
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All microbiosensors, with the exception of OPPy coated biosensors (alone or combined
with Nafion) had a low LOD for glucose (≤ 10 µM). Microbiosensors previously coated with
OPPy (either alone or combined with Nafion) displayed higher (at least 10 fold) LOD than
any other configuration (167.42±63.45 and 24.15±6.02 µM respectively vs all, p≤ 0.001). The
combination of high noise levels, due to a highly irregular surface combined with remarkably
low oxidation currents could explain the high LOD of OPPy based biosensors.
We did not observe differences in appKM nor in its derivative LR, amongst all tested
glucose biosensor configurations. The choice of permselective membrane, thus electrode
active surface (Cordeiro et al. 2016), did not affect biosensor affinity. Nevertheless, all
microbiosensors had a much higher affinity towards glucose than freely diffuse enzyme (circa
25 mM) (Wang et al. 2005). The affinity of the biosensor can be affected and modulated by
several factors, and it is argued that the immobilization method is one of the most important
parameters (Dixon et al. 2002; O’Neill et al. 2008; Sasso et al. 1990). We found a relatively
low appKM, thus high affinity, likely due to the enclosure of the enzyme in a hydrogel matrix,
independently of the permselective membrane(s). The reported appKMvalues are within the
same range to those reported for biosensors whose enzyme was immobilized in an hydrogel,
despite its large design dependent variation (from 5µM up to 32 mM) (Ahmad et al. 2008a;
Cordeiro et al. 2015; Lowry et al. 1994; Rocchitta et al. 2013; Rothwell et al. 2010; Salazar
et al. 2010; Schuvailo et al. 2006; Vasylieva et al. 2011a).
Although the choice of membrane configuration had no effect on affinity, it had a major
impact on other kinetic parameters. Biosensors assembled with Nafion/OPPy exhibited the
lowest IMax, (at least 10 fold lower 32.30 ± 0.90 nA vs. all, p≤0.001). Nafion-OPPy based
microbiosensors also displayed a much lower LRS than any other biosensor configurations
(11.6+3.4 nA/mM vs. all p≤0.001). Additionally, glucose microbiosensors assembled with
permselective membranes in combination with Nafion had lower LRS than biosensors
assembled with single electropolimerized membranes (P(m- and o-) PD and OPPy).
Besides differences in LRS, we have also found differences in IMax amid the tested
biosensor configurations. Biosensors coated with P(m- or o-) PD displayed a similar IMax,
higher than any other biosensor configuration (965.0±75.3 and 953.1±60.1 nA respectively
versus all; p≤0.001). Nafion coated biosensors had an IMax lower than PPD but higher than
any other biosensor configuration (684.3±40.5 nA vs. all p≤0.001). Biosensors coated with
combined membranes (Nafion-PoPD, Nafion- PmPD and Nafion-OPPy) exhibited lower IMax
than biosensors based with any membrane applied alone (p≤0.05).
As brain extracellular glucose levels are reported to range between 0.3 and 2 mM (Ahmad
et al. 2008a; Lowry et al. 1998b; Rocchitta et al. 2013), all of the biosensors designs, except
those coated with Nafion-OPPy, should be suitable for in vivo brain glucose biomonitoring.
Besides biosensors coated with Nafion-OPPy, all biosensors displayed low LOD combined
and suitable LR beyond physiological brain glucose levels.
Overall, our data demonstrate that biosensors assembled based on membranes with higher
surface availability displayed higher oxidation currents in presence of the glucose. Biosensors
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based on membrane combinations are less sensitive than those assembled with single
permselective membranes. We show that, besides well-known parameters such as geometry,
size and enzyme loading, surface availability modulated by the choice in permselective
membrane, has also a major impact on biosensor performance.
3.3.1.3- Hydrogen peroxide (H2O2 ) evaluation
Recently we demonstrated that the assembly of different permselective membrane
combinations results in significant differences in electrode active surface (Cordeiro et al. 2016).
Besides monitoring changes in oxidation in response to increasing glucose concentration,
we have also monitored changes in current in response to increasing H2O2 levels to further
understand the role surface availability in the performance of fully assembled biosensors.
Therefore we evaluated the response of biosensors in the presence of H2O2.
We observed significant differences in oxidation currents when biosensors were exposed
to high levels of H2O2 (100 and especially 200 µM) (Fig 2-A). Biosensors coated with
Nafion-OPPy had the lowest oxidation currents when exposed to the target analyte, H2O2.
The low H2O2 oxidation currents observed explain why these type of microbiosensors were
the ones with the lowest glucose sensitivity.
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Figure 2- Evaluation of the performance of several biosensor designs in the presence of hydrogen peroxide (H2O2)
A: H2O2 calibration curve (5, 10 25, 50 100 and 200 µM). B: Limit of detection (LOD) for H2O2. C: Analyte
sensitivity (LRS) for H2O2. * and ** indicate a significant difference when compared with the indicated biosensor
designs (p ˂ 0.05 and p ˂ 0.001); Data are expressed as Mean±SEM.

There were no differences in oxidation currents between biosensors coated with PmPD
or Nafion. However, biosensors coated with either membrane had higher oxidation currents
than any other configuration for high H2O2 levels (≥100 µM, p≤0.05). Additionally,
biosensors coated with Nafion, had higher oxidation currents than biosensors coated with
Nafion in combination with other membranes (P (m- or o-)PD or OPPy). Despite differences
in oxidation currents and analytical parameters, we observed a linear correlation between
oxidation current and H2O2 concentration for all biosensor configurations for the entire
calibration range (Fig 2-A).
However, variations in oxidation currents in response to increasing H2O2 levels resulted
in significant differences in the estimated analytical parameters. Our data show low LOD (≤
2 µM) for all of the biosensor configurations, with the exception of biosensors coated with
Nafion-OPPy (23.46 + 14.66 µM vs. all; p≤0.001) (Fig 2-B).
We also found differences in the LRS among the tested biosensors (Fig 2-C). Biosensors
coated with OPPy had lower LRS than biosensors coated with PmPD (p ≤ 0.001). Moreover,
biosensors coated with Nafion in combination with either P(m- or o-)PD or OPPy had
lower LRS than biosensors coated with Nafion alone (p< 0.05). There were no significant
differences in the LRS between PmPD and PoPD coated biosensors, nor between P(m- and
o-) PD and Nafion coated biosensors. These results are strikingly similar to those obtained for
microelectrodes coated with those same permselective membrane configurations (Cordeiro
97
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et al. 2016).
The application of an enzymatic hydrogel on top of electrodes functionalized with
permselective membranes did not affect surface availability, thus electrode active surface. In
fact, microbiosensors with higher H2O2 sensitivity, hence higher surface availability displayed
higher oxidation currents in presence of glucose. Our data show that, surface availability,
modulated by the choice of permselective membrane configuration appears to have a major
impact in biosensor performance and may regulate its kinetics.
3.3.1.4- The role of surface availability on biosensor kinetics
A derivation of the classical Michaelis-Menten equation adjusted to enzymatic
electrochemical biosensors was proposed by Lowry and his colleagues relating VMax to Imax
(O’Neill et al. 2008) (Dixon et al. 2002; McMahon et al. 2006). This model has been widely
applied in determining the kinetics of enzymes immobilized on the surface of macro and
microelectrodes. We too have used this model as a starting point to evaluate the putative role
of surface availability in biosensor kinetics. According to this model, the relation between
VMax and IMax relies on the fact that H2O2 generated by the immobilized enzyme is detected
at the electrode surface, while its bulk concentration is zero (O’Neill et al. 2008; Rothwell
et al. 2010). It is the flux of H2O2 produced by the enzyme to the electroactive surface that
determines the measured current. It has been suggested that differences values of IMax (as we
observed in Table 1), determined under the same conditions reflect differences in the activity
of enzyme immobilized on the electrode surface. However this assumption is only valid
when the sensitivity of the electrode to the target analyte, H2O2 does not differ substantially
(O’Neill et al. 2008; Rothwell et al.2010). Notably, our data show that biosensors assembled
based on different permselective membrane configurations, display significant differences in
H2O2 sensitivity, thereby identifying an additional factor to be added to the model proposed
by Lowry. In that sense, we believe that differences in IMax amongst the tested biosensor
designs may be related to differences in biosensor active surface, rather than enzyme activity.
As the active surface of a microelectrode is related to the slope of the primary analyte,
H2O2 (Cordeiro et al. 2016; O’Neill et al. 2008) we propose a modification of the model
described by Lowry and associates (Equation 2), to correct for biosensor surface availability.
The model we propose (Equation 3) takes into account the different active surfaces of
biosensors coated with different permselective membrane configurations, by normalizing
biosensor oxidation currents according to its sensitivity for H2O2 (Slope HP).

Equation 3

98

Surface availability, modulated by the choice of permselective membranes, regulates the
performance of amperometric enzyme-based biosensors
This model provides the kinetic properties of the biosensors independently of their active
surface, by the calculating surface independent (SI) kinetic parameters (SI appKM and SI IMax).
The interpretation of these parameters allows us to deduce the kinetic properties of enzymes
immobilized onto microelectrode surfaces, independently of its surface availability.
Normalization of the oxidation currents obtained for consecutive addition of glucose
did not change the Michaelis-Menten profile observed for in vitro calibration. However, the
significant differences in oxidation currents observed for biosensors in response to glucose
additions (See Fig 1 A) disappear once corrected for the surface availability. We have not
found any differences amid all biosensor configurations in the normalized oxidation currents
(I(S)/Slope HP), for the entire calibration range (Figure 3). These results suggest that the
oxidation currents of in presence of glucose are dependent of surface availability and are
modulated by the choice of permselective membrane configuration.

Figure 3- Normalized glucose oxidation currents (I(S)/Slope (H2O2) of amperometric enzyme-based glucose
biosensors assembled with different permselective layers, using Equation 2. Data are expressed as Mean±SEM.

The use of non-linear regression analysis coupled to the proposed model (Equation 2)
allowed us to estimate both surface independent parameters (SI appKM) (SI IMax). However we
did not find significant differences in the surface independent parameters among the tested
biosensor designs (Table 2).
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Table 2- Calculated Surface independent kinetic parameters (Surface Independent
independent IMax (SI IMax)) Data are expressed as mean+SEM.

KM(SI appKM) and surface

app

Nafion
n=8

PoPD
n=9

PmPD
n=8

OPPy
n=9

SI appKM(mM)

3.74+0.36

3.47+0.61

3.35+0.67

3.13+0.37

2.56+0.35

2.57+0.32

2.96+0.93

SI IMax

0.52+0.015

0.56+0.035

0.49+0.032

0.49+0.017

0.49+0.019

0.46+0.013

0.61+0.056

0.99

0.99

0.99

0.98

0.98

R2

Nafion-PoPD Nafion-PmPD Nafion-OPPy
n=8
n=8
n=8

0.99

0.99

The absence of differences in SI appKMsuggests that enzyme affinity is not dependent
on the biosensor active surface. Instead, it implies that the immobilization method may be
the most determinant parameter in both biosensor (appKM) and enzyme affinity (SI appKM).
Consequentially, LR, an appKM derivative, may also be independent of biosensor surface
availability but may be dependent on the enzyme immobilization method.
Besides a similar SI appKMamong biosensors assembled with different permselective
membrane configurations (i.e. different surface availabilities) we also did not find significant
differences in SI IMax. Interestingly, the normalization of the oxidation currents for its active
electrode surfaces eliminated the significant differences found in IMax, among the different
biosensor configurations. These data indicate that, contrary to what we observed for the SI
affinity constants (SI appKM and LR), both IMax and its derivative LRS are dependent on
the electrode active surface. These evidences imply that, surface availability, modulated
by the choice of permselective membrane, has a significant impact in the performance of
amperometric enzyme-based biosensors. In fact the choice of permselective membrane,
decisive in biosensor design, may be even more relevant than previously anticipated. Not only
determines the selectivity of implantable enzyme-based biosensors, but it is also involved in
the regulation of key biosensor analytical and kinetic parameters.
3.3.2- Evaluation by scanning electron microscopy
Apart from electrochemical evaluation, to further characterize its surface, we have
analyzed the microbiosensors by means of scanning electron microscopy. In related studies,
this imaging technique has facilitated the understanding of membrane morphology and its
interaction with the surface of the microelectrode (Calia et al. 2009; Hashemi et al. 2011).
Here, microbiosensors were evaluated both intact and by cross-section.
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Figure 4 - Scanning electron microscopy visualization (250x) of the cross section of biosensors assembled with
different permselective membrane configurations. The thickness of the membrane configuration is displayed in the
top right of each figure, α: hydrogel thickness β: hydrogel + membrane thickness.
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The data presented (Fig 4) show that all biosensors, with the exception of OPPy coated
ones, are completely and homogeneously covered. However, we noticed differences in the
thickness of the modified surface and thickness of the hydrogel. Biosensors coated with
OPPy/GOx were significantly thicker (8.5 µm) than any of the other biosensor configurations
(≤ 6 µm). We have observed that P(m- and o-)PD based biosensors were slightly thinner than
any other (2.5 and 2.9 µm thick respectively). No significant differences were seen between
the thickness of biosensors coated with Nafion alone (5.0 µm) or combined with any of the
electropolymerized membranes PoPD (4.2 µm), PmPD (4.3 µm) or OPPy (5.0 µm).
OPPy/GOx coated biosensors were the only ones with a significantly different hydrogel
thickness and morphology. Its thickness reached up to 6 µm, 3 fold higher than any other
biosensor (1.6 to 2 µm) and microscopy evaluation revealed a highly irregular globular surface.
In the fully assembled OPPy-coated biosensors we did not observe the characteristic “fishnet”
structure reported recently reported (Cordeiro et al. 2016). Instead, we observed a globular
hydrogel surface which is very different from the smooth hydrogel surface observed for all
other biosensor designs. The irregular surface observed in the OPPy coated microelectrodes
most likely resulted in an increase in exposed area resulting in more efficient enzyme loading.
However, our electrochemical evaluation did not show any increase in the performance in
OPPy coated biosensor, rather an impairment. Probably the higher enzyme loading enabled
by an increase in exposed surface of OPPy coated microelectrodes was counteracted by an
agglomeration of enzyme protein in a globular structure (Fig 4 D). Moreover, the differences
observed in membrane thicknesses between the different biosensor configurations had no
impact on biosensor performance. We found no significant correlation between membrane
thickness (hydrogel alone or hydrogel + permselective membrane) and any of the key
biosensor performance parameters (Supplementary Information, Figure 3). The differences
observed in biosensors performance parameters among the different biosensor configurations
were independent of membrane thickness. This independence further emphasizes the role of
surface availability, modulated by the choice of permselective membrane, in the performance
of implantable enzyme-based amperometric biosensors.

3.4-Conclusion
While scanning electron microscopy of biosensor surfaces did not reveal major differences
in its morphology, we found significant differences in the electrochemical performance of
biosensors coated with different permselective membrane configurations.
We observed significant differences in the oxidation currents of biosensors assembled
with different membrane configurations, in response to both glucose and H2O2. These
differences resulted in significant differences in key biosensor performance parameters such
as LOD, LRS IMax but not for biosensor affinity related parameters (appKMand LR). The use of
a normalization of the mathematical model for biosensor kinetics, to correct for differences in
electrode active surface, revealed that both IMax and its derivative LRS are largely dependent
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on the active surface of the biosensor, but biosensor affinity is not.
We show that surface availability, modulated by the choice of permselective membrane,
plays a definite role in the performance of enzyme-based amperometric biosensors. Besides
its pivotal role in biosensor selectivity, the choice of permselective membrane, due to its
surface availability modulation, has a major impact on several key biosensor performance
parameters.
These findings may be useful not only in the development and characterization of
“state-of-the art” amperometric enzyme based biosensors, but may also be useful for the
continuous development of smaller and more sensitive biosensors.
The constant pursuit for downscaling, driven by the continuous need of higher spatial
resolution, will most likely be supported by the application of nanomaterials for biosensor
assembly. In that sense, the central role already played by surface availability, will gradually
increase, as biosensor dimensions will progressively decrease. As biosensor dimensions
will progressively decrease, the implication of surface availability in its performance will
gradually increase. The new insights resulting from the present work on morphological and
electrochemical properties of implantable membranes may prove valuable to optimize and
further develop novel biosensor-based medical devices.
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3.6-Supplementary Data
3.6.1- Steady-state parameters.
After a period of equilibration (45 min) we have assessed the steady state parameters,
noise and baseline.
Table 1- Steady state analytical parameters (noise levels and baseline current) for glucose biosensors assembled with
the tested permselective membrane configurations microelectrodes. * and ** Indicate significantly different when
compared to the other biosensor designs(p˂0.05 and p˂0.001).
Noise levels (nA)

Baseline (nA)

Mean

SEM

Mean

SEM

Nafion (n=8)

0.05

0.01

2.41

0.09

PoPD (n=9)

0.07

0.01

2.81

0.19

PmPD (n=8)

0.09

0.03

4.39

0.50

OPPy (n=9)

**0.47

0.13

**27.83

4.59

Nafion-PoPD (n=8)

0.16

0.05

8.15

2.49

Nafion-PmPD (n=8)

0.14

0.04

4.84

0.66

Nafion-OPPy (n=8)

0.31

0.13

6.83

1.26

We observed that the steady-state parameters of biosensors assembled with an OPPy were
higher than any other biosensor configuration. Baseline currents of OPPy based biosensors
were more than 3 fold higher than any other biosensor configuration.
3.6.2- Electrochemical interference
We have monitored the oxidation currents of biosensors coated with all the permselective
membrane configurations in response to the most relevant non-specific electroactive species
(Burmeister et al. 2002; Cordeiro et al. 2015; Wahono et al. 2012).
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Figure 1- Oxidation currents in presence the most relevant non-specific electroactive species of fully assembled
implantable glucose biosensors coated with the different permselective membrane configuratiosn compared with
bare needle-type implantable microelectrode.

All biosensors displayed very low oxidation currents in response to the exposure to
phisologocial levels of the most relevant interferants, when compared with bare electrodes
Additionally, we have found that the absolute oxidation currenst to be very similar to those
observed in microelectrodes coated with those same permselective membrane configurations
(Cordeiro et al. 2016).
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3.6.3- Glucose performance evaluation
Based on the data obtained by the in vitro calibration of the biosensors for its target analyte,
Glucose, we calculated the linear and non-linear correlation coefficents between the changes
in oxidation currents vs the glucose concentration.
Table 2- Linear correlation coefficients between the oxidation currents obtained in in vitro calibration and low ( ≤ 2
mM) and high ( ≥ 8 mM) glucose levels.

up to 2 mM
Nafion

up to 32 mM

0.999

0.676

PmPD

0.998

0.668

PoPD

0.999

0.655

OPPy

0.999

0.639

Nafion-PmPD

0.998

0.585

Nafion-PoPD

0.999

0.648

Nafion-OPPy

0.998

0.660

We observed high linearity between the oxidation current (R2 ≥ 0.99) and glucose for low
glucose levels (≤ 2mM). However we have observed that for the entire calibration range
( ≥ 8 mM) levels that linearity was lost as demosntrated by a significant reduction in the
correlation coefficient (R2 ≤0.7) independently of the biosensor configuration.
3.6.4- Scanning Electron Microscopy evaluation
In order to understand whether any of the biosensor performance parameters was related
to membrane thickness we plotted the thickness (α and β) versus the individual
biosensor performance parameters.
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Figure 4- Membrane thickness (α- Hydrogel; β Hydrogel + permeselective membrane) plotted as a function of
individual perfromance parameters (A- Linear Range, B- Linear Range Slope, C- appKM, D- IMax).

Our data showed (Fig 4) that no correlation between membrane thickness and any of the
biosensor performance parameters (R2 ≤ 0.2).
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