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Sensors for biosensors: a novel tandem monitoring
in a droplet towards efficient screening of robust
design and optimal operating conditions†
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Alexandr Zubov a and Krist V. Gernaey a

Understanding the biorecognition and transduction mechanisms is a key aspect in the development of

robust sensing technologies. Therefore, the design of tools and analytical approaches that could allow

gaining a deeper insight into the bio- and electrochemical processes would significantly accelerate the

progress in the field of biosensors. Herein, we present a novel effective strategy for biosensor design

screening based on tandem monitoring of individual system parameters in a droplet. The developed

tandem approach couples the simultaneous chronoamperometric characterization of biosensors in the

presence of an analyte (glucose) together with dissolved oxygen monitoring using a luminescence-based

optical oxygen microsensor. Remarkably, an optical sensor was applied for the first time to analyse the

amperometric biosensor response and kinetics. Two types of multi-layer glucose biosensors (first gene-

ration) were chosen as a case study and were evaluated at various operating conditions using multi-

analytical techniques. Moreover, specific protocols were developed for the detection of oxygen conver-

sion rates, iron and membrane elution inside the multi-layer glucose biosensor system. The presented

tandem monitoring approach allows one to identify and build-up the correlations between the critical

operation conditions and system parameters affecting the overall biosensor response, its sensitivity and

lifetime. Thus, based on the obtained experimental results a more favorable composition of Nafion mem-

brane films and enzyme loadings for glucose biosensors were identified in a time-efficient way and

allowed to explain an improved stability (up to 3 months) and linear detection range of glucose concen-

trations (up to 5 mM). Furthermore, the presented tandem monitoring approach can be readily adapted to

other oxygen dependent types of biosensors either for simultaneous multiple substrate detection or as an

efficient tool for biosensor design and operating condition screening.

1. Introduction

More than 50 years of glucose biosensor research have been
mainly focused on the evolution of biosensors1–4 towards the
accurate and non-invasive application in diabetes manage-
ment and treatment.5,6 Unfortunately, almost no attempts
were done towards the development of unexpansive analytical
approaches or screening platforms with quick read-out capa-
bilities allowing time-efficient screening of biosensor design

and operating conditions. As a result, the promotion of robust
sensing technologies for continuous glucose monitoring still
remains a challenge either in clinical diagnostics7,8 or for fer-
mentation processes.9–11 The required selectivity and sensi-
tivity of the biosensors towards the analyte of interest can be
fine-tuned by combining specific bioreceptors (e.g. enzymes,
whole cells, biomimetic receptors, etc.) together with various
configurations (i.e. surface arrangement and architecture) of
electrode materials (e.g. carbon-based materials, noble
metals, etc.).12–16 However, the presence of low and high mole-
cular weight substances in biological samples would interfere
with the desired analyte sensing and affect the overall electro-
chemical behaviour of the system. Moreover, the accumulation
of such active compounds on the electrode surface would
lead to irreversible changes in biosensor topology
including bioreceptor deactivation, membrane pore blockage,
reference electrode oxidation, mediator and/or membrane
layer leakage, finally resulting in a decrease of the biosensor
response.
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Since the biosensor lifetime depends not only on the
storage stability factors (e.g. dry or wet storage, temperature,
etc.) but is mainly defined by the aspect of operational stability
(e.g. sensor design, experimental and operational conditions,
etc.),17–19 various strategies were applied to improve the overall
biosensor characteristics. Therefore, in the past few years a
great variety of biocompatible membranes and coating
materials have been developed to partly eliminate the above-
mentioned interactions and to improve the overall biosensor
performance.20 The application of anti-interference mem-
branes decreases the impact of thickness fluctuations and
during the exploitation of biosensors with biological samples
increases the concentration gradients inside the system which
minimizes the risk of bioreceptor layer inactivation on the one
hand, and can also lead to an increased response time and
affect the sensitivity on the other hand. One of the most widely
used polymers for enzyme encapsulation is the perfluorinated
membrane Nafion®. Initially supplied as a proton exchange
membrane for fuel cells by DuPont,21,22 this sulfonated
tetrafluorethylene-based copolymer played an important role
in the development of glucose biosensors.23–26 Moreover, the
influence of the number of membrane films and their compo-
sition on the response27 and long-term lifetime28,29 was
demonstrated experimentally for implantable glucose bio-
sensors. Since Nafion structure units are not covalently cross-
linked, it allows transforming them into a variety of shapes.
However, the morphology of the Nafion ionomer thin films
used in biosensors and their behaviour under various operat-
ing conditions are fundamentally different from membranes
and is still not very well understood.30 Therefore, different
analytical and simulation approaches, including the effect of
temperature,26 alcohol/water solutions31,32 and presence/
absence of glucose during chronopotentiometric characteriz-
ation,33 were applied to investigate the structure and transport
phenomena of wetted Nafion films.34,35 Moreover, it was
demonstrated that combining Nafion® membranes with novel
transducer materials with enhanced electron transport (e.g.
exfoliated graphite nanoplatelets) can significantly improve
the stability, sensitivity and linear detection range of bio-
sensors.36 However, the lack of more in-depth knowledge and
understanding about the correlation between the membrane
film properties and biosensor operational stability in the pres-
ence of a substrate (i.e. glucose) are the two major impedi-
ments towards the design of truly robust biosensors.
Ivanauskas et al.37 with the help of mathematical models com-
pared the theoretical response of two types of biosensors con-
taining a single heterogeneous enzyme layer and an additional
protecting membrane (polymer-based) layer. From the
obtained simulation results it was concluded that by varying
the activity of the enzyme together with the design, thickness
and properties of the membrane, the biosensor performance
can be significantly improved. However, the biosensor stability
measurements are time and resource consuming which could
easily explain why no experimental validation was presented.

Therefore, the main objective of the presented work was in
the development of a tandem monitoring approach that allows

the simultaneous on-line detection of multiple biosensor
system parameters. Although the combination of electro-
chemical and optical methods has already been applied for
the independent detection of a desired analyte,38 a tandem
monitoring approach based on using luminescence-based
optical sensors to analyse the amperometric biosensor
response and kinetics has not been previously reported. Since
only well investigated materials and systems can be applied at
the initial development and validation stages of the novel
screening platforms, glucose biosensors with confirmed stabi-
lity (based on a premixed enzyme and a 2 vol%
Nafion®117 membrane layer referred to as sensor 3 batch)
were used as a case study following our previous work.39

Moreover, their performance was compared with a new sensor
architecture containing individual enzyme and outer mem-
brane (2 vol% Nafion®117) coatings. The factors underlying
variation in a lifetime and performance of the glucose bio-
sensors, namely sensitivity, linear calibration range and detec-
tion limits, were identified and analysed in the presence of a
substrate (glucose). The electrochemical behaviour (cyclic vol-
tammetry and chronoamperometry) of both types of bio-
sensors was fully characterized using multi-analytical tech-
niques, including morphological investigation of the layer-by-
layer deposition by scanning electron microscopy (SEM)
coupled with energy dispersive X-ray spectroscopy (EDX) and
quantification of mediator and Nafion®117-based layer stabi-
lity by means of inductively coupled plasma mass spec-
trometry (ICP-MS) and liquid chromatography-electrospray
ionization-tandem mass spectrometry (LC-ESI-MS/MS),
respectively. Moreover, the swelling behaviour of the mem-
brane films under dynamic conditions and the impact of
environmental conditions, viz. temperature and humidity, on
their stability during formation were investigated by using the
environmental detection module of a scanning electron
microscope (ESEM).

2. Experimental section
2.1. Reagents and materials

The DRP-PW-110DGPHOX screen printed electrodes (SPEs)
were customized by DropSens (Llanera, Spain) and ItalSens
IS-C was acquired from PalmSens (Utrecht, The Netherlands).
Both types of electrodes were printed on a polyester substrate
and each sensor consists of a carbon working electrode (modi-
fied with a graphene oxide layer for DRP-PW-110DGPHOX), a
carbon counter electrode and a silver reference electrode. The
diameter of the working electrodes was 0.4 cm
(DRP-PW-110DGPHOX) and 0.3 cm (ItalSens IS-C), resulting in
apparent geometric areas of 0.126 cm2 and 0.07 cm2,
respectively.

Glucose oxidase (GOx) (EC 1.1.3.4, type VII, 248 U g−1 solid)
and bovine serum albumin (BSA) were obtained from Sigma
(St Louis, MO, USA). Glutaraldehyde solution (25% (v/v)),
ethanol (UV HPLC gradient, 99.9%) and potassium hexacyano-
ferrate(III) (ACS reagent, ≥99.0%) were purchased from Sigma –

Paper Analyst

Analyst This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 2
1 

Fe
br

ua
ry

 2
01

9.
 D

ow
nl

oa
de

d 
by

 A
ub

ur
n 

U
ni

ve
rs

ity
 o

n 
2/

24
/2

01
9 

7:
31

:4
8 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c8an02261e


Aldrich (St Louis, MO, USA). Iron(III) chloride (anhydrous,
99.99%) and Nafion®117 solution (∼5% (v/v) in a mixture of
lower aliphatic alcohols and water) were provided by Aldrich
(Steinheim, Germany). D-Glucose (anhydrous) was provided by
Fluka (Loughborough, UK). Mono – and di-potassium hydro-
gen phosphates (anhydrous) were obtained from Merck
(Darmstadt, Germany). Sodium hydroxide (50% (w/w)) and
hydrochloric acid (37% (w/w)) solutions were purchased from
VWR International A/S (Søborg, Denmark). All the solutions
were prepared with 0.1 M phosphate buffer supplemented
with 0.1 M KCl (pH = 6), unless stated otherwise.

2.2. Glucose biosensor preparation

To avoid biosensor surface modification prior to the modifi-
cation steps no pre-treatment in phosphate buffer solution
under chronoamperometric conditions was applied. The opti-
mized preparation methods for Prussian Blue deposition and
the membrane composition were acquired for sensor 3 batch
from Semenova et al.39 Therefore, after the glutaraldehyde
layer over the PB modified working electrode was dried, the
premixed enzyme/membrane or individual enzyme and mem-
brane layers were deposited. To simplify the reference to the
specific glucose biosensor preparation method, the “two” and
“four” layer sensor terminology (see Fig. S1 ESI†) will be intro-
duced below. The “two” layer glucose biosensors represent the
sensor 3 batch from ref. 39. A 3 µL drop of Nafion®117 (2 vol%)
neutralized in ethanol40 mixed with GOx dissolved in phos-
phate buffer and BSA (5 vol% diluted in water) in a 1 : 1 : 1 pro-
portion (v/v/v) was placed over PB/glutaraldehyde modified
SPEs. For the “four” layer glucose biosensors the glutaralde-
hyde solution layer was dried and then a 3 µL drop of GOx dis-
solved in phosphate buffer mixed with BSA (5 vol% diluted in
water) in a 1 : 1 proportion (v/v) was placed over the surface of
the WE. The Nafion®117 (2 vol% neutralized in ethanol) mem-
brane layer (3 µL) was deposited over the SPE/PB/Glut/(GOx +
BSA) modified electrodes no less than 20 hours from the pre-
vious layer immobilization step. An additional layer (3 µL) of
fresh Nafion®117 (2 vol% neutralized in ethanol) solution was
deposited after 24–32 hours. Regardless of the biosensor
design, the SPEs with the deposited enzyme and/or membrane
layers were placed to dry overnight in a climate chamber at
40% of humidity and 8 °C. Moreover, both PB modified SPEs
and complete glucose biosensors were stored in the dark, at
room temperature and 4 °C, respectively.

2.3. Glucose oxidase stock activity measurements

Similar to the previously described procedure in ref. 39, the
activity of the GOx stock solutions, as well as the enzyme/mem-
brane or enzyme/BSA mixtures, was estimated prior to the
immobilization step using an OXSOLV solvent-resistant, fiber –
optic oxygen sensor (PyroScience GmbH, Aachen, Germany)
connected to a FireStingO2 fiber – optic meter (PyroScience
GmbH, Aachen, Germany) and controlled by Pyro Oxygen
Logger software (PyroScience GmbH, Aachen, Germany). The
measurement was performer via on-line monitoring of the
consumption rates for the dissolved oxygen (DO) in the reac-

tion of 100 mM glucose solution with two types of GOx stock
solutions (A and B) at room temperature. The setup assembly,
as well as the experimental procedure, were previously
described in ref. 39. For the enzyme activity calculations, one
unit (U) of the enzyme corresponds to a substrate consump-
tion of 1 µmol per min. The GOx activity prior to immobiliz-
ation was estimated for Stock A as 0.548 U µL−1 and for Stock
B equal to 0.871 U µL−1. The glucose biosensors prepared for
electrochemical and morphological analyses are summarized
in Table S1 (see the ESI†).

2.4. Cyclic voltammetry characterization of glucose
biosensors

Cyclic voltammetry (CV) characterization of the biosensor was
carried out by using MultiEmStat (PalmSens, Utrecht, The
Netherlands) with a DRP-CAST1X8 interface (DropSens,
Llanera, Spain) controlled by MultiTrace 3.4 software
(PalmSens, Utrecht, The Netherlands). In all experiments a
100 µL droplet of phosphate buffer was placed over all three
electrodes of the SPE and the response was analysed in a
potential range from −0.5 V to +0.5 V. A previously not tested
biosensor was used each time a new scan rate was applied and
the buffer probes collected after the measurements were
further analysed by liquid chromatography tandem mass spec-
trometry (LC-MS/MS) and inductively coupled plasma mass
spectrometry (ICP-MS). The voltammograms obtained for
unmodified SPEs, PB modified electrodes, “two” and “four”
layer glucose biosensors at 50 mV s−1 are compared in Fig. S1
(see the ESI†). The voltammograms recorded for both types of
glucose biosensors at different scan rates (10, 20 and 50 mV s−1)
are summarized in Fig. S2 (see the ESI†). To compare the
diffusion properties of both types of glucose biosensors, the
dynamic response of the flavin adenine dinucleotide groups of
immobilized glucose oxidase was studied in the presence of
potassium ferricyanide. Similar to oxygen (see Fig. 1B), ferri-
cyanide being an electron acceptor participates in a two-step
reduction of the GOx flavin groups.41 A 100 μL droplet of
0.01 M potassium ferricyanide prepared with phosphate buffer
(pH = 7.4) was placed over all three electrodes of the “two” and
“four” layer glucose biosensors. The CVs were registered for
the same biosensor at different scan rates, namely 10, 20, 50
70 and 100 mV s−1 (see Fig. S2, ESI†).

2.5. Chronoamperometric characterization of glucose
biosensors

Chronoamperometric (AM) studies were performed using
MultiEmStat (PalmSens, Utrecht, The Netherlands) with a
DRP-CAST1X8 interface (DropSens, Llanera, Spain) controlled
by MultiTrace 3.4 software (PalmSens, Utrecht, The
Netherlands). The biosensors were characterized in the pres-
ence of an analytical range of glucose concentrations (0 to
5 mM) at the applied voltage equal to the peak potential of the
H2O2-reduction by Prussian Blue (−0.14 V). All measurements
from the same biosensor type were repeated at least in tripli-
cate. After the AM signal was registered, the buffer probes with
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and without glucose were collected for subsequent LC-ESI-MS/
MS and ICP-MS investigation.

2.6. Tandem oxygen and glucose monitoring

In order to simultaneously obtain the glucose and dissolved
oxygen concentration profiles in a droplet, the chronoampero-
metry- and luminescence-based measurement tandem was
applied. The PB modified SPEs or complete glucose biosensors
were connected through an interface (DRP-CAST1X8) to the
potentiostat (MultiEmStat) and the tip of the OXR430 retract-
able needle-type fiber-optic oxygen minisensor (PyroScience
GmbH, Aachen, Germany) was centred close to the surface of
the working electrode, as shown in Fig. 1A. The chrono-
amperometric and luminescence studies were based on the detec-
tion of hydrogen peroxide production and dissolved oxygen
(DO) consumption during the glucose oxidase/glucose conver-
sion, respectively (Fig. 1C). In order to compare the activity of
the enzyme (GOx) immobilized on the biosensor surface
towards the free enzyme solution two types of experiments
were conducted. First, the activity of the freshly made free
enzyme solution mixture of Stock B (GOx : BSA = 1 : 1 (v/v)) was
estimated via tandem monitoring over the PB modified SPEs.
A 200 µL (DropSens SPEs) or 300 µL (ItalSens SPEs) droplet of
glucose solution of known concentration was placed over all
three electrodes and the tip of the fiber optic minisensor was
immersed inside the droplet close to the surface of the PB
modified SPE and centred towards the working electrode. After
the DO signal stabilized, simultaneously a 3 µL droplet of the
enzyme mixture was added inside the glucose droplet and the
−0.14 V potential was applied to the surface of the WE. The

obtained results are summarized in Table S2 and Fig. S3 (see
the ESI†).

The complete glucose biosensors (DropSens SPEs) with
different layer compositions and immobilized enzyme stock
solutions were analysed via tandem monitoring in the presence
of glucose. The tip of the minisensor was centred towards the
WE, and once a stable sensor response was obtained, simul-
taneously a 200 µL droplet of glucose solution of known concen-
tration was placed over all three electrodes and the potential of
−0.14 V was applied. The obtained results are summarized in
Table S3 and Fig. S4 (see the ESI†). Regardless the type of the
tandem monitoring applied (free or immobilized enzyme), the
measurements were performed at room temperature for 180 s
after the addition of enzyme mixtures or glucose solutions.

2.7. Scanning electron microscopy (SEM), energy dispersive
X-ray spectroscopy (EDX) and environmental scanning electron
microscopy (ESEM)

Micrographs of unmodified SPEs, “two” and “four” layer
glucose biosensors after each layer modification were collected
by scanning electron microscopy (SEM) using a FEI (Hilsboro,
OR, USA) Quanta 400 FEG. Energy dispersive X-ray (EDX) ana-
lysis was done using an EDAX (Mahwah, NJ, USA) Genesis V
6.04 X-ray spectrometer in order to obtain knowledge about
the chemical composition of the biosensor surfaces. The SEM/
EDX protocols reported in our previous study39 were applied.
By correlative SEM/EDX analysis it was possible to determine
the composition and morphology of the multi-layer biosensor
for each deposition step (see Fig. S5, ESI†). To perform the
membrane swelling experiments, the water saturated glucose

Fig. 1 The experimental setup (A) for the tandem oxygen and glucose monitoring in a droplet for free enzyme solutions and the enzyme immobi-
lized on the surface of a modified screen-printed electrode (SPE). The schematic representation of the glucose biosensor operation principles is
summarized in B. The glucose oxidase cofactor groups (FAD)/(FADH2) – oxidized/reduced forms are highlighted. The results of the chronoampero-
metric response towards the peroxide reduction by Prussian Blue and luminescence detection of the dissolved oxygen (DO) consumption rates by
glucose oxidase in the presence of glucose are shown in C.
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biosensors were analyzed using environmental scanning elec-
tron microscopy (ESEM) by varying the water vapor pressure
inside the SEM chamber at a constant temperature (3 °C).

2.8. Liquid chromatography-electrospray ionization-tandem
mass spectrometry (LC-ESI-MS/MS)

To verify and compare the chemical stability of the Nafion®

membrane film for “two” and “four” layer glucose biosensors,
liquid chromatography electrospray ionization tandem mass
spectrometry (LC-ESI-MS/MS) was utilized. The protocol
reported in our previous study39 was applied. The MS/MS
experiments were conducted in the product ion scan mode at
collision energies ranging from 10 to 50 eV. The elemental
compositions of the polymer membrane were identified based
on accurate mass measurements and data processing of total
ion chromatograms (TICs) and extracted ion chromatograms
(EICs) of the parent ions and fragments obtained in the MS/
MS experiments. From the obtained total ion chromatograms
(TICs), characteristic perfluorinated carboxylic acid frag-
ments,42 namely CF3(CF2)5CHFCOO− and CF3(CF2)6CHFCOO−,
were detected and monitored in the EIC mode at m/z 394.9758
and 444.9725, respectively.

2.9. Inductively coupled plasma mass spectrometry (ICP-MS)

The samples collected after each scan during CV and AM
measurements with regard to mediator layer stability (esti-
mated as an amount of the Fe56 isotope migrated through the
polymer membrane into the solution) were analyzed on a high
resolution inductively coupled plasma mass spectrometer
ELEMENT XR (Thermo Fisher Scientific, Bremen, Germany),
equipped with an auto sampler SC-E2 DX (Elemental
Scientific, Omaha, USA). To perform the experiments, a 10 µl
buffer probe was diluted in 50 mL of 2% HNO3 (pH = 2) and
measured on the general Fe56 isotope content at medium
resolution (MR), with the following source parameters: cool
gas, 16.00 L min−1; sample gas, 1.161 L min−1; Faraday deflec-
tion, −217 V; plasma power, 1250 W; peristaltic pump speed,
10 rpm; torch X-Pos., 1.9 mm; torch Y-Pos., 0.8 mm; torch
Z-Pos., −5.0 mm. High-purity argon (99.999%), a glass spray
chamber, quartz-injector, Pt-sample and Ni-skimmer cones
were used throughout the study. All calibration solutions,
blank and samples were supplemented with 2% HNO3 to set
pH = 2 prior to ICP-MS analysis. The accuracy of ICP-MS
quantification was verified by calculating the recoveries
between the determined and expected concentration values.

3. Results and discussion
3.1. Glucose and oxygen tandem monitoring

Similar to the results previously presented in ref. 39, no signifi-
cant difference in the voltammetric response was obtained
between “two” and “four” layer biosensors, although distinct
changes were made in the layer-by-layer assembly and mem-
brane compositions. Thus, an equal linear increase in the
current response following the increase in the scan rate was

obtained for both types of glucose biosensors. Furthermore,
the analogue diffusion properties of the membranes were
demonstrated by scanning “two” and “four” layer glucose bio-
sensors in the presence of potassium ferricyanide. To identify
the difference in the biorecognition mechanism between the
two types of biosensors, the simultaneous oxygen and glucose
monitoring in a droplet was proposed.

In Fig. 2 the chronoamperometric response was demon-
strated within the linear detection range for both “two” and
“four” layer glucose biosensors (from 0.27 to 2 mM). Moreover,
the sensitivity and detection limits were compared for “four”
layer glucose biosensors having different activities of the
immobilized glucose oxidase (Stock A, Stock B). From Fig. 2A
it is clear that the sensitivity (slope value) and detection limits
(glucose concentration range) significantly varied between the
sensors. Note that the 4*layer Stock A glucose biosensor has
been previously characterized and the results presented in the
graph correspond to the second calibration made three
months later. Although, the “two” layer glucose biosensors
showed a higher sensitivity (−1.6 µA mM−1 ± 0.13) with respect
to both “four” layer sensors based on the GOx Stock A
(−0.451 µA mM−1 ± 0.01) and Stock B (−0.915 µA mM−1 ± 0.05)
solutions, the glucose detection limit is below a 1.23 mM con-
centration. Moreover, in Fig. 2B “four” layer glucose biosensors
have demonstrated a lower standard deviation (between
0.02–0.2 µA mM−1) and the sensors with immobilized GOx
from Stock A were able to work with a broader range of glucose
concentrations, as will be shown later in this section (see
Fig. 3C). The analysis of the oxygen consumption rates
obtained within tandem monitoring allowed explaining such
variations in the biosensor response.

The microsensor was first applied for the real time
measurement of oxygen conversion rates in the liquid phase
(droplets) containing different glucose concentrations during
the reaction with GOx from Stock A and Stock B immobilized
on the surface of the above-mentioned biosensors. From
Fig. 2C we can easily see that for Stock B based biosensors the
increase of the oxygen consumption follows the increase in
glucose concentration, however the oxygen deficit observed at
1.23 mM (see Table S3, ESI†) explains the limited detection
range for “two” layer glucose biosensors. Therefore, the pres-
ence of the additional membrane films in the “four” layer bio-
sensors prevents GOx from the direct contact with a higher
glucose content and, although the level of the dissolved
oxygen concentration for Stock B based enzymes is already low
inside the droplet at 0.78 mM (see Table S3, ESI†), these bio-
sensors are capable of working in a broader range of concen-
trations. Moreover, the obtained results are in good agreement
with the earlier discussed theoretical studies of Ivanauskas
et al.37 Thereby, it was interesting to compare the behaviour of
“four” layer biosensors with immobilized GOx that showed a
different activity in the free enzyme stock solutions (for more
details see Fig. 3). The biosensors based on Stock A solution,
where the free enzyme showed almost 63% less activity com-
pared to Stock B, maintained both the dissolved oxygen and
the conversion rate in the droplet constant (see Table S3,
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ESI†). Therefore, such a composition of “four” layer bio-
sensors, namely the combination of the lower enzyme activity
(Stock A) and the presence of an individual membrane layer
(four layer architecture), prevents the strong perturbation of
the glucose concentration in the droplet which is one of the
requirements of the optimal biosensor performance.17

Comparing the behaviour of the GOx free in the solution
over PB modified ItalSens SPEs and inside the “four” layer bio-
sensors (Stock B) as shown in Fig. 2D, the expected reduction
of catalytic activity is obtained after immobilization.43–46

However, the oxygen deficit in the reaction of the free enzyme
solution was already registered at 0.54 mM glucose concen-
tration (see Table S2, ESI†) which again resulted in a limited
detection range of PB modified SPEs (Fig. 3A). The residual
activity of the free enzyme solutions registered during chron-
oamperometric characterization with glucose (see Table S2,
ESI†) was approximately equal between PB modified DropSens
(0.08 U µL−1 ± 0.09) and ItalSens (0.1 U µL−1 ± 0.1) SPEs.
Although the difference in sensitivity for both types of PB
modified SPEs is not so pronounced, the presence of graphene

oxide (GO) significantly enhances the electrochemical
response (see Table S2, ESI†) and improves the overall sensor
performance. Thus, the extended linear detection range for
the PB modified DropSens SPEs is attributed to the higher
amount of the mediator deposited inside the cavities of GO39

which was also obtained during cyclic voltammetry studies
(Fig. 3B). Moreover, this explains the rapid oxygen conversion
rates for the PB modified DropSens SPEs in comparison with
ItalSens SPEs and confirms the significant role of the mediator
concentration and electrode material in biosensor lifetime.

Therefore, the findings obtained within tandem monitoring
are crucial because it allows getting closer insights into the
principles of the glucose biosensor biorecognition mecha-
nism, together with the simple visualization and quantifi-
cation of the correlations between system parameters.
Furthermore, the initial calibration curve and voltammograms
obtained right after the preparation of “four layer” glucose bio-
sensors (based on GOx Stock A solution) and then repeated
after three months are presented in Fig. 3. The significant
increase of the sensitivity and intercept values obtained

Fig. 2 The results of tandem monitoring of oxygen and glucose conversion rates during the characterization of “two” and “four” layer biosensors.
The current response plotted towards the glucose concentrations in A corresponds to the first calibration for 2 layer Stock B and 4 layer Stock B and
the second calibration (after 3 months) for 4*layer Stock A glucose biosensors. In graph B the response obtained after the preparation of the same
batches of 2 layer Stock B, 4 layer Stock B and 4 layer Stock A glucose biosensors is compared and plotted including standard deviations. The
oxygen conversion rates obtained at different glucose concentrations (0.27–2 mM) for various glucose biosensors are shown in C and compared
with PB modified ItalSens SPEs after the addition of glucose oxidase solution (Stock B) in D.

Paper Analyst

Analyst This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 2
1 

Fe
br

ua
ry

 2
01

9.
 D

ow
nl

oa
de

d 
by

 A
ub

ur
n 

U
ni

ve
rs

ity
 o

n 
2/

24
/2

01
9 

7:
31

:4
8 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c8an02261e


between the first (Fig. 3C) and second calibrations (Fig. 2A)
can be attributed to the loss of the Prussian Blue from the GO
layer registered during cyclic voltammetry studies (Fig. 3D).
Since PB is involved in the reaction of hydrogen peroxide
degradation, the composition of the probes collected after CV
and AM measurements was analyzed with respect to iron
elution (Fe56 isotope) in the following section.

3.2. The effect of operating conditions on the mediator
elution and biosensor response

In the next step, the composition of the probes collected after
AM and CV measurements was evaluated for the presence of
Fe56 ions by means of inductively coupled plasma mass spec-
trometry (ICP-MS). The obtained results are summarized in
Fig. 4. Comparing the behavior of glucose biosensors at the
first CV scans registered at different scanning speeds (Fig. 4A),
the Fe56 elution remains approximately constant for the “four”
layer sensors regardless of the scan speed. On the other hand,
summarizing the overall iron content obtained for the same

period of time (approx. 202 s) the potential was varied at
different scan rates (Fig. 4B), the PB layer showed a better
stability for “two” layer glucose biosensors. The impact of the
scan number on the mediator (PB) layer stability is presented
for “two” and “four” layer biosensors in Fig. 4C and D, respect-
ively. Interestingly, regardless of the biosensor design, with the
increased number of scans a higher overall iron content was
obtained in pure buffer samples. Such phenomena can be
explained by the irreversible changes occurring from scan to
scan in the local surface topography caused by both continu-
ous iron elution from the insoluble mediator layer into the
aqueous phase and the membrane film stability discussed in
the following section 3.3. Therefore, the choice of right operat-
ing conditions would significantly affect the overall biosensor
stability, response and lifetime. The optimal scan rate that
minimizes the mediator leakage is 20 mV s−1 for both the
“two” and the “four” layer biosensors.

The iron content of the AM probes collected after character-
ization with glucose of the “two” layer glucose biosensors

Fig. 3 Comparison of the amperometric calibration curves and cyclic voltammograms of PB modified SPEs and “four” layer glucose biosensors.
The chronoamperometric response was registered for PB modified DropSens and ItalSens SPEs (A) in the presence of the free enzyme solution and
plotted against the linear detection range of glucose concentrations (from 0.27 to 1.5 mM). The corresponding CVs registered in phosphate buffer at
20 mV s−1 scan rate prior to AM characterization are shown in B. The initial calibration curve and CVs obtained for a “four” layer glucose biosensor
(Stock A) immediately after preparation and following three month storage are presented in C and D, respectively. The CVs were registered in phos-
phate buffer at 20 mV s−1 scan rate prior to AM characterization. The chronoamperometric response was plotted against the analytical range of
glucose concentrations from 0.1 to 5.4 mM.
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(Stock B) previously studied at different scan rates (10 and
20 mV s−1) in cyclic voltammetry was identified using ICP-MS.
In Fig. 4E it is shown that, similar to the results presented in
Fig. 2, with a higher glucose concentration the absolute
current value is increased and the sensor detection range is
below 1 mM glucose concentration. Moreover, for both bio-
sensors the equal voltammetric behaviour of Prussian Blue
films measured prior to AM characterization resulted in quan-
titatively similar calibration curves (data are not shown). The
increase of the iron content inside the probes at 1 mM concen-
tration (Fig. 4F) could be related to a higher amount of per-
oxide produced during the oxidation of higher concentrations

of glucose. However, the limited detection range and sub-
sequent decrease in the iron elution rate for glucose solutions
above a 1 mM concentration threshold indicates that the
enzyme reaches the oxygen deficit phase. The overall iron loss
for both biosensors during chronoamperometric characteriz-
ation varied from 273 to 298 ppb.

3.3. The effect of operating and preparation conditions on
membrane stability

The buffer probes collected after CV studies of “two” and
“four” layer glucose biosensors were analyzed for their Nafion
content using liquid chromatography electrospray ionization

Fig. 4 Iron Fe56 elution during CV and AM studies for “two” and “four” layer glucose biosensors. The impact of the scan rate on the Fe56 leakage is
summarized for the first scans (A) and for an equal amount of time (B) the potential was varied. The effect of the number of scans for various speeds
is shown for “two” and “four” layer glucose biosensors in graphs C and D, respectively. For “two” layer glucose biosensors previously characterized at
10 and 20 mV s−1 scanning speed the results are shown for AM (E) and ICP-MS analysis (F). The RSD values for ICP-MS data is not shown due to the
low values (less than 2%).
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tandem mass spectrometry (LC-ESI-MS/MS). The dependence
of the peak areas of the obtained characteristic Nafion-related
fragments on the sensor design and the operation conditions
is summarized in Fig. 5. From Fig. 5A it is evident that in com-
parison with the non-used biosensors tested in a steady state
experiment with a water droplet, the glucose biosensors used
in cyclic voltammetry studies possess a higher membrane
stability especially in case of the “four” layer sensors.
Moreover, no significant influence of the scan number on the
membrane stabilization was observed for “four” layer bio-
sensors (data not shown), contrary to the previously character-
ized “two” layer sensors.39 Such phenomena can be partly
explained by the influence of the applied potential (fixed or
varied value, scanning speed, duration, etc.) on the final thick-
ness of the polymeric films.17 The more pronounced role of
the scanning speed on the Nafion elution rates was demon-
strated in Fig. 5B. Regardless the biosensor composition, the
lower scanning speed, namely 20 mV s−1, allows for the faster
stabilization of the membrane layer during cyclic voltammetry
studies. The architecture of the “four” layer glucose biosensors
was confirmed by the subsequent SEM/EDX studies. From the
obtained results, it is clear that the double deposition of 2%
Nafion coatings over the enzymatic layer yields a formation of
a uniform membrane film (Fig. 5C and D). Moreover, the
Nafion layer remains fixed on top of the glucose oxidase
surface after performing cyclic voltammetry and chrono-

amperometric measurements (Fig. 5E and F). Numerous mem-
brane cracks registered under vacuum in SEM on the surface
of both tested and not tested “two” and “four” layer glucose
biosensors were further investigated using environmental
scanning electron microscopy (ESEM).

3.4. The impact of environmental conditions on membrane
film formation

The membrane swelling of the wetted glucose biosensors was
confirmed under dynamic conditions at different temperatures
by varying the water vapor pressure inside the ESEM chamber
(see Fig. S6, ESI†). The formation of water droplets on top of
the biosensor layers is visible (see Fig. S6C, D, G and H, ESI†).
Thus, the ESEM analysis demonstrated that the cracks
observed in the enzyme and/or membrane films would trans-
form to the monolayer being in contact with water-based
analyte solutions. In the next step, the role of the environ-
mental conditions, viz. temperature and humidity, upon mem-
brane layer formation was evaluated experimentally. For this
purpose, we have analyzed the biosensors after the enzyme/
membrane layer was dried at 20 °C (approx. 70% humidity)
and 8 °C (40% humidity maintained in the climate chamber)
for 15 min and 12 hours, respectively. The results obtained via
multi-analytical studies are summarized in Fig. 6 (shown for
“two” layer glucose biosensors).

Fig. 5 The impact of the scan rate on the stability of the membrane layer. The mass spectra results were summarized for probes collected after first
scans and correspond to peak areas of perfluorinated CF3(CF2)5CHFCOO− and CF3(CF2)6CHFCOO− carboxylic acid fragments registered at m/z
394.9758 and 444.9725, respectively. The influence of the equal scan rate (20 mV s−1) on the “two” and “four” layer biosensors is shown in A. The
effect of different scan rates on the “four” layer biosensors is presented in B. Note: the results were obtained from the same batch of biosensors
measured in triplicate. RSD values (%) are too low to be shown. The individual enzyme (1) and membrane (2) layers of the “four” layer glucose bio-
sensor are demonstrated by SEM images in cross-section (C) for a non-tested “four” layer glucose biosensor. The corresponding EDX spectrum is
shown in D. The top view of the membrane (1), enzyme (2) and graphene oxide (3) layers is enlarged in E for the glucose biosensor characterized in
CV and AM. The corresponding EDX spectrum is presented in F.
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Although no significant difference in the sensitivity and
detection range between the two designs of biosensors was
observed after the first calibration (Fig. 6A), the subsequent
chronoamperometric studies with glucose resulted in a strong
variation of the biosensor response when the polymeric film
was formed at 20 °C (e.g. the obtained results did not fit the
calibration curve). The obtained phenomena can be partly
attributed to the numerous membrane defects formed at 20 °C
that were revealed during SEM investigations (Fig. 6B). The
dependency of the membrane layer formation on the environ-
mental conditions was fully confirmed by further analysis
of the collected buffer probes by means of LC-ESI-MS/MS
(Fig. 6C and D). Thus, the mild drying conditions, namely 8 °C
and 40% humidity maintained in a climate chamber, allow for
a uniform layer formation which is better fixed on the surface
of the biosensor (the polymer leakage decreased almost
6 times).

4. Conclusions and future perspectives

The analytical approach for simultaneous multiple-substrate
monitoring for biosensors in a droplet was proposed. The pre-
sented methodology was validated for first generation glucose
biosensors with a different layer-by-layer assembly in the pres-
ence of glucose. The results obtained via combined chronoam-
perometric characterization and oxygen monitoring were inde-
pendently confirmed by the subsequent morphological and

chemical studies. The conclusions for different sections of the
work performed can be summarized in the following points:

• The specific protocols developed for the detection of
oxygen conversion, iron and Nafion elution rates inside the
biosensor system allowed identifying a more favorable struc-
ture, and suitable operating conditions for the biosensors.

• It was shown that the variation of the immobilized
enzyme activity, electrode material, additional membrane
films and experimental conditions for the layer formation can
significantly improve the lifetime and the detection range of
the biosensors.

• It was proven that the choice of the right CV conditions
would predetermine the future chronoamperometric behav-
iour of the biosensor. Moreover, the stability of the mediator
and membrane layers plays an important role in the changes
in the biosensor response (i.e. sensitivity, detection range, etc.)
during second calibration and eventually prevents inactivation
of the enzyme.

• The presence of individual Nafion coatings in “four” layer
glucose biosensors allowed to enhance the overall biosensor
stability (up to 3 months) and to extend the linear detection
range by up to a factor of five even with an enzymatic layer
having a lower activity in comparison with the “two” layer
glucose biosensors.

• The presented analytical assay allows tracking the impact
of biosensor parameters and architecture changes on its
overall analytical performance, the mass transfer processes
and the biorecognition mechanisms. Moreover, the demon-

Fig. 6 The results of the multi-analytical analysis of “two” layer glucose biosensors (enzyme/membrane layer formed at 8 °C or 20 °C). The linear
current response towards glucose is presented in A. SEM images of the enzyme/membrane (top view) were enlarged in B. The total ion chromato-
grams (TICs) registered for the Nafion content in buffer probes collected after CV measurements performed at 10 mV sec−1 are plotted in C. The EIC
mass spectra results shown in D correspond with peak areas of perfluorinated CF3(CF2)5CHFCOO− and CF3(CF2)6CHFCOO− carboxylic acid frag-
ments registered at m/z 394.9758 and 444.9725, respectively.
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strated tandem monitoring approach allows minimizing the
chemical usage and waste generation.

The practical merit of the presented work is in the develop-
ment of a universal time- and cost-effective methodology that
can be applied for screening of the optimal design of ampero-
metric biosensors based on the oxygen dependent processes.
The presented tandem monitoring approach can significantly
improve the quality control of the biosensors at the develop-
ment stage and facilitate the overall concept-to-market evalu-
ation process. Moreover, it can be also used in studying pur-
poses for a better understanding of the mechanisms behind
the sensor’s response. As future work, the tandem monitoring
approach will be further evaluated in the presence of fermenta-
tion samples and implemented for screening biosensors based
on other oxidases (for e.g. alcohol or lactate oxidase).
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