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ABSTRACT: With the aim of developing miniaturized
enzymatic biosensors suitable for in vitro diagnostic applica-
tions, such as monitoring of metabolites at single cell level,
glucose and lactate biosensors were fabricated by immobilizing
enzymes (glucose oxidase and lactate oxidase, respectively) on
10 μm Pt ultramicroelectrodes. These electrodes are meant to
be employed as probes for scanning electrochemical
microscopy (SECM), which is a unique technique for high-
spatial-resolution electrochemical-based analysis. The use of
enzymatic moieties improves sensitivity, time scale response,
and information content of the microprobes; however, protein
immobilization is a key step in the biosensor preparation that
greatly affects the overall performance. A crucial aspect is the
miniaturization of the sensing, preserving their sensitivity. In this work, we investigated the most common enzyme
immobilization techniques. Several fabrication routes are reported and the main figures of merit, such as sensitivity, detection
limit, response time, reproducibility, spatial resolution, biosensor efficiency, permeability, selectivity, and the ability to block
electro-active interfering species, are investigated and compared. With the intent of using the microprobes for in vitro functional
imaging of single living cells, we carefully evaluate the spatial resolution achieved by our modified electrodes on 2D SECM
imaging. Metabolic activity of single MCF10A cells were obtained by monitoring the glucose concentrations in close proximity of
single living cell, using the UME-based biosensor probes prepared. A voltage-switch approach was implemented to disentangle
the topographical contribution of the cells enabling quantitative measurements of cellular uptakes.

KEYWORDS: glucose sensor, lactate sensor, microelectrodes, electrochemical modification, high-spatial resolution, SECM,
single cell analysis

In recent years, a large variety of miniaturized electrochemical
sensors have been proposed, which are specifically

developed for biomedical applications, such as monitoring of
metabolites (e.g., glucose, lactate, glutamate, and ATP) of
single living cells and measurement of the relevant kinetic
parameters of the enzymatic processes involved; cellular
respiration, metabolism, and protein synthesis were investigated
employing electrochemical microbiosensors.1,2 In such a
context, scanning electrochemical microscopy (SECM) allows
effective exploitation of the unique properties of such probes.3

SECM employs ultramicroelectrodes (UMEs) that can be
moved in the proximity of a surface while recording a faradaic
current, which depends on both the topography and the
electrochemical activity of the surface itself. Its versatility has
been shown in a broad range of interdisciplinary applications4

in sensors,5 and for the investigation of biological systems.1−6 A
key feature of SECM in the latter applications is associated with
its high temporal and spatial resolution (in the millisecond and
micrometer scale, respectively) that allows in principle to scan
the surface of a single living cell while electrochemically

monitoring the activity associated with its metabolic changes.7

In order to use a ultramicroelectrode based biosensor as a
SECM probe, its physical-chemical features need to be
optimized to obtain high sensitivity and low detection limits
(from μM to nM), fast response time (0.1−1 s), and excellent
spatial resolution (μm). Additionally, stability and reproduci-
bility, easy manufacturing, and reduced costs are critical
properties of sensors that need to be taken in consideration
in the manufacturing procedure. Enzyme-based biosensors
represent an important class of electrochemical probes suitable
for single cell investigation by SECM. The optimization of the
routes for the immobilization and miniaturization has largely
been discussed5,7,8 and applied to the detection of species with
high spatial resolution in femtoliter volumes, e.g., for local
detection in microenvironments9 or for the development of
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multisensor arrays,10 or implantable or portable devices.11

While the miniaturization brings some technical advantages
such as steady state signals, fast response, reduced iR-drop, and
an improved signal-to-noise ratio,3,5 the reduced amount of
immobilized biological recognition elements may lead to a
limited sensitivity and loss of long-term stability, and requires
further optimization of the biomolecule immobilization
strategies.12,13 Enzyme-based biosensors can be coupled with
microfluidic systems to reduce the analyte volume (down to
nanoliter) and to increase the sensitivity of the detection. The
integration of microfluidic and micromanipulation apparatus
and microelectrochemical detection has been demonstrated for
gene function analyses,14 for the detection of hormone active
chemicals,15 to develop biosensors for diabetes,16 and for the
detection of oxidative stress by macrophage cells.17 Kueng et al.
reported AFM-SECM biosensors for the investigation of
glucose fluxes with a nanometric spatial resolution, they
employed an electropolymerization method to address glucose
oxidase transducing moieties at the AFM-SECM tip.18 The
highly spatial and topographical resolution of the AFM analyses
was coupled with the amperometric information obtained from
the enzymatic glucose biosensor. UME-based biosensor can be
used with a simple SECM apparatus: this configuration led to a
minor spatial resolution with respect to the nanobiosensor
developed in the cited work,18 but it is characterized by a good
throughput capability which is fundamental in metabolic and
diagnostic investigations. With reference to the important
subclass of electrochemical biosensors based on oxidoreduc-
tases13 and inspired by the pioneering work of Cliffel and co-
workers,7 herein we report on a comparative study of various
fabrication protocols for the functional immobilization of either
glucose oxidase (GOx: 160 kDa) or lactate oxidase (LOx: 50
kDa) and the development of UME-based biosensors for
glucose and lactate, two important metabolites involved in the
cellular metabolism. Fabrications protocols based on (i)
covalent immobilization by cross-linking with glutaraldehyde;
(ii) enzyme entrapment in polymer matrices (electropolyme-
rization) using various polymers (i.e., poly (o-aminophenol)
and polypyrrole); and (iii) adsorption through physical or
electrostatic interactions (i.e., electrophoretic paints) were
thoroughly investigated. Procedures and conditions were
optimized in terms of sensitivity, limit of detection, linearity
range, response time, stability, and reproducibility. Finally, in
view of in vitro investigations of single cells by SECM, the
spatial resolution achieved by the modified UMEs, the
permeability of the enzymatic membranes, the selectivity, and
the ability to block electroactive interference species were also
carefully evaluated. The full characterization of the UME-based
biosensors drove the choice for the most appropriate sensor in
the investigation of single cell metabolism, demonstrated in the
present work. Cell metabolism, and, in particular, glucose
uptake, is one of the most important hallmarks of cancer;19 the
quantification of the glucose uptake at the single cell level is a
powerful key enabling technology to elucidate cancer
mechanisms and fostering early cancer diagnosis. In the present
work, we implemented a voltage-switch approach,6 employing a
hydrophilic nontoxic redox mediator, to disentangle the
topographical contribution of the cells: this enables the
quantitative measurement of cellular uptake.

■ EXPERIMENTAL SECTION
Enzyme-Based UME Biosensors Fabrication. Enzyme coating

layer was deposited onto 10 μm Pt UMEs via different methods.

Cross-Linking. The enzyme (8 mg/mL for GOx or 10 mg/mL for
LOx) and BSA (62.5 mg/mL) were dissolved in PBS (pH 7.4)
containing 0.02% v/v Triton X-100. After enzyme and BSA were
thoroughly dissolved, 14 μL/mL buffer of 25% w/w GDA was added
and quickly mixed.7,20 It is mandatory to prepare a fresh solution for
each biosensor because after a few hours the enzymatic solution turns
to gel. The enzyme-based solution was hand-cast onto the surface of
the UME by touching the tip of the UME with a tiny droplet of the
solution. A thin layer adhered to the UME tip surface and it was let to
air-dry for a couple of hours. Optimal drying time vary depending on
temperature, humidity, and type of enzyme. The biosensors can be
stored at RT until further use.

Electropolymerization. (i) With o-aminophenol: the enzyme (0.8
mg/mL for GOx or 2 mg/mL for LOx) and the o-AP monomer (0.55
mg/mL) were dissolved in 0.2 M acetate buffer pH 5.0. The solution
was degassed by bubbling Ar for at least 10 min and the
electrochemical polymerization of enzyme film was carried out by
cycling in the potential range from 0.03 to 0.83 V at a scan rate of 50
mV/s. The film was grown for 15 cycles;21 (ii) with pyrrole: the
enzyme (0.5 mg/mL for GOx or 2.8 mg/mL for LOx) was dissolved in
0.1 M KCl pH 7.0 containing 0.05 M pyrrole. The solution is degassed
by bubbling Ar for at least 10 min. Films were grown potentiostatically
at 670 ± 5 mV for approximately 5 min.22−24 The amount of charge
transferred during electropolymerization was measured by online
integration of anodic current according to Euler’s method. The
polymerization was stopped when the measured charge for surface area
reached 45 mC/cm2, for both UME and Pt arrandee polymer-
ization.23,24 The resulting enzyme-based electrodes were washed with
MQ and stored in PBS at 4 °C until use.

Adsorption by Physical/Electrostatic Interactions. The enzyme (2
mg/mL for both GOx and LOx) was dissolved in MQ water and
subsequently mixed with the cathodic Clearclad HRS EDP suspension
(70 μL/mL, stock solution) and stored for 3 h at 4 °C. For enzyme/
paint film formation, the cold preparation is transferred into the
electrochemical cell and a potential-pulse profile (2.2 V for 0.2 s; 0.8 V
for 1 s; 0 V for 5 s vs Ag/AgCl, 3 M KCl) was applied for 30 cycles,
leading to the local generation of H+ and concomitantly to the
precipitation of the paint on the electrode surface which
simultaneously entrapped the enzyme.25 The modified electrodes
were rinsed with MQ and stored before use 12 h in PBS at 4 °C.

Experimental methods and details on Chemicals and Materials used,
Instrumentation, Amperometric Measurements, Cell Cultures, SECM
Measurements, AFM Analysis, and details of the investigated
immobilization protocols are fully described in Sections I and II of SI.

■ RESULTS AND DISCUSSION

In Figure 1, typical calibration chronoamperometric curves are
reported for glucose (Figure 1A) and lactate (Figure 1B) UME
biosensors, fabricated by the drop-casting method, as described
in Section II of SI. A constant potential (E = +0.65 V) was
applied at the modified UME and the current was continuously
monitored while adding subsequent amounts of analyte, in the
range from 0.01 to 1 mM. The current corresponds to the
anodic oxidation of hydrogen peroxide, i.e., the secondary
product of the catalytic reaction involving the enzyme
entrapped at the electrode surface. The range of analyte
concentrations was chosen in order to cover the expected
values of extracellular environment concentrations, associated
with metabolite uptake and efflux by single living cells.7 Notice
that, while the calibration plot for the GOx-based biosensor
exhibits a linear behavior over the whole range of glucose
concentrations (10 μM to 1 mM, Figure 1C), the LOx-based
biosensor displayed two different linear regions, for [L-lactate]
≤ 0.4 mM and [L-lactate] ≥ 0.5 mM, respectively (Figure 1D).
Such dual behavior was previously observed7,26 and attributed
to weak interactions between the entrapped enzyme and the
electrode surface that would impair its activity at high substrate
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concentrations. While a fairly linear Lineweaver−Burk double-
reciprocal plot (Figure S1, Section III of SI) is observed
anyway, this behavior would possibly be associated with an
apparent dependence of the Michaelis−Menten (MM)
constants on the substrate concentration. This would hold in
the present enzyme working conditions as predicted by a
theoretical model recently developed by us,27 which describes
the enzymatic kinetics in complex media and at very low
analyte concentrations, where, i.e., one of the main hypotheses
at the basis of MM equation derivation does not apply. Enzyme
entrapment by electropolymerization or physical/electrostatic
interactions (Table S1, Section II of SI), gave similar responses
although with lower sensitivities and higher detection limit
values (Figure S2, Section IV of SI). All the calibration curves,
were analyzed to determine the apparent MM constant values
(KM

App), listed in Table 1. For more details, see Section V of SI.
Fabrication protocols and parameters providing best

responses were identified by inspection of various figures of
merit, that where eventually gathered in three main categories,8

i.e., (i) analytical reliability (sensitivity, response time,

selectivity, and permeability), (ii) analytical capacity (detection
limits, linear range, and biosensor efficiency), and finally (iii)
analytical variability (reproducibility and stability). Further-
more, in view of their application in electrochemical imaging of
metabolic activities by SECM, also (iv) spatial resolution of all
sensors was evaluated. The overall results are gathered in Table
1 and Table S2, Section VI of SI.

Analytical Reliability. For all biosensors, sensitivity was
found to be increased with the coating thickness,22 not
unexpectedly since a thicker layer corresponds to larger
amounts of entrapped enzyme. However, for thicknesses larger
than 20 μm, the sensitivity was found to decrease again, as a
likely consequence of significant hindering of diffusion of both
substrate and hydrogen peroxide toward the electrode surface
(Section VI of SI). The enzymatic activity is found to be
inversely proportional to the GDA concentration used, because
extensive cross-linking may result in a distortion of the enzyme
structure (i.e., the active site conformation).13 As a con-
sequence, the accessibility and accommodation of the substrate
may be reduced, thus affecting the retention of biological
activity and the biosensor sensitivity.12,13 The coverage with the
active layer of the biosensors prepared by drop-casting, pyrrole
and o-aminophenol electropolymerization methods results to
be 8.13 pmol/cm2, 13.8 pmol/cm2, and 3.06 pmol/cm2,
respectively. The sensitivity of the biosensors seems not to be
correlated with the surface coverage as the LOD of the drop-
casting modified electrode is lower than the LODs obtained
with both electropolymerized methods. The thickness and the
morphology of the transduction films were characterized in
order to better elucidate the influence of these features on the
response time and sensibility of the different modification
methods. Figure 2A,B shows the AFM images of the two layers
obtained in tapping mode, which does not induce destructive
frictional forces on the “soft” layer samples under investigation.
In Figure 2C,D the AFM images and the corresponding section
analysis are shown for the poly(o-aminophenol) and poly-
pyrrole films, respectively, that have previously been scratched
by the AFM tip to evaluate the film thickness. Thus, the average
thickness of the enzymatic polymer layers was estimated to be
around 25−30 nm and 15−20 nm for poly(o-aminophenol)
and polypyrrole functionalization, respectively. Regarding the
drop-cast method, we used scanning laser microscopy in
reflection mode to study the thickness of the deposited
enzymatic layer. Drop-cast UME electrodes with different time
of immersion in the enzymatic solution were imaged (Figure
S4, Section VII of SI). The results showed that the thickness of
the layer was estimated to be equal to 0.47−0.58 μm after 3
min of immersion, equal to 0.74−0.76 μm (Figure 2) after 10
min of immersion and around 1−1.4 μm after 30 min of
immersion. The active layer of the drop-cast method is 10-fold

Figure 1. Representative amperometric calibration curves for drop-cast
UME biosensor in PBS. E = +0.65 V vs Ag/AgCl, 3 M KCl. (A) GOx-
based UME biosensor. Every current step corresponds to a single
glucose concentration: 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08,
0.09, 0.1, 0.12, 0.14, 0.16, 0.18, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5, 0.75, 1 mM.
(B) LOx-based UME biosensor. Every current step corresponds to a
single lactate concentration: 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9,
1 mM. Each value represents the mean value ± standard deviation of
three experiments. Calibration plots of drop-cast (C) GOx- and (D)
LOx-based UME biosensors.

Table 1. Analytical Parameters of Enzyme-Based UME Biosensor

immobilization
method enzyme KMM

App(mM)
sensitivity (mA/

mM/cm2)
response
time (s)

LOD
(μM)

linear range
limit (mM)

reproducibility (% of standard deviation of the current
response at 0.1 mM of analyte)

cross-linking:
GDA

GOx 1.5 ± 0.5 1.16 3−6 10 4 22%
LOx 0.17 ± 0.01 1.64 2−3 10 0.4 26%

poly (o-
aminophenol)

GOx 4.3 ± 0.7 0.18 1−3 50 10 10%
LOx 0.17 ± 0.01 0.20 1−2 50 0.2 18%

polypyrrole GOx 4.1 ± 1.5 0.11 1−3 100 10 11%
LOx 0.06 ± 0.02 0.16 1−2 50 0.2 13%

cathodic EDP GOx 3.5 ± 0.8 0.03 5−8 100 5 30%
LOx 0.04 ± 0.02 0.06 4−6 100 0.5 28%
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thicker then the ones obtained with the electropolymerization
methods. The thickness of the active layer likely affects the
sensitivity of the UME biosensor as the drop-cast LOD is the
lowest for the glucose detection. The thickness of the
electropolymerized substrates cannot be increased up to the
value of the drop-cast method as is limited by the accessibility
of the electrode to the monomer.
The response time was also calculated (see Section VIII of

SI) and it has been found to increase with the coating thickness
as a consequence of larger diffusion times of the substrate. No
effect was instead found in the response time of the system to
direct H2O2 detection. The response time for biological
applications should not exceed 10 s,28−30 and therefore an
optimal thickness should be selected to allow fast response
coupled to a suitable sensitivity. As reported in Table 1, all the
investigated fabrication protocols fulfilled the above criteria
relative to the response time, with the fastest responses being
associated, for both enzymes, to electropolymeric layers and the
slowest to electrophoretic paints. The best compromise would
then indicate electropolymerization method for GOx and cross-
linking entrapment for LOx-based biosensor.
Selectivity was calculated for each GOx and LOx biosensor

(details in Section IX of SI) in the presence of various
interfering species commonly present in cell culture media,
such as ascorbic acid, pyruvate, penicillin/streptomycin, insulin,
glutamine, epidermal growth factor, and cholera toxin. Results,
listed in Table 2, show that ascorbic acid (in the case of GOx-

based sensors) and sodium pyruvate (for LOx-based sensors)
may actively interfere with the detection of glucose and lactate
since the ascorbic acid can be directly detected at the electrode
at the working potentials of the biosensors. Sodium pyruvate
may interfere with the LOx enzyme as it is the product of the
catalyzed reaction. However, the sensitivity of the biosensors
toward these interfering species are much lower compared to
glucose and lactate. Moreover, the permeability of the sensing
layer to the ultimate analyte (hydrogen peroxide) was
calculated as the ratio between the analyte oxidation currents
in either the absence or presence of the enzyme layer31 (see
Section X of SI). Drop-cast enzyme-based membranes (Table
2) displayed much lower permeabilities than electropolymer-
ized membranes. In the latter case, values greater than 100%
were observed: this behavior has been already reported for
polymer layers containing a variety of macromolecular
modifiers.31,32 These values may be due to a minor
disproportionation rate of hydrogen peroxide on bare Pt and
its possible inhibition by polymer coatings.33

Analytical Capacity. Limit of detection (LOD) and linear
range are among the most important criteria in order to
evaluate the performance of a biosensors and the detection
technique. All biosensors showed a linear response within a
range that largely depended on the nature of enzyme and its
immobilization method: the highest values of the linear range
limit are 10 mM for GOx entrapped in electropolymerized
membranes and 0.4−0.5 mM for LOx immobilized using drop-
cast (GDA) or electrophoretic membranes (see Table 1). The
lower linear range limit observed for LOx-based biosensors,
with respect to GOx-based ones, is due to the intrinsically lower
KMM value of the free LOx enzyme. The covalent
immobilization methods using GDA was found to yield much
lower LODs than methods based on enzyme entrapment
(electropolymerized and electrophoretic membranes) (see
Table 1). The lower LOD obtained for the drop-cast method
is also fostered by (i) the thicker transduction layer obtained
employing drop-casting (vide Figure 2); (ii) the larger
extension of the enzymatic layer for the drop-cast method in
respect to the electropolymerization methods, as the entire
surface of the UME probe (platinum active area and the
surrounding insulating glass shield) is coated for the drop-cast
method and only the active part of the electrode is
functionalized for the electro-polymerization methods. In line
with this result, the biosensor efficiency (BE%), i.e., the
biosensor response to a specific analyte normalized to H2O2

signal at the same concentration,31−33 was found to be
significantly higher for drop-cast biosensors (20−30%)
compared to the electropolymerized ones (1−3%) (Table 2).
The enzymatic units entrapped using drop-cast methods are
larger and, as a consequence, the enzymatic activity and

Figure 2. Tapping mode AFM images of the enzyme (GOx)
entrapped into the (A) o-aminophenol and (B) pyrrole polymer
matrix on platinum. (C) and (D) correspond to height images of the
two methods, with the respective section analysis. (E) Laser scanning
microscopy of a representative 10 min immersion drop-cast GOx-
based UME biosensor with the (F) relative profile analysis: the blue
bar represents the section area of the 2D profile.

Table 2. Biosensor Efficiency, Permeability, and Selectivity Values for GOx and LOx-Based UME Biosensors

permeability P(int)% equimolar selectivity S% substrate selectivity Ss%

immobilization method enzyme BE% permeability P(H2O2)% (AA) (Pyr) (AA) (Pyr) (AA) (Pyr)

GDA GOx 32 27 2.7 N/Aa 10.5 N/Aa 33 N/Aa

LOx 23 44 1.6 23 0.96 0.16 0.42 0.72
poly (o-aminophenol) GOx 2.7 144 6.8 N/Aa 0.15 N/Aa 5.3 N/Aa

LOx 0.63 119 1.9 120 0.03 0.04 0.54 6.8

aNot applicable, because enzyme-free designs do not respond to pyruvate. b100 μM of AA and 100 μM Pyruvate were considered for evaluating the
interferences in respect to addition of the same amount of glucose and lactate. Only addition over 250 μM of AA interferes with lactate biosensor.
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transduction are more efficient than for electropolymerized
ones.
Analytical Variability. Reproducibility and stability were

also assessed. The reproducibility of each type of biosensor was
determined by measuring the current changes upon subsequent
additions of substrate (up to 1 mM for glucose and 0.1 mM for
lactate) as depicted in Table 1. As reported in the literature,12

electropolymerized methods usually display a better reprodu-
cibility, likely because of the electrochemical control on
deposition, whereas the casting procedure makes more difficult
the control of exact amount of enzyme that gets deposited and,
in particular, its homogeneity. Sensors prepared using different
enzyme/polymer solutions and in different days were compared
and their response was assessed: standard deviation of the
signals obtained using electropolymerized membranes was
around 10% and 18% for GOx- and LOx-based biosensors,
respectively. For drop-cast and electrophoretic paint entrap-
ment protocols, the standard deviation was larger, i.e., 22−26%
and 30−28% for GOx- and LOx-based biosensors, respectively.
The biosensor lifetime (stability) is clearly dependent on the
nature of membranes and type of interaction of enzymes with
the entrapping matrix. In the case of GDA cross-linked
membranes, the sensitivity slightly decreased during the first
24 h (by 10%), but the biosensor response remained stable for
at least 3 days. By contrast, electropolymerized membranes
displayed improving performance during the first 24 h to 48 h
of incubation in PBS likely associated with a rearrangement of
enzymes inside the polymeric matrix, possibly due to a swelling
of the film during incubation. Such sensors, properly stored in
PBS at 4 °C, remained stable for days, up to 2 weeks (see
Figure S10, Section XI of SI).
Spatial Resolution and Living Cell Investigation. A key

advantage of using ultramicroelectrodes coupled with SECM is
their ability to monitor microsystems, like, e.g., single living
cells, with high spatial resolution (micro- or submicrometer
range). Size, shape, and nature of the probing electrode, i.e, the
thickness of the enzymatic coating and the overall dimensions
of the UME biosensor, are important parameters determining
the achievable spatial resolution.18 The overall dimension of the
UME biosensor and thickness of the enzymatic matrix should
be in the micro- or submicrometer range, because the spatial
resolution of SECM scales with the probe dimension. In order
to investigate the UME-based biosensor performances on real
samples we measured the glucose concentration in culture cell
systems in the media in close proximity to single living cells.
The cells investigated were MCF10A human breast epithelial
cells. The proficiency in using UME-based biosensors and
SECM to measure single cell glucose consumption was already
shown by Cliffel group.7

By using approaches curves (ACs), the electrode is
positioned at a known distance from the plastic bottom Petri
dish on which cells are cultured (see Figure S11, Section XII of
SI). The density of the culture was kept low to allow the
imaging of single cells without any interference from
neighboring ones. The tip−substrate separation distance was
very accurately controlled by the feedback current response, the
UME could be accurately moved and positioned using the
piezo components and the stepper motors; furthermore, the
probe vertical and horizontal movements were monitored
simultaneously through the tip current and optical inspection
by an inverted microscope to minimize any risk of damaging
the enzymatic film of the biosensor during the experiment. The
optical inspection also allowed to check the cell morphology.

The ACs showed a typical negative feedback, due to hindered
diffusion of glucose to the electrode with the decreasing of
UME/dish distance. Following the approach step, the probe
was retracted at the desired distance from the dish, and
subsequently scanned horizontally above the cells to obtain the
metabolic profiles associated with glucose uptake. The profiles
are carried out in constant height mode. Prior and after each
SECM measurements, calibration experiments were performed
in order to check the correct UME-based biosensor perform-
ance (see Figure S12, Section XIII of SI).
Figure 3 shows typical profiles indicating that, as expected,

on top of cells local concentrations of glucose decreases

because of metabolic consumption. Two different fabrication
methods are compared in Figure 3 and their spatial resolution
was calculated as the ratio between the current peak width
(wpeak) and the real cellular diameter (wcell), which is around
30−60 μm for this cell line model. Using drop-cast biosensors,
the widths of the peak is ranging between 150 and 230 μm,
with a spatial resolution, calculated as wpeak/wcell, around 5.4−
5.7, for glucose and lactate analysis, respectively, whereas
electropolymerized biosensors exhibit much narrower peaks,
ranging between 70 and 125 μm and a spatial resolution around
1.2. Electropolymerization provides probes with ∼4 times
higher spatial resolution than drop-cast membranes, as the
current peak width is in the former case comparable to the real
dimension of single cells. This is easily explained considering
that, while electropolymerized membranes are spatially
confined on the Pt disk, drop-cast ones cover both the active
electrode area and the glass sheath, thus making the effective
sensing area of the probe significantly large.

SECM Imaging of Glucose Uptake on Single Living
Cells. 2D-images of the metabolic activity of single MCF10A
cells were obtained by monitoring the glucose concentrations in
close proximity of single living cell, using the probes prepared
by the electropolymerization method. The choice of the

Figure 3. Schematic representation of the hemispherical diffusion
around the active part of the drop-cast (A) and oAP electro-
polymerized (B) enzyme-based UME biosensor. Lower part: glucose
uptake current profiles for a single MCF10A cell obtained in constant
height mode. The scans were performed with dropcast (A) and
electropolymerized (B) GOx-based 10 μm Pt UME biosensors. The
experiment is carried out in PBS buffer containing glucose 0.1 mM,
insulin 10 μM, and 2.5% of horse serum. Scan speed 15 μm/s. E =
+0.65 V vs Ag/AgCl, 3 M KCl.
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electropolymerized method was made in light of the previously
demonstrated high spatial resolution. A culture of MCF10A
was investigated employing UME-GOx/oAP biosensor and the
glucose uptakes are shown in Figure 4. The current decrease in

correspondence of the cells is associated with the metabolic
consumption of glucose of each single cell. The spatial
resolution of the UME-biosensor is suitable to discriminate
the consumption of each single cell of the culture. Since the cell
topography is not flat, the electrode−sample separation
distance changes during the lateral scanning, affecting the
diffusion of glucose to the sensor. As a consequence the current
changes may also contain a topographical contribution. A
quantitative measure of the glucose consumption cannot be
achieved if this contribution is not disentangled. Various
experimental approaches have been devised to single out the
topographic contribution in SECM signals,34 either based on

coupled techniques, e.g., SECM-AFM,18,35,36 SECM-shear-
force,37,38 or SECM-impedance,39,40 or based on faradaic
current-,41 ion current-,42 or electrochemical-43,44 feedback
distance-control. Most of the above approaches would,
however, require additional probe modifications not totally
compatible with the present biosensor architectures.
In the present work, in order to discriminate the topographic

contribution from the functional response of living cells, a
voltage-switching mode protocol was adopted.45,46 This
method is based on the subsequent acquisition of two separate
signals via the SECM probe, the first relative to the analyte of
interest (glucose in the present case), which contains both a
functional and a topographical contribution, and a second one,
obtained after the voltage switching, that is associated with the
response of a secondary redox mediator and only contains
ideally a topographical contribution.45 After testing a variety of
redox couples for their possible cytotoxicity, hexaaminoruthe-
nium chloride, [Ru(NH3)6]Cl3, was selected as redox mediator
for the voltage-switching experiments. Such a redox couple has
in fact a standard potential E° = −0.11 V vs Ag/AgCl, 3 M KCl,
which is far enough from the potential used for hydrogen
peroxide detection (Eox = +0.65 V) to avoid any interference
and, furthermore, such a species cannot cross the cell
membrane thus assuring that only topographical effects
(diffusion hindering) determine the current changes during
the scans (Figure 4C). Ding and co-workers suggested that the
overall current peak ip is due to the sum of the component id
caused by the negative feedback effect of the cell morphology
and the contribution of the flux of the species through the cell
membrane.47 Thus, if, which corresponds to the contribution
due to glucose flux of the living cell, can be calculated using if =
ip − id, where ip was recorded at +0.65 V vs Ag/AgCl (glucose
uptake and cell topography contributions) and the id
contribution was assessed by the use of the ruthenium complex.
The current contribution due to the glucose flux was then
expressed as glucose concentration decrease by employing the
calibration curve (see Supporting Information Section X). The
absolute value of glucose concentration associated with the
cellular uptake at single cell level has been estimated to be
around 13 μM, in the case of the scan line reported in Figure
4C. Figure 4B shows a SECM 2D image of glucose uptake of a
culture of MCF10A cells: from this result we can assess that
each single cell is characterized by a glucose uptake profile and
the profiles of the single cells are not overlapping. The average
glucose uptake of the cells in Figure 4A,B is 17 ± 3 μM. Other
methods for the deconvolution of topography and spatial
physiological activity were reported,48,49 and they can be
employed, in conjunction with the herein described UME
biosensors, for the quantitative study of cell metabolism. The
glucose consumption of different cells of a layer can be easily
coupled with (immuno) fluorescence imaging8 to correlate
specific protein expression to the cell metabolism, enabling the
investigation of cancer mechanisms at single cell level.

■ CONCLUSIONS
Enzyme-based UME biosensors with practical interesting
applicability in biology and medicine are typically characterized
by very low limits of detection, very good response time, and
easy and cheap manufacturing procedures. When such sensors
are meant for SECM-based bioanalytical applications like, e.g.,
for the generation of 2D-images of the metabolic activity of
single living cells, the above figures of merit need to be
complemented by high spatial resolution. Upon reviewing some

Figure 4. (A) Optical image of the scanned MCF10A cells. Scale bar:
30 μm. (B) Representative SECM image of glucose uptake of several
MCF10A cells. SECM experiments were carried out in constant height
mode using an electropolymerized 10 μm Pt GOx-UME biosensors in
PBS buffer containing 0.1 mM glucose, 10 μM insulin, and 2.5% horse
serum. Scan speed 15 μm/s. E = +0.65 V vs Ag/AgCl, 3 M KCl.
Comparison between the two profiles: black line contains both
functional and topographical contribution, while red line corresponds
only to the topographical contribution. The currents were normalized
by the respective steady-state bulk current values and subtracted by the
normalized currents on the Petri dish. The measurements were
performed with the same electropolymerized 10 μm Pt GOx-based
UME biosensors in PBS buffer containing of glucose 0.1 mM, insulin
10 μM, and 500 μM of [Ru(NH3)6]

3+.
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of the major enzymatic immobilization methods in the
literature, fabrication procedures and operational parameters
were thoroughly analyzed in view of an optimized biosensor
performance for diverse specific applications. So, for example,
glutaraldehyde-based enzyme immobilization offers some
desirable characteristics such as reproducibility, low cost, and
easy fabrication, but provides probes with poor spatial
resolution, stability, and selectivity with respect to those
obtained, for instance, by electropolymerization. On the other
hand, the latter biosensors are usually much less sensitive than
those obtained by drop-casting, but possess a high spatial
resolution (highest among the various classes herein inves-
tigated), in order to be very good probes for SECM
investigations. Table 3, finally, gathers all information obtained

in the present study in the form of a decision matrix, whose
scope is to serve as a practical tool for researchers to choose
among the various fabrication methods the one that may better
suit a specific biosensoristic application.
Employing Table 3, we selected the UME/poly-o-aminop-

GOx biosensor for high spatial resolution functional imaging of
a cell culture.
In conclusion, we demonstrated the real application of

enzyme-based UME biosensor for single cell functional imaging
in view of the following: (i) the resolution of the described
method is proper for imaging single cell uptake profile in a cell
culture; (ii) UME based biosensor serving as SECM probe can
be used for the functional imaging of several cell of a culture in
physiological conditions (living cells growth in adhesion) with a
high-throughput capability. These features can be used both for
the investigation of disease mechanisms such as cancer
metabolism, to investigate the proficiency of drugs in cancer
treatment, and for diagnostic application based on cell
metabolism status and their metabolic response to external
stimuli.
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