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Abstract

Mapping of the metabolic activity of tumor tissues represents a fundamental approach to better
identify the tumor type, elucidate metastatic mechanisms and support the development of targeted
cancer therapies. The spatially resolved quantification of Warburg effect key metabolites, such as
glucose and lactate, is essential. Miniaturized electrochemical biosensors scanned over cancer cells
and tumor tissue to visualize the metabolic characteristics of a tumor is attractive but very
challenging due to the limited oxygen availability in the hypoxic environments of tumors that
impede the reliable applicability of glucose oxidase—based glucose micro-biosensors. Herein, the
development and application of a new glucose micro-biosensor is presented that can be reliably
operated under hypoxic conditions. The micro-biosensor is fabricated in a one-step synthesis by
entrapping during the electrochemically driven growth of a polymeric matrix on a platinum
microelectrode glucose oxidase and a catalytically active Prussian blue type aggregate and
mediator. The as-obtained functionalization improves significantly the sensitivity of the developed
micro-biosensor for glucose detection under hypoxic conditions compared to normoxic conditions.
By using the micro-biosensor as non-invasive sensing probe in Scanning Electrochemical
Microscopy (SECM), the glucose uptake by breast metastatic adenocarcinoma cell line, with an

epithelial morphology, is measured.
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1. Introduction

Cancer cells produce ATP, which is the “ready-to-use” source of chemical energy in the cell,
mainly through the glycolytic pathway, even in presence of oxygen and functioning mitochondria.
This metabolic alteration of cancer cells is known as Warburg metabolism.[1] The metabolic
changes that let cancer cells switch from mitochondrial respiration to aerobic glycolysis is induced
by the specific features of tumor microenvironment and they are fundamental for their survival
and proliferation.[2] Tumor tissues of different patients affected by the same kind of cancer but
also a single tumor mass from the same patient often show heterogeneities in terms of histological
[3] and phenotypical features.[4] Local differences in cellular metabolism and the presence of
tumor areas with different metabolic patterns are intrinsically related to tumor heterogeneity. The
study of solid tumor metabolic heterogeneity can be employed to predict tumor aggressiveness and
to identify specific targets.[5] To this purpose it is necessary to detect the level of key metabolites
(e.g. glucose and lactate) with high spatial resolution in order to identify local metabolic activities.
Hypoxia, which is a reduced concentration of oxygen, i.e., 2-8% compared to normoxic conditions
(~21%), is a common feature of tumor masses, caused by the uncontrolled growth of cancer cells
that quickly deplete oxygen and nutrition apported from regular blood vessels. Cancer cell
adaptation to hypoxia involves molecular factors such as the hypoxia-induced transcription factor
HIF-1.[6] Glycolysis was found to be increased in the most hypoxic regions of tumor masses.[7—
9] Since tumor hypoxia is often associated with aggressive, resistant to therapies and highly
metastatic tumor types, [10,11] the study of the correlation between hypoxia and cellular
glycolytic metabolism may represent a crucial prognostic information. Over the years, many
devices have been developed to perform spatially resolved measurements of metabolites, such as
glucose, that are involved in cancer metabolic alterations. The simultaneous measurement of
oxygen and glucose levels is important in cancer research, as this would allow for the
characterization of metabolic activity of tumor cells in microenvironments with different oxygen

levels and would be fundamental to understand the interplay between these factors. The principal



transduction strategies for glucose detection consist of optical [12-14] and electrochemical based
biosensing devices. [15-18] For instance, amperometric electrochemical biosensors for glucose
often employ electrodes (e.g. made of Pt) functionalized with the enzyme Glucose Oxidase (GOXx).
The functioning of these amperometric biosensors is based on the high specificity of GOx toward
glucose and its ability to catalyze the oxidation of glucose to gluconolactone, using oxygen as co-
substrate. Glucose is indirectly quantified by measuring the currents caused by the electrooxidation
of hydrogen peroxide (secondary product of enzymatic reaction) at the working electrode. These
biosensors, that rely on oxygen as co-substrate, present the disadvantage that they are inefficient
when oxygen availability is too much limited in the analysis environment. This drawback becomes
a challenge when micrometric biosensors are used to characterize the properties of cell cultures or
biological microenvironments, in which oxygen is consumed by cell respiration. One strategy to
overcome the oxygen limitation and enhance the detection sensitivity consists in including redox
mediators in the active layers at the electrode surface.[19] In the GOx structure, the active FAD
center is at about 13-18 A from the surface of the enzyme [20] and the direct electron transfer
between the FADH> group of the enzyme and the electrode surface results to be not possible. For
this reason, the use of a redox mediator, entrapped within the enzyme containing layer, guarantees
a faster electronic transfer between the redox center of the enzyme and the electrode. Numerous
biosensors for glucose employing organic redox mediators have been proposed over the years,
such as quinones and their derivatives [21], ferrocene [22] or pyridines. [23]. One of the most
convenient strategies consists in the use of redox polymers able to communicate with the enzyme
redox center and to avoid the common drawback of leakage of the mediator out of the sensing
matrix; this leakage would implicate low durability of the biosensor performance and toxicity risk
in case of implantable devices. However, the redox polymers generally require for the synthesis of
the monomer molecules that are functionalized with the redox specie. [24,25] On the other hand,
the surfaces of electrodes can be modified to enhance the electrode kinetics for the detection of
redox active species that are created during the enzymatic reactions and whose concentration is
proportional to that of glucose, such as H>O. For instance, Prussian blue (PB) was widely used
for the transduction of oxidase-based biosensing. Prussian blue and Prussian blue analogues
(PBASs) possess a unique hexacyanometalate framework structure in which two iron atoms have
different valences, i.e., Fe''and Fe'"". The fully oxidized form of PB is known as Berlin green and

the fully reduced form Prussian white. Prussian white has a catalytic activity toward O, and H20:



reduction, while Berlin green (the oxidized form of PB) also acts on the H.O, oxidation.[26]
Prussian blue in nanoscale size can act also as nanozyme, a material with enzymatic-like catalytic
properties and numerous advantages in stability, durability and costs; in particular PB can mimic
three important classes of enzymes (e.g. peroxidase, catalase and superoxide dismutase) due to the
various redox potentials of its forms, making it applicable in the field of biosensing, biotechnology
and environmental treatment [27]. In glucose biosensors based on H2O. detection, PB and its
derivatives are widely used. [28-30] GOx and other active biosensor compartments must be
immobilized on the electrode, e.g., by using a polymer-based matrix. Several matrices can be
employed to immobilize the enzyme at the electrode surface for amperometric biosensing [31,32].
Poly(3,4-ethylenedioxythiophene) (PEDOT) represents one candidate to construct very stable
polymeric films for glucose biosensors.[33] Polypyrrole is the most often used polymer for this
purpose thanks to the reproducible fabrication, simple polymerization processes and the high
water-solubility of the monomer pyrrole.[34,35] This guarantees the growth of the polymer in
aqueous buffers without the need of surfactants (e.g., polyethylene glycol, polystyrene sulfonate),
which is fundamental to retain the enzyme functionality. In this respect, Rekertaité et al developed
a glucose biosensor based on a graphite electrode modified with PB, GOx and polypyrrole. Some
years later, the same authors designed other two types of glucose biosensors, based on PBAs,
glucose oxidase and polypyrrole, introducing the Ni-hexacyanoferrate (NiHCF) and the Co-
hexacyanoferrate (CoHCF) ions inside the electrode functionalization layer.[36,37] Bartlett et al
[38] immobilized GOx in poly(N-methylpyrrole) films containing the ferrocyanide/ferricyanide
redox couple onto a Pt macro-electrode. In order to explore microdomains, such as single cell
microenvironment, microelectrodes can be used in Scanning Electrochemical Microscopy
(SECM). [39-41] SECM is a powerful technique enabling functional imaging of substrates in
solution with high spatial and temporal resolutions. An amperometric microelectrode is used to
record a faradaic current as result of the presence of redox-active species in solution. If the
microelectrode is positioned in close proximity to a substrate surface, the recorded current depends
on both the topography and the electrochemical activity of the surface itself that affects the
diffusion of the redox active species as well as their redox state.[42—44] Biological applications of
SECM [17][45,46] include imaging of the flux of molecules in the proximity of the cell membrane,
local chemical reactivity and metabolite concentrations, but also the possibility to scan the surface

of a single living cell while electrochemically monitoring the activity associated with its metabolic



changes. [17][46-48] SECM can be applied to investigate the integrity of cell membranes of
human myocardium-derived mesenchymal stem cells (hmMSC), highlighting the differences
between healthy and pathological hmMSCs [45, 46]. It can be coupled with other techniques, such
as atomic force microscopy (AFM), electrogenerated chemiluminescence (ECL) or fluorescence
spectroscopy (FS). SECM was further combined with electrochemical impedance spectroscopy

(EIS) to characterize the redox activity of immobilized active and inactivated yeast cells. [37]

In this work, the development and application of an amperometric glucose micro-biosensor is
presented, which is able to detect glucose in hypoxic microenvironments, defined as oxygen
pressures ranging from 2%-8% (~2.02 KPa-8.08 KPa), with high spatial resolution. The micro-
biosensor is based on an electrochemically generated film comprising polypyrrole,
ferricyanide/ferrocyanide and GOXx, deposited on a Pt microelectrode of 10 um. We report on the
methodology for the preparation of the biosensor and on the characterization of the microbiosensor
under hypoxic as well as normoxic conditions. Furthermore, we present the use of the micro-
biosensor as probe of SECM to characterize single-cell glycolytic activity in hypoxic
microenvironment, by recording glucose levels with high spatial resolution together with the
assessment of the oxygen concentrations.

2. Materials and methods

2.1 Materials. Glucose Oxidase (GOx) type X-S (EC 1.1.3.4. from Aspergillus Niger, Merck),
Ks[Fe(CN)s] (Sigma), D-(+)-glucose (Sigma), phosphate buffer (pH 6.3 from Merck), Phosphate-
Buffered Saline 1x (pH 7.4) (Microtech), pyrrole 98% (Merck), paraformaldehyde (PAF) > 95.0%
(Merck) and glycine >99% (Merck) were purchased were used as received. Dulbecco’s Modified
Eagle’s Medium-low glucose (DMEM, from Microtech) was supplemented with 10% Fetal

Bovine Serum, 1% Penicillin/Streptomycin and 1% L-glutamine.

2.2 Electrochemical Instrumentation. All electrochemical measurements were carried out with
an electrochemical workstation 910B SECM (CH Instruments) coupled with a Nikon ECLIPSE Ti
(phase contrast and fluorescence) inverted optical microscope enabling electrochemical and

optical microscopic characterizations in identical coordinates. The stepper motors and the



piezoelectric components of the 910B CHI instrument for the microelectrode positioning were

removed from the original stage and mounted on the plate of the inverted microscope.

2.3 Electrochemical cell and electrodes. Electrochemical procedures were carried out in three-
electrode configuration, comprising a microelectrode (ME) with 10 um diameter Pt disk (CHI116
10 pm diameter Pt SECM tip, indicated as “T”’) as working electrode (WE), a platinum wire as
counter electrode (CE) and a Ag/AgCl (KCI 3 M) (CHI Ag/AgCI Reference Electrode w/ porous
Teflon Tip) or a Ag wire as reference electrode (RE). The ME was polished prior to its use with
abrasive diamond paper on a glass support, followed by sonication for some seconds in a bath
sonicator. Counter and quasi-reference electrodes were polished with alumina (diameter 1 pum and
0.05 pm) and DI water before their use. Petri dishes were used as electrochemical cells. Hypoxic
conditions (i.e., oxygen concentration between 2% and 8%) were obtained by the controlled
purging with argon. The oxygen concentration was verified from voltametric measurements in

unstirred solution.

2.3 Preparation of the glucose micro-biosensor. The micro-biosensors were prepared in a single
step. For the preparation of the glucose micro-biosensor, 2 mg of GOx were dissolved in 1 mL of
phosphate buffer (pH 6.3) containing 0.1 M potassium ferricyanide. Pyrrole was added to the
resulting solution as last component to a final concentration of 0.1 M and the solution was de-
oxygenated. The polymeric film was then potentiostatically grown at 900 mV vs. Ag quasi-RE for
15 min. The resulting composite film on the Pt MEs contained entrapped GOX, a
ferrocyanide/ferricyanide-Prussian Blue type (PBT) precipitate and polypyrrole (PPyr), which is
denoted as PPyr-GOx-PBT/Pt microelectrode. For the preparations of PBT/Pt ME, PPyr-PBT/Pt
ME and PPyr-GOx/Pt ME, the same protocol was applied, without adding pyrrole, GOx and
potassium ferricyanide, respectively, to the electropolymerization solution. The as-obtained

electrodes were washed with MilliQ water and stored at 4 °C until their use.

2.4 Electrochemical characterizations. Standard electrochemical methods have been applied for
sensor characterization. Cyclic Voltammetry (CV) and amperometric calibrations (amperometric
i-t curves) were performed in phosphate-buffered saline (PBS, pH 7.4) and DMEM culture
medium, both under atmospheric oxygen pressure (i.e., normoxic conditions) or after purging with

Argon (to realize hypoxic and anoxic conditions). A silicon rubber shield was used on top of the



cell to prevent oxygen diffusion from the environment into the electrochemical cell during

measurements. Amperometric measurements were carried out in PBS under stirring.

2.5 SECM measurements of cell cultures. About 50.000 MDA-MB-468 cells (ATCC: HTB-132)
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 5.5 mM glucose inside 35
mm diameter Petri dishes. For control experiments, about 50.000 MDA-MB-468 cells (ATCC:
HTB-132) were fixed inside 35 mm diameter Petri dishes by first washing the cells three times
with PBS (300 uL each) and second by adding 200 uL of PAF with exposure time of 10 min at
room temperature. Third, PAF was neutralized by washing the fixed cells three times for 5 minutes
with 300 pL of glycine 0.1% in PBS. The fixed cells were then maintained in PBS until replaced
by DMEM with 5.5 mM glucose for the SECM measurements. The Petri dish was thereafter
mounted on the plate holder of the inverted microscope and covered by a micro-incubation system,
with which it was possible to maintain the cell culture conditions also during the electrochemical
analyses (temperature 37°C, CO2 flow 0.04 L/min, air flow 0.8 L/min). The DMEM culture
medium could be de-oxygenated or contained ambient oxygen pressure on demand. For the SECM
measurements, the working potential E+ was set to +0.75 V vs Ag quasi-RE. Approach curves, i.e.,
the vertical approaching of the ME towards the bottom of the Petri dish, were recorded with a
translation rate of 1.7 um/s. Horizontal line scans were performed at constant height, reporting the
working distance in respect to the bottom of the Petri dish. The translation rate was equal to 8.3
pm/s. For SECM imaging, i.e., scanning the ME at constant height in the x,y-plane over a cell
culture, the translation rate was 17 pum/s. The scans were treated using MIRA software by Prof.

Wittstock (https://uol.de/pc2/forschung/secm-tools/mira).
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3. Results and Discussion

3.1 Fabrication of a PPyr-GOx-PBT/Pt microelectrode via electrochemical polymerization
of pyrrole

The fabrication of the glucose microsensor for glucose measurements under hypoxic conditions
was realized in one facile step. It was electrochemically prepared on a Pt ME in phosphate buffer
solution containing 2 mg/mL GOx, 0.1 M potassium ferricyanide and 0.1 M pyrrole, pH 6.3. First,
CVs were recorded between -0.7 V and 0.0 V vs. Ag quasi-RE. The ME was then approached to
the bottom of the electrochemical cell with Er = 0 V, a procedure that generally took 100 s.
Thereafter, the reaction solution was de-oxygenated (i.e., removal of oxygen) as required for the
electrosynthesis of PPyr [50]. Being positioned close to the bottom of the cell, the environment of
the polymerization process was better controlled in terms of the diffusion of the reagents and
absence of oxygen. Thereafter, a static potential of 0.9 V was applied for 900 s with the primary
aim to electropolymerize pyrrole to polypyrrole (PPyr) (Supporting information SI-1, Fig. S1).
The as-synthesized PPyr film during the electropolymerization was positively charged promoting
the electrostatically driven incorporation of GOx (negatively charged at pH 6.3) [51] and of
[Fe(CN)s]*. For its characterization, the micro-sensor was washed with MilliQ water and
immersed into hypoxic PBS (pH 7.4). Fig. 1a shows a cyclic voltammogram (CV) of the as-
obtained electrode (curve 1). At about 0.6 V, an oxidation wave can be obtained while below -0.1
V areduction wave sets in, which forms a plateau starting from -0.4 V. In order to get information
about the composition and properties of the electro-synthesized film, alternative electrodepositions
on cleaned Pt were carried out, in which the deposition solutions of de-oxygenated phosphate
buffer (pH 6.3) contained i) only pyrrole, ii) pyrrole + ferricyanide and iii) only ferricyanide. The
curves in Fig. 1b show the voltammetric characterization of the three as-obtained films in de-
oxygenated PBS. The CV using PPyr/Pt (Fig. 1b, curve 1) does not show any significant redox
peaks. In presence of pyrrole and ferricyanide during the electrodeposition the resulting film shows
oxidation and reduction waves similar to those shown in curve 1 in Fig. 1a, even if they are shifted
towards positive potentials. This suggests that the film formation is unaffected by the presence of
GOx. In the presence of only ferricyanide during electrodeposition, the CV shows a pronounced
oxidation peak with a minor reduction peak at about 0.1 V and an increasing cathodic current in

the cathodic scan below -0.5 V, indicating an iron-based deposit on the Pt surface (Fig. 1b, curve
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3). Notably, the presence of pyrrole during electrodeposition in ferricyanide containing PBS results
in a film with significantly different redox properties than the one obtained without pyrrole. In
further electrochemical characterization studies, the electrocatalytic properties towards the
oxidation of ferrocenyl methanol and the reduction of ferricyanide in solution were investigated
when the electrodeposited PPyr film contained the ferricyanide derivate (SI-2). The results suggest
the presence of an electrocatalytically active material (Fig. S2) apart from electrostatically
embedded ferricyanide. Taking into account the procedures used, we assume the presence of
Prussian Blue (PB) or a similar material as electrocatalytically active deposit. Typically, PB
particles and films on electrodes are electrochemically synthesized in acidic solution containing
ideally ferrocyanide and a Fe(l1l) salt, such as FeCls. Acidic conditions cannot be applied in our
approach, as GOx would be inactivated. Although higher pH values and PB precursor solutions
different from the ideal one are disadvantageous for the formation of Prussian Blue [28,52], PB
films haven been electrodeposited under mild acidic conditions on Pt in solutions containing only
ferricyanide [53]. Among many different ways of preparation of PBTSs, the single-source method
consists in potassium ferricyanide solution as the single iron source; the mechanism is descripted
as partial decomposition of [Fe(CN)s]*~ and further reduction of Fe3* at the electrode to allow the
coordination of ferrous ion with ferricyanide to obtain PB [53,54]. This process may be
accomplished chemically or electrochemically. Both procedures are based on a single ferricyanide
compound dissociation, and they guarantee the formation of ultrathin PB/PBTs films, due to the
low concentration of free ferric ions in solution. It can be assumed that ferricyanide ions dissociate
during the CVs as well as approach curves that were performed before the electropolymerization
of pyrrole. Furthermore, ferricyanide and pyrrole can react chemically in solution leading to
ferrocyanide and oxidized pyrrole [55]. In fact, a greenish precipitate was observed when both
ferricyanide and pyrrole were present in the solution. The PBT material is therefore probably
formed due to the co-presence of ferrocyanide and ferricyanide and promoted by the local decrease
of pH during the electropolymerization process of pyrrole. The PBT compound, in the form of
nanoparticles or microparticles, is probably present also in the polymer matrix and not only on the
electrode surface. Recording CVs of the PPyr-PBT/Pt ME and the PPyr/Pt ME in de-oxygenated
1 mM H20> and PBS (pH 7.4) confirmed the electrocatalytic effect of the deposited film towards
H>0O. oxidation and reduction (Fig. S3). The presence of a Prussian Blue type material can

therefore be suggested even though the CV of the film in PBS does not show the typical oxidation



and reduction peaks [56]. Instead, the signals found for the reduction of ferricyanide, added after
electrodeposition to the solution, and oxidation of as-generated ferrocyanide appear very similar
to the ones of the PPyr-based iron containing film, suggesting therefore the presence of
ferricyanide inside the immobilized film on the ME (Fig. S4). From these observations, we
conclude that a mixed PBT/embedded ferricyanide polymeric matrix could have been synthesized.
The amount of PBT in direct contact with the platinum surface is probably very low compared to
ferricyanide, impeding therefore the visibility of PB redox peaks in the CVs. For simplicity, we
indicate the presence of the redox mediator mixture as “PBT”, reminding however that it is most
likely a mixture of PBT and ferricyanide. These first biosensor characterizations indicate that both
Fe2* and Fe®* are present in the generated film, because in the CVs of the PPyr-PBT/ME in PBS
plateaus are seen for both the oxidation and reduction of Fe?* and Fe®* species, respectively.

Thereafter, the electrocatalytic property of the PPyr-PBT/Pt ME for the determination of glucose
was evaluated. Curve 2 in Fig. 1a shows the CV recorded with the PPyr-GOx-PBT/Pt ME in
presence of 5 mM f-D-glucose in hypoxic PBS. Compared to the CV in the absence of glucose
(Fig. 1a, curve 1), an electrocatalytic effect for the detection of glucose can be seen. For the
oxidation as well as for the reduction the signals show higher currents and are shifted to lower
overpotentials. The oxidation of glucose in the presence of oxygen as co-substrate is catalyzed by
the oxidized form of GOx (GOx-FAD, “GOxox”) giving gluconolactone and the reduced form of
GOx (GOx-FADH2, “GOxred”). The oxidation of GOx-FADH> back to GOx-FAD is realized by
oxygen leading to hydrogen peroxide. Hydrogen peroxide can be electrochemically oxidized or
reduced depending on the electrode potential applied and electrocatalytic electrode material
prepared. In fact, PB is a very well-known electrocatalyst for both the reduction as well as the
oxidation of H>Ox. Selecting the hydrogen peroxide reduction process can cause interferences with
oxygen reduction. A redox mediator, such as ferricyanide, carries the electrons between the
reduced form of GOx and the positively biased WE, in particular at low oxygen concentrations.
Therefore, both H2O, and redox mediator conversion can take place at the electrode for sensing.

This is addressed in more detail in the following section.
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Fig. 1. a) Cyclic voltammograms of the PPyr-GOx-PBT/Pt microelectrode recorded in hypoxic PBS (pH
7.4) in absence (curve 1) and in presence (2) of 5 mM g-D-glucose. b) Cyclic voltammograms of a Pt
microelectrode to which the electrodeposition procedure was applied in presence of pyrrole (1), pyrrole and
ferricyanide (2) and only ferricyanide (3) recorded in hypoxic PBS (pH 7.4). Potential scan rate 20 mV/s,
CE = Pt wire, RE = Ag/AgCI (KCI 3 M) reference electrode. Hypoxic conditions were realized by purging
of the test solution with argon.

3.2 Quantitative response of the PPyr-GOx-PBT/Pt micro-sensor to glucose

The quantitative response of the PPyr-GOx-PBT/Pt ME towards glucose in PBS (pH 7.4) was
thereafter analyzed under hypoxic conditions (Fig. 2a, black line) and compared with the responses
of the PPyr-GOx/Pt ME (blue line) and PPyr-PBT/Pt ME (grey line). By applying a constant
electrode potential, i.e., +0.65 V vs. Ag/AgCI (3 M KCI), the currents were recorded over time
while frequent additions of a glucose stock solution were carried out. The glucose concentration
was iteratively increased ranging from 1 mM to 7 mM, which corresponds to physiological glucose
concentrations in cancer tissues and is important for cancer cell studies under hypoxic conditions
(vide infra). In the amperogram, current plateaus are formed that were the result of the
hemispherical diffusion of reactants towards the modified ME and solution stirring during the
glucose additions. In presence of GOx, the recorded currents increased after each addition of
glucose. On the contrary, in the absence of GOx in the ME coating no changes in the recorded
currents were observed by adding glucose, demonstrating that the developed sensor works as an
enzymatic glucose biosensor and neither PPyr nor the PBT convert glucose directly. The

calibration graphs, obtained by linear regression of the averaged plateau currents (Fig. 2b)
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demonstrate that the sensitivity (i.e., the slope of the linear calibration line) of the PPyr-GOx-
PBT/Pt ME under hypoxic conditions was about 3.4 times higher than for the microsensor without
PBT material (values shown in Fig. 2b). The response time of the micro-biosensor, i.e., the time
after a glucose addition until 90% of the plateau current was reached, was found to be 6-10 seconds
(S1-5). The limit of detection (LOD, calculation in SI1-6) of the micro-biosensor for glucose
detection was 0.495 mM. Under hypoxic conditions, the oxygen availability is limited, which on
the one hand favors GOx activity [57] and on the other hand the electron shuttling via redox
mediators, such as Fe(l11)-containing species. [58] The redox mediators carry electrons from the

reduced form of GOx to the anodically biased electrode.
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Fig 2. a) Amperometric responses of one PPyr-GOx-PBT/Pt ME (black line), one PPyr-GOx/Pt ME (blue
line) and one PPyr-PBT/Pt ME (grey line) upon subsequent additions of D-glucose to PBS between 1 mM
and 7 mM (pH 7.4) under hypoxic conditions. Hypoxic conditions were realized by purging of the test
solution with argon. Applied potential = +0.65 V vs. Ag/AgCl (3 M KCI). b) Resulting calibration lines
obtained from the amperometric responses of PPyr-GOx-PBT/Pt ME (black line) and PPyr-GOx/Pt ME
(blue line) shown in (a). Error bars show standard errors for each concentration value measured with three
different micro-biosensors for each sensor type.

The performance of the glucose micro-biosensor under hypoxic conditions was then compared to
its performance under atmospheric oxygen pressure (that we call hereafter normoxic condition)
using amperometry with increasing concentrations of glucose between 1 mM and 5 mM (Fig. 3a).
The applied electrode potential is supposed to oxidize ferrocyanide, which was formed by the
electron transfer from ferricyanide to the reduced form of GOx. As it can be seen from the

calibration graphs (Fig. 3b), the sensitivity of the glucose micro-biosensor reduces by a factor of
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2.3 in the presence of ~21% oxygen. Oxygen as physiological electron acceptor can compete with
or even outperform redox mediators, such as ferricyanide, in enzymatic glucose sensing for the
oxidation of GOx-FADH:; to GOx-FAD, generating therefore preferably H>O. instead of
ferrocyanide. The presence of the PBT material also enables the electro-oxidation of H20: as a
measure of glucose concentration. As consequence, less ferrocyanide formation could result in
lower anodic currents for the same concentration of glucose. Furthermore, it has been reported that
the catalytic efficiency of GOx increases under hypoxic conditions [57]. The electrocatalytic
oxidation of hydrogen peroxide by the PBT material together with the higher efficiency of GOx
for glucose oxidation may increase the efficiency towards glucose detection under hypoxic
conditions. As a result, the performance of the prepared glucose microsensor is clearly affected by
the concentration of oxygen in the microenvironment. The behavior of the micro-biosensor under
normoxic condition highlights the micro-biosensor’s poor performance in catalyzing glucose
oxidation reaction when oxygen is present at ~21%. Glucose oxidase expresses its maximum
efficiency for glucose oxidation when the oxygen level is low [57]. The enzymatic turnover is
inversely proportional to the oxygen partial pressure pO2 and a high turnover is therefore obtained
when pO; is about 10-15 kPa, which corresponds to an oxygen level of ~10%.[57]

0.07

0.06

0.05 1 Slope= 9.16*10"A / mM

0.04 +

0.03 1

Ai/ nA

Slope=3.91*10" A/ mM
0.02

0.01 1

0.00 4

T 1 T T T T M T T T T T T T T
600 700 800 900 1 2 3 4 5
t/s [D-glucose] / mM

Fig 3. a) Amperometric response of PPyr-GOx-PBT/Pt micro-biosensor upon subsequent additions of D-
glucose between 1 mM and 5 mM in PBS (pH 7.4) under hypoxic conditions (black) and normoxic
conditions (red trace). Applied potential: +0.65 V vs. Ag/AgCI (3 M KCI). b) Resulting calibration lines
obtained from the amperometric responses of the PPyr-GOx-PBT/Pt micro-biosensor at glucose additions
in PBS under hypoxic conditions (black lines and points, R?= 0.996, error bars show standard errors for
each concentration value measured with three different micro-biosensors) and normoxic conditions (red
lines). Hypoxic conditions were realized by purging of the test solution with argon.
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The superior performance of the fabricated micro-biosensor under hypoxic conditions was further
evaluated using cyclic voltammetry (Fig. 4). Fig. 4a shows the CVs recorded with the PPyr-GOx-
PBT/Pt micro-biosensor in PBS (pH 7.4) under normoxic (blue curve 2) and hypoxic (black curve
1) conditions. The anodic and cathodic signals seen under hypoxic conditions are most likely due
to the presence of ferricyanide in the electrode coating (vide supra). Notably, the electrode film
related signals under hypoxic conditions were stable during the time course of the measurements
carried out in this work indicating that ferricyanide does not leak out of the electrode coating (Fig.
S7). Under normoxic conditions, a wave for the oxygen reduction reaction, starting at 0.1 V vs.
Ag/AgCI (3M KCI) in the cathodic scan and forming a plateau at -0.6 V, can be seen clearly (blue
curve 2) while only capacitive currents are seen in the anodic region of the CV. In presence of 5
mM glucose in hypoxic PBS (Fig. 4b), the PPyr-GOx-PBT/Pt ME shows a catalytic anodic
response for glucose (black curve 1), which is substantially weaker under normoxic conditions
(blue curve 2). The experimental observations could indeed confirm the enhanced kinetics of
glucose oxidation by GOx as well as the favored electron transport by the
ferricyanide/ferrocyanide-based mediator between GOx and positively biased Pt electrode when
being operated under hypoxic conditions (i.e., 2-8% oxygen). In the cathodic region of the CV,
changes in the electrode signal under hypoxic conditions are minor, while under normoxic
conditions the cathodic current due to oxygen reduction is significantly superimposed by a signal
that most likely is due to the reduction of hydrogen peroxide, see also SI-8. On the other hand, the
micro-sensors show cathodic currents that are dominated by the reduction of oxygen. Therefore,
the micro-biosensor can also be used in a dual mode for glucose and oxygen detection dependent

on the electrode potential (Fig. S8).
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Fig. 4. a) CVs recorded with PPyr-GOx-PBT/Pt ME in PBS (pH 7.4) under hypoxic (1) and normoxic (2)
conditions. b) CVs recorded with PPyr-GOx-PBT/Pt ME in PBS (pH 7.4) containing 5 mM glucose under
hypoxic (1) and normoxic (2) conditions. Potential scanned between -0.8 to 0.8 V vs Ag/AgCI (3 M KCI)
reference electrode, CE = Pt wire. Scan rate: 20 mV/s. Hypoxic conditions were realized by purging of the
test solution with argon.

Based on the experimental observations discussed above, the functionality of the micro-biosensor
is most likely based on the combination of the two possible mechanisms shown in Scheme 1, i.e.,
ferrocyanide/ferricyanide-mediated or H.O> detection-based, which depend on the concentration

of oxygen in the environment.

B-D-Glucose D- Gluconolactone

GOxy, GOXeq
B-D-Glucose D- Gluconolactone

H o o
GOx,, GOXeq z>-<
PPyr-matrix >.< AAIRIELLS

B BTox P BTred

[Fe'(CNg)]*- [Fe"(CNe)I*

Scheme 1. Schematic representation of the suggested reactions involved in the detection of glucose using
the PPyr-GOx-PBT-based glucose micro-biosensor.
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3.3 Glucose metabolic consumption of single tumor cells in hypoxic microenvironment

The PPyr-GOx-PBT/Pt ME as glucose micro-biosensor was then used as SECM probe to measure
the metabolic glucose uptake at the single cell level of cancer cells. The breast cancer line MDA-
MB-468 was investigated, because this cell line is known as a typical cellular model of triple
negative breast cancer, characterized by a glycolytic metabolism. The cells were kept in DMEM
medium containing 5.5 mM glucose. Firstly, the PPyr-GOx-PBT/Pt ME was vertically approached
from the bulk of the initially normoxic medium towards the bottom of the Petri dish using an
SECM approach curve. A tip potential of +0.75 V vs. Ag quasi-RE was applied for glucose
detection. While approaching the ME towards the bottom of the Petri dish, the substrate surface
below the tip, at a certain distance, initiates to block the diffusion of glucose as well as of oxygen
towards the active part of the micro-biosensor. As consequence, the recorded current changes,
which allows the estimation of the height of the micro-biosensor over the Petri dish. The approach
curve is shown in Fig. 5a, which was created by plotting the normalized tip current, which is the
recorded current at each coordinate divided by the tip current in solution bulk, as a function of the
working distance,. As it can be seen, the recorded current remained constant in the solution bulk
until a working distance of about 300 um. With decreasing oxygen availability, the recorded tip
current increased. This confirms that the glucose micro-biosensor performance becomes more
sensitive at reduced local oxygen concentrations. Once the micro-biosensor was positioned inclose
proximity to the bottom of the Petri-dish, the cell medium was partially degassed to create the

hypoxic environment.
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Fig. 5. a) SECM approach curve towards the bare surface of the Petri dish containing MDA-MB-468 cells,
recorded with the PPyr-GOx-PBT-modified Pt ME in normoxic DMEM culture medium containing 5.5
mM glucose. b) Horizontal SECM line scans over a MDA-MB-468 cell at two different working distances
(d1 = 18 um and d; = 16 um from the Petri dish bottom) under hypoxic conditions. ¢) Horizontal SECM
line scan over a fixed MDA-MB-468 cell under hypoxic conditions (d = 20 pum from the Petri dish bottom).
d) SECM image (x,y-plane) in constant height of the single cell. Er = +0.75 V vs. Ag quasi-RE. CE = Pt
wire.

Thereafter, the micro-biosensor was positioned with working distances d; = 18 um and d> = 16
pm above the bottom of the Petri dish and scanned in constant height over a single adhered MDA-
MB-468 cell to detect the cellular consumption of glucose (Fig. 5b). Over the cell, the recorded
current decreases due to the consumption of glucose by tumor cell metabolic activity that decreases
the glucose concentration locally in the surroundings of the cell. Notably, when the working

distance is reduced, the micro-biosensor response improves: the oxidation current over the bare
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Petri dish surface increase due to limited oxygen availability while, at the same time, the spatial
resolution of the cell glucose consumption profile increases. The latter is shown by the more
pronounced decrease of current over the cell for d> compared to di. As well known, SECM
measurements carried out in constant height mode over cells are subject to their topographical
contribution affecting the real working distance. This constitutes a relevant component of current
variations during the scans. When scanning over a cell the probe-to-substrate distance decreases
due to the 3D shape of the cell, an increase of current should be detected, in case the glucose
concentration would be indifferent, when scanning over the cell due to its topographical
contribution (see discussion vide supra). However, a clear drop in the recorded signal is seen when
the micro-biosensor is laterally moved at constant height above the adhered cell, which is clearly
caused by cellular glucose consumption and not by topographical contribution. The topographical
contribution to the SECM line scans was verified by performing a line scan over a fixed cell, thus
a cell without metabolic activity. As it can be seen in Fig. 5c, the current remained nearly constant.
Just above the center of the living cell, where the working distance was the smallest, a minor
increase of the sensor response due to the decreased working distance and reduced oxygen
concentration can be noted, in agreement with the observation described vide supra. Based on this
result, it can be concluded that the topographic contribution compared to the signal changes caused
by local variations in glucose concentrations is minor (Scheme S9). The stability of the micro-
biosensor was then demonstrated performing an SECM image (x,y-plane) in constant height of the
single cell (Fig. 5d).

3. Conclusions

To conclude, we have prepared in a one-step process an enzymatic glucose micro-biosensor that
enabled the detection of glucose as one important metabolic tumor marker in the oxygen-depleted
environment. This was tested for MDA-MB-468 cancer cells from breast metastatic
adenocarcinoma. The micro-biosensor was electrochemically fabricated under optimized
conditions via the electro-polymerization of pyrrole. During the anodic process, the formation of
positively charged polymer entities resulted in the electrostatic entrapment of glucose oxidase and
of iron redox species, such as ferricyanide. The results of electrochemical characterizations of the

prepared micro-biosensor under hypoxic and normoxic conditions suggests a mixed detection
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mechanism, which is based on the mediation of electrons between glucose oxidase and the
electrode via the ferrocyanide/ferricyanide redox couple and by the presence of a Prussian Blue
type material electrocatalyzing the conversion of hydrogen peroxide. A Prussian Blue type
material is only indirectly seen in the measurements, for instance by specific catalytic electrode
reactions, because cyclic voltammograms, recorded with the functionalized electrode, do not
clearly demonstrate redox peaks that are typical for Prussian blue and its derivatives. The presence
of ferrocyanide/ferricyanide can be also suggested. With the as-prepared glucose micro-biosensor
linear calibration lines in the range of 1 mM to 7 mM of glucose were created, giving under
hypoxic conditions a LOD below 1 mM and sensitivities 3.4 and 2.3 times higher compared to
identically prepared micro-biosensors without the Prussian Blue type material and compared to
the micro-biosensor performance under normoxic conditions, respectively. SECM measurements
of glucose in the microenvironment of individual cells demonstrated the potential of the present
glucose microsensor to study the spatial metabolic features of tumors in the frequent hypoxic
environments in the tumor masses. Our measurements document the activity of the glycolytic
metabolism of cancer cells under hypoxic conditions. The application as SECM probe enabled
glucose measurements with high spatial resolution in order to image the profile of the cellular
glycolytic activity of single cancer cells. The correlation between hypoxic conditions and the
glycolytic metabolism of cancer cells may also be a decisive marker in tumor prognosis in which

the increased invasiveness and enhanced drug resistance are often correlated to hypoxia in cancer.
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