
HAL Id: hal-04977953
https://hal.science/hal-04977953v1

Submitted on 5 Mar 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Development of flexible nanoporous gold electrodes for
the detection of glucose

Denise Demurtas, Julia Alvarez-Malmagro, Arvind Rathore, Tanushree
Mandal, Andrés Felipe Quintero-Jaime, Serguei Belochapkine, Anna

Lielpetere, Kavita Jayakumar, Dónal Leech, Wolfgang Schuhmann, et al.

To cite this version:
Denise Demurtas, Julia Alvarez-Malmagro, Arvind Rathore, Tanushree Mandal, Andrés Felipe
Quintero-Jaime, et al.. Development of flexible nanoporous gold electrodes for the detection of glucose.
Bioelectrochemistry, 2025, 165, pp.108949. �10.1016/j.bioelechem.2025.108949�. �hal-04977953�

https://hal.science/hal-04977953v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Bioelectrochemistry 165 (2025) 108949

Available online 24 February 2025
1567-5394/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Development of flexible nanoporous gold electrodes for the detection 
of glucose

Denise Demurtas a, Julia Alvarez-Malmagro a, Arvind Rathore b, Tanushree Mandal c,  
Andrés Felipe Quintero-Jaime a, Serguei Belochapkine a, Anna Lielpetere d, Kavita Jayakumar c,  
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A B S T R A C T

The development of implantable glucose sensors is of significant interest in the management of diabetes. This 
work focuses on developing an implantable, biocompatible nanoporous gold electrode prototype based on 
Kapton® for the subcutaneous detection of glucose. The electrodes were first modified with a layer containing 
glucose oxidase and Os(2,2′-bipyridine)2Cl⋅PVI (Os(bpy)2Cl PVI). An additional polymeric layer containing poly 
(2-methacryloyloxyethyl phosphorylcholine-co-glycidyl methacrylate) was then added to reduce biofouling and 
foreign body reaction effects. The modified electrode had a VMAX of 211 ± 13 μA cm− 2 and a KMapp of 6.1 ± 0.8 
mM in pseudo physiological conditions, with a linear detection range from 1 to 4 mM and a sensitivity of 28.6 ±
2.1 μA cm− 2 mM− 1. In artificial plasma, the response of the sensor was saturated at 3 mM, with a VMAX of 113 ±
10 μA cm− 2 and a KMapp of 2.1 ± 0.4 mM with a linear detection range from 1 to 2.5 mM and a sensitivity of 14.6 
± 3.3 μA cm− 2 mM− 1. Mechanical stress testing demonstrated that there was a 40 % reduction of the redox 
polymer coverage after 320 deformation events, however the catalytic activity was still detectable after 160 
events. Minimal cytotoxicity effects of the electrodes were observed. When subcutaneously implanted the 
electrodes showed fairly good mechanical stability after one week and detachment of the metallic layer on some 
electrodes after 21 days, probably due to electrode bending. A limited foreign body reaction was observed. These 
results indicated that the electrodes could be implanted for a period of up to 1 week.

1. Introduction

Continuous glucose monitoring in real-time is essential for managing 
diabetes as it can prevent complications caused by hyper- and hypo
glycaemic episodes [1], significantly improving patients’ quality of life. 
Electrochemical enzymatic sensors are effective technology for moni
toring the glucose concentration in blood because of their sensitivity and 
specificity [2], rapid response, portability, accuracy, ease of use and 
cost-effectiveness [3].

Multiple approaches and methodologies for glucose detection have 
been developed, and they can be invasive, minimally invasive and non- 
invasive [4]. Depending on the diagnostic goal, some are preferred to 
others, i.e. finger-prick monitoring is accurate but reduces the patient’s 

quality of life [5] on the contrary wearable biosensors are highly 
comfortable but may be inaccurate due to the poor correlation between 
glucose in blood and in sweat [6]. Implantation of glucose sensors is 
required when high accuracy and long-term monitoring are needed [7]. 
Of particular interest is the design of implants based on supports that 
match the mechanical properties of the target tissue, and that are 
biocompatible with minimal inflammatory response [8]. The need for 
supports to endure mechanical stress while enabling signal transduction 
has led to a more holistic approach in the design of tissue-like bio
electronics [8], where the mechanical, chemical and biological proper
ties of tissue are taken into account [9]. Modification of flexible 
substrates to produce flexible electrochemical systems has been widely 
investigated with carbon materials [10] and nanostructured metals 
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[11]. Carbon materials provide excellent electrochemical performance 
due to their high surface areas [12] and compatibility with enzymes. 
However, they can be mechanically fragile, requiring mechanical sup
port [13] when implanted, and some carbon nanomaterials may display 
cytotoxic effects [14]. Nanoporous gold electrodes (NPGs) can avoid 
these drawbacks since they can be prepared on mechanically stable 
supports [11], and Au is a well-established biocompatible material.

When devices are implanted in biological systems, the sample matrix 
can significantly affect the performance of the device. The majority of 
sensors used for diabetes management are electrochemical and rely on a 
glucose-oxidising enzyme and determine the concentration of glucose in 
the tissue using amperometry [15]. These devices operate in many 
configurations, they can indirectly detect a reaction product through its 
oxidation or reduction at the electrode (i.e. hydrogen peroxide); allow 
the detection of an electrons flux from the enzyme employing a mediator 
(mediated electron transfer MET) or directly from the enzyme (direct 
electron transfer DET) [3,16]. Tests under laboratory conditions can 
only simulate biological conditions containing a range of species, such as 
ascorbic acid (AA) and uric acid (UA), or protein content that can hinder 
the performance of enzyme-based electrochemical systems, i.e. bovine 
serum albumin (BSA). Uric acid, for example, acts as a noncompetitive 
inhibitor of some glucose oxidising enzymes, e.g. glucose dehydroge
nase (GDH), glucose oxidase (GOx), and cellobiose dehydrogenase 
(CDH) [17] which explains worsened current outputs in artificial 
plasma. BSA is a common protein used to simulate biofouling it has been 
proven not to affect NPG electrodes performance when tested at physi
ological concentrations [11].

The implantation of devices triggers inflammatory responses, 
initially by the wound caused by the surgical procedure and subse
quently by the reaction of the immune system and the surrounding tis
sues to the implanted material, perceived as a foreign body, promoting 
what is known as the foreign body reaction (FBR) [18]. The degree of 
FBR depends on the implantation site and the device characteristics 
(such as size, stiffness, surface-chemical and -physical properties). 
Kapton® is a suitable material as it possesses good mechanical and 
chemical stability, can withstand common sterilisation procedures such 
as gamma irradiation [19] and, most importantly, possesses good 
biocompatibility when coated [20]. The general inflammatory process 
occurs in the following described steps [21]. In the initial phase, a range 
of species adsorb on the surface, including proteins. During the first 24 
h, neutrophils and mast cells are recruited and activated in the vicinity 
of the device, releasing proteases and reactive oxygen species (ROS) 
such as hydrogen peroxide and superoxide, cytokines and growth factors 
that contribute to the recruitment of other cells (monocytes, lympho
cytes). The monocytes differentiate into macrophages with pro- 
inflammatory properties with the goal of degrading the foreign body. 
In the presence of non-biodegradable materials such as those used for 
glucose biosensors, macrophages activate myofibroblasts and blood- 
born fibrocytes that produce a collagenous extracellular matrix that 
isolates the material from the surrounding tissues [21]. Limiting the FBR 
formation is of importance for electrochemical devices based on diffu
sion of the analytes from the surrounding tissue because it hinders it, 
increasing the time needed for a reliable measurement [22]. Many 
strategies have been explored to limit FBR, including surface coating 
[23]. Zwitterionic polymers have been shown to improve FBR such as 
methacryloyloxyethyl phosphorylcholine (MPC) [24], and carboxy- 
[25] and sulfo- [26] betaine showing thinner FBR capsule formation; 
attributable both to their chemistry that improves the hydration sphere 
around the electrodes, as well as their low Young modulus as the final 
coating layer.

In this work, NPG electrodes were prepared using Kapton® as a 
biocompatible and mechanically stable support. The anode was 
comprised of glucose oxidase from Aspergillus niger (GOx) and an Os- 
complex modified polymer [Os(2,2 bipyridine)2 (poly
vinylimidazole)10 Cl]+, coated with an anti-biofouling layer of poly(2- 
methacryloyloxyethyl phosphorylcholine-co-glycidyl methacrylate 

(MPC). The electrode properties were thoroughly characterized and 
demonstrated promising mechanical stress resistance in vitro and in 
vivo, with no evident cytotoxicity and acceptable biocompatibility.

2. Experimental

2.1. Reagents and solutions

The following reagents were purchased from Sigma-Aldrich, poly 
(ethylene glycol) diglycidyl ether Mn 500 (PEDGE-500), uric acid (UA, 
≥ 99 %), L-ascorbic acid (AA, ≥ 99 %), D-glucose (Glu, ACS reagent), D- 
fructose (≥ 99 %), D-lactose (≥ 99 %), urea (ACS reagent), l-cystine (≥
99.7 %) (0.075 mM), NaH2PO4 (≥ 99 %), Na2HPO4 (≥ 99 %), calcium 
sulphate dehydrate (ACS reagent, 98 %), magnesium sulphate (≥ 99.5 
%), sodium chloride (≥ 99), sodium bicarbonate (ACS reagent), nitric 
acid (ACS grade 70 %), sulfuric acid (95–98 %), Neutral Red assay, MTT 
(3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay, 
bovine serum albumin (BSA) (≥ 96 %), Triton X-100 and absolute 
ethanol. Kapton® 50 HN sheets (50 μm thick) were obtained from 
Dupont. The cell culture medium was minimum essential medium α 
(α-MEM, Gibco, France), implemented with 10 % (v/v) fetal calf serum, 
(FCS), Lonza, France.

Glucose oxidase from Aspergillus niger (GOx, EC 1.1.3.4, type X-S, 
100–250 kU g− 1) was purchased from Sigma Aldrich. Milli-Q® water 
(Milli-Q®) with a resistivity of 18.2 MΩ cm was generated by an Elgastat 
Purelab Pulse system (Elga, UK) and used to prepare all aqueous solu
tions. The osmium redox polymer [Os(2,2 bipyridine)2 (poly
vinylimidazole)10 Cl]+, denoted as (Os(bpy)2Cl PVI) was synthesised as 
described by Mercer et al. [27] with a formal redox potential of +250 
mV vs Ag/AgCl 3 M KCl extracted from cyclic voltammetry (CV). Poly(2- 
methacryloyloxyethyl phosphorylcholine-co-glycidyl methacrylate 
(MPC) was synthesised as reported previously [28]. Tissue samples 
preparation for histological analysis was performed by using 4 % para
formaldehyde in phosphate buffer saline (PBS) (AntigenFix, Diapath, 
Martinengo, Italy) and embedded in optimal cutting temperature tissue 
freezing medium (OCT TFM-C, MM France, Brignais, France).

2.2. Electrode preparation

Nanoporous gold electrodes (NPGs) were prepared using Kapton® as 
substrate employing magnetron sputtering in an ultra-high vacuum 
chamber (ORION-5-UHV) at room temperature (RT), 21 ◦C, equipped 
with 3 metal targets (99.99 % purity), Au, Ag and Ti (Kurt J. Lesker 
Company Ltd.,UK) for substrate deposition. A 10 nm Ti adhesion layer 
was deposited, followed by an Au layer with one-third of the thickness of 
the subsequent layer of alloy. A Ag30/Au70 alloy layer (100 nm) was 
deposited on top of this layer. Prior to metal deposition, the Kapton® HN 
sheets were exposed to Ar/O2 plasma (1:1) 20 W for 1 min under vac
uum to ensure a clean surface and improve adhesion and homogeneous 
deposition of the metal [29].

In order to obtain different pore sizes in the NPG electrodes, portions 
of the modified Kapton® sheets were cut and dealloyed by corrosion of 
Ag from the alloy layer in 70 % nitric acid at different conditions: at 
20 ◦C for 1 and 5 min and at 40 ◦C for 5 min. The electrodes dealloyed at 
40 ◦C for 5 min were employed in the mechanical resistance test and 
implantation. After the formation of the nanopores, the electrodes were 
rinsed and sonicated for 10 min with Milli-Q®. Finally, they were dried 
in a vacuum chamber for at least one hour. Once the surface was dry, a 
silver wire (Farnell Components Ltd. Ireland) was connected using a 
conductive carbon-based glue (Loctite® EDAG PF 407 A E&C) or sol
dered to the surface using an indium (99.999 % purity) wire (Sigma
–Aldrich Ltd.). The connection point was supported by a two-component 
epoxy glue (Araldite) to increase the mechanical resistance of the anodes 
for the implantation. Dielectric paste (Gwent Group, UK) was used to 
insulate the electrode components and to protect the Kapton® from 
water permeation, resulting in a geometrical surface area of 0.25 ± 0.05 
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cm2.

2.3. Mechanical resistance evaluation in vitro

NPG electrodes were exposed to mechanical stress using a 3D-printed 
device (Fig. 1) to bend the electrodes at an angle of 20◦ on each side. 
Mechanical stress was applied alternatively to the gold electroactive 
NPG surface and the dielectric coated Kapton® side (insulating portion), 
for a total of 320 bending events (16 deformation cycles corresponding 
to 20 bending events each). The device was anchored to the bench via its 
base. A final bending angle of 180◦ was applied to verify the flexibility of 
the nanoporous structure on the electrode. The variation of the elec
troactive surface area (ECSA) and the stability of the connection were 
measured using CV.

2.4. Electrode modification

NPG electrodes (12) with surface areas of ca.0.25 cm2 dealloyed at 
40 ◦C for 5 min were modified with Os(bpy)2Cl PVI (150 μg), GOx (160 
μg), and PEDGE (34 μg). These aqueous solutions were mixed directly 
onto the electrode surface using a micropipette. After allowing the active 
layer to dry for 1 h in a vacuum chamber at RT, an aliquot of MPC 
polymer (100 μg) was allowed to dry overnight at 21 ◦C previous 
measurement (Fig. 2).

2.5. Electrochemical measurements

Electrochemical studies were performed using a CHI1030 potentio
stat (CH Instruments, Austin, Texas). A standard three-electrode cell 
configuration was used for the characterisation of the electrodes, with a 
modified NPG as a work electrode (WE), a platinum mesh (ALS Co. Ltd., 
Tokyo, Japan) as the counter electrode (CE) and a Ag/AgCl/3 M KCl (IJ 
Cambria Scientific Ltd., UK) as the reference electrode (RE).

The electroactive surface area (ECSA) was determined through 
electrochemical stripping of gold oxide by applying a potential scan 
from − 0.2 to 1.65 V vs Ag/AgCl at 0.1 Vs− 1 in 0.5 M H2SO4. The charge 
associated with the gold oxide peak was used to measure the surface 
area using a conversion factor of 390μC cm− 2 [30]. The geometric sur
face area (Ageo) was determined by taking a high-resolution micrograph 
of each NPG electrode on a millimetre grid, followed by analysis with 
ImageJ software [31].

The properties of the electrodes were examined in 50 mM phosphate 
buffer solutions containing 150 mM NaCl at pH 7.4 (PBS) or in artificial 
plasma (AP) prepared as previously described [32]; at RT, unless spec
ified otherwise. An aqueous stock solution of glucose (2 M) was prepared 
and allowed to come to equilibrium for 24 h before any measurements 
and kept overnight at RT. After conditioning for 30 min in 0.05 M 
phosphate, 0.15 M NaCl, pH 7.4 or AP, the response of the bioanode was 
examined using amperometry (E = 0.4 V vs Ag/AgCl with stirring at 150 
rpm) or cyclic voltammetry over the potential range 0.05–0.4 V vs Ag/ 
AgCl. The sensitivity was determined by applying a linear regression 
model to the linear region of the calibration curve to determine the 

slope. The kinetics parameters (Vmax and KM app) were determined (eq. 
S1) using a non linear regression model to the data points. The limit of 
detection (LOD) and limit of quantification (LOQ) were determined 
using eqs. S2 and S3. The coverage of Os complex (Γ) was estimated 
from the peak charges obtained using cyclic voltammetry at a slow scan 
rate (1): 

Γ =
Q

nFAgeo
(1) 

where Q is the charge of the oxidative peak, n is the number of electrons 
exchanged in the redox process, F is Faraday’s constant and Ageo is the 
geometric area in cm2 [33].

2.6. Cytotoxicity

Unmodified and functionalised NPG electrodes with the Os complex 
Os(bpy)2Cl PVI (5 mg mL− 1, 30 μL), GOx (10 mg ml− 1, 30 μL) and cross- 
linker PEGDGE (Mn 500) were tested for cytotoxicity. This was assessed 
according to the international standard ISO10993-5. Extracts were 
prepared according to ISO 10993-12 by incubating the devices in the 
culture medium (6 cm2 mL− 1) at 37 ◦C for 24 h, providing the “Day 1” 
extract. New medium was added to the electrodes for a second and a 
third incubation of 24 h at 37 ◦C (“Day 2” and “Day 3” extracts). The 
extracts were subsequently supplemented with 10 % (v/v) fetal calf 
serum; a 100 μL aliquot was added to the cell line (L929), previously 
seeded at 10.000 cells cm− 2 in 96-well plates (Nunc, Denmark) and 
cultured for 72 h.

Wells containing only the medium were used as a reference as a 
negative control, providing the 100 % value of survival (C), while pos
itive controls (PC) of toxicity were performed in parallel, adding Triton 
X-100 0.1 % (v/v) in the culture medium. Culture plates were left at 
37 ◦C in 5 % CO2 for 24 h. After incubation, cell viability was assessed 
using a Neutral Red assay and cell metabolic activity by an MTT assay 
[34]. The mean survival and metabolism measurement values obtained 
from colorimetric tests were calculated from six repeats for each elec
trode. The results are presented in histograms as percentages of the 
reference “C” (alpha-MEM + 10 % FCS), with mean ± s.d. for 4 elec
trodes in each condition. A material is deemed to have no cytotoxic 
potential if the cell viability is over 70 % of the control value.

2.7. Mechanical resistance evaluation after implantation

The mechanical resistance of electrodes was assessed in vivo by 
implantation in rats. All animal studies were carried out in accredited 
animal facilities at the University of Bordeaux (accreditation number: 
A33–063-917), and the project received the authorisation of the French 
Ministry of Higher Education, Research and Education (APAFIS 
#16443–2,018,072,016,398,155 v4). The animals, 6 female Sprague 
Dawley rats (12–14 week-old, 250 g), were housed together in cages (3 
rats per cage) in an enriched environment (houses and nesting) with a 
12-h day/night cycle and food, and water ad libitum.

Fig. 1. Images of an electrode placed in the test device (A) before and (B) after application of mechanical stress.
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The unmodified side and the wire were disinfected using 70 % 
ethanol. The electrodes were subcutaneously implanted on the shaved 
and disinfected back of the animal parallel to their spine and left for 7 or 
21 days (2 electrodes/rat, 6 electrodes per time point). Electrode 
integrity was monitored by X-ray imaging (MX20-DC2 digital imaging 
instrument, Faxitron Bioptics, Arizona, USA), after euthanasia by CO2 
inhalation. Afterwards, the tissue containing the electrode was 
dissected, fixed for 3 days in 4 % paraformaldehyde (AntigenFix, Dia
path, Martinengo, Italy), embedded in OCT (TFM-C, MM France, 
Brignais, France) and 10 μm thick sections were prepared on a Leica CM 
3050S cryostat (Leica Microsystems, Wetzlar, Germany). Masson’s tri
chrome staining was performed and imaged on a Nikon microscope 
(Eclipse 80i).

3. Results and discussion

3.1. Morphological analysis

NPG electrodes were prepared on a Kapton® support using the 
dealloying conditions described. SEM images (Fig. S1) show that expo
sure of the alloy to HNO3 as a function of time and temperature influ
enced the characteristics of the porous structure [35]. The average pore 
size increased with increasing temperature and incubation time [36]. 
Electrodes dealloyed for 1 and 5 min at 20 ◦C had average pore sizes of 
17 nm while dealloying at 40 ◦C for 5 min resulted in an average pore 
size of ca. 33 nm [36]; with roughness factors (Rf) of (16 ± 4) to (10 ± 8) 
and (6 ± 1) respectively that decreased with increasing exposure time 
and temperature (Table 1). NPG@Kapton® electrodes dealloyed at 
40 ◦C for 5 min had smaller average pore diameters of ca. 10 nm when 
compared to electrodes prepared using glass substrates [35] while the Rf 
values were two-fold larger. The basis for the smaller pore sizes is un
clear but may be related to the higher flexibility of the film on Kapton® 
supports. Electrodes dealloyed at 40 ◦C for 5 min were employed for 
mechanical resistance and implantation testing.

3.2. Impact of mechanical stress on electrochemical behaviour

Implantable devices must withstand the mechanical forces induced 
by the movement of the surrounding muscular tissue. The resistance to 

mechanical stress was examined using a custom-made device (Fig. 1), to 
simulate the bending that the electrodes will encounter after implanta
tion below the cervical vertebrae and next to the thoracic vertebrae of 
the rats. Twisting and torsion were not considered due to the implant 
location of the implanted device. An angle of 20◦ was chosen to apply 
mechanical stress that was more demanding than the actual stress 
experienced on implantation where stress angles would be lower. The 
electrode response was examined in H2SO4 after repetitive deformation 
through cyclic voltammetry, indicated by the number of deformation 
events (Fig. 3 A). The change in ECSA was calculated after each defor
mation cycle (corresponding to 20 consecutive mechanical deformations 
on opposite sides of the electrodes, (Fig. 3 B).

The electrodes showed no visible structural deformation or delami
nation when manually bent at 180◦ or during the stress application 
cycles, confirming their suitability for implantation. However, they 
showed a reduction of up to 50 % in ECSA after 320 repetitions (Fig. 3
B). Mechanical stress was alternatively applied to each side of the 
electrodes, resulting in a partial recovery of the ECSA obtained after 
applying stress on the Kapton® side. This behaviour can be attributed to 
the compression and relaxation of the pores that can occur when the 
electrode is bent on the NPG side and the Kapton® respectively, 
affecting the measured ECSA [37]. While a stronger support material 
could be used, for example using a thicker Kapton® layer this was 
deemed to not be necessary as the mechanical stress angle used was 
larger than what would occur on implantation.

After examining the impact of mechanical stress on bare NPGs, the 
performance of the redox hydrogel was examined. The coverage of the 
redox-active polymer in the absence of glucose (Fig. 4) decreased to 40 
% after 320 mechanical stress events, in good agreement with the 50 % 
loss of ECSA observed on the bare electrodes (n = 3). The stability of the 
redox polymer decreased linearly until approximately 100 stress events, 
after which the coverage decreased to 40 %. This behaviour can be 
explained by the leaching of the redox moieties into the bulk solution, as 
previously described [38], an effect that may become more pronounced 
when bending the electrode. In addition, continuous potential cycling 
can cause counterion movement with shrinking and swelling of the 
polymer layer that can potentially affect its stability [39].

When the response of the electrode was examined in the presence of 
10 mM glucose (Fig. 5) [40], the current increased initially after 140 
repetitions (n = 3), an increase that may be ascribed to a more accessible 
enzyme layer (Fig. 5). After 260 repetitions (Fig. 5, black dashed line), 
an ohmic resistive response was obtained, that likely arises from (par
tial) breakage of the connection between the electrode and the wire. 
Higher resistance was observed arising from (partial) breakage of the 
connection between the electrode and the wire.

3.3. NPG@Kapton bioanodes

The modified electrodes were then electrochemically tested to verify 

Fig. 2. Schematic representation of the modified anode (not to scale). Created in BioRender. Demurtas, D. (2025) https://BioRender.com/z38y847

Table 1 
Average pore size and roughness factor (Rf) obtained at different dealloying 
conditions for NPG@Kapton®.

Dealloying 
Conditions

Average pore size 
[nm]

Roughness factor 
[Rf]

Residual Ag [wt 
%]

Pristine alloy None NA 70
20 ◦C, 1 min 17 16 ± 4 3.2
20 ◦C, 5 min 15 6 ± 1 Undetected
40 ◦C, 5 min 33 10 ± 8 Undetected
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their functionality in phosphate buffer saline and artificial plasma. The 
anode showed the typical behaviour of catalytic activity in the sub
strate’s presence, confirming the glucose oxidase’s effective wiring and 
its successful electron transfer with an Os complex coverage of 4.6 pmol 
cm− 2. In vitro measurements in pseudo physiological conditions show a 
VMAX of 210.8 ± 13.1 μA cm− 2 and a KMapp of 6.1 ± 0.8 mM (Fig. 6 B and 
Fig. S1 A) with a linear range of up to 4 mM and a sensitivity of 28.6 ±
2.1 μA cm− 2 mM− 1. The values of VMAX for GOx on NPG electrodes were 
significantly different than those previously reported as (4000 μA cm− 2 

and a KM app of 40.8 ± 5.5 mM [41]. The electrodes used previously had 
a smaller average pore diameter (between 12 and 20 nm) obtained on a 
gold leaf transferred to a glassy carbon electrode support; the calibration 
was obtained using cyclic voltammetry at the scan rate of 5 mV s− 1, 
which is a less sensitive technique compared to amperometric mea
surements [33]. Limits of detection (LOD) of 0.047 μM and 

quantification (LOQ) of 0.143 mM were obtained by using the calibra
tion curve method based on the standard deviation of the blank Eq. 2 
and 3 in the SI [41]. The decreased current at multilayered modified 
electrodes arises from hindered diffusion of glucose through the matrix. 
Further optimisation of the design to improve the linear range in these 
conditions is needed. While higher amounts of enzyme may lead to an 
increase in stability, this may come at the cost of additional diffusional 
limitations.

Amperometric calibration in artificial plasma, (Fig. 7 A and B), 
showed lower electrochemical performance compared to the one re
ported in phosphate buffer, reaching saturation at 3 mM and VMAX of 
112.7 ± 9.9 μA cm− 2 and a KMapp of 2.1 ± 0.4 mM with linear ranges up 
to 2 and 2.5 mM and a sensitivity of 14.6 ± 3.3 μA cm− 2 mM− 1. MPC- 

Fig. 3. (A) Cyclic voltammograms of the NPG electrode before and after deformation (B) Plot of electroactive area (%) before and after deformation. Measurement 
conditions: 50 mM H2SO4, scan rate 100 mV s− 1 vs Ag/AgCl 3 M KCl.

Fig. 4. Plots of the charge and coverage of the Os(bpy)2Cl PVI polymer as a 
function of mechanical bending. Measurement conditions: 0.05 M phosphate, 
0.15 M NaCl, pH 7.4 at RT. Fig. 5. Cyclic voltammograms of GOx/Os(bpy)2Cl PVI/PEDGE-500/ 

NPG@Kapton® in PBS containing as a function of the number of deformations. 
Measurement conditions: scan rate 5 mV s− 1 vs Ag/AgCl 3 M KCl at RT.
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coated electrodes, respectively. LOD and LOQ were calculated as 4.44 
μM and 1.35 μM. While the lower response can be attributed to the 
increased viscosity which limits the diffusion of the species, the presence 
of inhibitors and partial biofouling of the electrodes, the sensor is still 
capable of detecting hyperglycaemia both in pseudo-physiological and 
artificial plasma.

3.4. Cytotoxicity

The cytotoxicity of the modified NPG electrodes on glass with Os 
(bpy)2Cl PVI, GOx and PEDGE was tested before implantation. Indeed, it 
is recommended that medical devices be assessed for potential cyto
toxicity prior to implantation in laboratory animals. To confirm that the 
NPG electrodes released no cytotoxic products, four unmodified elec
trodes and four others modified with the Os-complex-based polymer, 
GOx and the PEDGE cross-linker were incubated in the culture medium 
for 3 successive days. Extracts were taken each day to determine if any 
toxic products were released early (during the first 24 h in the medium) 
or later (during the second or third day). The survival and metabolism of 
immortalised murine fibroblasts L929 were compared when incubated 

in the presence of these extracts. The limit of toxicity defined by the 
standard method is 70 %. The positive control (PC) showed a high level 
of cytotoxicity (Fig. 8 A) while all extracts retained more than 70 % of 
the reference response for cell survival((Fig. 8 A) and cell metabolism 
(Fig. 8 B). These results indicated that it was feasible to proceed with in 
vivo implantation for the foreign body response analysis.

3.5. Mechanical resistance evaluation after implantation

Once it was demonstrated that the modified electrodes were not 
cytotoxic, 12 electrodes modified with Os-complex-based polymer, GOx 
and PEDGE coated with MPC layer were prepared and subcutaneously 
implanted in rats for 7 or 21 days. Our aim was to assess their me
chanical stability when subjected to the movements of animals. The 
metal part of the electrodes could be visualised in rats before dissection 
by X-ray imaging (Fig. 9 A). This allowed us to show that 7 days after 
implantation, 5 out of 6 electrodes were still covered by the gold layer 
(the one that had lost the metal layer, implanted on Rat 7–3, left back 
side, is highlighted with a red star). In the rat group implanted for 21 
days, 2 electrodes had lost the gold layer (Rat 21–2, left side and Rat 

Fig. 6. (A) Cyclic voltammograms of the MPC/GOx/Os(bpy)2Cl PVI/PEDGE-500/NPG@Kapton® in PBS in the presence of increasing glucose concentration. 
Measurement conditions: scan rate 1 mV s− 1 vs Ag/AgCl 3 M KCl at 37.5 ◦C. (B) Baseline-corrected amperometric response as a function of glucose concentration, 
extracted from amperometry at 0.4 V vs Ag/AgCl/3 M KCl for electrodes (n = 3) under continuous stirring at 150 rpm.

Fig. 7. (A) Cyclic voltammograms of the MPC/GOx/Os(bpy)2Cl PVI/PEDGE-500/NPG@Kapton® in artificial plasma in the presence of increasing glucose con
centration. Measurement conditions: scan rate 1 mV s− 1 vs Ag/AgCl/3 M KCl at 37.5 ◦C. (B) Baseline corrected amperometric response as a function of glucose 
concentration, extracted from amperometry at 0.4 V vs Ag/AgCl/3 M KCl for electrodes (n = 3) under continuous stirring at 150 rpm.
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Fig. 8. Assessment of electrode cytotoxicity. (A) Cell survival and (B) cell metabolism were assessed by Neutral Red and MTT assays, with L929 cells incubated for 
24 h in culture medium (providing the 100 %), or in the extracts obtained by incubation of electrodes, either unmodified (grey) or modified with the osmium-based 
polymer, GOx and PEDGE, for 24 h (green bars) during 3 successive days (“Day1”, “Day2”, and “Day3” extracts). “PC” is a positive control of toxicity obtained by 
adding 0.1 % Triton-X100 (v/v) in the culture medium. The red line defines the limit of toxicity (70 %). All the data are presented as mean ± s.d. (n = 4/group). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Analysis of implanted electrodes after subcutaneous implantation in rats. (A) X-ray imaging of rats implanted with NPGs, after 7 days (left images) and 21 
days (right images). Left and right refer to the magnified electrode images. Apparent loss of the gold layer is highlighted with a red star. (B) Representative sections 
stained by the Masson’s Trichrome staining protocol. A black star shows the volume free of tissue. The left picture is from Rat 7–2, right electrode and the right 
picture from Rat 21–3, left side. Scale bars: 500 μm (100 μm in the magnified pictures). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)
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21–3, right side, red stars). After dissection and Masson’s Trichrome 
staining (that stains cell nuclei in purple and collagen fibres in blue- 
green), we observed that all the electrodes were bent after 7 days, in
flammatory cells were detected in a cell layer surrounding the volume 
occupied by the electrode (Fig. 9 B, black star). After 21 days, inflam
mation was still detected, and a cellularized and vascularized capsule 
characterized by a loose collagen deposition surrounded the electrode 
and a large volume without regenerated tissue, suggesting that electrode 
mobility prevented the formation of granulation tissue. No difference in 
the tissue structure between the functionalised gold-MPC side and the 
dielectric paste side was evidenced.

4. Conclusions

Herein, we report the development of a glucose electrode on a 
Kapton® support for use as an implantable device. NPG electrodes were 
modified with GOx and a redox osmium complex-based hydrogel and 
then coated with a zwitterionic polymer (MPC). Low levels of cytotox
icity were confirmed by exposing fibroblasts to extracts of the uncoated 
modified electrodes (GOx/Os(bpy)2Cl PVI/PEDGE) according to 
ISO10993-5. The electrochemical performance of GOx/Os(bpy)2Cl PVI/ 
PEDGE/MPC was evaluated in solutions of buffer and artificial plasma 
and displayed Michaelis and Menten behaviour with VMAX of 211 ± 13 
and 113 ± 10 μA cm− 2, KMapp of 6.1 ± 0.8 and 2.1 ± 0.4 mM and linear 
detection ranges of 1–4 and 1–2.5 mM, in buffer and artificial plasma, 
respectively. The ability of the electrode to withstand mechanical stress 
was evaluated in vitro and in vivo. The stress testing demonstrated that 
the electrode could withstand 160 deformations. On implantation of the 
electrodes in the subcutaneous tissue of a rat, the electrodes were stable 
for up to one week. Electrode movements resulting from muscular 
contractions at the implant sites likely prevented tissue regeneration due 
to electrodes not firmly fixed to the subcutaneous tissue. Inflammation 
of the tissue after 7 and 21 days was confirmed by histological analysis 
of the implant site suggesting that a more rigid support and optimised 
geometry may be required. The results demonstrate that the coated 
KaptonCi-based electrodes have the potential to operate in subcutaneous 
tissue for a period of at least one week. Improvements in the response of 
the sensor for operation in a complex environment may be achieved by 
further protecting the enzymes from potential inhibitors, variation of the 
NPG thickness layer and variation of redox polymer, enzyme and cross- 
linker ratios for better performances.
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