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Influence of Fibroin Membrane Composition and Curing
Parameters on the Performance of a Biodegradable
Enzymatic Biosensor Manufactured from Silicon-Free

Carbon

Kevin A. Janus, Stefan Achtsnicht, Laura Tempel, Aleksander Drinic, Alexander Kopp,

Michael Keusgen, and Michael J. Schoning*

Herein, fibroin, polylactide (PLA), and carbon are investigated for their suitability
as biocompatible and biodegradable materials for amperometric biosensors. For
this purpose, screen-printed carbon electrodes on the biodegradable substrates
fibroin and PLA are modified with a glucose oxidase membrane and then
encapsulated with the biocompatible material Ecoflex. The influence of different
curing parameters of the carbon electrodes on the resulting biosensor charac-
teristics is studied. The morphology of the electrodes is investigated by scanning
electron microscopy, and the biosensor performance is examined by ampero-
metric measurements of glucose (0.5-10 mM) in phosphate buffer solution,
pH 7.4, at an applied potential of 1.2V versus a Ag/AgCl reference electrode.
Instead of Ecoflex, fibroin, PLA, and wound adhesive are tested as alternative
encapsulation compounds: a series of swelling tests with different fibroin
compositions, PLA, and Ecoflex has been performed before characterizing the
most promising candidates by chronoamperometry. Therefore, the carbon
electrodes are completely covered with the particular encapsulation material.

products, like glucose, urea, and
dopamine.® When applying such sen-
sors on human skin, the usage of skin-
friendly, noninflaimmatory materials is
mandatory.”'” This led to a series of stud-
ies on biocompatible synthetic materials
such as polylactide (PLA), polycaprolactone
(PCL), polyethylene glycol (PEG), poly(vinyl
alcohol) (PVA), and poly(3,4-ethylenedioxy-
thiophene)-polystyrene sulfonate (PEDOT:
PSS) for their application in biosensors.! 7]
The inherent biocompatibility of natural
materials (e.g., chitosan, collagen, hyalur-
onic acid, alginates, and gelatin) makes
them promising candidates, too.'"®*"
Although, both natural and synthetic mate-
rials have been used in medical applications
for many years, foreign body reactions

Chronoamperometric measurements with H,0, concentrations between 0.5

and 10 mM enable studying the leakage current behavior.

1. Introduction

Interest in biocompatible and biodegradable electronic devices
for medical applications has increased in recent years.'™
Sensoric applications include, for example, the determination
of ions such as sodium and potassium, pH, or metabolic

(inflammation), fibrous encapsulation, or
biofouling might occur, which will
negatively influence the overall sensor
performance.?>?!

In this context, scientists have rediscov-
ered silk as a material for constructing “green” and harmless
electronics.?Y Silk, derived from the silkworm Bombyx mori,
combines advantageous biocompatibility and time-adjustable
biodegradability under physiological conditions with superior
mechanical properties such as flexibility, high tensile strength,
and high elongation at break.*” Fibroin is obtained from
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degummed silk and can be modified to create different morphol-
ogies, like sponges, gels, powders, scaffolds, membranes, or
fibers.*! It is often discussed as a base material for the develop-
ment of biocompatible devices, for example, as a substrate for
flexible pressure, temperature, and humidity sensors, electrical
gas sensors, thin-film graphene field-effect transistors, transient
memristors, or thermally triggered drug delivery devices.l’ !
Fibroin has been also suggested as a biocompatible interface
to immobilize enzymes on a glassy carbon electrode to detect
ascorbic acid or organophosphates and carbamates.****!
Biocompatible electronics have been transferred to various sur-
faces such as teeth, eggs, or feline brain due to the adjustable
water solubility of the fibroin membrane *7¢!

Our group recently introduced fibroin as a biocompatible and
biodegradable substrate for an amperometric glucose biosen-
sor.’) This fibroin membrane, with platinum thin-film electrodes
on top, was completely biodegradable within 10 days in the pres-
ence of a protease from Streptomyces griseus, type XIV, without
causing any cytotoxic reactions. However, the fabrication of
the platinum electrodes by means of the physical vapor
deposition process requires a clean room and high vacuum
(<10 ®mbar) conditions, in which the latter put the water-
containing fibroin membrane under stress. As a consequence,
the lifetime of the platinum thin-film electrodes is limited. To
circumvent these drawbacks, thick-film technology for electrode
deposition, particularly screen-printing, enables the fabrication
of a screen-printed biosensor based on carbon electrodes on a
biodegradable fibroin substrate.*”) The biosensor performance
was studied regarding curing parameters, applied working
electrode potential, and shelf life. The sensors demonstrated that
thick-film technology represents a promising strategy for
fabricating flexible and biocompatible biosensors. In contrast,
the utilized silicone-containing carbon paste as well as the encap-
sulation material (Ecoflex) would not be fully biodegradable
under physiological conditions.*®

Therefore, the hereafter reported experiments were intended
to address two different issues: application of 1) a water-based
carbon paste for fabrication of screen-printed electrodes on bio-
degradable membranes of fibroin and PLA, and of 2) fibroin,
PLA, and wound adhesive as alternative encapsulation materials
for replacement of the Ecoflex encapsulation layer. For the
screen-printed carbon electrodes, the curing parameters were
examined with regard to the glucose biosensor functionality
(with immobilized enzyme glucose oxidase) in the glucose con-
centration range from 0.5 to 10 mM (via chronoamperometry).
To study the capability of fibroin, PLA, and wound adhesive
as an alternative encapsulation material, swelling tests in aque-
ous solutions as well as chronoamperometric experiments (in 0.5
to 10 mM H,O,-containing solutions) of fully covered chip sur-
faces were performed, to exclude any leakage current through
these layers.

2. Experimental Section

2.1. Materials

Triol (99.5%), ethanol (99%), glucose monohydrate (99%), and
glucose oxidase (GO,) from Aspergillus niger (E.C. 1.4.4.), bovine
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serum albumin (96%), disodium hydrogen phosphate dihydrate
(analytical grade), and sodium dihydrogen phosphate monohy-
drate (analytical grade) were purchased from Sigma-Aldrich
(St. Louis, USA). Ecoflex 00-30 was obtained from KauPo
Plankenhorn e.K. (Spaichingen, Germany). Directly before use,
the two components of Ecoflex were mixed in a 1:1 ratio and
degassed in vacuum until all bubbles disappeared. Hydrogen
peroxide (35%) was acquired from MC Industrial Chemicals
(Philadelphia, USA). Glutaraldehyde (25%) was purchased from
Acros Organics (Geel, Belgium). The silk fibroin aqueous solu-
tion was obtained using PureSilk technology (Fibrothelium
GmbH, Aachen, Germany) enabling medical-grade quality on
an industrial scale for a broad range of concentrations. Briefly,
fibroin was separated from sericin by degumming it in a hot
alkali solution before dissolving it in a proprietary nontoxic sol-
vent system based on Ajisawa’s reagent. The dissolved fibroin
was fully dialyzed against DI water within 8h using tailored
extraction processing and stored in a freezer at —20°C. The
conductive carbon paste Custom Ink/CMC 12072021 was
purchased from Cambridge Graphene Ltd. (Gloucestershire,
England) and stored at 4°C in the refrigerator. The silver
conducting ink (article number: 530042) was bought from
Ferro GmbH (Frankfurt am Main, Germany).

2.2. Preparation of the Fibroin Membrane

The fibroin membrane was prepared under cleanroom condi-
tions at 21 °C. The formulation of the fibroin membrane used
as substrate for the carbon electrodes consisted of 2 vol.-eq. of
an 8 wt% solution of PureSilk, 1vol.-eq. of 50vol% ethanol
solution, and 1 vol.-eq. of 3 vol% triol solution. 10 mL of the final
mixture was casted onto the flat surface of a petri dish and dried
for 2days. The dried membrane was then carefully detached
from the surface. The resulting membrane had a diameter of
9.cm, of which 0.5 cm is cut off at the edge to obtain a flexible
membrane. Further details on the preparation of fibroin mem-
branes can be found elsewhere.”*”! The samples for the swelling
tests were prepared using the same procedure (with the formu-
lation adjusted accordingly), as described in Section 2.6.

2.3. Fabrication of the Biocompatible Biosensor via Thick-Film
Technology

The carbon working electrodes were screen-printed onto fibroin
and PLA substrates, respectively, with a semiautomatic screen-
printing machine from Hary Manufacturing Inc. (Lebanon,
USA) using a 40 pm thick template, as shown in Figure 1, left.

The PLA foil was treated before with an oxygen plasma at
100 W for 60s (Diener Electronic GmbH + Co. KG, Ebhausen,
Germany) to achieve a homogenous spread of the carbon paste.
To solidify the carbon paste, the screen-printed carbon electrodes
on fibroin were cured either at room temperature for 18 h, at
50°C for 24 h, at 80°C for 24h, at 100°C for 20 min, or at
160 °C for 1h, Figure 1 (middle). Due to the different melting
and softening points of the two substrates, the curing tempera-
tures of the carbon electrodes on the PLA substrate were differ-
ent: they were cured at room temperature for 18h, at 50°C
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Figure 1. Schematic of the manufacturing process of a carbon-based working electrode on a fibroin substrate. The process starts with screen-printing of
the carbon paste onto the fibroin substrate (left), followed by a curing step of the carbon paste with different curing times and curing temperatures
(middle). The final layout of the working electrode, consisting of a printed circuit board with a carbon electrode modified by glucose oxidase on fibroin and

encapsulated with Ecoflex, is shown on the right.

for 24h, at 65°C for 24h, at 80°C for 30 min, and at 100°C
for 10 min.

The flexibility of the carbon electrode on the fibroin substrate
decreased with increasing temperature, but even at 160 °C for
1h, the electrode could be bent to the point where the corners
of the substrate touched, see Figure 2a. In contrast, the flexibility
of the carbon electrodes on PLA was only slightly affected by the
curing temperatures. As an example, Figure 2b shows a carbon
electrode on PLA, cured at 65 °C for 24 h. For subsequent elec-
trochemical sensor characterization, the as-prepared electrodes
were separated and fixed to a printed circuit board using biocom-
patible Ecoflex as an adhesive layer. After drying, electrical

Carbon
electrode

Fibroin

Carbon
electrode

PLA

contact was made between the carbon electrode and the track
of the circuit board via conductive silver paint and aluminum
foil. The entire electrode was encapsulated by the addition of
a previously casted Ecoflex film with a 5 mm hole (opened
for enzyme immobilization and contact to the analyte), also uti-
lizing Ecoflex as the adhesive layer. The processed carbon elec-
trode was exposed to an oxygen plasma at 100 W for 60 s and
afterward modified with glucose oxidase. For this, a solution
consisting of a 1-2-2 mixture of glucose oxidase (5 UpL™?),
bovine serum albumin, and glutaraldehyde/triol was drop-
coated onto the free surface of the carbon electrode, see also
in the study by Molinnus et al.**!

Figure 2. a) Photo of the screen-printed and cured carbon electrodes on fibroin at 160 °C for 1h on a flat surface (left) and in the bent state (right).
b) Photo of the screen-printed and cured carbon electrodes on PLA at 65 °C for 24 h on a flat surface (left) and in the bent state (right).
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2.4. Fabrication of the Fully Encapsulated Carbon Electrodes for
Leakage Current Experiments

To investigate the encapsulation functionality of fibroin, Ecoflex,
and PLA, the carbon electrodes were screen-printed as described
previously. The electrodes on fibroin were cured at 160 °C for 1 h,
while those on PLA were cured at 65 °C for 24 h. These curing
profiles were chosen as they resulted in the best sensor perfor-
mance for glucose measurements, as described in Section 3.2.
The carbon electrode was completely covered with the material
under investigation. Ecoflex encapsulation was applied as previ-
ously described. A PLA film was adhered with “Trueglue wound
adhesive” (Pflege Discount Gelnhausen GmbH, Gelnhausen,
Germany). Fibroin encapsulation was applied with water and
pressure. Both the fibroin used as encapsulation and as substrate
material were moistened with water. The materials were placed
between two soft laboratory cloths, loaded with 1 kg and dried, to
achieve the adhesion between the fibroin encapsulation and the
carbon electrode.

2.5. Measurement Protocol for the Chronoamperometric
Characterizations

The chronoamperometric experiments were performed in a
three-electrode setup consisting of a conventional Ag/AgCl ref-
erence electrode (Deutsche Metrohm GmbH & Co. KG,
Filderstadt, Germany), a platinum wire as counter electrode
(MaTeck, Jiilich, Germany) and the functionalized thick-film
carbon electrode as working electrode. All electrodes were con-
nected to a potentiostat (PalmSens3, Palm Instruments BV, GA
Houten, The Netherlands) and controlled by the software
PSTrace. Measurements were performed at 21 °C in a stirred phos-
phate buffer solution (PBS) at pH 7.4, which corresponds to the pH
of human blood. The measurement principle of the biosensor is
based on the conversion of glucose into D-glucono-1,5-lactone
and hydrogen peroxide (H,0,) in the presence of the enzyme
glucose oxidase and oxygen. H,0, is oxidized on the surface of
the carbon working electrode and the resulting current is recorded
over time. For amperometric measurements, glucose concentra-
tions ranging from 0.5 to 10 mM were diluted using a 250 mM
glucose stock solution. Each glucose concentration was measured
for 10 min with a potential of 1.2 V applied to the carbon working
electrode versus the Ag/AgCl reference electrode.

The encapsulation studies were performed using H,0, as an
analyte because the entire electrode was encapsulated and no

Www.pss-a.com

glucose oxidase membrane could be applied. Here, different
H,0, concentrations (0.5-10mM) were prepared from a
250 mM stock solution.

2.6. Measurement Protocol for the Swelling Experiments

The fibroin samples were casted according to the protocol in
Section 2.2; however, the composition of the formulation was
varied. For this purpose, the total volume of 10 mL to be poured
into the Petri dish was kept constant. The PLA film was used
directly for the experiment without any further treatment.
The Ecoflex sample was poured onto a flat surface to form a film
of approximately 2mm thickness. The swelling experiment
sequence is shown in Figure 3. Each sample was first weighed
in the dry state and then submerged in PBS, pH 7.4, in a closed
vessel for 24 h. The sample was removed from the vessel, super-
natant drops of PBS were carefully removed with an absorbent
laboratory cloth, and the sample was weighed in the wet state,
too. The wet sample was dried on the laboratory bench for
24h and weighed again in the dry state.

3. Results and Discussion

3.1. Scanning Electron Microscopy of the Carbon Working
Electrode, Screen-Printed on Fibroin or Polylactide

The thick-film carbon electrodes, screen-printed onto the
biodegradable substrates fibroin and PLA, and cured with
the different temperature profiles, were characterized by scan-
ning electron microscopy (SEM, JEOL JSM-7800F, Freising,
Germany) with an applied acceleration voltage of 5.0kV. The
SEM images in Figure 4 address a cross-sectional view of
the carbon working electrode, screen-printed on fibroin
(Figure 4a) and on PLA (Figure 4g), respectively, as well as a
top view to the middle of the sensing area for fibroin
(Figure 4b—f) and PLA (Figure 4h-l), utilizing different curing
parameters.

For both substrate materials, the top-view images of the
carbon working electrode show a homogeneous, uniform 3D
structure with overlapping carbon flakes with 1.5 pm in size,
regardless of the curing profile applied. The fibroin or PLA sub-
strate layer can be easily distinguished from the carbon layer in
the cross-sectional view. Also here, no obvious effect on the car-
bon layer morphology can be observed.

N g

2% 4

N A7

Weight dry PBS, 24 h

Weight wet

RT, 24 h Weight dry

Figure 3. Swelling test sequence. The sample is first weighed in the dry state, submerged in PBS (pH 7.4) for 24 h, then weighed in the wet state, and

weighed again after 24 h of drying at room conditions.
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Figure 4. SEM images of the carbon working electrodes, screen-printed on fibroin with a cross-sectional view through the sensing area of the electrode
a), and top view of the sensing area b—f). SEM images of carbon working electrodes, screen-printed on polylactide with a cross-sectional view through the
sensing area of the electrode g) and top view of the sensing area h-I). The white scale bars indicate 2 pm, and the black scale bars 10 pm. Curing
parameters: (a), (f) 160°C/1h; (b) room temperature/18 h; (c) 50°C/24 h; (d) 80°C/24 h; (e) 100°C/20 min; (g,j) 65°C/24 h; (h) room tempera-

ture/18 h; (i) 50°C/24 h; (k) 80°C/30 min; (I) 100°C/10 min.

3.2. Influence of Curing Parameters for a Biodegradable Carbon
Paste on Glucose Biosensor Performance

A series of chronoamperometric glucose measurements was per-
formed to determine the effect of selected curing profiles on the
sensitivity of the two different biosensors with fibroin and PLA as
substrate material. The experiments were performed in PBS, pH
7.4, with a working potential of 1.2 V applied to the carbon elec-
trode versus the Ag/AgCl reference electrode. The resulting
calibration curves of the different applied curing profiles (room
temperature (RT) for 18 h (black), 50 °C for 24 h (red), 80 °C for
24 h (green), 100 °C for 20 min (blue), and 160 °C/1 h (cyan)) uti-
lizing fibroin as substrate material are shown in Figure 5a.

As expected, the measured current increases with increasing
glucose concentration due to the enzymatic reaction at the car-
bon electrode surface (generation of H,0, that is oxidized at the
applied working potential). All carbon electrodes respond
immediately to the addition of glucose, but the higher the curing
temperature of the carbon electrode, the more pronounced the
steps become (data not shown). The highest signal change

Phys. Status Solidi A 2023, 220, 2300081 2300081 (5 of 10)

between 0.5 and 10mM glucose was obtained for a
GO,-modified carbon electrode on fibroin cured at 160 °C for 1h
(cyan). The current generated at 10 mM was about 690 nA mm 2,
which is almost six times higher than for a carbon electrode
cured at 100°C/20min (blue). The mean sensitivities, calculated
by a linear fit between 0 and 3 mM glucose, also indicate a similar
behavior (see Figure 5b). The 160 °C/1 h profile (cyan) with a sensi-
tivity of 142.4 & 11 nA mm 2 mM ! is almost 10 times higher than
the 100 °C/20 min profile (blue) with 14.1 +£0.9nA mm2mM .
However, as shown in Table 1, the absolute standard deviation
of the mean glucose sensitivity also raises with increasing curing
temperature.

The carbon electrodes printed on PLA were studied under the
same conditions as for the carbon electrodes on fibroin.
Figure 6a shows the resulting current change of the biosensors
to variations of the glucose concentration between 0.5 and 10 mM
for differently cured carbon electrodes including a linear fit
between 0 and 3 mM glucose. In contrast to the fibroin-based bio-
sensors, this type based on PLA gave the best sensor performance
with a mean glucose sensitivity of 71.1 +4.7nAmm >mM ™!
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Figure 5. a) Exemplary amperometric response of the thick-film glucose biosensor printed on fibroin with immobilized GO,, measured in PBS (pH 7.4)
versus Ag/AgCl (1.2 V) for different glucose concentrations (0.5-10 mM). The carbon electrode on fibroin was cured with different curing profiles: room
temperature (RT) for 18 h (black), 50°C for 24 h (red), 80°C for 24 h (green), 100°C for 20 min (blue), and 160°C/1h (cyan). b) Corresponding
mean sensitivities (0-3 mM, n=6 sensors) evaluated from (a). All measurement curves in (a) were normalized to their initial starting value in

PBS, GO,: glucose oxidase.

Table 1. Mean glucose sensitivity (0—3 mM) and standard deviation for
screen-printed carbon electrodes on fibroin and PLA, respectively (n=6
sensors).

Substrate material Curing profile Mean sensitivity ["Amm ™2 mM ']

Fibroin Room temperature/18 h 24403
50°C/24h 7.5+0.4
80°C/24 h 2.6+0.2

100°C/20 min 141+0.9
160°C/1h 1424+ 1

PLA Room temperature/18 h 12403
50°C/24h 40.4+3.2
65°C/24h 71.1+£4.7

80 °C/30 min 328454
100°C/10 min 72406

for the electrode, cured at 65 °C for 24 h (green, Figure 6b). The
maximum achievable sensitivity is consequently half the
sensitivity of the biosensors on the fibroin substrate. Unlike,
biosensors with carbon working electrode screen-printed on
PLA are less brittle in comparison to carbon electrodes on fibroin
substrate.

In summary, carbon electrodes screen-printed on fibroin need
a high temperature but short curing profile (160 °C/1 h, cyan) to
achieve high sensitivities in amperometric measurements.
However, the layers become brittle due to the manufacturing
process applying the high temperature. In contrast, for carbon
electrodes screen-printed on PLA, a moderate curing profile
(65°C/24 h, green) was favorable. Table 1 overviews the mean
glucose sensitivities for all combinations of investigated sub-
strate materials and curing profiles.
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3.3. Swelling Behavior of Tested Encapsulation Materials
Fibroin, Polylactide, and Ecoflex

Ecoflex is a cross-linked polybutylene adipate terephthalate,
which can be biodegraded in industrial composting facilities
within a few weeks.*”) At the same time, only a little information
can be found in the literature about the biodegradation of Ecoflex
under more physiological conditions; Scaffaro et al. discussed,
for example, the possibility of hydrolysis and enzymatic degrada-
tion of Ecoflex.l*! In contrast, the biodegradability of fibroin can
be influenced by manipulating the f-sheet fraction in the semi-
crystalline polymer.[*>**! The p-sheet content influences not only
the velocity of biodegradation, but also other properties such as
water solubility, tensile strength, and flexibility. 4 Several meth-
ods are discussed to influence the B-sheet fraction, such as, by
exposing the sample to water, ethanol, or methanol vapor.*>~*7]
These cause crystallization within the fibroin sample, resulting in
a physical cross-linking. The properties of PLA can also be
adjusted by its crystal content, however, this is primarily influ-
enced by the ratio of the monomers.[*¥!

The encapsulation of the carbon electrodes for amperometric
measurements serves to define the sensitive surface area of the
working electrode and to isolate and protect the conductive path
and electrical connections. Therefore, ideally, the encapsulation
shall not be permeable for analyte molecules. To replace Ecoflex
by an alternative material whose biodegradation mechanism can
be controlled, a series of swelling experiments was conducted
with different fibroin formulations (different glycerol and etha-
nol concentrations), PLA, and polyimide (as a not biodegradable
encapsulation material in comparison). Figure 7 shows the
change of weight of the examined materials with blue bars
(wet state) representing the difference between the original
weight and the wet weight, and red bars (dried state)
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Figure 6. a) Exemplary amperometric response of the thick-film glucose biosensor screen-printed on PLA with immobilized GO,, measured in PBS (pH
7.4) versus Ag/AgCl (1.2 V) for different glucose concentrations (0.5-10 mM). The carbon electrode on PLA has been cured with different curing profiles:
room temperature (RT) for 18 h (black), 50 °C for 24 h (red), 65 °C for 24 h (green), 80 °C for 30 min (blue), and 100 °C/10 min (cyan). b) Corresponding
mean sensitivities (0-3 mM, n = 6 sensors). All measurement curves in (a) were normalized to their initial starting value in PBS, GO,: glucose oxidase.
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Figure 7. Weight change in relation to the original sample weight of vari-
ous fibroin formulations, PLA, Ecoflex, and polyimide after 24 h swelling in
PBS, pH 7.4 (wet state, blue), and subsequent 24 h drying (dried state,
red). The asterisk indicates specimens that lost dimensional stability
during swelling. Nomenclature: e.g., 08/30/02 = 8 wt% PureSilk (fibroin)
solution, 30 vol% ethanol solution, and 2 vol% triol solution were mixed in
a 2:1:1 ratio; n =3 sensors tested for each composition.

corresponding to the weight difference after drying again for
24 h; see also Section 2.6. The fibroin samples were named
according to their formulation: the fibroin formulation consists
of two parts fibroin, one part ethanol and one part triol solution.
The numbers given in the diagram represent the percentages by
weight (in the case of fibroin solution) or by volume of the other
solutions used. For example, the fibroin recipe 08/50/03 consists
of 8 wt% fibroin solution with one part of 50 vol% ethanol solu-
tion and one part of 3 vol% triol solution.

Phys. Status Solidi A 2023, 220, 2300081 2300081 (7 of 10)

The swelling experiments demonstrated that, depending on
the selected recipe, the degree of swelling and also the water
solubility of the membrane can be controlled. Pure fibroin
(08/00/00) without additives is water-soluble as described in
the literature.l*) The asterisks, as well as the missing error bars
for the recipes 08/00/00, 08/30/00, and 08/70/00 indicated that
the membranes dissolved in water and lost their dimensional sta-
bility. The addition of 50vol% ethanol resulted in a more
preferential, insoluble fibroin membrane (08/50/00). Triol, which
was added to the fibroin solution, primarily acts as a plasticizer,
also resulting in water-insoluble membranes (e.g., 08/00/03).
Presumably, the hydroxide groups of the triol react with the func-
tional groups of the fibroin, cross-linking them. In contrast, the
combination of triol and ethanol in the fibroin membrane formu-
lation did not result in lower weight changes. Rather, a sample
such as 08/50/03 absorbed more PBS than the corresponding
sample without ethanol (08/00/03). All fibroin formulations
absorbed at least 50% of their own weight (see blue bars).

In contrast, PLA absorbed only about 30% of its own weight; it
was additionally observed that the penetration with PBS was
more slowly compared to that of the fibroin samples. Unlike
the fibroin samples, the PLA sample showed almost no loss
of mass after drying (red bars), which was also reflected in
the consistent flexibility of the sample. Presumably, short fibroin
chains, which often act as plasticizers in polymeric materials,
were leaking out when the fibroin samples were swelling.*
All tested fibroin membranes were hard and brittle after drying
them again. Interestingly, the Ecoflex samples became even ligh-
ter during “swelling.” This could be due to the hydrolysis of
Ecoflex or the loss of short polymer chains during the swelling
experiment.*"! The nonpolar, nonbiodegradable encapsulation
material polyimide gained the least amount of weight (less
than 10%) and also had the least weight loss (less than 1%) after

drying again.
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In summary, the different fibroin membrane formulations
exhibited a distinct influence on the swelling behavior of the
membranes. However, all fibroin membranes increased at
least 50% of their own weight, which was significantly larger
than for the commercial PLA film studied, which prevents water
penetration more obviously. The not biodegradable polyimide
film exhibits high stability. It gained the least weight during
swelling and also had the least weight loss after subsequent

drying.

3.4. Electrochemical Investigation of a Fully Encapsulated
Carbon-Based Electrode

In addition to the swelling experiments, amperometric studies
were applied to record the (possible) leakage current
through the encapsulation layers, resulting from varying H,0,
concentrations in the analyte solution. For this purpose, the
screen-printed carbon electrode was fully encapsulated with
the material under investigation. A material is assumed to be
suitable as an encapsulation if the working electrode (at a certain
applied potential versus the Ag/AgCl reference electrode) does
not detect the addition of H,0, to the analyte. Four different
encapsulation materials were investigated: Ecoflex, PLA, fibroin,
and wound adhesive. Ecoflex is a two-component mixture that
hardens over time and was drop-casted onto the electrode’s
surface. Fibroin attachment to the electrode was achieved by
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moistening with distilled water and drying under pressure,
see Section 2.4. In case of PLA, a biodegradable wound adhesive,
which is also used in medical surgeries, was selected to fix the
PLA film onto the carbon electrode. Additionally, the wound
adhesive alone was checked for its insulating properties, there-
fore further electrodes were also coated with it and investigated.
A “normal” sensor with a defined exposed electrode area to the
analyte (hole with 5mm diameter in the Ecoflex passivation)
served as a reference in all experiments to validate the operational
capability of the carbon electrode toward H,0,.

Figure 8 shows the dynamic amperometric response to H,0,
titrations between 0.5 and 10 mM for fully encapsulated carbon-
based electrodes, screen-printed on fibroin (Figure 8a) or PLA
(Figure 8b), carrying different encapsulation materials (red, blue,
green, cyan curves). In addition, the not completely covered
carbon electrode is depicted as black curve.

In Figure 8ab, the concentration dependence of the
“reference” carbon working electrode toward varying H,0O, con-
centrations (black) is depicted from 0.5 to 10 mM, which resulted
in clear concentrations steps and a comparable behavior for both
types of electrode (fibroin and PLA substrate). For the fully
encapsulated sensors, the electrodes with wound adhesive encap-
sulation (green) also reacted to a certain extent to the addition of
H,O0, for both substrates, although this appeared to be more pro-
nounced for the carbon electrodes on fibroin than those on PLA.
This behavior is consistent with the results of sensitivity meas-
urements for the different curing parameters (see Section 3.2),
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Figure 8. Dynamic amperometric response of the sensor chip to different H,O; titrations (0.5-10 mM) at 1.2 V versus the Ag/AgCl reference electrode of
a fully encapsulated carbon working electrode, screen-printed on a) fibroin and cured at 160 °C for 1 h, and b) PLA, cured at 65 °C for 24 h. The carbon
working electrodes were encapsulated in Ecoflex (red), wound glue (green), wound glue together with PLA (blue), and for (a) in fibroin (cyan), too. Black
curves: not completely covered carbon electrode as a “reference” for H,0, determination. c,d): magnified view of current measurements in (a) and (b) for

wound glue together with PLA (blue) and Ecoflex (red).
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where the carbon electrodes on the fibroin substrate gave higher
signal changes. The carbon electrodes encapsulated with fibroin
also showed some response to H,0, addition (cyan). However, it
is noticeable that the signal changes had a slight delay and no
clear concentration dependency was found, indicating that the
fibroin at least gave some barrier functionality. One explanation
might be due to the longer diffusion path of the analyte mole-
cules through the swollen membrane.*? Ecoflex and the material
combination of wound adhesive and PLA prevented a sensory
reaction to the addition of H,0,. Especially, the findings for
PLA emphasize the results of swelling tests in Section 3.3.

The measurement of the leakage current of fully encapsulated
carbon electrodes on fibroin or PLA substrate, respectively,
showed that the combination of the biodegradable materials
PLA and wound adhesive resulted in a promising alternative
to the Ecoflex encapsulation. Like Ecoflex, PLA together with
wound adhesive prevented the oxidation of H,0, at the carbon
electrode surface for a period of 140 min. In the next step, the
long-term stability of the PLA and wound adhesive combination
should be investigated in more detail. In contrast, a carbon
electrode with a fibroin encapsulation showed only insufficient
barrier properties. The recorded leakage current, due to the
oxidation of H,0, at the carbon electrode surface, appeared
with a time delay compared to the “reference” carbon working
electrode. Adjusting the properties of the fibroin membrane
(e.g., increasing the crystallinity) and increasing the encapsula-
tion layer thickness could further extend the barrier functionality.
However, wound adhesive encapsulation alone did not
provide barrier effects, the recorded leakage current appeared
immediately.

4, Conclusions

Silicone-free carbon electrodes on fibroin and polylactide
substrates were prepared by thick-film technology and solidified
with different curing profiles ranging from 24 h at room temper-
ature to 1 h at 160 °C. The influence of these parameters on the
morphology of the carbon electrodes and the electrochemical
properties of an exemplary glucose oxidase membrane-modified
biosensor was determined. Biomedically relevant glucose
concentrations between 0.5 and 10mM glucose in PBS, pH
7.4, were analyzed by chronoamperometry. The carbon electrode
with modified glucose oxidase membrane, screen-printed on a
flexible fibroin substrate, achieved the highest sensitivity
(142.4 + 11 nA/(mm? mM)) utilizing a short curing time (1h)
combined with a high curing temperature (160 °C). The carbon
electrode-based biosensor on PLA, in contrast, obtained the
optimal results at a curing profile of 65 °C for 24 h, reaching a
sensitivity of 71.1+4.7nA/(mm®mM). In both cases, the
silicone-free carbon electrodes and their biodegradable sub-
strates remained flexible after curing.

Swelling studies (for PBS) and chronoamperometric measure-
ments of possible diffusion of H,0, molecules through fully
encapsulated carbon electrodes on fibroin and PLA should prove
the encapsulation layer’s behavior. The materials Ecoflex, fibroin,
and PLA together with wound adhesive were investigated for
their encapsulation capability. Best properties were obtained
for an encapsulation layer of Ecoflex, or PLA in combination with
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wound adhesive. These materials were able to prevent the diffu-
sion of H,0, from the analyte to the carbon electrode surface
during a measurement period of about 140 min.

This work highlights the versatility of fibroin for future bio-
medical applications. The wide range of modification options
for fibroin enables the adjustment of properties, like swelling
behavior, transparency, mechanical properties, or the rate
of biodegradation.>** In this way, fibroin can be used as a
mechanically resistant substrate for screen-printed carbon elec-
trodes or as a swellable membrane for exemplary drug-delivery
devices.”*>*¢! Fibroin can adopt a variety of morphologies such
as sponges, fibers, or gels.*”~*| Thus, fibroin could even be tried
as an alternative to the biomedical wound adhesive.*”! The out-
standing properties of fibroin, especially its intrinsic biocompat-
ibility and biodegradability, make it an excellent material for
implantable sensors in future or transient medical devices. In
this scenario, fibroin could serve as a time-controlled degradable
substrate for a fully implantable biosensor for in-vivo applica-
tions, e.g., postoperative monitoring. This way, the sensor’s bio-
degradability would eliminate the need for a second surgery to
remove the biosensor at the end of its service life.
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