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Reducing animal use in biosensor research requires broader use of in vitro methods. In this work, we present a
novel application of Franz cells suitable for biosensor development and evaluation in vitro. The work describes
how Franz cell can be equipped with electrodes enabling characterization of biosensors in close proximity to
skin. As an example of a sensor, hydrogen peroxide biosensor was prepared based on horseradish peroxidase

(HRP)/single-walled carbon nanotube (SWCNT)-modified textile. The electrode exhibited lower detection limit
of 0.3 pM and sensitivity of 184 pA mM ! cm 2 The ability of this biosensor to monitor HyO, penetration
through skin and dialysis membranes was evaluated in Franz cell setup in amperometric and wireless modes. The
results also show that catalase activity present in skin is a considerable problem for epidermal sensing of Hy05.
This work highlights opportunities and obstacles that can be addressed by assessment of biosensors in Franz cell
setup before progressing to their testing in animals and humans.

1. Introduction

It is estimated that more than 192 million animals were used in
biomedical research in 2015, which show 36.9% increase since 2005
(Taylor and Alvarez, 2019). The statistics about animal use in biosensor
research is not available, but a decreasing number is not expected. To
the contrary, broad use of animals and humans can be seen in exploding
research on wearables (Ray et al., 2019; Salim and Lim, 2019; Stoppa
and Chiolerio, 2014), smart textiles (Park and Jayaraman, 2003),
wireless biosensors (Stuart et al., 2021), epidermal electronics and
epidermal sensing (Heikenfeld, 2016; Ray et al., 2019; Wang et al.,
2018; Xu et al., 2019). The situation with animal use is not surprising
since high number of biosensors and biosensor-driven drug delivery
systems (Keum et al., 2020) are being designed to function in intimate
contact with biological barriers such as the skin (Heikenfeld et al., 2018)
or cornea (Stuart et al., 2021).

It is easy to note that development of wearable and epidermal bio-
sensors has considerable similarity to the design and application of
topical and transdermal drug delivery systems. Both research fields aim

to benefit from deeper knowledge of skin structure and describe
biomarker or bioactive flux by accounting for their partition and diffu-
sion in skin (Heikenfeld et al., 2018; Mitragotri, 2003; Ullah et al.,
2018), and even exploit iontophoresis to make biosensing or drug de-
livery more controllable, reproducible and quicker (Guy et al., 2000;
Ventura et al., 2017). The research field of transdermal drug delivery,
however, has been, far early, experiencing high demand to reduce ani-
mal tests. To solve the problem, the development of topical and trans-
dermal drug delivery systems systematically introduced appropriate in
vitro tests (Junqueira Garcia et al., 2018). By the same logic, to reduce
the use of animals for testing biosensors, should be of high relevance in
the research field of biosensors and bioelectronics. In this context, the
use of in vitro systems, which are well-accepted in the development of
topical and transdermal drug delivery, could be more broadly consid-
ered in biosensor research.

The introduction of Franz cells for the development of transdermal
and topical drug delivery has revolutionized this field of research
(Bartosova and Bajgar, 2012; Raney et al., 2008). The setup (Fig. 1) is
very simple and it comprises two compartments, which are separated by
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Fig. 1. Franz cell equipped with a biosensor (HRP/SWCNT-modified cloth) for
amperometric measurements of H,O,. Skin membrane (skin’s dermal side face
lower chamber) or its surrogate, dialysis membrane, is placed between the
upper and the lower chambers of the Franz cell. The picture demonstrates one
of the convenient and simplest placements of the electrodes in the cell enabling
performance of electrochemical biosensor. To model ROS production in the
skin, HoO5 was injected into the lower chamber of the cell. The aim of this
experimental setup was to demonstrate that the biosensor in Franz cell (in the
proposed three electrode placement and connection) is able to detect H5Oo,
which penetrates the skin membrane or its surrogate.

a membrane. Real biological membranes, e.g., skin, can be collected
from animals slotted for food or from human surgical wastes. Complete
avoidance of animal and human material is also attempted by using 3D
epidermal skin equivalents produced by cultivation of keratinocytes,
solely, or with the presence of other cell types (Niehues et al., 2018; van
den Bogaard et al., 2021). In a Franz cell based experiment, the drug
formulation is usually added into the upper chamber and its concen-
tration in the lower chamber is monitored in due time by sampling of
approximately 0.2 mL solution followed by chromatographic analysis.

To the best of our knowledge, the Franz cell setup is yet to be adopted
for testing biosensors and bioelectronic devices. However, it is intuitive
that non-invasive biosensing and functioning of epidermal bio-
electronics, e.g., biofuel cells on skin, often rely on diffusion of different
compounds from viable tissues to the surface of the skin (Bandodkar
et al., 2015) - the direction opposite to the diffusion of compounds in
transdermal drug delivery. This suggests that the optimization of
biosensor-skin interface and biosensor characterization should benefit
from their tests in Franz cells. Additionally, plenty of relevant knowl-
edge can also be exploited, such as, identification and description of
permeability pathways of relevant metabolites (Jankovskaja et al.,
2020; Mitragotri, 2003). A number of possibilities to experimentally
change environmental conditions, such as, skin temperature and hy-
dration (Bjoerklund et al., 2013; Morin et al., 2020) and the assessment
of their effects on the skin and on biosensor performance could be easier
realized using Franz cell experiments than in real clinical settings.

The aim of this work was, thus, to demonstrate novel application of
Franz cells for the development and testing of biosensors. As an example,
an electrochemical biosensor for H,O- detection based on HRP-modified
conducting fabrics was chosen. The performance of this biosensor in
Franz cell is demonstrated in amperometric as well as in wireless modes.
The presented Franz cell — biosensor setup illustrates possible placement
and connection of the electrodes as well as demonstrates experimental
possibilities and obstacles for biosensor studied at skin membranes or its
surrogate, dialysis membrane.

2. Materials and methods
2.1. Materials
Phosphate buffer saline (PBS) tablets, HNO3, AgNO3, KCl, ascorbic

acid, sodium citrate, isopropanol, H,O5 (30%), beeswax (Cera alba),
SWCNT (>85% carbon), diameter 1.3-2.3 nm, and HRP (Type VI,
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lyophilized powder, >250 units/mg solid) were purchased from Sigma
Aldrich (Darmstadt, Germany). Screen printed electrodes, SPEs, with
working Au electrode were purchased from Metrohm, Oviedo (Asturias),
Spain. To model skin permeability which is practically possible only for
compounds with molecular weight of less than 500 Da, a dialysis
membrane (cellulose ester, molecular weight cut off 100-500 Da,
diameter 15 mm) was purchased from Spectrum Labs (California, USA).
Milli-Q (MQ) water with 18.2 MQ cm resistivity was used throughout
the study. A phosphate-buffered saline (PBS) solution containing 10 mM
phosphate buffer, 2.7 mM KCI and 137 mM NaCl (pH = 7.4) was pre-
pared from PBS tablets.

2.2. Fabrication of SWCNTs-cloth

Commercial cloth (50% Bomull, 50% Lin) was cleaned by ultra-
sonicating in ethanol/water mixture (1:1, v:v) for 1 h. After that, the
textile was washed several times with MQ water and dried at 60 °C
overnight. Finally, the textile was cut into small strips (1 cm x 3 cm) and
used for modification aiming to produce flexible electrodes.

The chemically oxidized single-walled CNTs (SWCNTs) were pre-
pared using concentrated nitric acid as described elsewhere (Goh et al.,
2013). Briefly, SWCNTs were first purified by heating at 300 °C for 30
min in air. Purified SWCNTs (1 g) were treated by refluxing in 180 mL
HNO3 65% at 80 °C for 8 h. After cooling to room temperature, the
resultant suspension was diluted by 2 L MQ water. Subsequently, the
solid was collected by filtration, washed by MQ water several times till
neutral pH was obtained and finally dried at 60 °C overnight.

The slurry was prepared by tip-sonicating the SWCNTs in iso-
propanol/water mixture (9:1, v:v) (Branson Digital Sonifier 450, USA)
for 30 min with 50% amplitude and 3 s on/3 s off pulse mode; resulted in
0.5 mg mL ™! SWCNT suspension. Afterwards, 200 pL of the suspension
was drop-casted onto the cloth (1 cm x 1 ¢cm), followed by drying in air.
To fabricate the current collector (i.e., conducting path for connecting to
potentiostat), 80 uL of the suspension was drop-casted onto the side of
cloth (0.2 em x 2 em) and a small amount of wax was coated to avoid its
wettability (see Fig S1, Supporting Information). Finally, the SWCNT-
modified cloth was immersed in an HRP solution (0.15 mg mL™) in
H,0 for 30 min in order to immobilize HRP enzyme by simple physical
adsorption.

2.3. Material characterization

2.3.1. Surface characterization
Surface morphology of the electrodes was investigated by a scanning
electronic microscope (SEM, Zeiss) operating at 20 kV.

2.3.2. Electrochemical characterization

The capacitive features of SWCNT-modified cloth were characterized
by using an EmStat3 Blue potentiostat (PalmSens, Houten, The
Netherlands) in three-electrode configuration in PBS electrolyte with
SWCNT-modified cloth, Pt wire and Ag/AgCl as the working, counter
and reference electrodes, respectively. Cyclic voltammetry (CV) was
conducted in a potential window between —0.2 and 0.8 V (vs. Ag/AgCl).
The specific capacitance (Cgp) of the materials was estimated by:

Vi

T
Comp o /z(V)dV o)

V_

where i(V) and v are the current measured during CV scan and potential
scan rate, respectively; V (V = V= V) illustrates the potential range of
the scan; m is the mass of the active (SWCNT) materials (0.1 mg).
Open circuit potential (OCP) of the working electrodes was measured
against Ag/AgCl reference electrode (both immersed in PBS) by using
EmStat3 Blue potentiostat in constant current potentiometric mode. The
Hy0, sensing with the textile electrode was conducted by
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chronoamperometry. The resistance of electrodes was measured with a
multimeter model EX542 (Extech Instruments, FLIR Systems, Inc.,
Waltham, MA). For wireless reading of the biosensor, the antenna of the
biosensor was irradiated by electromagnetic (radio frequency) field and
absorbed electromagnetic power (more specifically, the reflection
characteristic S11) was measured by using a vector network analyzer
DG8-SAQ VNA (SDR-Kits, Melksham, UK). In our case, VNA served as a
reader of a passive near field communication (NFC) tag. The antenna of
the wireless biosensor was based on a passive NFC tag (Smartrac, 13.56
MHz). To make a wireless biosensor the tag antenna was cut and
reconnected by a silver nanoparticle (AgNP) layer placed on a screen-
printed electrode. The AgNPs were simply drop-casted between the
working and the counter electrodes of the SPE. This allowed to achieve
wireless reading of biosensing redox reaction, i.e., oxidation of Ag to
AgCl by Hy0, catalyzed by HRP.

2.4. Franz cell setup

Franz cell from PermeGear Inc. (Hellertown, PA) with opening
diameter 0.9 cm and lower chamber volume of 6 mL (see Fig. 1) was
used to demonstrate feasibility of the prepared biosensor to monitor
H,0, penetration through skin and its model, dialysis membrane. The
porcine skin thickness was 500 pm. Porcine skin, prior to its usage for
H30, permeation experiments, was exposed to UVB radiation to inhibit
(bleach) catalase activity (for preparation of skin membranes see Sup-
porting Information). Porcine skin membrane or its model, dialysis
membrane, together with HRP/SWCNT-modified cloth positioned on
top of the membrane, were mounted between the two chambers of the
Franz cell (Fig. 1). Both lower and upper chambers of the Franz cell were
filled with PBS (pH 7.4) solution, 6 mL and 0.2 mL, respectively. Then,
porcine skin or dialysis membrane was left to equilibrate in the Franz
cell for 30-60 min; until the amperometric current of the cloth based
electrode reached stable baseline current. Next, H,O5 was added to the
lower Franz cell chamber to reach concentration of 0.5 mM (in case of
dialysis membrane) or 4 mM (in case of skin). The solution in the lower
chamber was continuously stirred and the Franz cell was kept at room
temperature throughout the experiment. The HyO5 penetration through
the skin and dialysis membrane was monitored by recording the current
chronoamperometrically or by electromagnetic field (radio frequency)
reflection (S11 characteristic) from the biosensor coupled antenna (see
Supplementary Information for more comprehensive explanation of
wireless S11 measurement).

3. Results and discussion

To promote reduced animal use in biosensor and bioelectronics
research, in this work, we introduce a novel application of Franz cells.
Demonstration of the performance of a textile-based biosensor for HoO5
monitoring on skin or its surrogate, hosted in Franz cell, was chosen as
an example. The fabric based biosensor is particularly relevant since
flexible biosensors are often tested for sensing on skin or epidermal
sensing (Heikenfeld, 2016; Ray et al., 2019; Stuart et al., 2021; Wang
et al., 2018; Xu et al., 2019). Additionally, epidermal sensing of HyOs,
which is one of the most stable reactive oxygen species (ROS), might be
important in monitoring inflammatory skin disorders. For instance, it
has been reported that HoO5 can reach 1 mM in the epidermis of patients
affected by vitiligo (Schallreuter et al., 1999). Our experiments, thus,
were directed to demonstrate a possibility and to assess obstacles for
monitoring of similar H;O2 concentrations by biosensor functioning on
porcine skin or on skin substitute (dialysis membrane) mounted in Franz
cell. Fig. 1 presents a Franz cell equipped with an electrochemical
biosensor for HyO, detection. The stratum corneum side of skin mem-
brane faces upper Franz cell chamber. The media in the lower chamber
can be chosen to model reactions and concentrations which are expected
in the viable tissue, i.e., dermal side of the skin. The drawing in Fig. 1
shows one of the simplest placements and connections of the electrodes
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without demanded printing of the electrodes on one substrate. In this
work, working electrode was comprised of cotton fabrics modified with
SWCNT and HRP. Ag/AgCl and Pt noted in Fig. 1, show a convenient
placement of Ag/AgCl/KClsy; reference and Pt counter electrodes,
respectively. In the Franz cells from PermeGear, the lower chamber must
be filled with 6 mL solution; in these experiments we used PBS. The
upper chamber hosts the working biosensor electrode. To ensure the
wetting of the entire electrode by the electrolyte in contact with skin, the
chamber was filled with 0.2 mL of the solution; 1.2 mL is maximum
volume possible. To demonstrate biosensor performance in the Franz
cell, the analyte, i.e., HyO9, was injected into the lower chamber and
continuously mixed with a magnetic stirrer. It was expected that the
analyte will diffuse through the skin membrane and will be detected by
the biosensor. To realize the monitoring, the electrodes were connected
to three-electrode potentiostate for amperometric measurement. The
text below summarizes the main features of the biosensor and its
characteristics.

3.1. Preparation and characterization of e-textile electrode based on
SWCNT-modified cloth

To prepare textile based HyO» biosensor, a cotton textile was modi-
fied with carbon nanotubes by drop-casting their suspension on the
fabrics. The photo and morphology of the resulting textile electrode are
shown in Fig. 2a. More comprehensive characterized the SWCNT-
modified cloth by SEM is presented in Supporting Information. High
magnification SEM images in Fig. 2a (and Fig. S2d and S2f) clearly
illustrate uniform deposition of SWCNTs on fabrics, interconnecting the
gaps between the fibres. This obviously establishes sufficient electrical
conductivity of the resulting material. Indeed, although the thickness of
the cloth increased just slightly, from 274 to 292 pm, after SWCNT
incorporation, the composite fibres display remarkably good electrical
conductivity (Table S1). The textile is originally insulating whereas
SWCNT-modified cloth is conductive with its conductivity of 1868 mS
cm ™! being in the range of previously reported carbon modified textiles.
E.g., reported materials include Ketjen carbon black/textile (27 mS
cmfl), multi-walled CNT (MWCNT)/textile (38 mS cm’l), SWCNT/
textile (194 mS crn’l), MWCNT/SWCNT/textile (194 mS cm™ 1) (Ogawa
etal., 2015), and 5-125 S cm ™! for SWCNTs/cotton by Hu et al., (2010).
Important is that the conductivity of our SWCNT modified cloth was
sufficient for biosensor performance; this is supported by experimental
data presented below.

It is worth mentioning that the prepared electrode material had
specific capacitance of 53 F g ! deduced from CVs at 5 mV s~ L. Original
data and calculations are presented in Supporting Information. Even at
increased scan rates (100 mV s ') the SWCNT-modified textile still
maintained 36.8 F g’l, revealing its sufficient capacitance retention of
69%. This, additionally, suggests that the SWCNT-modified cloth elec-
trode can be rapidly charged and discharged even at high scan rate; the
feature may be attributed to good ionic accessibility to the entire surface
area of the textile (Yu et al., 2014). The specific capacitance of the
SWCNT-modified textile was comparable to recently reported
fabric-based electrodes, for example, graphene/cotton composite (40 F
g’1 at 5 mV s’l) (Xu et al., 2015), N/O-enriched carbon microfibers
cloth (2.4 F cm™2 at 1.0 mA ecm™?) (Qin et al., 2017), SWCNTs/cotton
(80F g’l at 1.0 mA cm’z) (Hu et al., 2010), double-walled CNTs/bac-
terial nanocellulose papers (46.9 F g_1 at 100 mV s~ (Kang et al.,
2012), graphene nanosheet/cotton (81.7 F g at 10 mV s 1) (Liu et al.,
2012), SWCNT film (36 F g’1 at 1.0 mA cm’z) (Kaempgen et al., 2009)
and 3D microporous graphene film (58 F g ' at 1.0 A g~1) (Chen et al.,
2012).

The electrode area (electrochemically assessable geometric area)
was determined from CVs with ferricyanide/ferrocyanide redox couple.
The CVs and calculations are presented in Supplementary Information.
It was found that the electrode area is equal to 2.26 cm?, which is close
to approximately estimated 2 cm? geometric area of the cloth electrode
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Fig. 2. (a) Photo and SEM images of SWCNT-modified cloth electrode. (b)
Amperometric i-t curve of HRP/SWCNT-modified cloth in a PBS electrolyte (pH
7.4) with successive addition of HyO5 (1-500 pM). The inset shows the enlarged
response with successive addition of HyO, at low concentrations (1-10 pM). (c)
The plot, steady-state current change vs concentration, represent a calibration
plot derived from the data in (b). I is electrode current before addition of HyO5
into the measurement cell. The error bars indicate a standard deviation of
measured data of three independently prepared electrodes.
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(the values account ferro-/ferricyanide diffusion from both sides of 1
em? electrode). The interfacial and electrochemical characteristics
determined and discussed above indicate that the conducting textile
produced by the modification of cloth with SWCNTs should be well-
sufficient as an electrode material for making HyO, biosensor. Specif-
ically, the characteristics discussed above indicate that the biosensor
will not be limited by the textile conductivity since the currents gener-
ated by the biosensor signal response are expected to be low.

3.2. Characterization of H20, biosensor based in textile electrode

To convert the textile electrode into a HyO5 electrochemical
biosensor, we immobilized horseradish peroxidase (HRP) enzyme on the
surface of SWCNT-modified cloth. The successful immobilization and
establishment of direct electron transfer contact between HRP and the
surface of the SWCNT-modified textile electrode was confirmed by OCP
measurements of the electrodes. The OCP value of the HRP/SWCNT-
modified textile electrode was found to be equal to 0.54 V (vs Ag/
AgCl) compared to 0.28 V of HRP-free SWCNT-modified textile elec-
trode (Fig S8, Supporting Information). The results showed that the OCP
value of the HRP/SWCNT-modified textile electrode became closer to
the potential range of 0.63-0.69 V (vs SCE) known for redox transitions
of Compounds I/HRP and Compound I/Compound II, as indicated by
reactions 2-4 (Dequaire et al., 2002; Nandini et al., 2013; Razumas
et al., 1992; Ruzgas et al., 1996). The detected shift of the OCP towards
the values of the redox potentials of Compounds I/HRP and Compound
I/Compound II, thus, indicates the establishment of efficient direct
electron coupling between the HRP and the surface of SWCNT-modified
textile electrode, where the redox reactions 2-4 determine the potential
of the electrode.

HRP(Fe*") 4+ H,0, — Compound I ([Fe**=0]"") + H,0 2
Compound I ([Fe**=0]"") + e~ + H" — Compound II (Fe**=0) 3)
Compound 1I (Fe**=0) + ¢~ + HY - HRP(Fe*") + H,0 4)

Next, the electrochemical biosensing ability was investigated by
recording current response of the HRP/SWCNT-modified textile elec-
trode to HyO3 at an applied voltage of —0.1 V; this applied potential is
regarded as optimal for amperometric biosensors based on direct elec-
tron transfer of HRP (Ruzgas et al., 1996). Fig. 2b represents a typical
amperometric response for consecutive additions of different concen-
trations of Hy05 (1-500 pM) to PBS. The HRP/SWCNT-modified textile
shows a quick response (within 6 s to reach >90% maximum
steady-state current). The corresponding calibration curve is illustrated
in Fig. 2c. The calibration curve was fitted to an electrochemical
Michaelis-Menten equation (equation (5)) giving estimates for maximal
current, Iyax, and apparent Michaelis constant, Km,qpp, of 160 pA and
0.78 mM, respectively.

Lyax-c

J=—ret 5
Km,app +c ( )

where I is a registered electrode current response (I-Ip in Fig. 2¢) at
certain HyO5 concentration, c.

The Iyax and Kp,qpp values indicate that the biosensor has a sufficient
linear range; it is expected that ROS generated H,O2 concentration on
skin will usually be far below 1 mM (Jankovskaja et al., 2020). The
initial part of the calibration curve can be regarded as linear in the range
of 1-200 pM: AI(I-Iy, pA) = —7.539 x 10~% + 0.189 x C (uM) with a
square of correlation coefficient ? =0.999 (n = 7). I is electrode cur-
rent before addition of HyO5. Moreover, based on a signal-to-noise ratio
of 3 (S/N = 3), the limit of detection (LOD) of the enzyme sensor is
estimated to be 0.3 pM H30O, while the sensitivity of the
enzyme-modified electrode is 184 pA mM~! ecm~2 The biosensor char-
acteristics compares well with the analytical performance of previously
reported HoO, biosensors based on HRP enzyme (see Table S2). The
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sensitivity to HoO» could be, however, future improved since it is lower
than the estimate of HoO3 diffusion limited sensitivity of approximately
1AM ! em 2 (Ruzgas et al., 1996).

3.3. Performance of the H202 biosensor in Franz cell: amperometric
measurements

To demonstrate possible application of Franz cells in biosensor
research, the HoO5 biosensor electrode was placed into a Franz cell as
shown in Fig. 1. It should be mentioned that the proposed configuration
of reference and counter electrodes is one of the simplest. However, it
could be imagined that all three electrodes could have been printed on
the cloth and thus could be placed directly on the skin or dialysis
membrane in the upper chamber of the Franz cell. The shown electrode
configuration might be advantageous at the stage when the research is
focused on the optimization of biosensor transduction reactions, choice
of materials and biosensor preparation protocols, i.e., when the focus of
the work is on optimization of the working electrode and its interface
with the skin. Below the performance of HRP/SWCNT-modified textile
electrode in the Franz cell for determining HO3 is described.

The H,0, was pipetted into the lower chamber of the Franz cell and
amperometric response to HoO was recorded with the biosensor in the

(a)™"]

0.5mM H,0O, injection to Franz cell

I (nA)

404

45

Dialysis membrane
50

T L4 T L T v T T 1
1000 2000 3000 4000 5000

Time (s)
(b) 0.0 4 mM H,O, injection to Franz cell

05
— -1.01
<
- 154

204

Skin

0 2000 4000 6000 8000 10000

Time (s)

12000

Fig. 3. Amperometric i-t curve recorded with HRP/SWCNT-modified cloth
electrode placed on top of (a) dialysis and (b) skin membrane in the Franz cell
as shown in Fig. 1. The applied voltage was —0.1 V vs. Ag/AgCl/KClsat. In (a)
0.5 mM H,0, was injected in to the lower chamber of the Franz cell filled with
PBS, dialysis membrane was used as skin surrogate. In (b) 4 mM H,0, was
injected in to the lower chamber of the Franz cell containing PBS electrolyte. To
inactivate catalase present in skin, the skin membrane was UVB-irradiated for 5
h before placing it in to the Franz cell.

Biosensors and Bioelectronics 191 (2021) 113420

upper chamber of the Franz cell. It is clear that the amperometric
response (Fig. 3) is due to the penetration of HpO, through a dialysis or
skin membrane, which separates the upper and the lower chambers of
the Franz cell. In the case of skin surrogate, dialysis membrane, and the
injection of 0.5 mM of H,05 into the lower chamber, the concentration
of permeated HyO5 (examined via the calibration plot, Fig. 2¢) was
11.58 + 2.51 pM. The HRP/SWCNT-modified textile shows a response
time of 180 s to reach 90% maximum steady-state current after 0.5 mM
H505 addition to the lower chamber of the Franz cell.

In the next experiment, the dialysis membrane was replaced by a skin
membrane with a thickness of 500 pm. It should be emphasized that no
current response to HyO5 addition in the lower chamber of the Franz cell
was possible to record with the HRP/SWCNT-modified electrode in this
experiment. The problem is that skin has highly active catalase which
efficiently converts penetrating H,O5 into HyO and Oy prior the HyO4
reaches HRP/SWCNT-modified textile electrode. High catalase activity
in skin as well as in other biological barriers is well documented
(Hernandez et al., 2019; Rajendran et al., 2021). Thus, to continue the
planned H,0;, biosensor studies in Franz cell the catalase in skin must be
inhibited by irreversible inhibitors or bleaching by prolonged
UV-irradiation of skin. The use of inhibitors is not straightforward
because the same inhibitors usually inhibit also HRP, i.e., the enzyme
biosensor. We chose to bleach catalase by 5-h UVB-irradiation before
putting it to the Franz cell. This treatment might also be problematic due
to the risk to affect permeability through skin. The UVB effect on the skin
was previously studied and the deterioration of barrier properties was
noticed only in case of skin UVB irradiation in the presence of an oxidant
such as HyO9 (Hernandez et al., 2019). However, even keeping in mind
this possibility of increased permeability through skin after the 5-h
UVB-based inactivation of the catalase, it was not possible to observe
the biosensor response to 0.5 mM of HpO; injected into the lower
chamber (data not shown). When the concentration of HoO- in the lower
chamber was increased to 4 mM, the permeable HyO, was recorded
reaching concentration of 9.66 + 0.19 pM (Fig. 3b). As it can be seen in
Fig. 3b, the invitro biosensor illustrates that the diffusion of the HyO9
through skin is very slow (takes approximately 2 h to reach steady-state
current). It was previously shown that the tough diffusional barrier for
penetration of hydrophilic solutes such as HyO2 and glucose is repre-
sented by stratum corneum part of the skin (Nocchi et al., 2017; Ullah
et al.,, 2018). In this context, it can be mentioned that penetration of
metabolites through stratum corneum might be quicker in the case of
higher abundance of hair follicles in skin (Jankovskaja et al., 2020).

The results presented and discussed above clearly demonstrate that
the studies of biosensors in Franz cell setup offer a number of additional
opportunities, which are not possible in in vivo experiments. In this
particular work, we demonstrate that activity of enzymes in skin can
severely influence the expected biosensor responses. It should be
mentioned that effects of skin enzymes and microbiota in epidermal
biosensor developments are seldom considered. Though, microbiota
dependent degradation of metabolites (e.g., amino acids) penetrating
the skin is expected and has been previously demonstrated (Jankovskaja
et al., 2021).

3.4. Performance of the H20, biosensor in Franz cell: wireless
measurement

To demonstrate a possibility to use Franz cell setup for studies of
wireless biosensors we adopted the chip-less, battery-less biosensor tag
antenna design reported previously (Larpant et al., 2019). The biosensor
tag design comprised three important components, Fig. 4a. Specifically,
(i) antenna of a NFC tag, (ii) screen printed electrode (SPE), and (iii)
HRP/SWCNT-modified textile electrode. As shown in Fig. 4a, the SPE
was coupled into the antenna circuit by removing 5 mm of the antenna
metal line and connecting the ends of the broken antenna to the working
and the counter electrodes of the SPE. To realize electrical conductivity
of the antenna circuit, of this antenna-SPE connection, a layer of AgNPs
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Fig. 4. The illustration of the coupling of (a) tag antenna and SPE (containing
AgNP layer) to a textile biosensor for wireless measurements of H,O, concen-
tration in PBS. The biosensor was based on textile comprised of HRP/SWCNT-
modified cloth. The tag was NFC tag where the tag antenna was broken and
reconnected with an AgNP layer placed on the SPE connected to the tag. (b) The
electromagnetic field reflection response (S11 characteristic), measured with
the tag before (curve corresponding to characteristic frequency of 16 MHz) and
after addition of 10 pM H,0; to a PBS. Different curves demonstrate transition
of S11 in time after addition of the H,O, into the measurement cell. (¢) The
relationship between the response time (time needed for characteristic fre-
quency of the tag to shift from 16 MHz to 18.6 MHz) and H,O, concentration.
The electrode connections and conditions are the same as in (a) and (b),
respectively. The error bars indicate a standard deviation of measured data of
three repeated measurements.
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was deposited between the working and the counter electrodes on the
SPE. This layer, in principle, repairs broken tag antenna circuit since the
deposited AgNP layer is highly conducting. As shown in Fig. 4a, the
HRP/SWCNT-modified electrode was connected to the working elec-
trode of the SPE. This, HRP/SWCNT-modified electrode connection to
an AgNP layer enables wireless HyO2 sensing; HRP/SWCNT-modified
electrode functions as sensing biocathode. Specifically, the essence of
the detection mechanism is that in the presence of H3O, the
HRP/SWCNT-modified electrode performs electroreduction of HyO, by
oxidising AgNP layer to AgCl. This process converts highly conducting
AgNP layer to practically non-conducting AgCl layer. Since the AgNP
layer is a part of the antenna circuit the Ag/AgCl transition can be
wirelessly detected. It should be mentioned that the AgNP conversion to
AgCl can be examined by measurements of AgNP layer resistance (the
setup and experimental results are described in Supporting Information,
and Fig. S7).

The HRP/SWCNT-modified electrode (biocathode) driven Ag/AgCl
redox transition in the AgNP layer, in the tag antenna-SPE setup, can be
read by the tag antenna reader, specifically, vector network analyzer
(VNA). The use of VNA allows excitation of the tag antenna by the VNA
antenna at different frequencies, e.g., by radio frequency scanning from
5 to 100 MHz. At the same time, during this frequency scan, the VNA
measures an electromagnetic power which is absorbed by closely placed
biosensor tag antenna. It is relevant to note that the intact tag, used in
our studies, had maximum absorbtion of electromagnetic energy at
13.56 MHz. The dependence of the fraction of the adsorbed power on the
frequency of the excitation field, generated by VNA antenna, is usually
presented by a reflection plot, S11, as shown in Fig. 4b. The frequency at
which the absorption is maximal, i.e., at the minimum of S11 reflection
curve, is called characteristic or resonance frequency of the tag. In our
tag antenna-SPE system, the characteristic frequency above 17 MHz, e.
g., 18.6 MHz was found for the case when the AgNP layer was in a state
of AgCl, Fig. 4b. The tag antenna-SPE system with AgNP layer comprised
of metallic Ag showed characteristic frequency below 17 MHz, specif-
ically, 16 MHz in Fig. 4b. Fig. 4b also demonstrates the S11 curves at
different times after the addition of 10 pM H205 into the measurement
cell shown in Fig. 4a. The S11 curves, initially, characterized by char-
acteristic frequency of 16 MHz transit to the S11 curve with the char-
acteristic frequency of 18.6 MHz. The observed transition clearly
demonstrates that HoO2 can be detected wirelessly by the described
biosensor tag comprised of the tag antenna, SPE containing AgNP layer
and the HRP/SWCNT-modified e-textile electrode.

As shown in Fig. 4b, after 10 pM H302 was added into the mea-
surement cell containing HRP/SWCNT-modified textile electrode and
the SPE with AgNP layer (Fig. 4a), the tag characteristic frequency
shifted from 16.0 to 18.6 MHz (Fig. 4b). The frequency transition was
not immediate and required 31.7 + 0.7 min at 10 pM H»0,. It was
previously proven that the response time, i.e., the time needed to
convert deposited AgNPs to AgCl depended on the amount of electricity,
i.e., the current generated by the HyO, biosensor, and, thus, on HyO9
concentration (Larpant et al., 2019). The relationship between the
response time of the biosensor tag and HoO, concentration is shown in
semi-logarithmic coordinates in Fig. 4c (the values are presented in
Table S3). These results suggest successful development of chip-less,
battery-less and contactless HoO2 biosensor based on Ag/AgCl redox
conversion driven by HyO; electroreduction at HRP/SWCNT-modified
textile electrode.

For demonstration of the versatility of Franz cell setup, a wireless
biosensor described above (Fig. 4a) was placed into the upper chamber
of the Franz cell while leaving the tag antenna free from contact with the
solution (Fig. 5a). For these experiments, HyOo permeability through
skin surrogate, dialysis membrane, separating the upper and lower
chamber of the cell, was first examined. The lower chamber was filled
with 6 mL PBS and the upper chamber with 0.6 mL PBS. The wireless
measurements of S11 function (reflection) showed that the battery-less
and wireless biosensor in the Franz cell had characteristic frequency
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Fig. 5. (a) Franz cell equipped with HRP/SWCNT-modified textile electrode for
chip-less and battery-less wireless measurements of H,O,, which penetrates
skin membrane or its model, dialysis membrane. The cell consists of two
chambers, which are separated by skin or its model dialysis membrane. The
upper chamber is filled with buffer and host working, HRP/SWCNT-modified
cloth based H,O, sensing, electrode. The upper chamber also hosts a SPE
electrode (AgNP/SPE), which integrates an AgNP layer into an antenna circuit
of a passive NFC tag. The lower chamber is filled with the PBS, which is agitated
by magnetic stirrer. The analyte of interest, particularly, H,O- is added to the
lower chamber, which penetrates the membrane and is wirelessly registered
with the H;0, biosensor tag antenna. The setup mimics electrochemical
monitoring of HyO», which might be generated in viable tissue, e.g., during
infection or inflammation; (b) The reflection response (S11) before (black line
with f of 16 MHz) and after addition of 0.5 mM H,0, to the lower chamber of a
Franz cell containing PBS (pH 7.4). S11 trace (red line) with f, of 19.3 MHz was
obtained in the end of the experiment, when AgNP layer on the SPE electrode
was electrooxidized to AgCl by H3O, electroreduction on HRP/SWCNT-
modified electrode. The S11 traces were obtained with the setup shown in (a)
and dialysis membrane separating upper and lower chambers of the Franz cell.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

of 16 MHz as expected for the case of the AgNP layer connected into the
antenna by the SPE. The response of the biosensor to addition of 0.5 mM
of Hy0; into the lower chamber was wirelessly recorded by registering
S11 curves (Fig. 5b). The response time for the characteristic frequency
change, determined from the reflection vs frequency plot (Fig. 5b) was
estimated to be equal to 27.7 + 0.3 min. According to the calibration
plot presented in Fig. 4b, this corresponded to 9.86 + 0.05 pM H305 in
the receptor chamber. The determined concentration is very similar to
the concentration of HoO5 detected in similar amperometric experiment
presented in Fig. 3a, which confirms the validity of the wireless HoO2
measurement.

Similar experiments, through introducing 4 mM of H,0, have been
repeated with skin membrane in the Franz cell. Wireless response was
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possible to observe, however, the response time needed for the transi-
tion of the characteristic frequency of the tag coupled to AgNP/SPE and
HRP/SWCNTs-modified textile was longer than 1 h (see Fig S6, Sup-
porting Information) as well as irreproducible for each new skin mem-
brane which we tested. The irreproducibility can be caused by the
differences of catalase activity in skin and its inactivation by UVB irra-
diation. Biological variability of skin diffusional barrier to HyO,
permeability obviously is another problem. How to deal with these
biological issues in studies of epidermal biosensors will be an objective
of our future research. Nevertheless, the experiments with Franz cells
are extremely useful in addressing a considerable number of biosensor
development issue. The system allows to test biosensor concepts using
skin surrogates as well as clearly indicates a number of issues when real
biological skin membranes are used. These examples of problems are
often neglected or hidden in experiments of direct testing of epidermal
biosensors on animals or humans. Thus, broader use of Franz cell in
development of biosensors might be beneficial to learn and address the
obstacles of, e.g., epidermal sensing before going for biosensor testing on
animals. Current progress in producing skin equivalents from cell cul-
tures will definitely provide a number of animal free experimental al-
ternatives which in the future might increase versatility and usefulness
of Franz cell based setup in biosensor and bioelectronics research.

4. Conclusions

Reducing animal use in biosensor research requires broader use of in
vitro methods. Epidermal biosensing, including an exploding research
area on wearables, could benefit from in vitro methods and techniques
developed and validated in the relevant research area of topical and
transdermal drug delivery. In this work, we demonstrate novel appli-
cation of Franz cell setup in biosensor research. We show how Franz cell
setup can be equipped with different electrodes enabling development
and characterization of biosensors, which are intended for functioning
in close proximity to skin. A chosen example was a HyO; biosensor based
on HRP/SWCNT-modified textile. The obtained HRP/SWCNT-modified
textile electrode showed a lower detection limit of 0.3 pM, linear cali-
bration up to 200 pM, and sensitivity of 184 pA mM ! em~2 The
biosensor was placed in close proximity to skin membrane or skin sur-
rogate, dialysis membrane, in the Franz cell setup. The biosensor, in
amperometric mode, was able to monitor penetration of HyO5 through
skin and dialysis membrane. The analysis of the data revealed that the
catalase activity in the skin is a considerable problem in studies of HyO»
detection at skin surface. The activity of this enzyme in skin should
obviously be considered if epidermal biosensor targets HyOo registra-
tion, i.e., topical ROS detection. The Franz cell experiments clearly
present opportunities for studies of biosensor-skin interface which are
more difficult to address by in vivo experiments in animals or humans, e.
g., inhibition of some enzymes in skin might not be possible in in vivo
settings. Subsequently, a chip-less and battery-less, contactless biosensor
was also fabricated to demonstrate that even wireless biosensor system
could be studied by using Franz cell setup. In general, we present, Franz
cell setup, which is not yet explored in development of epidermal and
wearable biosensors. We think that the setup should be beneficial for
reducing the use of animals in biosensor research.
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