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Abstract

We report a simple approach to fabricate free-standing perforated 2D nanomembranes hosting well-ordered 1D metallic
nanostructures to obtain hybrid materials with nanostructured surfaces for flexible electronics. Nanomembranes are formed
by alternatively depositing perforated poly(lactic acid) (PLA) and poly(3,4-ethylenedioxythiophene) layers. Copper metallic
nanowires (NWs) were incorporated into the nanoperforations of the top PLA layer by electrodeposition and further coated
with silver via a transmetallation reaction. The combination of 2D polymeric nanomembranes and aligned 1D metallic NWs
allows merging the flexibility and conformability of the ultrathin soft polymeric nanomembranes with the good electrical
properties of metals for biointegrated electronic devices. Thus, we were able to tailor the nanomembrane surface chemistry
as it was corroborated by SEM, EDX, XPS, CV, EIS and contact angle. The obtained hybrid nanomembranes were flexible
and conformable showing sensing capacity towards H,0, with good linear concentration range (0.35-10 mM), sensitivity
(120 pA cm™2 mM™!) and limit of detection (7 pm). Moreover, the membranes showed good stability, reproducibility and

selectivity towards H,O,.
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Introduction

Flexible electronics have been extensively researched during
the last decade over conventional rigid electronics due to
their capacity to be integrated onto complex, curved or time
dynamic surfaces like biological tissues and organs [1, 2].
Flexible electronic devices have been possible following two
different approaches either through the mechanical design of
conventional electronic materials (e.g., silicon, gold) making
them flexible through microfabrication technologies) or the
synthesis of inherently flexible and/or stretchable materials
with electrical conductivity (e.g., conductive polymer-based
composites) [3—6]. However, the mechanical mismatch
between conventional electronic materials (generally with
Young’s moduli > 10'° Pa) and the biological tissues (gen-
erally with Young’s moduli < 10° Pa) or the low electrical
properties of the polymer-based composites with embedded
electrically conductive fillers are key hurdles in the quest for
biointegrated electronic devices [7, 8].

The use of nanomaterials (NMs) in bioelectronics is very
promising and revolutionary since their new or enhanced
physicochemical properties compared to the bulk materials
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have led to electronic materials and devices with improved
mechanical deformability and performance [9, 10]. Within
this context, 2D polymeric nanomembranes have attracted
much interest because their versatility and excellent features
make them very interesting for many bioengineering appli-
cations like scaffolds for tissue engineering, drug delivery
systems, bioelectronic devices or antimicrobial platforms
[11, 12]. The 2D nanomembranes show high macroscopic
surface area and nanometric thickness (aspect ratio > 10%)
which enables their macroscopic use in a free-standing way
as their mechanical integrity/robustness is retain. Moreover,
these nanomembranes have high flexibility because, accord-
ing to the Euler—Bernoulli beam theory, the rigidity of a
material, that is the resistance to bending, is proportional
to its thickness to the third power [13]. Therefore, flexibil-
ity increases as the membrane thickness decreases. These
2D membranes also show excellent conformal contact that
can be explained again by their low thickness. Prof. Rogers’
group showed that conformability is achieved when thick-
ness is below a critical value where the adhesion energy
is larger than the sum of the bending energy of the mem-
brane and the elastic energy of the substrate (e.g., skin).
They theoretically demonstrated that the critical value for
their elastomeric membranes was ~ 25 pm and they success-
fully experimentally proved that membranes thinner than
this value perfectly conformed onto skin [14]. Apart from
those properties, nanomembranes have also attracted great
attention due to the possibility to easily tune their archi-
tecture from single layered to multilayered nanomembranes
and with or without (nano)perforations. Such variability has
allowed expanding their applicability range like the transport
of metabolites through the nanomembranes, soft actuators,
water remediation or biointerfaces as cell matrixes [15-18].

On the other hand, electrically conductive 1D NMs like
metal nanowires (NWs) or carbon nanotubes (CNT) have
been widely investigated due to characteristics like nanomet-
ric size, high aspect ratio and high surface area. Moreover,
1D NMs show unique mechanical deformability due to the
high length/diameter ratio making thus brittle metallic mate-
rials (e.g., Au, Ag, Cu) interesting for flexible electronics
[19]. Moreover, other properties like electrical conductiv-
ity are maximized when these NWs are perfectly aligned
and non-aggregated. For example, 3D standing NWs have
shown higher surface areas and higher conductivity for elec-
trochemical biosensors compared with percolated networks
[20, 21]. Other interesting feature of 1D NMs is that they
can establish dynamic physicochemical interaction with bio-
logical entities like biomolecules, cells or tissues and these
interactions can be modulated by tuning NMs properties like
surface chemistry, shape, dimension scale and topography.
It is therefore crucial to control their surface chemical and
physical properties to modulate their interfacial behavior for
more efficient performances [22-24]. Usually, NWs have
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been composited with polymers for bioelectronics applica-
tions leading to 3D nanocomposites in which the 1D NWs
are randomly distribute. Thus, Hu et al. have prepared a
transparent electrode by embedding a percolated network
of Cu NWs in polyurethane (PU) [25]. Or Kiran Kumar and
coworkers prepared a transparent conductive film based on
the dispersion of Ag NWs into hydroxypropyl methyl-cel-
lulose (HPMC) [26].

In this work, a new strategy based on the combination
of 2D polymeric nanomembranes hosting vertically aligned
cauliflower-like metallic nanowires (NWs) have been
designed to overcome the mechanical mismatch of rigid
electronics and the low electrical properties of polymeric
composites due to aggregation of fillers. Thus, 1D metal-
lic NWs will be grown inside 2D perforated polymeric
nanomembranes to develop a functional H,O, biosensor
with conformal contact avoiding the mechanical mismatch
between tissues and conventional electronics. First, mul-
tilayered nanomembranes will be prepared by combining
the mechanical properties of poly(lactic acid) (PLA) and
the electrochemical behavior of poly(3,4-ethylenedioxy-
thiophene) (PEDOT). While perforated PLA layers will be
prepared by spin coating, PEDOT layers will be obtained by
electropolymerization. After that, the perforations will host
the 1D metallic NWs (e.g., Cu, Cu/Ag) to get well-aligned
and highly ordered arrays with improved electrical conduc-
tivity to obtain a hybrid 1D NWs-2D nanomembrane as a
H,0, sensor with flexibility and conformability. Such strat-
egy is totally different to the most reported works dealing
with the fabrication of 3D composites as electrodes in which
the 1D NWs are randomly distributed, and mainly aggre-
gated, within a polymeric matrix decreasing their potential
advantage [25, 26].

Hydrogen peroxide is a key messenger molecule for cel-
lular signaling and other physiological pathways but its
overproduction causes cell oxidative stress resulting in,
for example, cardiovascular or neuronal damage [27]. For
this reason, the detection of hydrogen peroxide is essential.
Among the different methodologies employed (e.g., chemi-
luminescence) [28], electrochemical methods are preferred
due to advantages like fast response, sensitive, economic
and easy to use [29]. Enzyme-based electrochemical sensors
have been widely studied but they show some drawbacks
(e.g., high cost of enzymes, enzyme’s activity can be altered
depending on pH or temperature, or effective immobiliza-
tion onto electrode surface is challenging), reason why non-
enzymatic sensors are preferred [29]. The non-enzymatic
sensors are based on inorganic materials with catalytic
properties towards H,O, sensing like carbon nanomateri-
als, transition metal oxides or noble metals [29]. In this
work, we have selected silver due to their catalytic activity
to H,O, and their easy deposition onto the electrodeposited
Cu nanostructures.
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Experimental section
Materials

Aqueous dispersion of poly(3,4-ethylenedioxythiophe
ne):poly(styrene sulfonate) (PEDOT:PSS) (1.3 wt%),
3,4-ethylenedioxythiophene (EDOT) monomer, hydro-
lyzed poly(vinyl alcohol) (PVA) (87-89%), copper chlo-
ride (CuCl,), lithium perchlorate (LiClO,), sodium citrate
(Na;C¢Hs0,), silver nitrate (AgNO;), glucose (C4H,,0¢),
citric acid (C4HgO,) and ascorbic acid (CcHgOgy) were
got from Sigma-Aldrich. LiCl1O, was stored in an oven
at 80 °C to remove its humidity before use. Poly(lactic
acid) pellets (PLA 2002D) were provided by Nupik Inter-
national. Hydrogen peroxide (H,0,) was obtained from
Alfa Aesar. Hexafluoroisopropanol (HFIP) and acetonitrile
were purchased from Panreac Quimica S.A.U. (Spain).

Methods

Preparation of the nanomembranes and their modification
with Cu and Ag

Nanomembranes were prepared by alternatively deposit-
ing PLA and PEDOT layers using spin coating and elec-
tropolymerization respectively onto a steel substrate (AISI
304) (Area: 3 x3 cm?). First, a PEDOT:PSS sacrificial
layer was spin coated (1200 rpm, 60 s) using the 1.3 wt%
PEDOT:PSS dispersion. A PLA:PVA layer was subse-
quently deposited by spin-coating (1200 rpm, 60 s) a mix-
ture of 20 mg mL~' PLA and 20 mg mL~" PVA solutions
in HFIP (90:10 v/v PLA:PVA solutions). PVA was selec-
tively etched in water, thus, creating the perforations into
the PLA layer. After that, a PEDOT layer was grown by
chornoamperomety (Applied potential: 1.4 V vs Ag/AgCl
reference electrode, charge: 405 mC) from an acetonitrile
solution containing 10 mM EDOT and 0.1 M LiClO,. The
subsequent PLA and PEDOT layers were obtained follow-
ing the previous procedures until obtaining a 5 layered
nanomembrane comprising 3 PLA ad 2 PEDOT layers:
PLA/PEDOT/PLA/PEDOT/PLA.

Copper 1D nanostructures were grown into the
nanomembrane perforations of the top PLA layer by
chronopotentiometry using an aqueous solution contain-
ing CuCl, (0.01 M) and sodium citrate (0.1 M). Differ-
ent intensities in the range from 1-10™* to 3-10 A and
variable times (40-800 s) where applied to study their
influence on the nanostructure’s growth. Following cop-
per nanostructures deposition, Ag was deposited onto Cu
nanostructures via a transmetallation reaction. Thus, the
Cu-modified nanomembrane was covered with a 20 mM

AgNOj; solution for 90 s. After that, the AgNO; solution
was removed and the nanomembrane washed several times
with milli-Q water. Finally, the nanomembranes were peel
off from the steel substrate by selectively removing the
initial sacrificial PEDOT-PSS layer by immersion into
milli-Q water for a few hours.

Characterization

Field emission scanning electron microscope (FE-SEM)
(Zeiss Model Auriga instrument) was used to observe
nanomembrane’s morphology. Energy dispersive X-Ray
spectroscopy (EDS, Oxford Instrument INCA) attached
to the FE-SEM was employed to determine the chemical
composition. XPS (X-ray photoelectron spectroscopy) and
Auger spectroscopy measurements were performed with a
PHI 5600 system and a PHI 670 scanning Auger nanoprobe,
respectively. The binding energies (BE) of the XPS peaks
were corrected by assuming Cls signal at 284.6 eV. Film
thickness was measured by performing eighteen independent
measurements in three different samples of each nanomem-
brane by profilometry (Dektak 150, Veeco). Water sessile
drop method was used to evaluate nanomembranes wettabil-
ity through contact angle measurements (equipment OCA
15EC, Data-Physics Instruments GmbH, Filderstadt). Ten
measurements were performed in each sample and images
were analyzed by SCA20 software. Fourier transform infra-
red spectroscopy (FTIR) (Jasco 4100 spectrophotometer) in
the wavenumber range 4000—600 cm™! (resolution 4 cm™")
was performed to study the structure of the PLA/PEDOT
nanomembranes as well as PLA and PEDOT raw materials.
The spectra were an average of 32 scans recorded in each
sample.

An AUTOLAB-302N potentiostat/galvanostat was
employed to perform the electrochemical experiments.
These experiments were made in a conventional three-elec-
trode cell (working electrode: nanomembranes, reference
electrode: Ag/AgClI/KCl (3 M), counter electrode: platinum
foil) at room temperature. A 0.01 M aqueous phosphate
buffered saline (PBS) solution was employed as electrolyte.
Cyclic voltammetries (CV) were run in the range 0.0-0.8 V
at 200 mV s~!. Electrochemical impedance spectroscopy
(EIS) analyses were performed at 10 mV amplitude of the
sinusoidal voltage signal in the 10-10~! Hz frequency
range. An electrical equivalent circuit (EEC) was obtained
with the processed EIS results.

Results and discussion
The concept of this research is the combination of two dif-

ferent families of nanomaterials, 2D polymeric nanomem-
branes and 1D metallic NWs, aiming to incorporate the
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best properties of each nanomaterial into a new flexible,
conformable and electrically conductive nanostructured
ultrathin material as a basis for the development of a bioin-
tegrated electrochemical H,0, sensor. The flexible and
free-standing 2D polymeric nanomembranes consisted on
alternated layers of PLA and PEDOT:PSS. While the PLA
layers conferred mechanical stability and contained the
nanoperforations to host the nanostructures, PEDOT layers
were used for their electrical properties. The PLA/PEDOT
multilayered nanomembranes were alternatively depos-
ited using spin coating for PLA layer and electropolym-
erization for PEDOT one. Figure 1 shows a scheme with
the different steps followed to obtain the self-supported
PLA/PEDOT nanomembranes. First, a sacrificial PEDOT
layer was spin coated onto the steel substrate using the
PEDOT:PSS aqueous dispersion (1.3 wt%). This sacrificial
layer will be removed by immersing it in water since the
non-interacting PEDOT:PSS particles will be redispersed,
thus allowing peeling the nanomembrane off the substrate.
Second, a nanoperforated PLA layer was obtained by spin
coating using a PLA/PVA 90:10 v/v solution following the
selective PVA etching in water creating the nanoperfora-
tions. After that, chronoamperometry was used to obtain a
continuous PEDOT coating onto the previous PLA layer.

PEDOT:PSS
dispersion

PLA:PVA
solution

A R

EDOT monomers were polymerized at a constant potential
within the nanoperforations that coalesced after emerg-
ing the pores forming the PEDOT layer. Unlike PEDOT
sacrificial layer, the PEDOT layer obtained by electropo-
lymerization will remain stable even after immersing in
water since it is a continuous and covalently linked layer.
Steps 2—4 were repeated to finally obtain nanomembranes
with five different layers: PLA/PEDOT/PLA/PEDOT/PLA
(5-PLA/PEDOT) (Fig. S1). The top PLA layer was used
to host the 1D metallic NWs within the nanometric-size
pores, aiming to improve their functionality. Thus, cop-
per was incorporated in the pores using electrodeposition
(step 6) since it is a very versatile and easy technique for
NMs preparation [30, 31] followed by the formation of a
silver layer onto Cu nanostructures through a simple redox
reaction (step 7). The incorporation of these 1D NMs is
expected to improve the sensibility of the biosensors not
only due to the higher electrical conductivity of metals
(e.g., Cu, Cu/Ag) but also to the higher surface area of the
nanostructures. Moreover, the 1D NWs will be oriented
and non-aggregated within the membrane, enhancing even
more the surface area and therefore the biosensor response
(unlike composites where NMs are randomly oriented and
aggregated within the matrix).

EDOT
polymerization

;9_&:::::

Milli-Q
water

Steel (1) (2) (3) (4)
substrate T . |
Iteration
(5)
Cu
electrodeposition ¢

<

(6)

Cu/Ag head (7) Ag deposition
5 Milli-Q
water
Cu tail «—_

(@)

Fig.1 Schematic illustration showing the fabrication procedure of
the 5-PLA/PEDOT, 5-PLA/PEDOT-Cu and 5-PLA/PEDOT-Cu/
Ag free-standing nanomembranes. (1) Deposition of the sacrificial
PEDOT:PSS layer by spin coating a PEDOT-PSS dispersion. (2)
Deposition of a PLA:PVA solution to get a nanosegregated layer.
(3) Selective removal of PVA by adding milli-Q water. (4) Growth
of a PEDOT layer by EDOT chronoamperometry. (5) The process is

=
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PEDOT
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repeated until obtaining the PLA/PEDOT/PLA/PEDOT/PLA mul-
tilayered nanomembrane (5-PLA/PEDOT). (6) Growth of the 1D
cauliflower-shape nanostructures by electrodeposition. (7) Coating Cu
nanostructures with a thin Ag layer by a transmetallation reaction. (8)
Peeling the membrane off the steel substrate in water to remove the
first PEDOT:PSS sacrificial layer
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Fig.2 A Optical and B, C SEM images of the 5-PLA/PEDOT
nanomembranes

Figure 2 shows an image of the fabricated 5-PLA/PEDOT
nanomembranes as well as SEM micrographs. As it can be
observed, the nanomembranes, with the typical blue color
of PEDOT, are continuous, homogenous and self-standing.
SEM micrographs also show that the membranes are con-
tinuous, homogeneous and flat with perforations homo-
geneously distributed. The perforations are nanometric

Fig.3 A, B SEM images of the
5-PLA/PEDOT-Cu nanomem-
branes after copper electrodepo-
sition at — 1.4 mA cm ™2 during
40 s at different magnifications

(76 +£40 nm) and the estimated pore density is 1.6x 10’
pores cm™2. The thickness of the individual layers and the
5-PLA/PEDOT nanomembrane was studied by profilometry.
While the individual PLA and PEDOT layer thicknesses
were 158 +22 nm and 178 + 24 nm, respectively, the 5-PLA/
PEDOT nanomembrane was 731 + 32 nm thick. The total
thickness is lower than the arithmetic sum of the individual
layers because of the compression of the lower layers due to
the upper ones. On the other hand, the FTIR analysis of the
5-PLA/PEDOT nanomembranes reveal the presence of the
main peaks of PLA [1750 cm™! (C=0) stretching vibration,
1180 cm™! asymmetric C-O stretching, 1085 cm™' symmet-
ric C-O stretching] and PEDOT (1527 cm™! C=C stretch-
ing, 1230 and 1040 cm™! C—-O—C stretching, 845 cm™' C-S
stretching) but a bit shifted with respect their positions in the
raw PLA and PEDOT:PSS. This shift is indicative of some
weak Van der Waals interactions at the interface between the
PLA and PEDOT layers (Fig. S2).

After that, the 5-PLA/PEDOT nanomembranes were
modified with the metallic NMs to improve their functional-
ity. First, Cu NWs were first grown by electrodeposition into
the perforations aiming to improve electrical conductivity of
the nanomembrane. And second, Ag was coated onto previ-
ous Cu nanostructures by a transmetallation reaction. Silver
confers electrocatalytic properties towards H,O,, biocom-
patibility and corrosion resistance as well as high faradaic
current density, fast electron transfer rate and high signal-
to-noise ratio while keeping the high electrical conductivity
[32, 33]. Herein, the nanomembranes are denoted 5-PLA/
PEDOT-Cu and 5-PLA/PEDOT-Cu/Ag, respectively. Elec-
trodeposition of Cu was performed by chronopotentiometry
at different conditions of current density and time (Figure
S3). The SEM analysis revealed that at low current densi-
ties no growth of Cu outside the membrane was observed.
However, for an applied current density of — 1.4 mA cm™
during 40 s, we obtained nanostructures with a cauliflower-
shape morphology with nanoparticles (NPs) as the “head”
and NWs as the “tail”. Such nanostructures result from the
complete filling of the pores and moderate growth outside
them (Fig. 3A, B). For higher times or current densities,
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these nanostructures grew in size and even coalesced lead-
ing to a continuous layer (Figure S4). These conditions are
avoided since a nanostructured surface is preferred over a
continuous coating to maximize surface area and, therefore,
have a higher response towards H,0,. The presence of Cu
is clearly detected by EDX spectroscopy (Fig. 4A). Other
elements (e.g., Fe, Ni, Cr) were also detected coming from
the AISI 304 steel substrate used to prepare the nanomem-
branes. Finally, Ag was coated onto the Cu nanostructures
by covering the 5-PLA/PEDOT-Cu nanomembrane’s sur-
face with a 20 mM AgNOj; solution for 90 s. During this
time, the transmetallation reaction between metallic Cu and
Ag™ ions took place leading to an Ag metallic coating onto
the Cu nanostructures (Cu+2Ag*" — Cu®* +2Ag). As we
observed by SEM, the presence of the Ag layer did not mod-
ify the cauliflower shape of Cu that was probably attributed
to the nanometric thickness of the silver layer. XPS analysis
confirmed the presence of Ag layer (Fig. 4B). XPS spec-
trum shows two peaks at binding energies (BE) of 367 and
373 nm attributed to the spin—orbit components 3ds;,, and
3d;,, of Ag, respectively. On the other hand, a calculated full
width half maximum (FWHM) of 1.4 eV is in accordance
with the reported values for metallic Ag (FWHM=1.2 eV).
Moreover, the following characteristics also corresponds to
Ag% (1) the energy distance (ABE) between the two peaks
is 6.0 eV, (2) the peaks are asymmetric and (3) the presence
of loss features observed at the higher BE side of each peak
[34, 35].

The membranes were easily peel off from the steel sub-
strate by dipping them in water due to the easy redisper-
sion of the initial PEDOT:PSS sacrificial layer. The free
nanomembranes are (1) self-supportive as they keep intact
after releasing them from the substrate; (2) flexible/foldable,
and (3) conformable on many surfaces. Nanomembrane’s
robustness and flexibility can be observed since they can be
picked up by a pipette, stored and released without damaging
(Videos S1). Moreover, according to the Euler—Bernoulli
theory, flexibility is dependent on the inverse of thickness

Fig.4 A EDX spectrum of the
5-PLA/PEDOT-Cu nanomem-
brane. B XPS spectrum of

the 5-PLA/PEDOT-Cu/Ag
nanomembrane

Intensity (a.u.)

to the third power, meaning that materials are more prone to
bent when thickness decreases [13]. In this sense, we have
checked that the fabricated nanomembranes can be bent 180°
for a high number of times (> 100) without experience any
damage confirming their high flexibility. The bending capac-
ity of the membranes is also observed as they completely
adapt onto a curved pipette tip (Video S2) with a bending
angle of 180°. Regarding conformability, nanomembranes
completely adapt to substrates with different shapes faith-
fully reproducing their surfaces like a rigid glass slide (pla-
nar, rigid substrate), a flexible polyethylene terephthalate
(PET) film (planar, flexible substrate), a plastic pipette tip
(flexible, rounded substrate), a lemon or a hairy kiwi (cur-
vilinear, rough substrates) or a dynamic finger (curvilinear,
rough substrate) (Figure S5, Videos S1-S3). Again, such
conformal contact was attributed to the low membrane thick-
ness [14]. It is also worthy to mention that the nanomem-
branes were totally stable onto those surfaces for long peri-
ods of times without experiencing any damage. Finally, the
nanomembranes recovered their planarity after immersing
them back in water. Although this means that they do not
adhere onto wet surfaces, this is not a drawback since the
main applications of the membranes will be onto non-wetted
surfaces (e.g., adapted onto skin). A future work would be
making these membranes adhesive even onto wet substrates
by adding, for example, polydopamine during membrane
fabrication.

With these Cu/Ag-modified nanomembranes, we devel-
oped a non-enzymatic electrochemical H,0O, biosensor based
on the catalytic properties of Ag towards this molecule. The
development of easy, fast, flexible and conformable sensors
for H,0O, is increasing because this molecule has a key role
in many fields (e.g., textile, environmental, food, pharma-
ceutical) but especially for health monitoring due to its par-
ticipation in many biological processes like diabetes, cancer,
neurodegeneration or aging [36]. Although great progress
has been made in recent years, so far most of the reported
H,0, electrochemical sensors are in rigid form, which limits
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their wide application in wearable electronics. First, the elec-
trochemical performance of the modified (5-PLA/PEDOT-
Cu, 5-PLA/PEDOT-Cu/Ag) and non-modified (5-PLA/
PEDOT) nanomembranes was assessed by cyclic voltam-
metry in the absence of H,O, (Fig. 5A). The current density
increases in the following order 5-PLA/PEDOT < 5-PLA/
PEDOT-Cu < 5-PLA/PEDOT-Cu/Ag due to the good elec-
trical conductivity of Cu (6=5.96-10" S m~!) and the better
electrical conductivity of Ag (6=6.30-10" S m™"). Later, EIS
analyses were conducted on the same samples to assess the
influence of Cu and Ag on the electrochemical properties
of the nanomembranes. The ion transport was evaluated by
measuring the impedance for frequencies ranging from 10°
to 107! Hz in a 0.5 M NaCl solution. Nyquist plots shows the
imaginary impedance, indicative of the capacitive/inductive
behaviour, against the real impedance (— Z" vs Z') (Fig. 5B).
In a Nyquist plot, the semi-circular response is attributed
to the electron transfer resistance at the higher frequency
values (bulk resistance, RP), which determines the electron
transfer kinetics of the redox probe at the electrode—elec-
trolyte interface. The incorporation of Cu nanostructures
has substantially changed the electrochemical response of
the nanomembrane compared to the bare one. As can be
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observed, a semicircle with a large diameter is only observed
for 5-PLA/PEDOT, which is associated with a very large
R, (90.5 MQ) assuming a simplified Randles-like equiva-
lent circuit (Figure S6) in which a CPE (constant phase ele-
ment) element is used. Meanwhile, the 5-PLA/PEDOT-Cu
sample exhibits a semicircle with a much smaller diameter
that accounts for a lower R, (683 k€2) upon adjustment to
a Randles-like circuit (Figure S6) indicating the successful
incorporation of Cu into the membrane nanoperforations.
In the same line, the EIS spectrum of 5-PLA/PEDOT-Cu/
Ag nanomembrane shows a semicircle with an even smaller
diameter than 5-PLA/PEDOT-Cu leading to the lowest R,
(39.7 kQ), assuming a Randles-like circuit (Figure S6),
among the different nanomembranes. These results are in
accordance with the CV and clearly show the improvement
in the electrical conductivity of the nanomembranes after
Cu incorporation and even higher conductivity after its coat-
ing with Ag. Figure 5C shows a magnification of the left
part of the Nyquist plot in Fig. 5B. The pseudo-capacitive
behaviour that is noticed in the samples through the presence
of the capacitive spike is mainly attributed to the PEDOT/
PLA layers. The decreasing slope of the capacitive tail
for the 5-PLA/PEDOT-Cu and even more for the 5-PLA/
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PEDOT-Cu/Ag is due to the presence of Cu or Cu/Ag met-
als, confirming again a nanomembrane resistance drop.

The contact angles (0) measured in water (Fig. 5D) also
provided indirect evidence of the successful modification of
5-PLA/PEDOT with the metallic nanostructures. The wet-
tability of 5-PLA/PEDOT significantly increased upon the
incorporation of Cu/Ag as the water contact angle decreased
from 70.1°+2.9° for 5-PLA/PEDOT to 36.5° +2.3° for
5-PLA/PEDOT-Cu/Ag. The increased wettability is due to
the metallic nanostructures, characterized by high surface
energy which favors hydrophilic behavior and lead water
droplets to immediately spread on the surface [37].

Based on previous results and since the 5-PLA/PEDOT-
Cu/Ag nanomembrane showed better properties (e.g.,
higher current density, lower charge transfer resistance and
higher wettability) than the other samples, we evaluated
its performance as electrode for H,O, sensing. Different
H,0, concentrations were added to build the calibration
plot and determine the sensitivity as well as the limit of
detection (LOD) of the electrochemical sensor. Figure 6A
shows the CVs recorded in different solutions containing
H,0, concentrations in the range 0.35-10 mM. As it can
be observed, the current density at negative potentials
increases after each addition due to the catalytic reduc-
tion of H,0, due to the presence of silver. From the pre-
vious data, the current density-H,0, concentration cali-
bration plot was obtained showing a linear dependence
between the current density and the concentration up to
10 mM (Fig. 6B). In this range, the precision is very high,
as reflected in the R-squared value provided by the lin-
ear fit (R>=0.9971). A good sensitivity of 120.3 + 8.6 uA
cm™2 mM~! was obtained from the absolute value of the
slope of the calibration line and a low LOD (7.0 + 0.4 pM)
was calculated as the ratio between three times the stand-
ard deviation of the blank solution (without addition H,0,)
and the absolute value of the slope of the calibration curve
[38]. The low standard deviations for the sensitivity and
LOD indicate the good repeatability of the nanomem-
branes for H,O, sensing. Table 1 shows a comparison of
the performance of the nanomembrane developed in this
work with other similar flexible non-enzymatic H,O, sen-
sors in the literature (Table 1). Similar sensitivity, linear
range and LOD can be observed when compared with
reported sensors based only on Ag NMs like our study.
For example, Lee et al. developed Ag NW-based films
by vacuum filtration. The films, formed by a homogenous
and non-oriented Ag NWs network, displayed a LOD of
46 uM [39]. Hsiao et al. prepared urchin-like Ag NWs
based electrodes by screen printing showing a detection
limit of 10 pM [40]. Or Kurowska and coworkers fab-
ricated an AgNW array by electrodeposition using an
aluminum oxide (AAO) as template to grow the silver
nanostructures. After AAO removal, the array showed
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a LOD of 29.2 pM [41]. Thus, the LOD of our 5-PLA/
PEDOT-Cu/Ag nanomembranes is much better than the
previously reported Ag NWs-based sensors which we
attribute either to the random orientation of the NWs [39,
40] or some agglomeration after template removal [41].
If we compare with Ag-based composite systems (e.g.,
Graphene/Ag NPs) [42, 43] or with other materials (e.g.,
MnO,, PtTe,) [29, 44-46], the LOD value found in this
work is similar or slightly higher than those. For example,
the work of Aparicio-Martinez and coauthors showed a
LOD of 7.9 uM for a graphene electrode decorated with
Ag NPs using laser irradiation [42]. Or Gholami and
Koivisto quantified a LOD of 0.48 uM for carbon fibers
coated with Ag NPs and embedded into nafion [43]. Lower
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Table 1 Performance of different non-enzymatic H,O, sensors found in the literature

Electrode materials Sensitivity Linear range (mM) LOD (mM) References

Ag NWs/PET 749 yA mM~! cm2 0.2-1.5 46 [39]
1.7-3.4

Ag NWs/carbon electrode 4705 yA mM~! mg~! cm™2 0.05-10.35 10 [40]

Ag NWs array/Cu 26.6 pA mM~! cm™2 0.1-3.1 29.2 [41]

Ag NPs/graphene 32 yA mM~! 0.1-10 7.9 [42]

Ag NPs/carbon microfibres/nafion — 0.1-80 0.48 [43]

Ag/MnO,/MWCNT/GCE 82.5 pPA mM~! cm™2 0.005-10.4 1.7 [44]

MnO,/graphite nanofibres 1096 pA mM~! cm™2 0.1-11 1.25 [45]

MnO,/graphene nanosheets/GCE 422.1 pA mM~! em™2 0.0005-3.5 0.19 [29]

PtTe,/GCE 10.9 yA mM~! 0.003-0.3 1.2 [46]
0.5-1.1

NPs nanoparticles, MWCNT multiwalled carbon nanotube, GCE glassy carbon electrode

LODs have been achieved with electrodes based on MnO,
(e.g., MnO,/Graphene nanosheets) (LOD=0.19 uM) [29]
or PtTe, (LOD = 1.2 uM) [46].

Nowadays, there is a controversy about the normal H,0O,
levels found in body fluids for healthy people. While some
studies report that those levels in plasma should be around
10 pM, other works report values higher than 20 uM [47].
Regarding other body fluids, concentrations of hydrogen
peroxide of 100 uM or higher have been founded in freshly
voided human urine and vitreous humor of healthy persons
[48]. However, what it seems clear is that H,0, concentra-
tions higher than 20 mM triggers inflammatory responses
and values higher than 50 uM are cytotoxic to a wide range
of cultured animal, plant and bacterial cells [48]. Moreover,
it has been found that levels in the range 30-50 uM are pre-
sent in certain diseases or during chronic inflammation [47].
Despite the disparity of values, we believe that the LOD
reported in this work for the fabricated nanomembranes
allows detecting H,O, concentrations for healthy and sick
people. At this point, we would like to comment that dif-
ferent strategies could be followed to improve the LOD of
the nanomembranes like (1) increasing the surface area by
increasing pore density in the membrane, reducing pore size
or conferring mesoporosity to the Cu nanostructures during
electrodeposition, and (2) decorating Cu/Ag nanostructures
with transition metal oxides or dichalcogenides as they seem
having a better response towards H,0,.

Finally, the stability and interference properties of the
5-PLA/PEDOT-Cu/Ag nanomembranes were evaluated.
CV was employed to quantify the stability of the samples
2 months after their preparation; a 5 mM H,0, solution
showed a 95.5 + 1.3% retention of the initial current den-
sity. The good stability results can be attributed to the
noble character of silver as a sensing material. Finally, the
anti-interference experiments were performed by chrono-
amperometry (Fig. 6C). No significant current changes

were observed after adding some common interfering sub-
stances like glucose (Glu), ascorbic acid (AA) or citric
acid (CA) indicating the good selectivity of the nanomem-
branes towards H,0,. Thus, we have demonstrated that
5-PLA/PEDOT-Cu/Ag nanomembranes can be success-
fully used as electrodes with flexibility and conformability
over different substrates with good electrochemical per-
formance (e.g., sensitivity, LOD, linear range) as well as
good stability, reproducibility, and selectivity for H,0,
sensing.

Conclusions

In summary, 1D metallic and 2D polymeric nanoblocks have
been successfully combined to obtain free-standing hydrid
nanomembranes with flexibility and conformability over
many and varied surfaces. The PLA/PEDOT nanomem-
branes have been fabricated by alternatively using spin
coating and chronoamperometry. Cauliflower-shape 1D
Cu nanostructures have been successfully electrodeposited
onto the perforations of the top PLA layer as observed by
SEM and EDX. Silver was subsequently coated onto Cu by
a transmetallation reaction as detected by XPS. The 5-PLA/
PEDOT-Cu/Ag nanomembranes showed the highest current
density, the lowest charge transfer resistance and highest
wettability due to the Cu/Ag nanostructures present in the
nanomembrane. These nanomembranes were successfully
employed as electrodes for H,O, sensing showing good lin-
ear concentration range (0.35-10 mM), sensitivity (120 pA
ecm™2mM™!) and LOD (7 pm) as well as good reproducibil-
ity, stability and selectivity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40097-022-00482-5.
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