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ARTICLE INFO ABSTRACT

Keywords: Considering the circular economy and the increasing need of smart materials for the digitalization of society, it is

C_Ouage“ essential that these materials are based on bio-resources. Thus, in order to replace synthetic by natural polymers

I;ﬂm in multifunctional composites, this work reports on the development of collagen/silver nanowires (Ag NWs)
€NSors

composites for resistive sensor applications. It is demonstrated the physical interactions of hydroxyl groups in
collagen with the Ag NWs and that the Ag NWs are well dispersed within the collagen matrix. Further, the
addition of Ag NWs to the collagen matrix increases the thermal stability of collagen and the Ag NW content does
not affect the triple helix structure of the polymer matrix. The mechanical, electrical and antibacterial properties
depend on Ag NW content and the best electric conductivity of 0.0515 S cm ™! is obtained for composites with 6
wt% of Ag NWs. This composite presents suitable resistance variations under pressure and bending allowing the
development of sustainable multifunctional sensing composites with antibacterial activity that can be applied in

next generation touch sensing electronic devices.

1. Introduction

Smart materials with different functionalities are being increasingly
explored for different application areas, including sensors and actuators,
biomedical, energy generation and storage, and environmental moni-
toring, among others [1,2]. The major advantage of these materials rely
on their ability to react to changes in the surrounding microenvironment
and provide a functional response [3-5]. The development of new smart
materials with advanced functionalities has received a special attention
in the last years, particularly the development of materials based on
sustainable technologies [5], being the materials obtained from the
combination of polymers with functional fillers (e.g. ionic liquids,
nanoparticles or carbon nanotubes) among the most suitable for
improving sustainability while maintaining high levels of functional
performance [6-8]. Among all the available polymers, natural polymers
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derived from a wide variety of sources are gaining attention, being
explored due to their high abundance in nature, which promotes the
development of a new class of sustainable materials, processes and ap-
plications, and the reduction of fossil resources [9].

Biomaterials and, in particular, collagen based materials have
become attractive candidates for a wide variety of functional applica-
tions because of their renewability, biocompatibility, biodegradability,
availability and the possibilities for large-scale production. Collagen is
the main component of a fibrous structural protein in connective tissues
of vertebrates, being the building block of bones, tendons and skin,
among others [10] and, therefore, valorization of wastes rich on
collagen from food and leather industries can be a worthy approach to
develop sustainable products [11,12]. Among all its properties, the high
stretchability makes collagen a strong candidate for the development of
sensoring devices, including bendable, conformable and wearable
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sensors [8,13]. Concerning the electrical properties of this biomaterial,
although the polar character of collagen provides interesting electrical
properties, collagen electrical response is dominated by the stable dipole
moments associated with water molecules [14]. Additionally, the
chemical nature of collagen and its processing simplicity allows the
combination with synthetic components to enhance specific properties
and/or to develop sustainable composites with novel functionalities
[15]. In this context, several studies have reported the use of carbon
nanotubes and iron oxide nanoparticles as fillers in a collagen matrix in
order to obtain electrically conductive biocomposites [16-18]. Further,
collagen has been also combined with multi-walled carbon nanotubes
(MWCNTSs), allowing the development of composites with a strong po-
tential to be applied as a real-time structural health monitoring, robotics
and biomedical applications [19]. Further, collagen and collagen based
composites have found applicability in smart health care systems, e-
skin-based sensors and devices and implantable devices [20].

An interesting nanomaterial for the development of collagen based
composites is silver, as it allows to combine excellent electrical prop-
erties with antibacterial activity, the latter being extremely relevant in
the scope of antibiotic resistant bacteria in high traffic surfaces [21,22].
Further, collagen combined with silver nanoparticles has been also
explored in the development of hydrogels for biomedical applications
(wound infections treatment and wound healing) [20,23-25], electro-
active biomimetic scaffolds, demonstrating excellent proliferation of
embryonic cardiomyocytes [26], and on nonenzymatic amperometric
biosensors of hydrogen peroxide [27].

Several studies have reported the combination of collagen with silver
nanoparticles. However, silver nanowires display some interesting ad-
vantages comparing with the respective nanoparticles, such as their
excellent electrical conductivity and improved optical properties at
lower filler contents compared to nanoparticles [28].

Taking into account that the combination of collagen with silver
nanowires is unexplored for multifunctional sensors, the goal of this
work relies on the development of collagen composites with different
amounts of silver nanowires (AgNW) with both resistive pressure
sensing and also antibacterial activity. Collagen/AgNW nanocomposites
were prepared by solvent casting technique by varying AgNW concen-
tration. The morphological, thermal, mechanical, electrical and anti-
bacterial properties were analyzed. The antibacterial studies have been
performed both with gram-negative Escherichia coli and gram-positive
Staphylococcus aureus. Finally, a proof of concept regarding the suit-
ability of the developed materials as resistive sensor is presented.

2. Materials and methods
2.1. Materials

Collagen was supplied by Proteinmat materials S.L. (Spain). Silver
nanowires (AgNWs), with diameter of 90-100 nm and length of 20-60
pm, were purchased by ACS Material and acetic acid by Panreac Qui-
mica S.L.U (Barcelona, Spain).

2.2. Samples preparation

Collagen films with different Ag NW contents (0, 0.25, 0.5, 0.75, 1, 3
and 6 wt%) were prepared by solvent casting. Firstly, bovine skins were
treated with NaOH 1 M at room temperature for 12 h and neutralized
with phosphate buffer saline (PBS) solution in order to obtain native
collagen, which was grinded and freeze-dried. Afterwards, collagen and
the amount of Ag NWs required for each formulation were incorporated
into 0.5 M acetic acid (1:40 collagen/acetic acid). The mixtures were
stirred (150 rpm) at room temperature for 2 h, poured into Petri dishes,
and left dry at room temperature to obtain the films. Films were desig-
nated as xAg, where x represents the corresponding Ag NWs content wt
% in the samples. Films without Ag NWs were considered as control
films. All films were conditioned in a climatic chamber (Alava
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Ingenieros, Spain) at 25 °C and 50 % relative humidity before testing.

2.3. Samples characterization

2.3.1. Physico-chemical characterization

Differential scanning calorimetry (DSC) analysis was carried out in a
Mettler Toledo DSC 822. Samples (3.0 + 0.2 mg) were sealed in
aluminum pans to avoid mass loss during the experiment. Filled pans
were heated from 25 to 300 °C at a rate of 10 °C/min under inert at-
mosphere conditions (10 mL Ny/min) to avoid thermo-oxidative
reactions.

Fourier transform infrared (FTIR) spectra were obtained by using
Alpha II Compact FTIR spectrometer equipped with attenuated total
reflectance (ATR) crystal (ZnSe). A total of 32 scans were carried out at
4 em ™! resolution. Data were recorded from 4000 to 800 cm L.

X ray diffraction (XRD) measurements were performed at 40 kV and
40 mA with a diffraction unit (PANalytical Xpert PRO, Madrid, Spain),
generating the radiation from a Cu-Ka (% = 1.5418 A) source. Data were
recorded from 2 to 50 °.

X-ray photoelectron spectroscopy (XPS) was performed in a SPECS
spectrometer using a monochromatic radiation equipped with Al Ka
(1486.6 eV). The binding energy was calibrated by Ag 3d5/2 peak at
368.28 eV. All spectra were recorded at 90° take-off angle. Survey
spectra were recorded with 1.0 eV step and 40 eV analyser pass energy
and the high-resolution regions with 0.1 eV step and 20 eV pass energy.
All core level spectra were referenced to the C 1s neutral carbon peak at
284.6 eV. Spectra were analysed using the CasaXPS 2.3.19PR1.0 soft-
ware, and peak areas were quantified with a Gaussian-Lorentzian fitting
procedure.

For the scanning electron microscopy (SEM) measurements, films
were placed on a metal stub and coated with gold using a JEOL fine-coat
ion sputter JFC-1100 and argon atmosphere. Samples were observed
using a Hitachi S-4800 scanning electron microscope (Hitachi, Madrid,
Spain) at 15 kV accelerating voltage.

Bone-shaped samples (4.75 mm x 22.25 mm x 0.10 mm) were cut
and an Instron 5967 mechanical testing system (Instron, Barcelona,
Spain) was used to carry out tensile tests at 1 mm/min, according to
ASTM D 638-03 standard.

Analysis of variance (ANOVA) was carried out with SPSS software
(SPSS Statistic 25) to determine significant differences between samples.
Tukey’s test with a statistically significance at the P < 0.05 level was
considered for multiple comparisons among different systems.

The electrical conductivity (o) of the collagen/Ag NW composites
was carried out through a Keithley 287 picoammeter/voltage source
with an applied voltage between + 10 V at room temperature using a
parallel plate configuration. Before measurements, gold electrodes of 5
mm diameter were sputtered on each side of the sample, parallel to each
other, with a Polaron SC502 apparatus.

The electrical conductivity (c) value was calculated through equa-
tion (1):

d
- 1
°~RaA m
where R is the composite resistance, obtained from the slope of the -V

curves, A is the area, and d is the sample thickness.

2.3.2. Antibacterial studies

Gram-negative Escherichia coli ATCC® 8739™ and gram-positive
Staphylococcus aureus ATCC® 6538™ were purchased from American
Type Culture Collection (LGC Standards S.L.U, Spain). The bacterial pre-
inoculum was prepared from a single colony of the corresponding stock
bacterial culture, which was resuspended in nutrient broth (NB) and
then incubated overnight at 37 °C, and 110 rpm. After 20 h, the bacteria
were harvested by centrifugation at 4500 rpm for 5 min and resus-
pended in NaCl 0.9 % (w/v) twice. The E. coli cultures optical density
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Fig. 1. A) assembly process of the pressure sensitive collagen/ag nw film sensors and b) schematic representation of the electronic circuit for data acquisition.

(OD) was adjusted to OD = 0.26 and the S. aureus cultures OD was
adjusted to 0.2 with NaCl 0.9 % (w/v) measured at 600 nm, giving rise
to a working inoculum of approximately 1 x 108 colony forming units
(CFU) per mL.

2.3.2.1. Colony forming units. The bactericidal activity was assessed
according to the standard shake flask method (ASTM-E2149-01) with
some modifications. This method provides quantitative data for
measuring the reduction rate in number of bacteria colonies formed,
converted to the average colony forming units per millilitre of buffer
solution in the flask (CFU/mL). To evaluate the potential of the materials
with embedded increasing concentration of Ag NW, to eradicate E. coli
and S. aureus, samples with 1 cm x 1 cm in size, previously sterilized
under UV light for 30 min each side, were placed in contact with each
bacterial inoculum (1 mL of working inoculum) in 15 mL falcon tubes.
The tubes were then placed under vigorous agitation (220 rpm) at 37 °C
for 2 h. The bacterial solution in contact with the material and respective
controls were then removed and the surviving colonies were quantified
by serially diluting (1:10) in sterile buffer solution, plated on a plate
count NB agar and further incubated at 37 °C for 24 h. Antimicrobial
activity is reported in terms of bacteria log reduction calculated as the
ratio between the number of surviving bacteria after and before the
contact with the materials according to equation (2).

Bacteriallog,yreduction(%) = log,y(A) — log,,(B) 2)

where A and B are the average number of bacteria before and after the
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contact with the samples, respectively. The results were further
expressed as log;o reduction by calculating the log;( of bacteria reduc-
tion. All antibacterial data represent mean values of 3 independent as-
says = SD (n = 3).

2.3.3. Sensor device development

For the development of the pressure sensors, in a first step the
nanoparticle silver ink from Novacentrix (Metalon HPS-021L) was
manual screen printed on top of a PET substrate using a screen of 100
threads by cm, creating an array of three conductive interdigits. Then, a
PET film separator with 100 um of thickness with three holes (10 mm x
12 mm) was glued to the interdigitated PET substrate using double sided
tape (3 M, RP45F VHB). Composite collagen films with an area of 12
mm X 14 mm and a thickness of ~ 100 pm were glued with double sided
tape to another PET film separated by 30 mm (to be on top of the
interdigits). The composite films on the PET substrates were glued on
top of the PET separator allowing the collagen/Ag NW films to touch the
conductive interdigits when a pressure was applied (Fig. 1) due to an air
gap. The chosen configuration with interdigits and an air gap between
the collagen film and printed silver fingers enables the detection of
pressure without relying on the internal resistance variation of the
collagen film (piezoresitive effect), instead of utilizing the area of con-
tact between the collagen film and the fingers where the pressure
sensing mechanism works on the same principle as commercially
available FSR (force sensing resistor) sensors that change the resistive
value based on the degree of pressure.

= 0Ag
— 0.25Ag
——— 0.50Ag
——0.75Ag
1Ag
3Ag
6Ag

1600 1400 1200 1000
Wavenumber / cm™
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Fig. 2. FTIR spectra of collagen films with different contents of Ag NWs: a) from 4000 to 800 cm ! and b) from 1800 to 800 cm ™.
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Table 1

Glass transition temperature (Tg), denaturation temperature (T4), and enthalpy
(AH) of the collagen samples obtained by DSC analysis.

Tg+1 Tqg£1 AH + 1 (mJ/g)
[§9) [§9)

0Ag 46.9 94.2 275.7

0.25A¢g 49.2 100.4 157.8

0.50Ag 50.9 102.4 138.0

0.75Ag 50.9 103.8 137.9

1Ag 51.2 103.9 137.2

3Ag 51.3 104.2 136.8

6Ag 51.4 105.1 136.6

The pressure sensors were connected to a microcontroller board,
Teensy 4.0 from PJRC, for interfacing with a graphical user interface
(GUD) built on python. An electronic circuit composed by 3 voltage di-
viders were connected to the 12 bits analog-to-digital converter inte-
grated with the microcontroller, and the collected data were sent
directly to the GUI application via universal serial bus (USB).

3. Results and discussion
3.1. Physicochemical and thermal properties

The interactions among the components of the films and the effect of
the Ag NWs in the collagen structure were evaluated by FTIR analysis. As
represented in Fig. 2, all samples show the characteristic absorption
bands of collagen: amide A (N-H and O-H stretching), amide I (C = O
stretching), amide II (N-H bending), and amide III (C-N stretching) at
3300, 1630, 1542 and 1240 cm ™!, respectively [29,30]. The broad band
at 3300 cm™! is also attributed to the OH stretching of the hydrogen-
bonded network formed by water molecules around collagen [31].
Additionally, the hydroxyl group in collagen has strong affinity to silver
ions and, therefore, physical interactions, such as van der Waals forces,
may be present among the hydroxyl groups of collagen and the positive
charge of silver [32,33]. Overall, the absorption bands in the spectra of
all samples are relatively similar to those of the control films, indepen-
dently of the filler content.

The effect of the inclusion of Ag NWs on the thermal stability of
collagen was assessed by DSC analysis (Fig. 3). All samples showed an
endothermic peak between 35 °C and 175 °C, resulting from dehydra-
tion and thermal denaturation of the collagen amorphous region [34].

The temperature values of glass transition (Tg) and thermal dena-
turation (Tq) of collagen and the corresponding Ag NW composites are
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shown in Table 1. It is observed that Ty and T4 increase from 46.9 °C and
94.2 °C to 49.2 °C and 100.4 °C, respectively, when 0.25 wt% Ag NWs
are added. When higher contents of Ag NWs are added up to 6 wt% filler
content, Ty and Tq values slightly increase further up to 51.39 °C and
105.14 °C, respectively. These demonstrate that the addition of Ag NWs
enhances the thermal stability of collagen, probably due to the changes
in collagen morphological and structural variations observed by SEM
(Fig. 3), XRD (Fig. 4) and XPS (Fig. 5) analyses. The decrease in the free
water content of the films observed by FTIR analysis also contributes to
the increase of both transition temperatures [35]. Furthermore, the
enthalpy (AH) value, which represents not only the collagen denatur-
ation when structural water is released, but also the energy required to
release free and bound water [36], decreases sharply from 275.7 mJ/g to
157.8 mJ/g when 0.25 wt% Ag NWs are added and slightly when higher
content of Ag NWs are further included in the composite. These results
are in agreement with the decrease of the free and bound water content
with the addition of Ag NWs [37,38], as observed by FTIR analysis
(Fig. 1).

3.2. Morphological and structural characteristics

SEM, XRD and XPS analyses were carried out in order to determine
the variations in the microstructure and structure of the samples after
filler addition. Concerning the SEM images (Fig. 4), the cross-section of
all samples show the fibrillar structure typical of collagen [39,40], while
the surface images show the suitable Ag NWs dispersion in the collagen
matrix. Just small Ag NWs agglomerates are observed in the composite
samples, which are well distributed and independent of the filler
content.

Regarding XRD analysis (Fig. 5), all samples show the characteristic
amorphous structure of collagen, with a broad peak around 20 °, asso-
ciated with the diffuse scattering of collagen fibers, and the peak at 7 °
that represents the triple helix structure of collagen [41,42]. As observed
in Fig. 5a, the structural order of collagen increases when Ag NWs are
incorporated, since an increase in the intensity of the peak at 7 ° is
observed for filler concentrations up to 1 wt% Ag NWs. This increase is
attributed to the C-O interactions between the carboxylic groups of the
amino acids and the Ag NWs, whose low frequency vibrations cannot be
detected by FTIR spectroscopy [43], as well as due to the van der Waals
interactions between silver and hydroxyl groups in collagen, as sug-
gested by FTIR analysis. Nevertheless, the incorporation of higher con-
tents of Ag NWs leads to a decrease of the structural order of collagen
with respect to those samples with Ag NWs contents lower than 1 wt%,
attributed to the fact that large filler content typically represents
defective structures hindering structural order formation, opposite to
low filler contents that allow to nucleate order formation [44].

Additionally, the XRD spectra from 2 to 50 ° is shown in Fig. 5b. The
peaks at 38.4 ° and 44.8 ° are assigned to the diffraction of (111) and
(200) planes of silver [45,46], and the peaks at 28 ° and 32.5 ° are
related to AgCl impurities and correspond to (111) and (200) planes
[40], respectively.

XPS was performed to get a detailed insight into the corresponding
elemental composition of the samples (Fig. 6a). The peak of O 1s at
531.9 eV is attributed to O-C=0 and O=C-N, while the peak of N 1s at
399.7 eV is attributed to C = N and C-N. The deconvolution of the
experimental C 1s spectrum results in three peaks (Fig. 6b): the peak at
284.6 eV is assigned to the aliphatic carbons (C-H/C-C), the peak at
285.9 eV is attributed to the carbons associated with oxygen or nitrogen
(C-0O/C-N), and the peak at 288.1 eV is related to carbons in the peptidic
chains in collagen (C = O/N-C = O) [47]. The relative area of these three
peaks changes when Ag NWs are added, as shown by the representative
results for 1Ag presented in Fig. 6¢. Specifically, the relative area of the
peak at 284.6 eV (C-H/C-C) slightly decreases, indicating that the hy-
drophobic character decreases, while the relative area of the peaks at
284.6 (C-O/C-N) and 287.8 eV (C = O/N-C = O) increases, suggesting
the orientation of polar groups towards the outer layers, in agreement
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Fig. 4. Representative cross-section SEM images of a) 0Ag, c) 0.5Ag, e) 1Ag and g) 3Ag samples; surface images for b) 0Ag, d) 0.5Ag, f) 1Ag and h) 3Ag.
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Table 2
Area of the XPS spectra peaks for collagen and 1Ag composite samples.
Area c-c/ C-0/ cC=0/ C=N/ 0-C = Ag
(%) C-H C-N N-C = C-N o/ (3d5/2)
284.6 286.2 (o] 399.7 0 =C¢C- 368.1
(eV) (eV) 287.8 (eV) N (eV)
(eV) 531.3
(eV)
0Ag 69.5 3.1 9.3 5.9 12.2 0
1Ag 66.6 3.4 10.8 5.5 13.6 0.1

with the decrease of hydrophobicity.

For a better understanding of the changes of the samples, the areas
under the curves were calculated. As presented in Table 2, there are no
relevant differences between the relative areas with the addition of Ag
NWs, indicanting the abscense of covalent reactions. A weak peak with a

relative area of 0.1 % was observed at 368.1 eV in 1Ag sample. This peak
is related to Ag (3d5/2) and is in good agreement with previously re-
ported values, indicating that the chemical state of nanowires consists
mainly of metallic silver instead of silver oxide [48,49]. The lack of great
alterations of the chemical groups with the addition of Ag NWs is
indicative of the chemical stability of the system, a desirable property
for the intended film application.

3.3. Mechanical properties

Tensile tests were performed in order to evaluate the effect of the
filler content and the corresponding variations on the mechanical
properties of collagen samples. As can be seen in Fig. 7, the fibres of
collagen were orientated as the elongation increased, increasing tensile
resistance up to the point of break.

The results of the elastic modulus (EM), tensile strength (TS) and
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Fig. 7. Stress—strain curve of 0Ag, 0.25Ag, 1Ag, 3Ag and 6Ag samples.

Table 3
Elastic modulus (EM), tensile strength (TS) and elongation at break (EB) of
collagen films prepared with different Ag NWs contents.

Films EM (MPa) TS (MPa) EB (%)
0Ag 1334 + 86° 33.21 + 2.42° 6.01 + 0.28°
0.25Ag 1333 + 93° 31.62 + 2.01° 5.76 + 0.42%
0.5Ag 1235 + 65° 30.55 + 0.64>" 5.86 + 0.34*
0.75Ag 1062 + 83° 28.09 + 2.04° 5.81 + 0.51%
1Ag 991 + 54° 26.87 + 2.30° 5.60 + 0.42%
3Ag 818 + 32¢ 24.98 + 2.34° 5.75 + 0.29°
6Ag 712 + 28° 22.60 + 2.22° 5.87 + 0.31%

#¢ Two means followed by the same letter in the same column are not signifi-
cantly (P > 0.05) different through the Tukey’s multiple range test.

elongation at break (EB) are shown in Table 3. It is observed that EM and
TS values slightly decreased (P < 0.05) when Ag NWs are incorporated
into collagen formulations. These results are in good agreement with
other works in which silver nanoparticles are added into biopolymers,
such as gelatin, agar and starch [50-52]. These results can be attributed
to the reduction of interlinking density, as the mechanical properties of
composite films depend on the interactions between components and
their miscibility, as well as on the interactions between polymer chains
[32]. Concerning EB values, no significant differences are observed with
the addition of Ag NWs.

3.4. Electrical properties

The D.C. electrical conductivity of the collagen/Ag NW composites
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has been obtained through the I-V curves represented in Fig. 8a). It is
observed that the slope of the I-V curves increases with increasing Ag
NW content indicating that the incorporation of conductive silver
nanowires into the collagen matrix promotes an increase in electrical
conductivity of the samples.

The electrical conductivity was determined from the I-V curves and
equation (1), Fig. 8b representing the electrical conductivity value as a
function of Ag NW content for collagen and the corresponding Ag NW
composites.

It is observed that the D.C. electrical conductivity (c) increases with
increasing filler content in the composites. For 0.25 wt% of Ag NW, the ¢
value increases in two orders of magnitude with respect to pristine
collagen. The percolation threshold [53] is between 0.25 and 0.5 wt%
and the maximum electrical conductivity value of 0.0515 S cm™! is
obtained for the sample with 6 wt% Ag NW content. This behavior is
attributed to the formation of an electrically conductive network in the
collagen/Ag NW composite with increasing filler content, as described
by the percolation theory [53].

3.5. Antibacterial properties

The pristine collagen and composite materials with increasing con-
centration of silver nanowires were tested against two representative
pathogens, one gram-positive, S. aureus, and one gram-negative, E. coli.
The material was placed in contact with saline solution containing
bacteria for 2 h and the amount of bacteria in the medium (planktonic)
was quantified. It is observed that collagen does not possess antibacterial
activity, and that this activity increases with increasing filler
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Fig. 9. Antimicrobial activity of silver-containing materials against E. coli and
S. aureus, measured in log;o reduction of CFUs.
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sponding resistance variation as a function of time (see also supplementary video). d) Resistance variation as a function of the force applied to the sensor. e)

Sensitivity of the sensor.

concentration (Fig. 9).

After incorporating silver, both bacteria were inactivated in a con-
centration dependent manner. In the case of S. aureus, a 2 log;o reduc-
tion was obtained with 6 wt% of silver (6Ag) composite, which means a
100-fold reduction (99 %) in bacteria. For E. coli, results show a larger
effect, being reduced in 3 log;p, meaning that there was 1000-fold less
bacteria in the medium.

The inherent morphology of the gram-positive bacteria, comprising a
thick layer of a peptidoglycan layer [54], may hinder the action of silver
ions through the membrane of S. aureus when compared to the gram-
negative cell wall, as previously reported [22,55]. In fact, silver-based
materials have been reported to be more effective in hydrated and
nutrient-poor environments, such as the ones used in this study. This is
due to the fact that silver ions often react with thiol groups from proteins
and components in the medium [56]. Since the antimicrobial studies
have been performed in saline solution rather than in nutrient-rich
medium, it is reasonable to assume that silver does not face competing
reactions in the medium, thus being more active towards the bacteria.
This is beneficial when the materials are to be applied in environments
where hydration is often present such as kitchens or bathrooms.

3.6. Sensor response

Taking into account that the collagen composite with the high
electrical properties and antibacterial activity was the composite with 6
wt% of Ag NW, it was used for the development of a resistive sensor. The
sensor response is shown in Fig. 10 and in the supplementary video (see
supplementary information).

Fig. 10a and b) show a visual image and the results of the resistance
variation of the 3 sensors when two different events occur: pressure and
bending events, respectively. Fig. 10c represents the corresponding

resistance variation as a function of time for the pressure and bending
events shown in Fig. 10a and b. In Fig. 10a, a finger pressure was applied
directly on top of the sensors and in Fig. 10b, a bending movement is
applied on a cylinder-shaped object. In both events, the sensor allows
the identification of the pressure and bending variation on multiple
sensors at the same time for mechanical tactile buttons and when the
sensors array is bent. In both cases, the observed response is attributed to
the reduction of the air gap between the interdigit and the collagen/Ag
NW composites, allowing to detect a bending motion that can be also
used in touch and finger flexing detection in robotic applications, among
others.

In order to access the relationship between the resistance variation
and the applied force, the sensor was placed on a Shimadzu autograph
AG-IS, with a load cell of 500 N. Compression cycles ranging from O to 2
N were conducted at a constant rate of 1 mm/min, as shown in Fig. 10d).
The designed sensor presents the best detection from 0.4 to 1.4 N,
starting to saturate for higher forces. Forces lower than 0.4 N cannot be
detected by the sensor. The variation of the resistance of the sensor can
be described by nonlinear behavior, as shown in Fig. 10e).

Considering the current emphasis on sustainability and
environmentally-friendly materials, the proposed sensor offers a
reduced environmental footprint compared to the recently reported
pressure sensing materials [57]. Most of these materials rely on a com-
bination of synthetic matrices such as perfluoroalkoxy alkane (PFA)
[58], polyimide (PI) [59], and polyvinylidene difluoride (PVDF) [60],
along with fillers like carbon nanotubes (CNTs) [61], metal nanowires
[62], and metal nanoparticles (NPs) [63], while this work proposes a
more sustainable alternative by substituting a synthetic matrix with a
biopolymer. In this context, even though there have been studies
exploring the use of collagen for pressure sensing applications, the
chemicals employed in processing these composites can be highly
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detrimental to the environment [64-66]. For instance, Ma et al. [64]
developed high-sensitivity microchannel-structured collagen fiber-
based sensors, utilizing glutaraldehyde as a crosslinking agent and HCIL
as a solvent, both of which have significant environmental pollution
potential.

4. Conclusions

Collagen composites with silver nanowires (Ag NW) have been
developed by solvent casting with varying Ag NW content from 0 to 6 wt
%. The addition of the nanofillers allows to improve the thermal stability
of the collagen polymer, the behaviour being independent of the Ag NW
content. Independently of the filler content, a good dispersion of the
filler was observed, being the samples mechanically stable. A maximum
of electrical conductivity of 0.0515 S cm™! has been obtained for the
sample with 6 wt% filler content. With respect to the functional
response, a filler dependent antibacterial activity has been obtained for
both gram-positive and gram-negative bacteria. A proof of concept
regarding the potential applicability of the developed materials as a
resistive sensor has been demonstrated, being the materials able to
detect both pressure and bending events with excellent behavior. Thus,
this work demonstrates the potential development of sustainable
multifunctional composites with antimicrobial properties for electronic
devices based on bio-based resources suitable for sensor applications.
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