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Hydrogel-based smart wound dressings that combine the traditional favourable properties of hydrogels as skin
care materials with sensing functions of relevant biological parameters for the remote monitoring of wound
healing are under development. In particular, lightweight, ultra-high frequency radiofrequency identiﬁcation
(UHF RFID) sensor are adjoined to xyloglucan-poly(vinyl alcohol) hydrogel ﬁlms to battery-less monitor
moisture level of the bandage in contact with the skin, as well as wireless transmit the measured data to an oﬀbody reader. This study investigates the swelling behavior of the hydrogels in contact with simulated biological
ﬂuids, and the modiﬁcation of their morphology, mechanical properties, and dielectric properties in a wide
range of frequencies (100–106 Hz and 108–1011 Hz).
The ﬁlms absorb simulated body ﬂuids up to approximately four times their initial weight, without losing
their integrity but undergoing signiﬁcant microstructural changes. We observed relevant linear increases of
electric conductivity and permittivity with the swelling degree, with an abrupt change of slope that is related to
the network rearrangements occurring upon swelling.

1. Introduction
Chronic wounds and ulcers are particularly distressful for patients
and challenging for health care providers and national health provisions [1].
Patients generally suﬀer for relentless pain, discomfort caused by
malodour, need of frequent inspections and medication [2,3]. Moreover, chronic wounds are highly susceptible to infection. Choosing a
proper dressing is a challenging aspect of wound care, because there is
no single dressing that suits all wounds; indeed, the biochemical
healing pattern is dependent on cells type, healing phase and can be
complicated by comorbidity.
Protection from infection and traumas is the most fundamental and
traditional role of wound dressings in the medical practice [3,4]. In
more recent times, further features have been added, such as the ability
to provide oxygenation, hydration, absorption of wound ﬂuids and
exudates, to release growth factors, to prevent and treat infectious
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states through the incorporation of anti-microbial agents [5,6].
Hydrogels are optimal candidates as wound dressing materials
[7–9]. They are hydrophilic networks with the ability to retain a signiﬁcant amount of water [10]. Therefore, they can absorb and retain
exudates and necrotic tissue, together with the biological components,
for example proteinases, that are deleterious for wound healing, while
concurrently providing appropriate levels of hydration [11,12]. Indeed,
an optimal level of hydration is required for the best wound management; excessive moisture results in maceration, while too little hydration results in wound drying and impaired tissue regrowth [13].
Hydrogel wound dressings are generally non-adhesive to the skin
and high conformable, therefore particularly apt to be used in patients
with thin or fragile skins [14]. Hydrogels can be self-standing ﬁlms,
coatings of textiles and non-woven mats, or adjoined with other synthetic materials.
The incorporation of diagnostic tools in wound dressings to measure
biologically relevant parameters can be of great support for chronic
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Fig. 1. Swelling behaviour of XG-PVA immersed in (a) or in contact with (b) MilliQ water, 0.9% wt NaCl isotonic solution, and fetal bovine serum (FBS).

Fig. 2. SEM micrographs of the as-prepared ﬁlm (A-B, B′) and ﬁlms incubated for 24 h in water (C, D).

important to avoid unnecessary inspections and dressing changes, and
overuse of antibiotics with the connected risk of development of antibiotic-resistant strains [4]. One early indication of bacterial infection is
heat production. Therefore, an accurate measurement of temperature
can be used to create an alert for a potential infectious state [19].
Ideally, the sensors used for the application should be almost invisible and fully integrated in the dressing [15]. We have already
proposed the concept of coupling hydrogel ﬁlms with inexpensive,
lightweight, UHF RFID sensor tags to produce hydrogel wound dressings that can battery-less monitor temperature and moisture level of
the bandage in contact with the skin [20], as well as wireless transmit

wound care [15,16]. Continuous or semi-continuous interrogations and
readouts can reduce the frequency of medical interventions by signalling conditions that require attention, and enable data collection to
resolve predictive trends and elaborate more eﬃcacious therapies
[16,17].
While technologies that detect speciﬁc markers of the wound
healing process still need to await a clearer understanding of the
chronic wound biochemistry, hydration and temperature are two
parameters already identiﬁed to be critical for healing [18].
Early detection of bacterial infection is a valuable information to
avoid complications. Likewise, indication of absence of infection is also
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Fig. 3. SEM micrographs of the surfaces of ﬁlms after immersion for 6 h in FBS, before (A) and after (B) rinsing with water; cross-section of the above ﬁlm at two
magniﬁcations (C, D); cross-section of the ﬁlm after immersion in saline solution for 24 h at two magniﬁcations (E, F).

reported to have intrinsic anti-inﬂammatory properties and synergistic
eﬀects with other anti-inﬂammatory agents when used for topical administration to the skin or to the buccal mucosa [25]. In wound healing,
tamarind seed XG extracts, with ca. 65% of xyloglucan, have been demonstrated to be able to improve re-epithelialization and remodeling
processes [26,27].
The aim of the present study is to investigate the XG-PVA hydrogel
swelling behavior in simulated biological ﬂuids, such as isotonic saline
solution and fetal bovine serum, and the induced changes in hydrogel

the measured data to an oﬀ-body reader. The rationale of the proposed
dressing resides in the possibility of using the hydrogel membrane
contemporarily as a medical device, a sensor and a substrate for electronics and communication platform. A self-sensing passive device is
therefore obtained, wherein the antenna is also the sensor [21–23].
For this purpose, hydrogel formulations based on a blend of xyloglucan (XG) and polyvinyl alcohol (PVA), chemically crosslinked with
glutaraldehyde (GA) have been developed [24]. Xyloglucan is an interesting polysaccharide, abundant and relatively inexpensive. It is
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%) were measured for each preparation batch, as described in detail in
Ref. [24]. In particular, GF = 93 ± 3% and RWC = 15 ± 2% were
determined. The ﬁlms will be named hereafter “as-prepared”.
2.2. Swelling tests
Swelling tests were carried out with two set-ups, upon direct immersion of samples in the swelling medium, and by placing them on 6well plates equipped with transwell inserts. The as-prepared samples
were exposed to the medium for determined periods of time, then removed from the solvent, blotted with ﬁlter paper and weighed.
Temperature was kept at 25 °C.
The swelling degree was calculated using the following equation:

SD% = (Ws−Wd)/Wd × 100
where Ws corresponds to the hydrated weight of the sample and Wd
represents the weight of the as-prepared sample. MilliQ water, 0.9% wt
NaCl and fetal bovine serum (FBS) were used as swelling media.
2.3. Scanning electron microscopy (SEM)
Surface morphology was imaged by a Field Emission Scanning
Electron Microscope (FESEM-JEOL) at an accelerating voltage of 10 kV.
Unless otherwise stated, ﬁlms were rinsed with water for 30 min before
freeze-drying. Freeze-dried samples were fractured in liquid nitrogen to
expose also their inner structure, mounted on SEM aluminium stubs by
means of a graphite adhesive layer and coated with a gold layer by JFC1300 gold coater (JEOL) for 90 s at 30 mA before scanning.
Fig. 4. Dynamic mechanical spectra of as-prepared, saline solution- and FBSswollen ﬁlms (a); membrane elastic moduli (b).

2.4. Rheological measurements
Rheological measurements were performed on a stress-controlled
AR-G2 rheometer (TA Instruments, USA) using a plate/plate geometry
with the gap ranging from 70 to 100 and 800 to 1000 µm for as-prepared and swollen ﬁlms, respectively. Viscoelastic spectra were done in
the frequency range 0.1–80 Hz with a strain of 0.01, well within the
linear viscoelastic region. The ﬁlms were gently placed on the rheometer plate, set at the temperature of 20 °C. All measurements were
done in triplicate.

morphology, mechanical and dielectric properties. In particular, the
dielectric characterization has been performed in two wide frequency
regions; 100–106 Hz and 108–1011 Hz. Indeed, the modiﬁcations of the
dielectric properties of the ﬁlm caused by the absorbed ﬂuids aﬀect the
response of the integrated RFID tag antenna, being the basis of the
proposed sensing mechanism. Hence, the hydration level of both dressing and wound can be retrieved from the analysis of the variation of
the communication parameters between tag and oﬀ-body reader.

2.5. Biaxial tension measurements
2. Materials and methods
Biaxial tension tests were performed with a Bose® planar biaxial
TestBench instrument equipped with four 250 N electromagnetic engines. From the water swollen hydrogel ﬁlms, 20 × 20 × 0.6 mm specimens were obtained by means of a regular cutter and ﬁxed to four
clamps, each corresponding to one motor. The tests were carried out in
displacement control by stretching the specimen in each direction, at a
speed of 1 mm/s. The forces in two directions were monitored by means
of two 250 N load cells. The strains ﬁeld at the specimen surface were
obtained with a digital video extensometer (DVE) assuming as reference
length the position of ﬁve markers (four at the corners and one at the
center). Displacements were monitored by a 1024 × 468 pixel digital
camera with a refresh rate of 50 Hz. The measurement set up is shown
in Fig. S1 of Supplementary information. Results obtained were averaged on 5 measurements carried out on diﬀerent samples.

2.1. Preparation of XG-PVA hydrogel ﬁlms
Tamarind xyloglucan (XG) was kindly provided by DSP Gokyo Food
and Chemical Co. (Japan) with a molar ratio among glucose, xylose and
galactose units of 2.8:2.25:1 [28,29]. XG molecular weight was measured by static light scattering, via Zimm plot analysis, and resulted
1.185 ± 0.085 MDa [24]. Poly(vinyl alcohol) (PVA, MW = 16 kDa,
98% degree of deacetylation) was purchased from Sigma-Aldrich. The
two polymers were individually dissolved in water by overnight stirring
(4% w/v XG at room temperature, 2% w/v PVA at 80 °C). The solutions
were mixed at 1:1 vol ratio for 30 min, acidiﬁed to pH 2.5 (1 M HCl),
and added with glutaraldehyde (GA, Sigma Aldrich). Stirring was
continued for 1 h at room temperature, then NaOH (1 M) was added to
increase pH to 7.0. Finally, glycerol (Gro, Sigma Aldrich) was added.
The solution was casted into glass moulds and incubated in an environmental chamber at room temperature and 50% relative humidity
(RH) to a constant weight.
Films were washed with a mixture of MilliQ water/Gro and airdried at 50% RH. Films of diﬀerent thickness were obtained by casting
diﬀerent volumes of solution. The thickness, reported as average value
of ten measurements per approx. 12 cm2, was measured with a Baxlo
4000 instrument.
The insoluble fraction (GF, %) and the residual water content (RWC,

2.6. Electrochemical impedance spectroscopy (EIS)
Solartron FRA (Frequency Response Analyzer)-12558 instrument
with a Dielectric Interface-1249, connected to a cell with two goldcoated, 2.1 cm diameter electrodes, was used to measure the electrochemical impedance of hydrogel ﬁlms at room temperature, in the
frequency range 100 and 106 Hz, under 0.2 V bias. Measurements were
carried out on the as-prepared ﬁlms and upon addition of known
amounts of isotonic 0.9% wt NaCl solution. Data were represented in
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Fig. 5. Electrical impedance spectroscopy of the hydrogel ﬁlms as function of the swelling degree. Bøde (a, b) and Nyquist (c, d) diagrams; conductivity as function of
frequency (e); and conductivity values at f = 1 kHz as function of the swelling degree (f).

2.7. Radiofrequency (RF) characterization

terms of Bode (impedance modulus and phase angle as function of
frequency) and Nyquist (imaginary and real components of complex
impedance) diagrams. Furthermore, we adopted the formalisms of
complex impedance, Z*, and permittivity, ε*, to determine the bulk
conductivity, σ, of the ﬁlms [30–32]. According to this approach, the
complex dielectric function can be calculated as:

ε ∗ (ω) =

The dielectric-properties, permittivity and conductivity (εr ,σ ),of the
hydrogel ﬁlms were evaluated in the 200–1500 MHz region by using a
modiﬁed multilayer microstrip ring resonator [33]. The measurement
system, shown in Fig. S2 of Supplementary Information, is composed by
the ring and the ground plane/feed network, located in separate planes
[34] to enable the easy placement of the sample between the two
layers. Compared to conventional single-layer resonators, the multilayer structure enables also a stronger interaction between the sample
and the ring ﬁelds, forcing the latter to physically cross the sample
before coupling with the ground plane. This feature is particularly
important for thin ﬁlm characterization such as the hydrogel ﬁlms here
evaluated.
In the case under test, the dielectric properties of the hydrogel ﬁlm
were estimated through a combined experimental and numerical procedure. Measurements of the transmission scattering parameter S12 (i.e.
the ratio between the RF signal coming out of the port 1 of the ring

Y∗
C
G
=
−i
= ε′ (ω)−ε″ (ω)
iωC0
C0 ωC0

where Y* = [Z*(ω)]−1 is the measured complex admittance, C and G
are the measured capacitance and conductance, ω the angular frequency (ω = 2πf) and C0 the equivalent capacitance of the free space.
The frequency-dependent AC conductivity, σ′(ω), is then obtained
as [31]:

σ ′ (ω) = ε″ (ω) ωε0
where ε0 is the permittivity of free space and ε″ the imaginary part of
complex permittivity.
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Fig. 6. Measured transmission scattering parameters S12 for the as-prepared ﬁlm (a); S12 measurements vs frequency during the progressive absorption of saline
solution (b); estimated dielectric permittivity (c) and electric conductivity (d) of the hydrogel ﬁlms vs. swelling degree (%).

XG and PVA by addition of glutaraldehyde. The preparation and chemical structure of these ﬁlms has been described in detail in a previous
work [24]. In particular, the formulation selected for the present study
is a covalent network obtained through the formation of glutaraldehyde-mediated crosslinks between the polymeric components of
the formulation (XG-XG, XG-PVA and PVA-PVA). Covalent crosslinks
increase the crosslinking density and solvent-resistance of these systems
with respect to their physical networks, where the crosslinking points
are mainly represented by associated domains of xyloglucan chains
[24]. Besides, glycerol that is added to the formulation prior to casting
and air-drying is also partially grafted to the network, increasing the
network mesh size and providing high ﬂexibility to the ﬁlms.
In Fig. 1a-b, the swelling curves of the samples exposed to water,
saline solution, and serum are shown. It is important to note that when
the ﬁlms are exposed to any of the above media, they can uptake the
various components of the swelling media, primarily water, and concurrently release glycerol and other hydrogel components that are not
covalently attached to the network. Films immersed in pure water initially swell fast, attaining the 80% of their equilibrium swelling value
in 10 min, and reach a plateau in ca. 8 h. Films in their equilibrium
swollen state maintain their initial shape and elasticity. The presence of
sodium chloride in the saline solution reduces both swelling rate and
swelling degree at plateau, since salt decreases the chemical potential of
water in the swelling medium and, in turn, the osmotic contribution to
the swelling pressure.
Samples immersed in FBS change their consistency becoming
swollen and slimy, thus diﬃcult to handle. For this reason, the measurements in FBS with this set-up were interrupted after 6 h. This behavior suggests that the ﬁlms absorb components of the serum that
change their consistency. The swelling measurements in water and
saline solution were continued beyond the attainment of the equilibrium conditions for further 18 h in order to probe the ﬁlms integrity
when immersed in these media for longer times. We do not observe any

when a signal is injected inside port 2) versus frequency were carried
out by using a Vector Network Analyzer.
In parallel, a numerical model of the multilayer ring resonator, including the sample, is computed by a Finite Element Method (FEKO
implementation, https://www.feko.info). The peak frequency, fR , and
the quality factor, Q, deﬁned as:

Q = fR /|fmax −fmin |−3dB
of the measured/simulated S12 parameter, intrinsically brings information about the unknown permittivity and conductivity of the
sample.
An identiﬁcation procedure of the electromagnetic parameters of
the ﬁlm is hence performed by varying in simulation the trial permittivity and conductivity of the sample in a suitable range and by computing the corresponding numerical features. The optimal identiﬁcation
of the electromagnetic parameters of the ﬁlm is then achieved by
minimizing the error between simulated and measured data.
The XG-PVA hydrogel sample under test (thickness 0.17 mm, diameter 8.5 cm, initial weight 2.1 g) was characterized as-prepared as
well as during the progressive absorption of 0.9% wt NaCl solution. The
dynamic exposure of the ﬁlm to body ﬂuid was simulated by placing the
ﬁlm on a synthetic sponge soaked with saline solution (εr = 75.2,
σ = 1.67 S/m at 870 MHz) for a ﬁxed time interval (2 min); then, the
ﬁlm was placed between the two layers of the ring resonator and the S12
scattering parameter versus frequency was measured. A digital scale
was used to monitor the ﬂuid uptake by continuously weighing the ﬁlm
after each exposure to the ﬂuid.
3. Results and discussion
3.1. Swelling of XG-PVA ﬁlms by simulated biological ﬂuids
Chemically crosslinked hydrogels were prepared from solutions of
219
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to occlude some of the ﬁlm pores, as it will be further discussed in the
next paragraph. This problem is reﬂected also in the higher error bars
for these measurements, which also suﬀer for the diﬃculty in removing
all ﬂuid present inside and above the porous membrane.
3.2. Microstructure of as-prepared and equilibrium swollen ﬁlms
In Fig. 2, SEM micrographs of as-prepared (Fig. 2A-B, B′) and waterswollen (Fig. 2C-D) ﬁlms for 24 h are shown. In particular, Fig. 2a
shows both surface and cross-section of the as-prepared ﬁlm. The surface of the ﬁlm is characterised by adjoined irregular tubular structures,
while the cross-section (also shown in Fig. 2B and its inset, 2B′) shows
uniformly distributed pores, yet heterogeneous in size. Small globules,
probably caused by highly crosslinked regions, are randomly distributed on the pore walls. The tubular structure resembles the one
observed in hydrogels of partially degalactosylated xyloglucans (DegXG), produced by temperature-induced gelation, where orthogonally
stacked lamellae interconnected by thin walls are formed by Deg-XG
chains self-assembly [35]. Here, the higher degree of branching of the
native (non degalactosylated) XG, together with the presence of glycerol and PVA in the formulation, reduces the ability of XG chains to
align into foils and leads to hydrogels with less regular microstructure
and higher degree of porosity.
After immersion in water for 24 h, hydrogels attain their equilibrium swelling state and show a signiﬁcant change in their microstructure. The lamellae are characterised by thicker walls and higher
spacing (see Fig. 2C), the pore size becomes larger and globules appear
more densely distributed (see Fig. 2D). This more open microstructure
is in good agreement with the observed increase of swelling degree.
In Fig. 3(A-B), SEM micrographs of the sample surface that was kept
immersed in FBS for 6 h, before (Fig. 3A) and after (Fig. 3B) rising with
water, are reported. It is evident that serum components strongly adsorb on the ﬁlm surface, creating a compact layer that ﬁlls the pores.
This explains the observed dramatic change in ﬁlm consistency. Even
after thorough rinsing with water, the pores are still partially occluded.
This is evident from the observation of both surface and cross-section of
the samples (Fig. 3C, D). The FBS-swollen and the saline-solution
swollen systems (see Fig. 3E, F) have similar average pore-size. The
relatively high swelling degree of samples immersed in FBS with respect
to those immersed in saline solution can be possibly attributed to the
protein serum uptake.
3.3. Mechanical properties
The rheological behavior of the swollen XG-PVA ﬁlms was investigated by dynamic mechanical analysis. Films were swollen with
the two simulated biological ﬂuids, saline solution or FBS, up to their
maximum absorbance capacity (ca. 6 h). Storage shear modulus, G′, and
loss modulus, G″, curves for the as-prepared and swollen ﬁlms are
shown in Fig. 4a. All systems show G′ curves higher than the G″ curves,
and invariant or slightly increasing with frequency. Both G′ and G″
decrease for the swollen systems with respect to as-prepared ﬁlms. In
particular, G′ and G″ decrease of two orders of magnitude as a result of
the increase in incorporated saline solution from 15% to ca. 78%. With
FBS, although the incorporated amount of swelling medium is not
signiﬁcantly changed (ca. 79%), G′ is further decreased of one order of
magnitude, whereas the reduction in G″ is less pronounced. The serum
proteins may aﬀect the inter-chain xyloglucan hydrophobic interactions, thus reducing the crosslinking density [36]. The more viscous
nature of the swelling medium with respect to saline solution explains
the relatively high G″ curve.
The mechanical properties of the ﬁlms were also investigated by
biaxial tension tests. From the stress-strain curves (here not shown), a
transversely isotropic mechanical behaviour is deduced. The plane of
transverse isotropy is the cross-section of the specimen and, henceforth,
two diﬀerent elastic moduli for the two load directions used in the

Fig. 7. Measured transmission scattered parameter S12 in as-prepared state and
after swelling and “recovery” of the initial weight (a); Overlapped estimated
dielectric properties of the sample vs. % swelling degree of the membrane in the
case of two consecutive exposures to the saline solution (b, c).

signiﬁcant change of weight or shape of the ﬁlms.
When ﬁlms were exposed to the various swelling media through a
porous membrane (Fig. 1b), set-up that better simulates the solvent
exchange conditions of wound dressings, they swelled more slowly. The
SD% at plateau for water was similar to the value measured upon immersion, while the SD% obtained for isotonic saline solution and FBS
resulted slightly lower, due to the formation of a thin and relatively dry
skin on the surface that is exposed to air. Also, we observe a diﬀerence
in the behavior of the ﬁlms swollen with serum with respect to those
swollen by the other two media when the experiments are carried out
with the two diﬀerent set-ups. In facts, hydrogels immersed in FBS, then
blotted and weighed, show a similar weight increase to water. Conversely, when they are in contact with FBS through the porous membrane of the transwell support, their behavior resembles the one in
saline solution. We can argue that the solutes present in FBS contribute
220
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3.5. RF characterization

mechanical tests can be identiﬁed. The membrane stress was measured
to circumvent the problem of the specimen thickness that is not rigorously constant along the specimen. Fig. 4b shows the average values of
the elastic moduli in the two directions with the conﬁdence intervals
obtained from the statistics of the analysis. The anisotropic mechanical
behavior is in good agreement with the SEM morphology of the freezedried samples, as shown in Fig. 2.

The measured S12 scattering parameter for the as-prepared ﬁlm is
shown in Fig. 6a. At room temperature and humidity, the estimated
permittivity of the ﬁlm, εr , (see Fig. 6c, SD% = 0) is rather low, equal to
1.1, while conductivity (see Fig. 6d, SD% = 0) is non-negligible
(σ = 3.2 ×10−2 S/m ) and mainly related to the presence of residual
water and ions from the fabrication. The radiofrequency response of the
hydrogel ﬁlm signiﬁcantly changes along with the amount of absorbed
saline solution. The increase of permittivity and electric conductivity of
the hydrogel produces a progressive frequency shift of the S12 curves
(Fig. 6b) that spans in the frequency range 780 < f < 985 MHz that
are correlated to a monotonic change of the dielectric properties of the
hydrogel ﬁlm (Fig. 6c-d) as a function of SD%. In the selected frequency
band, the ﬁlm exhibits variations of permittivity and electrical conductivity of about one order of magnitude, with a change of slope for SD
% > 20 similar to the one observed in the lower frequency range.
In order to verify the “recovery” capability of the system, the ﬁlm
was left to air-dry at room temperature and humidity. Then, its weight
was monitored every hour, until the ﬁlm attained its initial weight. A
comparison between the measured S12 in the case of the as-prepared
ﬁlm and the S12 measured after the recovery process is shown in Fig. 7a.
Despite the slight frequency shift, that can be caused by the change of
ﬁlm composition after its swelling with the saline solution and airdrying that causes absorbed salts precipitation, the dielectric properties
of the ﬁlm are comparable.
Finally, with the purpose of assessing the reproducibility of the
electromagnetic features versus multiple swelling cycles, the same ﬁlm
was again exposed to the saline solution by repeating the measurement
procedure described above. The overlapped results related to the estimated dielectric properties as a function of the swelling degree are
shown in Fig. 7b-c. The agreement between data is particularly good in
the early stages of the phenomena, i.e. for low values of εr and σ. Discrepancies are instead visible for the higher degree of swelling, probably due to the irreversible modiﬁcations of the ﬁlm during the ﬁrst
exposure cycle, comprising loss of glycerol, microstructure rearrangement and increase of salt concentration.

3.4. Electrical impedance properties
Electrical impedance spectroscopy was applied to measure the
electric properties of the ﬁlms in the as-prepared condition and at different swelling states using saline solution. In Fig. 5a-f, Bøde and Nyquist diagrams, conductivity vs. frequency plots and conductivity at
1 kHz vs. swelling degree plot are reported.
In the Bøde plots (see Fig. 5a-b) four distinct regions can be identiﬁed. For all swelling degrees, at the highest frequencies (near 1 MHz),
the phase angle is strongly aﬀected by the swelling degree; for the asprepared ﬁlm and the lower swelling degrees, the hydrogel shows capacitive-dominated behavior (negative phase angles); increasing the
electrolyte content in the hydrogel, the phase angle approaches zero,
indicating a prevailing resistive behavior; for the highest swelling degree, the positive phase angle suggests inductive properties. Moving in
the direction of lower frequencies, a resistive behavior is always shown
where the phase shift passes through ca. 0° and the impedance curve is
a horizontal line (not frequency dependent). Indeed, in this frequency
region the bulk resistance of the hydrogel/electrolyte system dominates
the impedance. In the mid-low frequency range, all ﬁlms develop a
capacitive component of the impedance, as indicated by the negative
|Z| slope and the phase angle that becomes more negative. At low
frequencies (the lower the higher is the swelling degree), the phase
angle approaches −45° and the impedance magnitude changes slope.
This behavior is caused by the diﬀusion of ions through the ﬁnite
thickness of the hydrogel.
The Nyquist diagrams are shown in Fig. 5c-d. The plot of the asprepared ﬁlm (Fig. 5c) is a semicircular arc at higher frequencies with
an almost straight line at lower frequencies. It is worth recalling that
the as-prepared ﬁlm has a water content of ca. 15% and may also
contain residual Na+ and Cl− ions from the synthesis, which can explain the observed ionic conductivity at low frequency. By increasing
the swelling degree, the capacitive behavior of the hydrogel is progressively shifted to higher frequencies and the semicircles are no
longer visible in the Nyquist plots.
Fig. 5e shows σ′(ω) vs. frequency plots for ﬁlm swollen to diﬀerent
degrees. The plateau at intermediate to high frequencies (103–105 Hz)
corresponds to the DC conductivity, σdc, of the ﬁlms due to ions mobility. In Fig. 5f, σ′(1kHz) is plotted as a function of the swelling degree.
We observe a linear dependence of conductivity with a change of slope
for SD% > 20. This behavior reﬂects the combined eﬀects of increased
ions content and ions mobility due to the higher water content and
larger porosity.
Electric impedance measurements performed on swollen ﬁlms by
immersion in either bidistilled water or saline-solution to the same SD
% = 200 (curves not shown) show diﬀerences in conductivity for two
conditions. In particular, the σ′(1 kHz) values are 6.3 · 10−3 S/m and
3.7 · 10−2 S/m for water-swollen and saline solution-swollen ﬁlms, respectively, while σ′(1 kHz) of the as-prepared ﬁlm is 7.8 · 10−6 S/m.
The σ′ (1 kHz) value of the water-swollen ﬁlm is three order of magnitude higher than the value of the as-prepared ﬁlm, this increase being
essentially attributable to the higher mobility of the ions already present from the synthesis. The conductivity further increases of one order
of magnitude in the saline solution-swollen system due to higher salts
content.

4. Concluding remarks
Research which addresses advanced wound management can contribute to the needs of modern healthcare, especially in situations that
require continuous monitoring, analysis, responsive therapeutic treatments and data recording. The development of ‘smart’ bandages and
dressings that can remotely monitor relevant parameters for the wound
healing process without a hospital intervention can be very useful tools
for patients and physicians and for advancing the understanding of the
healing process. We developed a hydrogel dressing suitable to integrate
sensing and communication platforms for remote monitoring.
In particular, we demonstrated that an increase of swelling degree
up to 60%, still much lower than the equilibrium swelling value (280%
in saline solution) aﬀects the conductivity of the ﬁlm up to 103 times in
the kHz frequency region and 10 times in the UHF range, conﬁrming
that these ﬁlms can be further exploited for sensing applications, according to the well-known sensor-less approach. Most of this conductivity increase is due to the increase of mobility of residual sodium
and chlorine ions from the synthesis. This observation suggests the
possibility of pre-loading the hydrogel with small amounts of ions with
various charge densities and mobilities to modulate the impact of water
uptake on the electromagnetic properties of the ﬁlm, and in turn the
response of the RFID antenna.
A parallel biological study on the same hydrogels ﬁlms is demonstrating that they are non-cytotoxic, fully hemocompatible, non-adhesive to the wound and able to provide protection from bacterial inﬁltration [37]. These results altogether encourage in proceeding with
further development and evaluation of these hydrogel membranes as
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smart wound dressings.
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