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Combining Alginate/PVPI-Based Film with Frequency
Rhythmic Electrical Modulation System (FREMS)
Technology as an Advanced Strategy for Diabetic Wounds

Marco Contardi,* Maria Summa, Martina Lenzuni, Luigi Miracoli, Franco Bertora,
Maurizio Diaz Mendez, Athanassia Athanassiou,* and Rosalia Bertorelli*

Diabetes is rising as one of the most diffused diseases of the century with the
related urgent necessity to face its systemic and local effects on the patients,
such as cardiovascular problems, degeneration of limbs, and dysfunction of
the wound healing process. The diffusion of leg ulcers has been estimated to
be 1.51 for 1000 population, and these non-resolved wounds can produce
several social, economic, and mental health issues in diabetic patients. At the
same time, these people experience neuropathic pain that causes morbidity
and a further decrease in their quality of life. Here, a new study is presented
where asodium alginate/Polyvinylpyrrolidone-lodine complex (PVPI)-based
wound dressing is combined with the Frequency Rhythmic Electrical
Modulation System (FREMS) technology, an established medical device for
the treatment of neuropathic pain and diabetic ulcers. The produced
Alginate/PVPI-based films are characterized in terms of morphology,
chemistry, wettability, bio-/hemo-compatibility, and clotting capacity. Next,
the Alginate/PVPI-based films are used together with FREMS technology in
diabetic mice models, and synergism of their action in the wound closure rate
and anti-inflammatory properties is found. Hence, how the combination of
electrical neurostimulation devices and advanced wound dressings can be a

1. Introduction

Nowadays, diabetes is considered the most
critical non-communicable global disease
fostered by an unhealthy modern lifestyle.!!]
This metabolic disorder characterized by
hyperglycemia is a well-declared socioeco-
nomic burden that affects more than 400
million people worldwide.[?! Diabetes’s ef-
fects deeply compromise patients’ function-
ality, provoking severe neuropathic pain,
cardiovascular issues, and, in the late
stage, correlated disorders like the onset of
Alzheimer’s disease.l*l Among diabetic peo-
ple, one in four will experience a diabetic
foot ulcer and correlated problems during
their lifetime. The progression of all these
factors can lead to the amputation of part of
the limb.[*]

Diabetic ulcers occur with a prevalence of
1.51 per 1000 population and this number is
predicted to increase with the enhancement
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of the elderly population worldwide.[*>%]
They are characterized by a chronic in-
flammatory environment where the heal-
ing steps (hemostasis, inflammation,
proliferation, and remodeling) are disrupted, causing a pro-
longed absence of the skin barrier!®! This scenario is a per-
fect condition for triggering harmful microorganism infections,
which further delay the repair of the wound, increasing the cost
of the management and issues for the patients.[>”]

Wound dressings have been designed to control and support
the healing of ulcers locally, where traditional tools, such as
gauze and bandages, fail. Advanced wound dressings were in-
tended in the form of films, fibrous mats, foams, and hydro-
gels for the in situ delivery of antibiotics, antioxidant and anti-
inflammatory molecules, and growth factors.[®! At the same time,
these advanced dressings attempt to contrast microorganisms’
invasion and proliferation, absorb the exudate, re-equilibrate
the persistent inflammatory condition, and promote skin cell
proliferation to achieve successful wound repair.°) In this re-
gard, several natural and synthetic polymers, and even fungal
mycelium have been tested in the recent past.['?) Among the pro-
posed biomaterials, alginate-based dressings offer considerable
biocompatibility and tissue tolerance, the capacity to enhance
cell proliferation, release active compounds, absorb exudate to
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maintain proper moisture in the wound bed, and comprehen-
sively ameliorate the condition of diabetic ulcers.['!] Recently, the
combination of Alginate and PVPI (Polyvinylpyrrolidone com-
plexed with iodine) as an antiseptic agent showed excellent per-
formance as wound dressing with healing, antimicrobial and
anti-inflammatory properties, suggesting that it can be a good
candidate for its potential application even at a clinical level.l'?]
PVPI can ensure an excellent effect against harmful pathogens,
such as Escherichia coli, Staphylococcus aureus, Pseudomonas aerug-
inosa, and Candida albicans, that commonly invade unsolved
wounds.[12213]

Nevertheless, even the advanced wound dressings are not de-
signed to face poor blood flow, peripheral neuropathic pain,
and the loss of cutaneous sensibility. These diabetic systemic
effects cause intense pain and morbidity, which are consider-
able problems in the daily life of diabetic patients. The man-
agement of neuropathic pain is considered a significant un-
met medical need,'*! and the current treatments are based
on either pharmacological therapies or invasive and not in-
vasive peripheral stimulation.['! Electrical stimulation is a
non-invasive tool for treating neuropathic pain and enhanc-
ing the circulation flow in diabetic patients. This technology
has been explored using different electrical stimulation, ap-
plied currents (direct, pulsating, alternating), and set-ups.!¢l
However, transcutaneous electrical nerve stimulation (TENS)
and FREMS (Frequency Rhythmic Electrical Modulation Sys-
tem) are the two most studied and applied techniques for this
issue.

FREMS technology offers a unique stimulation modality that
changes electrical frequencies and amplitudes during the treat-
ment. This stimulation showed positive effects in treating neu-
ropathic pain and the capacity to increase the blood flow where
applied, causing an overall improvement in the patient’s quality
of life.l'*7] Specifically, clinical data collected in previous stud-
ies suggest that FREMS treatments improve wound healing and
increase pain control compared with conventional medical ther-
apy in patients with chronic leg ulcers of mixed etiology. Actions
on endothelial and vascular smooth muscle cells have been high-
lighted, especially in relation to the effects of synchronous depo-
larization, vasomotion, and release of Nitric Oxide (NO), which
can have an anti-inflammatory action, and modulation of angio-
genic growth factors such as the vascular endothelial growth fac-
tor (VEGF), that is one of the most potent inducers of vascular
permeability, and it is also a potent mitogen of vascular endothe-
lial cells.[*®]

However, the FREMS technology does not provide antibacte-
rial or antifungal actions and cannot ensure any covering action
of the wound or a proper moisture-wound bed environment.

In this work, we investigate the combination of the FREMS
technology with Alginate-PVPI-based wound dressing as a com-
plete solution for diabetic wounds. We first described the
wound dressing’s production and its morphological and physic-
ochemical features. Then we present the studies on the bio-
compatibility, hemocompatibility, and clotting properties of
Alg-PVPI films, and finally, we demonstrate the combination
of Alg-PVPI films with FREMS technology on in vivo full-
thickness excisional skin wound healing diabetic mice model
for the wound closure rate and the anti-inflammatory properties
evaluation.
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2. Experimental Section

2.1. Materials

Alginic acid sodium salt (Alg) with a viscosity of 15 000—
20 000 cps, PVPI), glycerol (Gly) (density = 1.261 g cm™3),
CaCl, salt, heparin sodium salt, Dulbecco’s phosphate buffered
saline (PBS), glutaraldehyde, osmium tetroxide, ethanol, and
sodium cacodylate buffer were purchased from Sigma-Aldrich
(St. Louis, USA) and used as received. Deionized water was
obtained from a Milli-Q Advantage A10 ultrapure water pu-
rification system (Merck-Millipore, Darmstadt, Germany). Ha-
CaT cells were purchased from Cell Line Service (Heidelberg,
Germany), 300493. CellTiter-Glo reagent was purchased from
Promega (Madison, WI). C57BL/6] male mice were purchased
from Charles River, Calco, Italy. Gauzes made of cotton were pur-
chased from GIMA S.p.a. (Via Marconi, 1, 20060, Gessato (Mi),
Italy).

2.2. Preparation of Films

A slightly different protocol was used with respect to ref. [12a,b,]
for the fabrication of Alg-PVPI films. Specifically, 600 mg of Alg,
30 mg PVPI, and 400 mg of Gly were dissolved in 10 mL of MilliQ
water. The solution was kept under shaking for 24 h to obtain
a homogenous dispersion. Afterward, the viscous solution was
transferred inside a syringe, and microscope slides were cut into
square shapes of 1.5 x 1.5 cm using a diamond drill. A glass
square was blocked on the spin coater system (model WS-650S-
6NPP/LITE/OND by Laurell Technologies Corporation, Philadel-
phia, USA), and 1 mL of the viscous solution was poured into
it. The spin coating process was carried out with the following
parameters: final speed of 180 rpm, acceleration of 35 rpm, and
duration of 90 s. After the spin coating process, the films were
dried in the dark under an aspirated hood overnight. Finally, the
dried films were gently separated from the glass substrate using
a tweezer.

2.3. Morphological Analysis

The morphology of the obtained Alg-PVPI films was analyzed by
Scanning Electron Microscopy (SEM), using a variable pressure
JEOL JSM-649LA (JEOL, Tokyo, Japan) microscope equipped
with a tungsten thermionic electron source and working in high
vacuum mode, with an acceleration voltage of 10 kV. The spec-
imens were coated with a 10 nm thick film of gold utilizing
a Cressington Sputter Coater—208 HR (Cressington, Watford,
UK).

2.4. ATR-FTIR Spectroscopy

Infrared spectra of the Alg-PVPI materials were acquired us-
ing an Attenuated Total Reflectance (ATR) accessory (MIRacle
ATR, PIKE Technologies) with a diamond crystal coupled to
a Fourier Transform Infrared (FTIR) spectrometer (Vertex 70v
FT-IR, Bruker). All spectra were recorded between 4000 and
600 cm™, with a resolution of 4 cm™, accumulating 128 scans.
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2.5. Water Contact Angle

Water contact angle (WCA) measurements were performed by
a contact angle goniometer (OCA-20 DataPhysics, Germany) to
evaluate the water wettability of the films. The sessile drop tech-
nique was used with 5 pL MilliQ water drops dispensed from a
microsyringe. The drops were deposited on random spots, and
six measurements were averaged to get a reliable value (n = 6).

2.6. Biocompatibility Assay

Human epidermal keratinocyte (HaCaT) cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 2 mmol L' L-glutamine at
37 °C in an atmosphere of 5% CO, and 95% air. HaCaT cells
were seeded in 96- well plates at a density of 4.0 x 10° in a
final medium well volume of 100 pL and incubation until the
proper confluence was reached. After 24 h of treatment, cells
were rapidly rinsed with pre-warmed phosphate-buffered saline
(PBS) with Ca?* /Mg?*, and the extraction medium was re-placed
with the medium containing the extract from the Alg-PVPI films
(control samples were treated with medium processed as the ex-
tractions), and cells were incubated for additional 24 h and 48 h.
Extracts were prepared by placing Alg-PVPI films in cell media at
the concentrations of 0.5, 1.0, 2.5, and 5.0 mg mL™'. According
to ISO10993-5 guidelines, as the cell viability of the samples with
extracts was higher than 70% of the control group, all materials
were considered biocompatible. Cell viability was determined by
measuring ATP levels by CellTiter-Glo assay, as indicated by the
supplier as percentage survival relative to control cells. Data rep-
resent mean + SD of three independent experiments. The impact
of Alg-PVPI films on cell morphology was also monitored using
a LEICA DMI6000B inverted microscope (Leica Microsystems,
Wetzlar, Germany).

2.7. Wound Scratch Assay

HaCat were seeded into 24-well plates at 30 x 10* cells and were
maintained at 37 °C and 5% CO, for 24 h to permit cell adhe-
sion and the formation of a confluent monolayer. Subsequently,
they were wounded with a sterile plastic pipette tip to leave a
scratch of 0.4 mm in width. The cells were washed twice with
PBS, and an Alg-PVPI film extract replaced the medium. Alg-
PVPI film extracts were tested at the concentrations of 1, 2.5,
and 5 mg mL~'. All scratch assays were performed in tripli-
cate. Wound closure was monitored, collecting digitized images
immediately after scratching, 24 and 48 h post-induction. Im-
ages were analyzed using Image] software (National Institutes
of Health, USA). Data have been reported as the extent of wound
closure in the function of the initial scratch width.

2.8. Hemocompatibility

Hemocompatibility tests were performed to determine the blood
compatibility of the proposed films for wound treatment, accord-
ing to the ISO 10993-4 norm and standard practices for evaluat-
ing the interaction of a medical device or a material with blood.[*’!
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C57BL/6 mice (n = 2) weighing 23—24 g were used to draw blood.
All procedures were performed following the Ethical Guidelines
of the European Communities Council (Directive 2010/63/EU
of 22 September 2010) and accepted by the Italian Ministry
of Health. According to the “3Rs concept,” every attempt was
made to reduce animal suffering and to utilize the fewest num-
ber of animals necessary to provide accurate findings. Healthy
mouse blood containing heparin (5000 U mL~!) was taken and di-
luted with normal saline (4:5 ratio by volume). Fresh heparinized
blood was stored at room temperature and used within 2 h of
collection.

2.8.1. Hemolysis Assay

For the hemolysis test, samples with a 1.5 x 1.5 cm? exposure
area were soaked in 2 mL normal physiological saline in 6-well
culture plates and kept at 37 °C for 30 min. Normal physiologi-
cal saline and distilled water served as negative and positive con-
trols. After that, 0.04 mL diluted blood was added into each well
and kept at 37 °C for another 60 min. Subsequently, the solu-
tions were withdrawn and centrifuged at 3000 rpm for 10 min
at room temperature. An aliquot of the supernatant (~100 pL)
was carefully removed and transferred to a 96-well plate for spec-
troscopic analysis using a Spark Multimode microplate reader
(Tecan Group Ltd., Minnedorf, Switzerland), and the absorbance
(abs) was measured at 542 nm. The hemolysis rate was calculated
according to Equation (1).

Hemolysis Rate (%)

sample abs — negative control abs

= x 100 1
positive control abs — negative control abs @

2.8.2. Blood Clotting Test

Blood clotting measurements were carried out to evaluate the
hemostasis ability of the prepared films compared to commer-
cial medical gauzes (Master-Aid Forte Med plasters, Pietrasanta
Pharma, Italy). All the samples (1.5 X 1.5 cm) were placed into
wells of 6-well plates and pre-warmed to 37 °C. Afterward, blood
(100 uL) was added into each well, followed by CaCl, solution
(0.1 », 20 uL) to start the coagulation process. The samples were
incubated at 37 °C for 5, 15, 30, and 60 min. Afterward, 5 mL
of deionized water was carefully added to the wells along the in-
side wall. Hemolysis occurred to red blood cells that were not
trapped in the stable clot. After 5 min, the supernatants were
transferred into a 96-well plate, and a microplate reader mea-
sured the absorbance of samples at 542 nm. The blood clotting
index (BCI) of the samples at each time point can be calculated by
Equation (2):

I
BCI(%) = T x 100 2)

where I is the absorbance of blood that had contact with the sam-
ple, and I, is the absorbance of blood hemolyzed with 5 mL of
deionized water.
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2.8.3. Blood Cells Adhesion Test

A 200 pL blood drop was placed on the samples (1.5 X 1.5 cm
exposure area) and incubated for 30 min at 37 °C. Samples were
then withdrawn, quickly rinsed three times with PBS to remove
the non-specifically adsorbed cells, and then fixed with a 2% glu-
taraldehyde solution (pH 7.4 buffered with sodium cacodylate
0.1 M) at room temperature for 90 min. The fixative solution was
then withdrawn, and the samples were washed three times for
10 min each with sodium cacodylate 0.1 M and stored overnight
at 4 °C. Samples were post-fixed in 1% osmium tetroxide in the
same buffer and then dehydrated in a graded ethanol series. Sam-
ples were sputter coated with 15 nm gold, and SEM analysis was
performed as described in paragraph 2.3 to investigate blood cell
adhesion and morphology.

2.9. Animal Models
2.9.1. Animals Storing

In vivo experiments were performed following the guidelines es-
tablished by the European Communities Council Directive (Di-
rective 2010/63/EU of 22 September 2010) and approved by
the National Council on Animal Care of the Italian Ministry of
Health, Number protocol 224/2020-PR, 5 March 2020. 8-12-week-
old male CD1 and C57BL/6] mice were utilized. As described be-
fore for the hemocompatibility test (Section 2.8), also in this case,
the 3Rs were followed for the in vivo tests. Mice were kept under
a 12-h light/dark cycle (lights on at 8:00 am), relative humidity of
(55 + 10%), and at a controlled temperature of (21 + 1 °C).

2.9.2. Hemorrhagic Test

CD1 mice of 25-30 g were randomly divided into two groups with
five mice in each group, a control group and a group treated with
Alg-PVPI films. The mice were anesthetized with a mixture of ke-
tamine (10%) and xylazine (5%). The hemorrhagic test was per-
formed as described in ref. [20]. Briefly, the liver was exposed via
an anterior right subcostal incision. Behind the left lateral lobe,
a pre-weighted cotton gauze (W) was gently placed. A 1 cm in-
cision was induced by using a scalpel to mimic the hemorrhage
process. Immediately after, the Alg-PVPI film was applied on the
damaged area and the lack of bleeding for 5 min was consid-
ered as hemostasis. Finally, the gauzes were gently removed and
weighed again (W,) for measuring the blood loss utilizing Equa-
tion (3):

Blood loss = W, — W, (3)
During the experiment, the hemostatic time was also moni-

tored.

2.9.3. Model of Diabetic Mice

C57BL/6] mice of 20-25 g were injected with 50 mg kg™!, in-

traperitoneal, Streptozotocin (STZ, Merck Life Science, Milan,
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Italy), dissolved in citrate buffer (sodium citrate, pH 4.5). The
use of Streptozotocin is a widely diffused model for inducing di-
abetes. Indeed, Streptozotocin (STZ) is an antibiotic that, when
administered to C57B6/] mice, causes the destruction of pan-
creatic f-cells and is used experimentally to produce a model of
type 1 diabetes mellitus (T1IDM).[2!) Animals fasted for 4 h be-
fore STZ induction. The STZ-Na Citrate buffer solution was pre-
pared immediately before injection due to the fast degradation of
the drug in the Na-Citrate buffer after 15-20 min. Each mouse
was treated with five consecutive intraperitoneal daily injections
of STZ. Mice were tested to check levels of hyperglycemia at 4
weeks post-injection by drawing blood from the dorsal vein of
the mouse. Animals with blood glucose levels of +250 mg dL~!
were considered diabetic and used for the experiments.

2.9.4. Wound Tests

To evaluate the wound closure, C57BL/6] diabetic mice were as-
signed to four groups with five mice for each group. The different
groups were mice with no treated wounds (CTRL), treated with
Alg-PVPI films, treated with FREMS, and treated with FREMS
and Alg-PVPI films. The mice were anesthetized, their dorsal
surface was shaved, and a full-thickness excisional wound was
induced (diameter 6 mm). A photo of the wound was taken im-
mediately after the biopsy generation (day 1). The bilayer dress-
ing was applied, and pictures at days 1, 3, 5, 7, 9, and 12 were col-
lected and analyzed using Image] software to quantify the wound
closure rate. The wound closure was calculated as a percentage
based on wound size relative to the control group. During the
experiments, mice were housed individually and fed with water
and food ad libitum.

2.9.5. Cytokines

C57BL/6] diabetic mice were assigned to five groups with five
mice for each group (naive, SHAM, treated with Alg-PVPI films,
treated with FREMS, and treated with FREMS and Alg-PVPI
films). The mice were anesthetized, their dorsal surface was
shaved, and a full-thickness excisional wound was induced (di-
ameter 6 mm). Skin samples from the five groups were collected
on day 5, post-wound induction, and snap-frozen in liquid nitro-
gen. Cytokines (IL-6, IL-14, and TNF-a) expression was measured
using an ELISA quantikine kit (R & D system, Minneapolis, MN,
USA), according to the manufacturer’s instructions. "]

2.9.6. FREMS and Combined Application with Alg-PVPI Films

FREMS is a proprietary and patented technology of FREMLIFE
(www.fremslife.com), which concerns the generation of biocom-
patible electrical signals by means of computerized neurostim-
ulators and their administration through transcutaneous elec-
trodes. FREMS is constituted by trains of sequences of electric
pulses, characterized by a minimal quantity of charge, whose fre-
quency and duration can be varied according to pre-set regimens.
The amplitude of the impulse is set by the operator using a re-
mote control, according to the patient’s sensitivity threshold and
the tissue stimulated. Subsequently, the system modulates maxi-
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Figure 1. FREMS technology and its application. A,B) Photographs of the spider system and the adhesive electrodes. C) Scheme of application of the
electrodes on the mice wound models. The yellow circle is the wound, while the red and black spots represent the positive and negative electrodes,
respectively. D) Application of the Alg-PVPI and FREMS for the in vivo tests: day 1 application of Alg-PVPI film; from day 2 FREMS treatment until day

12 (end of the experiment).

mum amplitude according to the ion balance of the tissue under-
neath the electrodes, to keep it constantly balanced (Biofeedback).
Impulses have an active phase and a recovery phase, which guar-
antees the ion balance in the tissue involved in the process (see
Figure S1, Supporting Information).

The impulse sequences are developed to suit the characteris-
tics of the tissues to be involved in the programmed action, and
they can activate a functional “recovery” mechanism in the area
involved in the treatment (see Figure S1, Supporting Informa-
tion). More than 100 different FREMS protocols are already clin-
ically available to treat musculoskeletal disorders, sports injuries
(muscle injuries, tendinopathies, etc.), peripheral neurovascu-
lar complications such as painful diabetic neuropathy, vascu-
lopathies (arteriopathies, venous, or mixed stasis), and chronic
ulcers of various etiologies.

The device used in this study is a portable apparatus commer-
cially called SPEEDER, and the skin electrodes were cut to fit the
small size of the mice, without modifying the electrical contact
between the electrode and the skin (see Figure 1A,B).

The stimulation protocol used was that of traumatic ulcers ap-
plied for 30 mins and limited to 15 V (5% of maximum voltage)
once a day, starting on day 2 and ending on day 12 of the experi-
ment.

FREMS was applied on the shaved back of the mice by using
hydrogel-based adhesive electrodes (see Figure 1A,B). The two
adhesive electrodes were placed about 1 cm from the induced
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wound (circular with a diameter of 0.6 cm), as schematically de-
scribed in Figure 1C. The positive and negative electrodes were
inverted daily to provide a unidirectional electric field-induced
wound closure.

In the wound closure in vivo evaluation, Alg-PVPI films were
applied immediately after the wound formation (day 1), while the
FREMS treatment was added from the day after (day 2) until day
12 (Figure 1D). For the quantification of the cytokine expression,
the test was stopped on day 5. In both experiments, FREMS treat-
ment started on day 2 because the fresh wound (day 1) was un-
stable, and the weight of the adhesive electrodes altered the size
and shape of the wound. Instead, on day 2, a protective scab was
already present on the wounds, producing a natural layer that en-
sured not to modify the wound in the presence of the adhesive
electrodes.

2.10. Statistics

For the statistical analysis of the proposed experiments, ANOVA
was utilized to evaluate statistical significance, followed by Bon-
ferroni's post-hoc test. The only exception was for the hemor-
rhagic tests were a t-test was used for performing the statistical
analysis. GraphPad Prism 5 was used for all statistical analysis
(GraphPad Software Inc., San Diego, CA, USA). Results with a
p-value < 0.05 were considered statistically significant.

© 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH

5L60 17 SUOLLLLOD BATERID 3|ceatddde au) Aq poueA0B @12 SooILIE WO B8N J0'S3INI 10} AReIC1T BUIIUO AB]IAM UO (SUO1IPUOD-PUR-SULBI L0 AB | AReIcl1pUIUO//'SAY) SUONIPUOD PLE S | aU) 95 *[£20Z/0T/T] U0 Akeiq 1 auiuo Aa|1m eiBojouse | 1 oue1fel s | M1 Ad 67E00EZ02 IGeLL/Z00T OT/I0p/LI0D A3 1 ATeqipuI |Uo//Sdy o) popeojumod 0 ‘SETSITIT



ADVANCED
SCIENCE NEWS

M

Bioscience

www.advancedsciencenews.com

A S

Gla< Alg/PVPI solution
%‘ 4 ¥
V- l v/ l - l

(o

10kV  X1,000 10um

10kv  X1,000 10pm

E

Alg-PVPI v,(C00) e

v(C=0) \ v,(C-O0-C)
TR

=
=
3 PVPI Shift ¥(C=0)
[} ™~
g Lack of water
(]
3 /
[ _—"//_\_/"’\
2
g PVP vC=0)__ B(C-H) PCH)
g vOH) v CHy) V(CHD v(CN) \ \
g __/\,\

Al v(CO0) Sres s
s g i L v,(C-0-C)

L

4000 3500 3000 1800 1500 1200 900 600
Wavenumbers (cm™)

Figure 2. Preparation and characterization of Alg-PVPI films. A) Scheme
of fabrication of the Alg-PVPI-based samples using a spin coater. B) Photo-
graph of the produced biomaterials. CD) SEM images of Alg-PVPI top view
and cross-section, respectively. E) ATR-FTIR spectra of Alg-PVPI, PVPI,
PVP, and Alg.

3. Results and Discussion

3.1. Film Characterization

Alg-PVPI films were fabricated using a spin coater as schemati-
cally described in Figure 2A. The obtained films had an orange
color and a thickness 0f 80 + 10 um (see Figure 2B). Characteristic
SEM images of the top-view and cross-section for the Alg-PVPI
films are shown in Figure 2C,D, respectively. The films’ surfaces
and cross-sections were smooth, and no phase separation was
observed, indicating that the ingredients were well-blended.
Similar Alg-PVPI films developed by Liakos et al. had shown
phase separation.['?] The authors had used the solvent casting
method to produce those films, with Alginate and PVPI having
more time during the evaporation of the solvents to phase sep-
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arate. Hence, the spin coating technique, used in this work, en-
sures a better and more homogenous mixing during the fabrica-
tion of the samples.

ATR-FTIR spectra of Alg, PVP, PVPI, and Alg-PVPI are re-
ported in Figure 2D. Alg showed typical peaks of O-H stretching
modes at 3383 and 3212 cm™!, asymmetric and symmetric CH,
and CH stretching modes at 2937, 2917, 2889, and 2860 cm™,
asymmetric and symmetric COO™ stretching modes at 1595 and
1406 cm™!, symmetric C-O—-C stretching mode at 1024 cm™. In
the PVP spectrum, the following vibration modes were observed:
O-H stretching mode at 3408 cm™!, asymmetric and symmetric
CH, stretching modes at 2982, 2948, 2918, and 2874 cm™, re-
spectively, C = O stretching mode at 1650 cm~!, C-N stretching
mode at 1018 cm™!, out-of-plane C-H bending mode at 841 cm™,
and C-H rocking mode at 733 cm™!. These peaks are mostly con-
nected with the chemical structure of PVP.[?2] In the PVPI spec-
trum, all the main vibrations are referred to the PVP structure.
However, a shift of the C = O stretching mode to 1660 cm™! was
found. This shift relates to the interaction between the amide
group of PVP with the iodine. In the Alg-PVPI spectrum, the
overlapped peaks of the two polymers are present, and the vi-
bration modes attributed to PVPI and Alg are highlighted in the
graph by the blue and red arrows, respectively. However, a shift
and a different shape of the C-O—C stretching mode of Alg were
noticed due to the overlapping presence of the C-O stretching
mode of the Gly present in Alg-PVPI films.

The average value of WCA of Alg-PVPI was 39.5 + 1.2 (Figure
S2, Supporting Information), which demonstrates the highly hy-
drophilic nature of the alginate-based films, as previously re-
ported. The hydrophilicity is an essential property for wound
dressings, in order to absorb exudate and release the antiseptic
molecules.[?]

3.2. In Vitro Biocompatibility, Hemocompatibility, and Clotting
Properties

Biocompatibility is the first requirement for every biomaterial
that should be placed in contact with the fluids and the tissues
of our body. For this reason, Alg-PVPI film extracts at different
concentrations were tested on keratinocytes, one of the main cell
types that compose the skin tissue. The results are shown in
Figure S3 (Supporting Information). The Alg-PVPI films resulted
in being fully biocompatible, and no toxic effects were detected
for all the concentrations tested.

Hemocompatibility is one of the leading requirements in
directing the design of innovative patches, films, and blood-
contacting materials in general. An ideal material for wound
treatments should provoke low hemolysis and favorable coagu-
lation kinetics. In particular, the films should present a hemol-
ysis value of less than 5% to be suitable for skin tissue regen-
eration, a limit set by the ISO 10993-4 standard. Alg-PVPI films
demonstrated high hemocompatibility with a hemolysis percent-
age of 3.8 + 0.9% (Figure 3A) after being in contact with blood for
60 min. These results were also confirmed by the optical micro-
scope investigation (Figure 3B,C), and they align with the avail-
able data in the literature regarding the hemolysis rate of alginate-
based and PVPI-based wound dressings.!'3*24]
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Figure 3. In vitro analysis. A) Histogram relative to the absorbance of released hemoglobin after treatment with H,0 (MilliQ), CTRL (saline solution),
and Alg-PVPI. Results are presented as the average + SD (n = 3). BC) Optical images of blood after the treatment with CTRL (saline solution) and
Alg-PVPI, respectively. D) Blood clotting index for CTRL (saline solution), Plaster, and Alg-PVPI. ***p < 0.001 versus CTRL; $p < 0.01 versus Plaster;
§5p < 0.001 versus Plaster. Results are presented as the average + SD (n = 3). EF) SEM images of a blood clot on Alg-PVPI surface at two different
maghnifications. G) Quantification of the edge distance in the wound scratch test at 0, 24, and 48 h. ***p < 0.001 versus CTRL. Results are presented as
the average + SD (n = 5). H) Optical images of wound scratch experiment for CTRL and Alg-PVPI 5 mg mL™" after 0, 24, and 48 h.

An ideal wound dressing should also promote platelets and
red blood cells (RBCs) to aggregate at the wound site and form
a blood clot to accelerate the hemostasis.[?°! The BCI is an effec-
tive quantitative index to evaluate the coagulation performance
of different materials, and it is calculated from the absorbance
(at 542 nm) of free hemoglobin not involved in the coagulation
process. The blood-clotting index of the prepared dressing was
calculated and compared with a commercially available plaster.
The results are represented in Figure 3D, with a lower BCI indi-
cating higher blood-clotting efficiency. In this study, a significant
difference was noticed between the Alg-PVPI samples and both
the plaster and control samples after being incubated with whole
blood for 5, 15, 30, and 60 min. This may be due to the syner-
gistic effect of alginate and PVPI on hemostasis.[?’] The results
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were supported by erythrocyte microscopy analysis (Figure 3C),
where it can be noticed that Alg-PVPI films induce the aggluti-
nation of erythrocytes, whose membranes result intact (i.e., non-
hemolyzed).

Figure 3E F and Figure S4 (Supporting Information) show the
adhesion and morphology of red blood cells and platelets on the
Alg-PVPI sample surface. The platelets adhering to the films
were aggregated and had round morphology with a few filopo-
dia. These results indicated that platelets could be effectively at-
tached to the surface of Alg-PVPI samples and play a role in the
hemostatic process.

In the wound healing process, the further step is cell prolifer-
ation after the initial stages of hemostasis and inflammation. A
wound scratch test was performed to evaluate the capacity of Alg-
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Figure 4. Hemorrhagic test. A) Photographs of control and Alg-PVPI film-treated livers after 5 min from the cut. BC) Results of the blood loss and
hemostatic time, respectively, for the control and Alg-PVPI groups. Results are presented as the average + SD. ***p < 0.001 versus CTRL (n =5 for each

group).

PVPI films to induce cell growth, and the results are displayed in
Figure 3G,H. The keratinocytes treated with Alg-PVPI films had
a statistically higher proliferation speed after 24 and 48 h with re-
spect to the control. Indeed, the treated keratinocytes completed
the closing of the wound scratch in 48 h, while in the untreated
cells, 40% of the wound edge was not healed during the same
period.

Altogether, these outcomes highlighted that Alg-PVPI films
have a high level of bio- and hemocompatibility, a clotting effect,
and the capacity to promote cell proliferation, confirming to be an
excellent candidate for application in acute and chronic wounds
and for supporting their healing.

3.3. Hemorrhagic Test

Hemostasis is the first step for wound healing to start and, in
emergency cases, is a vital process to occur after an injury.62°]
Considering the excellent clotting properties of the Alg-PVPI film
shown in the in vitro analysis, a hemorrhagic test was performed
in mice. Photographs of the control and Alg-PVPI film-treated
livers are displayed in Figure 4A. The blood loss and hemostatic
time were calculated from the test, and the results are graphed
in Figure 4B,C. The control sample released around 500 mg of
blood, and the hemorrhage stopped after almost 3 min. On the
other hand, applying the Alg-PVPI film on the injured liver, im-
mediately interrupted the bleeding with a hemostatic time of a
few seconds and a blood loss of around 100 mg. Together with the
previous results, these findings confirmed the excellent proper-
ties of Alg-PVPI films in the interaction with blood without caus-
ing any toxic effects, inducing hemostasis and clotting. Thus, Alg-
PVPI films have extraordinary potential for wound healing appli-
cations.

3.4. Wound Closure and Anti-Inflammatory Properties in In Vivo
Diabetic Mice Models

The effect of the combination of FREMS technology with Alg-
PVPI films was evaluated in the diabetic mice model. Firstly, the
wound closure rate was investigated, and the main results are
reported in Figure 5A,B. As can be noticed, during the monitor-
ing period (12 days), the wounds of the non-treated mice (CTRL)
did not heal due to the diabetic condition, showing that 80% of
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the wound area was still unrecovered. The application of FREMS
technology showed a gradual wound closure and led to a recov-
ery of 70% of the initial damaged wound area. FREMS technol-
ogy was statistically better than the controls (see Figure 5B). The
mice treated with PVPI-based patches showed a slight difference
in the progression of the wound-healing process. Indeed, an ini-
tial stronger effect of the closure process, both with respect to
the controls and the FREMS technology, has been observed until
the first 7 days. After 12 days, the mice treated with PVPI-based
patches showed a residual wound area of 23%, which was statis-
tically better than the CTRL and similar to the FREMS group.

Finally, the mice treated both with the wound dressing and
the FREMS technology showed an ameliorated progression of
wound healing rate. Indeed, from the first days, the wound condi-
tion was statistically improved both concerning the CTRL and the
FREMS, mimicking the outcome of the PVPI-based patch tested
alone. Interestingly, after 5 days, the enhancement in the wound
repair resulted in being statistically better than in the mice treated
with the PVPI-based patch. In the end, after 12 days, the mice
treated with the two technologies showed complete recovery of
wounds, while the control recovered only the 20% of the initial
wound area, the FREMS group the 70%, and the Alg-PVPI group
the 73%.

According to these data, Alg-PVPI and FREMS alone could ac-
celerate but not complete wound closure. Instead, the combina-
tion of Alg-PVPI and FREMS technology was able to close the
induced wound in 12 days, suggesting a positive synergic effect
of the two technologies.

Alterations in the blood flow and the persistence of inflamma-
tory conditions are the main reasons for unsolved diabetic ulcers.
Therefore, measuring the level of inflammatory mediators after
applying the two technologies is a crucial point to be evaluated.

The main results on the inflammatory mediators’ levels after
5 days from the induced wound damage in the in vivo diabetic
mice model are reported in Figure 6A-C. The levels of TNF-a
(see Figure 6A) were higher in the SHAM mice, while the val-
ues in the mice treated with FREMS, Alg-PVPI, and FREMS
/Alg-PVPI were statistically lower. Moreover, the values of TNF-
a found in the mice treated with PVPI and FREMS/Alg-PVPI
were also statistically lower than FREMS. The IL-6 levels for the
FREMS, PVPI, and FREMS/Alg-PVPI groups were statically re-
duced with respect to the SHAM mice. However, in this case,
FREMS/Alg-PVPI treatment produced the lowest levels of IL-6,
being statistically lower even than FREMS and PVPI alone (see
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Figure 6B). A similar trend was also observed for the quantities
of IL-1p in the FREMS/Alg-PVPI group, showing that this group
was most performing in reducing this inflammatory mediator’s
level (Figure 6C).

Hence, the in vivo analysis outcomes highlighted a different
progression in the wound closure rate. FREMS has a more grad-
ual effect connected with its daily application and capacity to in-
crease blood flow and to recall pro-healing factors such as VEGF.
Alg-PVPI had a more substantial impact in the first days, imme-
diately after its application, and a slower progression toward final
healing. Both FREMS and Alg-PVPI statistically reduced the in-
vestigated inflammatory mediators suggesting another aspect to
consider in explaining their effect with respect to the control.

The most important finding was the synergism in the effect
of FREMS and Alg-PVPI in wound healing and the reduction
of inflammation. The hypothetical reason for this effect can be
sought into the presence of the alginate-based dressing which
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absorbs moisture from the wound bed, keeping the wound
environment in a suitable wet condition.['™® Also, alginate has
been proven to enhance the proliferation of skin cells such as
fibroblast and keratinocytes, as also shown in this work.[2]
Moreover, the presence of the antimicrobial agent PVPI inside
the dressing reduces the probability of infection during the heal-
ing process, and thus, it can prove this latter. The combination
of all these effects mediated by the Alg-PVPI dressing, along
with the aforementioned proliferative and accelerating benefits
led by the FREMSTM, can potentially ameliorate the rate of
wound healing phases (hemostasis, inflammation, proliferation,
and remodeling) and explain why we observed this synergism
in our study. The observed synergism can be a perfect match to
enhance the current performance of electrical stimulation-based
technologies for treating complex wounds in patients with
diabetes. These preliminary results are obtained from tests in
a mouse model, which is far from an actual diabetic ulcer in a

© 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH

5L60 17 SUOLLLLOD BATERID 3|ceatddde au) Aq poueA0B @12 SooILIE WO B8N J0'S3INI 10} AReIC1T BUIIUO AB]IAM UO (SUO1IPUOD-PUR-SULBI L0 AB | AReIcl1pUIUO//'SAY) SUONIPUOD PLE S | aU) 95 *[£20Z/0T/T] U0 Akeiq 1 auiuo Aa|1m eiBojouse | 1 oue1fel s | M1 Ad 67E00EZ02 IGeLL/Z00T OT/I0p/LI0D A3 1 ATeqipuI |Uo//Sdy o) popeojumod 0 ‘SETSITIT



ADVANCED
SCIENCE NEWS

M

Bioscience

www.advancedsciencenews.com

A 80

)
s
§ 60 :
o o #
o ke
E 40
{2}
i
o
% 201
'—
O.
N N
o"S\e stx\ 3 “}@ QAQ
T &
2
&
&
B 500
€ 4001
Q
§ ke
o 3001 - s
E -
g 200_ dekk
@
= 100
0.
N N
& N & F S
T e & o
2
&
QQ'
C w0
£
2 e
[=] §§
£ 401 — "
(=]
E wekk
(=2
2
@ 207
=
0-
N "N
& & & ® S
T e &
2
o
QQ'

Figure 6. Anti-inflammatory properties. A-C) Levels of TNF-a, IL-6, and
IL-18 of naive, SHAM, Alg-PVPI, FREMS, FREMS/Alg-PVPI groups. Re-
sults are presented as the average + SD. **p < 0.01 versus SHAM;
**%p < 0.001 versus SHAM; #p < 0.05 versus FREMS; ##p < 0.01 ver-
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%p <0.01 versus Alg-PVPI; 88y < 0.001 versus Alg-PVPI (n =5 each group).
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human being. However, FREMS technology has already been
tested clinically on diabetic patients and has shown several
positive effects. For humans, the protocolled treatment is based
on applying FREMS for treatment lasting up to 60 days (in case
of diabetic ulcers)!'®*d]. Ideally, Alg-based film dressing could be
used daily or along the treatment to block potential infections,
enhance the proliferation of keratinocytes, absorb exudate, and
accelerate the final possible success of the synergic therapy.

This new strategy can potentially reduce the morbidity rates
due to its showed positive effect on the wound healing. Mean-
while, since both FREMS technology and the wound patch can
easily be used at home by the patients, this therapy can impact
on the cost and the life quality of the patient which would not
need to go anymore to the hospital or equipped centers for their
daily therapy and would not need potentially any other further
assistance from nursery in this regard.

4, Conclusions

The management of difficult skin ulcerative lesions, both in
terms of direct and indirect costs, represents a huge cost for the
National Health System. In fact, in Italy about 2 million indi-
viduals are affected by this pathology, which also indirectly af-
fects their families. The problem is more relevant for patients as-
sisted at home, and it is a problem destined to grow in the future
both from an organizational and economic point of view. In this
work, we present an efficient solution to this problem, combin-
ing FREMS technology with an alginate-based wound dressing
to treat chronic diabetic ulcers.

The dressing films were fabricated by spin coating, resulting
in a good blend between alginate and the active component PVP-
L. The bioactive films were hydrophilic and with a high degree
of biocompatibility. In vitro tests showed how the films can pro-
mote keratinocyte migration and proliferation in a wound scratch
model, have excellent hemocompatibility, and, simultaneously,
good clotting properties. Next, the developed Alg/PVP-I-based
films were tested in combination with FREMS in diabetic mice
models. The outcome was a significant enhancement in the clo-
sure of chronic wounds due to the combination of the two medi-
cal devices. Moreover, the levels of inflammatory mediators, such
as IL-6, IL-14, and TNF-a, were reduced in the mice treated with
FREMS and Alg-PVPI. The overall results demonstrate how the
simultaneous application of FREMS technology and the bioactive
wound dressing can enhance the capacity of both devices to treat
difficult-to-heal wounds in patients with diabetes, opening new
perspectives not only in terms of research but also at the hospital
level in a real scenario, and highlighting the possibility to have
an impact in reshaping and ameliorating standard clinical prac-
tices. This work paves the way to new therapeutic methodologies
that combine neurostimulation with the use of advanced bioma-
terials, which can greatly contribute, maybe combined with the
advancement in Al and OMICS,?’] to improving the quality of
life of diabetic patients with skin ulcerative lesions and reducing
the social costs of these pathologies.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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