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ABSTRACT
A wound, defined as a disruption in the continuity of the skin, is among the most common issues in the population and poses a 
significant burden on healthcare systems and economies worldwide. Despite the countless medical devices currently available to 
promote wound repair and skin regeneration, there is a growing demand for new skin devices that incorporate innovative bioma-
terials and advanced technologies. Bioglasses are biocompatible and bioactive materials capable of interacting with biological tis-
sues. Due to their ability to promote fibroblast proliferation, angiogenesis, collagen production, and evade antibacterial activity, 
they have been suggested as key players in the skin regeneration process. Since their initial introduction, various compositions 
have been proposed depending on the clinical goal to be achieved. Recently, a novel bioglass composition named Bio_MS was 
found to exhibit significant bone regenerative potential. Given its peculiar composition characterized by strontium and magne-
sium, Bio_MS could also play a role in skin healing. In the present work, an innovative patch was designed by combining the 
attractive characteristics of Bio_MS with bioprinting technology. The regenerative potential of the Bio_MS patch was tested in an 
ex vivo cutaneous model using human skin in which an experimental wound was induced by sodium dodecyl sulfate incubation. 
After injury, the Bio_MS patch was able to restore skin architecture and enhance the epidermal barrier function. Additionally, 
the Bio_MS patch demonstrated therapeutic effects in both the epidermis and dermis, making it suitable not only for superficial 
lesions but also for deep wounds.

1   |   Introduction

The skin is the body's largest organ, playing a crucial role as a 
barrier between the external environment and the body's highly 
regulated internal systems. In addition, the skin is involved in 
temperature regulation, immune defense, vitamin production, 
and sensation [1].

Various conditions, such as surgery, scalding, abrasions, chronic 
ulcers, and other traumas, can compromise the skin's barrier 
function and impair its roles, leading to clinical conditions of 
variable severity [2]. Tissue damage is a significant global health 
issue, accounting for approximately half of the world's annual 
healthcare expenditure. Wound treatment is traditionally based 
on several dressing materials such as gauze, lint, plaster, and 
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bandages, effectively limiting contaminants' access. However, 
these materials require frequent changes to prevent tissue 
maceration and tend to adhere to the wound, making the re-
placement process painful [3]. Moreover, they are not capable of 
stimulating or accelerating tissue repair. Conventional wound 
therapies, even when effective in mediating therapeutic action, 
often result in scar formation, causing aesthetic and potential 
functional alterations [4]. For this reason, numerous studies are 
focused on developing more effective wound therapies to reduce 
healthcare costs and provide long-term relief, ultimately aiming 
for improved scar healing. The goal is to identify and design 
an ideal wound dressing not only capable of actively promoting 
wound healing, but also able to overcome the limitations of tra-
ditional dressings.

Recent studies have demonstrated that bioactive glasses (also 
known as bioglasses—BGs) can be considered promising ma-
terials for the development of innovative wound dressing. BGs 
are bioactive materials able to promote specific surface reac-
tions when implanted in the body, leading to the formation 
of a hydroxyapatite-like layer that bonds with hard tissue [5]. 
Although originally conceived for use in orthopedics and den-
tistry, where bone tissue was the primary target of intervention, 
subsequent studies have shown that specific compositions of 
bioactive glass can also bond with soft tissues. This discovery 
has expanded the potential applications for BGs beyond bones 
and teeth [6].

While bioactive glasses have been extensively investigated 
for bone repair [6–9], little is known about their ability to pro-
mote the healing of soft tissue wounds [10–12]. Several stud-
ies have demonstrated that the antibacterial properties of BGs 
can promote/accelerate skin repair and regeneration [13, 14]. 
Additionally, recent research has shown that the ionic products 
released from certain BGs can accelerate wound healing thanks 
to their capability to regulate endothelial cells, fibroblasts, mac-
rophages, and keratinocytes [10]. Moreover, the ability of BGs to 
promote angiogenesis—a critical process for numerous applica-
tions in tissue regeneration—has also been reported [15].

The first and the most widely used glass for biomedical appli-
cation is 45S5 Bioglass [5, 6]. It is a silicate glass based on a 3-D 
glass forming SiO2 network, where Si is fourfold coordinated to 
oxygen. Although 45S5 glass is considered the “gold standard” 
for bioactive glasses, it has several limitations. One significant 
limitation is its tendency to crystallize during thermal treat-
ments, making it challenging to process 45S5 into a 3D porous 
scaffold without extensive crystallization. This factor can nega-
tively impact its biological performance [16, 17].

The “classical” elements in silicate BGs encompass silicon, 
phosphorus, sodium, and calcium. In the past few years, other 
well-recognized biologically active ions, such as potassium, 
zinc, magnesium, silver, strontium, aluminium, copper, and flu-
orine, have been incorporated into BGs to provide angiogenic, 
osteogenic, antibacterial, or anti-inflammatory effects. These 
metallic ions are not only integrated into the BG network for 
their therapeutic effects but, in many cases, are also employed 
to influence the glass structure and enhance its processability, 
imparting additional properties, such as low tendency to crys-
tallize during thermal treatments [18, 19].

Recently, a novel BG composition named Bio_MS, containing 
strontium and magnesium and a low content of alkali oxides, 
was presented and investigated both in  vitro and in  vivo [20]. 
In particular, the biological response of Bio_MS (composition, in 
mol%: 5.0 Na2O, 31.3 CaO, 5.0 MgO, 10.0 SrO, 2.6 P2O5, 46.1 SiO2) 
was assessed using bone marrow mesenchymal stem cells (BM-
MSCs) within an innovative in vitro model designed to replicate 
real-world surgical conditions. BM-MSCs successfully colonized 
the material and underwent differentiation toward the bone lin-
eage, showcasing the novel bioactive glass's outstanding regen-
erative potential [21]. In a rabbit model, Bio_MS showed strong 
regenerative abilities in bone tissue, good biocompatibility, and 
osteoconductivity, supporting the hypothesis that this novel for-
mulation of BG could be useful for the development of new med-
ical devices for the orthopedic and dental fields [22].

The present work describes an innovative approach in which the 
regenerative potential of BGs was tested on the skin. Specifically, 
we used bioprinting technology to design a new hydrogel com-
posed of collagen and either 45S5 or Bio_MS. These patches 
were applied in an ex vivo model of irritation, created by expos-
ing the skin to the surfactant sodium dodecyl sulfate (SDS), a 
well-known model skin irritant capable of penetrating the skin 
and disrupting this barrier [23, 24].

In our study, we propose the use of BG patches, obtained through 
bioprinting technology, as a prototype for a new medical patch 
for skin diseases, aiming to overcome the limitations of conven-
tional therapies and promote regenerative wound therapy.

2   |   Material and Methods

2.1   |   Preparation of Bioactive Glass Powders

Bio_MS glass was produced using a traditional melt-quenching 
method, previously employed for synthesizing other bioactive 
glasses [5, 6, 21]. In summary, commercial raw powders (SiO2, 
Ca3(PO4)2, Na2CO3, CaCO3, SrCO3, MgCO3, all of reagent grade 
and obtained from Carlo Erba Reagenti, Rodano-Milano, Italy) 
were measured, mixed for 6 h in a laboratory shaker, and then 
melted at 1450°C in a platinum crucible. The following thermal 
cycle was applied: a ramp from room temperature to 1100°C at 
a rate of 10°C/min; a 1-h decarbonation step at 1100°C; another 
ramp from 1100°C to 1450°C at 10°C/min; and a 1-h holding 
period at 1450°C to achieve a homogeneous melt. The molten 
BG was promptly quenched in water to form a frit, which was 
subsequently dried at 110°C for 12 h. The resulting frit was then 
ground in a porcelain jar and sieved to obtain a powder with a 
particle size below 63 μm.

2.2   |   Ink Preparation and Bioprinting Process

The bioprinting process was performed using a 3D Bioplotter 
3D printer (EnvisionTEC, Gladbeck, Germany) within a sterile 
flow hood cabinet. 3D patches incorporating Bio_MS powder 
were printed using a composite ink with a biopolymeric matrix 
of highly concentrated type I collagen (Lifeink 200, Advanced 
BioMatrix, San Diego, CA, USA, about 35 mg/mL) mixed with 
Bio_MS at relative weight ratios of 25% and 50% with respect to 
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the collagen. Before incorporation, the BG powder underwent 
sterilization through exposure to UV light for 60 min under a 
sterile laminar flow hood. The sterilized powder was then dis-
persed in DMEM medium, and collagen was blended with the 
BG dispersion at a 5:1 volume ratio, resulting in a final ink with 
approximately 29 mg/mL of collagen and uniformly distributed 
BG powders.

The same procedure was followed for the preparation of 45S5 
composite inks, mixing collagen matrix with 45S5 BG at a 
relative weight ratio of 25% and 50%. A collagen ink without 
BGs was prepared by mixing the Lifeink 200 with DMEM in a 
volume ratio of 5:1 and was used for the realization of control 
patches.

The composite bio-inks were carefully loaded into a 30 mL car-
tridge (Nordson, Westlake, OH, USA) fitted with a 22G cylin-
drical needle (Nordson). The syringes were connected to the 
low-temperature printing head of the 3D printer, maintained 
at 4°C throughout the process. A customized CAD project was 
developed to print the bio-ink in the form of a parallelepiped 
measuring 5 mm on each base side and a height of approxi-
mately 1 mm. This structure consisted of four layers, each with 
a slicing height of 240 μm. The 3D printing process employed a 
pneumatic pressure of 0.2 bars and printing speed of 4 mm/s. 
Printing was carried out in a liquid environment, with the ink 
extruded onto a plastic plate on the printing platform filled 
with culture medium at approximately 37°C. Subsequently, 
the printed patches were incubated at 37°C for a minimum of 
60 min before application to the skin organ culture.

2.3   |   Scanning and EDX Analysis

Before observation, the patches underwent a fixation process, in-
volving treatment with glutaraldehyde (Sigma Aldrich, 4% v/v in 
PBS) for 24 h. Subsequently, they underwent dehydration in an 
ascending ethanol series at concentrations of 50%, 70%, 90%, and 
100% (twice) for 30 min each. The samples were then immersed 
in 1 mL of hexamethyldisilazane (Sigma Aldrich) for 10 min 
(twice) before undergoing overnight drying. Finally, the pre-
pared samples were mounted on a dedicated stub and examined 
by a scanning electron microscope (SEM TM4000 II plus Mot 
55E-0312—Hitachi). Micrographs were acquired with an elec-
tron beam acceleration of 15 kV, utilizing the MIX acquisition 
mode (secondary electrons + backscattered electrons mode) and 

magnifications of 200×, 1000×, and 6000×. The observed areas 
were further analyzed by energy-dispersive X-ray spectroscopy 
(EDX, Oxford AZTec One). This analysis was conducted with an 
electron accelerating voltage of 15 kV, allowing for the generation 
of elemental maps.

To evaluate the porosity of the scaffold, at least 20 measure-
ments per field were taken from micrographs obtained at 
6000× magnification. Data were expressed as mean values ± 
standard deviation. An unpaired 2-tailed Student's t test was 
used (p value < 0.05 (*) and < 0.01 (**) were considered as sta-
tistically significant).

2.4   |   Skin Organ Cultures

Skin biopsies were obtained following abdominoplasty proce-
dures performed at the University Hospital of Modena in the 
division of Plastic and Reconstructive Surgery. Enrolled volun-
teers were healthy women aged between 45 and 60 years, pro-
viding the informed written consent for the use of their skin for 
research use. The study was approved by the Ethical Committee 
of Modena (Prot. no. 33466 December 4, 2019).

The skin biopsies were handled under sterile conditions and 
washed in PBS to remove blood residues. After the removal of 
adipose tissue with sterile scissors, the skin biopsies were incu-
bated with a 2% SDS solution (causing chemical damage) at 4°C 
for 18 h. 45S5 or Bio_MS patches were then placed in contact 
with the damaged epidermis, and the skin biopsies were cul-
tured at the air–liquid interface for 72 h. An untreated skin bi-
opsy was used as negative control (Figure 1).

2.5   |   Histology

Four-μm sections were obtained from formalin-fixed, paraffin-
embedded samples. Hematoxylin and eosin staining was per-
formed to study tissue architecture. After deparaffinization in a 
descending series of graded alcohols, slides were stained with he-
matoxylin (Diapath, Martinengo, BG, Italy) for 5 min and eosin 
(Diapath) for 40 s at room temperature. After washing in bidis-
tilled water, sections were dehydrated and observed.

Mallory trichrome staining (Bio-Optica, Milano, Italy) was 
performed to detect the collagen fibers in dermis, following the 

FIGURE 1    |    Setup of the model. Skin organ cultures were derived from abdominoplasty procedures and treated with SDS to induce chemical dam-
age (a). Contact between BG patch and skin organ culture. Scale bar: 2 mm (b). Three biopsies for group were analyzed (n = 3).
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manufacturer's instruction. Stained slides were mounted in 
DPX (Sigma Aldrich) and observed by Axio Imager M2 (Zeiss) 
at a magnification of 40×. For quantification of collagen fibers, 
marked in blue, 7 images for each group were acquired and 
analyzed by Image Analysis plugin (ZEN PRO, Zeiss). Data 
were expressed as mean values (%) ± standard error of the 
mean (SEM). An unpaired 2-tailed Student's t test was used 
(p value < 0.05 (*) and < 0.01 (**) were considered as statisti-
cally significant).

2.6   |   Immunohistochemistry

Claudin 1 was detected on paraffin-embedded sections by 
immunohistochemistry staining. Briefly, after heat-induced 
antigen retrieval, slides were incubated with the anti-claudin 
antibody (1:200, ab140349 Abcam, Cambridge, UK) over-
night at +4°C. After 3 washes in phosphate-buffered saline 
(PBS, Gibco), slides were incubated with goat anti-rabbit bi-
otinylated secondary antibody (1:200, Vector Laboratories) for 
1 h at room temperature. Claudin 1 was visualized by DAB (in 
brown, Vector Laboratories). All slides were counterstained by 
Carazzi hematoxylin (Diapath), dehydrated in ascending alco-
hol series, mounted in DPX (Sigma Aldrich), and observed by 
Axio Imager M2 (Zeiss) at 63× of magnification. For claudin 
1 quantification, 7 images for each group were acquired and 
analyzed by Image Analysis plugin (ZEN PRO, Zeiss). Data 
were expressed as mean values (%) ± standard error of the 
mean (SEM). An unpaired 2-tailed Student's t test was used 
(p value < 0.05 (*) and < 0.01 (**) were considered as statisti-
cally significant).

3   |   Results

3.1   |   BG Patches Characterization

In Figure 2, some optical micrographs of the collagen and the 
composite patches doped with 25% (e-h) and 50% (i-l) Bio_MS 
bioglass are shown as examples.

Bioprinted patches were characterized by SEM and EDX analysis 
to assess the surface morphology and the dispersion of BGs within 
the collagen matrix. The control sample lacking BGs exhibits the 
typical filamentous structures of collagen fibers (Figure 3a–d). 
Composites samples incorporating 45S5 (Figure 3e–l) and Bio_
MS (Figure 3m–t) show the presence of BG particles appearing 
as bright polygonal structures with straight edges and flat faces, 
interspersed among the fibers. At lower magnification (first line 
of the panel in Figure 3), micrographs show a homogeneous dis-
tribution of particles, while higher magnification micrographs 
(second line of the panel) clearly demonstrate an increase in the 
presence of particles from 25% to 50% powder concentration for 
both the BGs. Finally, the EDX elemental maps (fourth line of 
the panel) of composite patches confirm the presence and dis-
tribution of the BGs, displaying the localization of the primary 
elements constituting the BGs, which are magnesium (blue), 
strontium (fuchsia), calcium (orange), phosphorus (violet), and 
silicon (yellow).

The high-magnification SEM analysis (6000x) allowed us to ex-
amine the microarchitecture of the scaffold. The presence of a 
denser and more compact structure, with larger collagen bun-
dles, was particularly evident in the 45S5 patches (Figure 3g,k). 

FIGURE 2    |    Optical micrographs of the collagen (a-d) and the composite patches doped with 25% (e-h) and 50% (i-l) Bio_MS bioglass, acquired in 
bright field (a,b,e,f,i,j) and in dark field (c,d,g,h,k,l) mode at different magnifications.
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This suggests that the bioactive glass has a higher capacity to 
pack the collagen fibers present in the bio-ink. Here, the fibers 
mix or overlap with each other to form the pore structure within 
the scaffold. The porosity of the scaffolds defines the material's 
properties by modulating various aspects of functionality and 
mechanical stability.

We found that the addition of 45S5 BGs to the patch negatively 
impacts the porosity of the scaffold by reducing it, for both 
concentrations used, and in a statistically significant man-
ner. Specifically, for 45S5 patches, the average pore size was 
406.00 ± 161.21 nm and 681.60 ± 168.59 nm for 25% and 50% con-
centrations, respectively. These results were statistically signifi-
cant when compared to untreated samples (860.33 ± 290.72 nm). 
On the contrary, no significant differences were detected in Bio_
MS patches at both concentrations, suggesting that Bio_MS does 
not alter the collagen structure or ion diffusion (Figure 3u). This 
result indicates that the affected pore size could impact nutrient 
and waste exchange, as well as mechanical properties, negatively 
affecting tissue viability and biological response.

3.2   |   BG Patches and Skin Regeneration

The regenerative potential of BG patches was assessed on a skin-
damaged model. The anionic surfactant SDS is widely applied 
and used as a model irritant in both in vivo and in vitro studies 
[23]. In this work, skin was cultured for 72 h in culture medium 
(negative control, Figure 4a), or SDS was administered to skin 
biopsies for 18 h, followed by the incubation with only culture 
media (positive control, Figure 4b) or treatment with 45S5 and 
Bio_MS patches (Figure  4c–f). Additionally, healthy skin was 
treated with composites patches (Figure 4g–j). The effect on skin 
architecture was analyzed 72 h after patch adhesion.

Using the H&E assay, we detected a fragmentation of nuclei of 
keratinocytes and a loss of stratum corneum density caused by 
SDS treatment, still visible after 3 days. When 45S5 patch was 
applied to SDS-treated skin, the epidermis appeared partially 
restored, although some damaged nuclei are still detectable in 
stratum granulosum. No significant differences were detected 
using the two different concentrations of 45S5.

FIGURE 3    |    SEM micrographs and EDX elemental maps of the bioprinted patches. Collagen sample (a-d), 25% (e-h) and 50% (i-l) 45S5-doped 
patches, and 25% (m-p) and 50% (q-t) Bio_MS-doped patches SEM micrographs acquired at lower magnification (200× − a,e,i,m,q) and higher magni-
fications (1000× − b,f,j,n,r) and 6000x (c,g,k,o,s). Elemental maps (1000× − d,h,l,p,t) showing the localization of magnesium (blue), strontium (fuch-
sia), calcium (orange), phosphorus (violet), and silicon (yellow). Each analysis was performed in a double-blind manner for three times (n = 3). Pore 
size measurement. Data are the result of 20 measurements for field (u).
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A more pronounced attempt by the skin to repair the damage 
induced by SDS was observed in samples treated with Bio_MS 
patches. Indeed, even when using the lower concentration of 
Bio_MS patch, we observed an almost complete restoration of 
the epidermal architecture, with the restoration of the density 
of the stratum corneum and the absence of cellular distress. No 
skin alterations were observed when healthy skin was treated 
with BG patches, suggesting the inert behavior of the biomate-
rial in the absence of damage.

Because the barrier function of the skin strongly depends on the 
correct adhesion between keratinocytes, we investigated the dis-
tribution of the protein claudin 1, a specific protein of tight junc-
tions (TJ), after SDS treatment and patch applications. In healthy 
skin, claudin 1 is highly expressed in the epidermis, particularly 
in the stratum granulosum where tight junctions play a critical 
role in sealing the skin barrier. As indicated in Figure 5a, the 
staining revealed the presence of a continuous linear and intense 
staining pattern along the cell borders, highlighting intact tight 
junctions. When 45S5 or Bio_MS patches were applied to healthy 
skin, no differences in claudin 1 staining was detected, reflecting 
the inert nature of BGs to negatively impact on cell-to-cell adhe-
sion and on functional barrier (Figure 5g,i,h,j).

Compared to healthy skin (Figure 5a), the expression of claudin 
1 was strongly affected when SDS was administered to ex vivo 
skin (Figure 5b). SDS treatment decreased claudin 1 staining in-
tensity, reflecting reduced protein expression or destabilization 
of the protein in the cell membrane. This decrease is indicative of 
tight junction disruption and a compromised barrier function in 
the epidermis. When 45S5 patches were applied to damaged skin 
(Figure 5c,e), the pattern of claudin 1 expression is fragmented, 
discontinuous, and low intense, if compared to healthy skin 
(Figure 5a), although the damage was mitigated if compared to 
SDS-treated epidermis (Figure 5b).

When Bio_MS, for both concentrations, was applied to SDS-
treated skin, we detected a restored localization of claudin 1, 
which is re-expressed at the cytoplasmic level in keratinocytes, 

particularly in the upper layers. The correct localization and 
the intense and continuous staining of the protein suggested 
a better ability of Bio_MS to restore skin impermeability 
(Figure 5d,f).

These results were confirmed also by quantification of claudin 
1 signal. BG patches (independently from the type of BG used 
or the concentrations) did not impact in a statistically signifi-
cant manner on claudin 1 expression and intensity, if compared 
to untreated healthy skin. SDS treatment significantly reduces 
the positivity by almost 87% of claudin 1 in the treated skin 
(12.7 ± 1.66  for SDS-treated skin, versus 100 ± 0.5  for healthy 
skin, p value < 0.001).

The quantification of the signal further supports the ability of the 
BGs to modify the permeability of the skin barrier, leading to in-
creased values compared to the SDS-damaged skin. Specifically, 
treatment with 45S5 patch resulted in a positivity of 46.62 ± 0.7  and 
70.2 ± 0.6  for the 25% and 50% concentrations, respectively (p value 
< 0.05 ). Significantly, after treatment with Bio_MS patches at both 
concentrations, we observed a restoration of Claudin 1, with posi-
tivity levels reaching 102.98 ± 1.2 and 199.24 ± 0.5 for the 25% and 
50% concentration, respectively, in a statistically significant man-
ner (p value < 0.01 when compared with SDS-treated skin).

It is important to note that the treatment with 50% Bio_MS 
patches not only led to a restoration of claudin 1 levels follow-
ing SDS treatment, but also increased protein expression levels 
compared to healthy skin, demonstrating both a restoration of 
the barrier effect and protection, as well as enhancement of bar-
rier function.

It has been demonstrated that SDS interacts not only with the 
epidermis but also with deeper skin layers [16]. Mallory's tri-
chrome staining, able to mark in blue the collagen fibers, 
was introduced to investigate the biological effect in dermis. 
Staining was able to detect thicker and denser collagen fibers 
in SDS-treated compared to healthy skin samples (Figure  6). 
When a 45S5 patch was applied on the top of SDS-treated and 

FIGURE 4    |    Ex vivo skin culture after SDS and BG patches treatment. Formalin-fixed, paraffin-embedded skins were stained by hematoxylin 
and eosin staining. Healthy (a) and SDS-treated skin (b) were used respectively as negative and positive controls. 45S5 patches were put in contact 
with SDS-treated (c, e) and healthy skin (g,i) at the concentration of 25% (c,g) and 50% (e,i). Bio_MS patches were put in contact with SDS-treated 
(d,f) and healthy skin (h,j) at the concentration of 25% (d,h) and 50% (f,j). Scale bar: 100 μm. Each analysis was performed in a double-blind manner 
for three times (n = 3).
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untreated skin at the concentration of 25%, the collagen bundle 
in the papillary dermis appeared in a similar manner to nega-
tive control (Figure 6c,g). On the contrary, when 45S5 was used 
at the concentration of 50%, dense collagen fibers were visible 

(Figure 6e,i), probably due to the ability of BGs to stimulate col-
lagen deposition [18]. A different scenario was observed using 
Bio_MS patches. The concentration of 25% resulted similarly to 
45S5 path and to negative control, while the 50% concentration 

FIGURE 5    |    Ex vivo skin culture after SDS and BG patches treatment. Formalin-fixed, paraffin-embedded skins were stained for the evaluation 
of claudin 1 expression. Healthy (a) and SDS-treated skin (b) were used respectively as negative and positive controls. 45S5 patches were put in con-
tact with SDS-treated (c,e) and healthy skin (g,i) at the concentration of 25% (c,g) and 50% (e,i). Bio_MS patches were put in contact with SDS-treated 
(d,f) and healthy skin (h,j) at the concentration of 25% (d,h) and 50% (f,j). Scale bar: 50 μm. Each analysis was performed in a double-blind manner 
for three times (n = 3). Claudin 1 quantification (n = 7) (k). *p value < 0.05; **p value < 0.01 (versus SDS); § p value < 0.05; §§ p value < 0.01; §§§ p value 
< 0.001 (versus HS).

FIGURE 6    |    Ex vivo skin culture after SDS and BG patches treatment. Formalin-fixed, paraffin-embedded skins stained by Mallory trichrome 
staining. The blue staining indicates the collagen fibers. Healthy skin (a) and SDS-treated skin (b) were used as negative and positive controls, re-
spectively. 45S5 patches were put in contact with SDS-treated skin (c,e) and healthy skin (g,i) at the concentration of 25% (c,g) and 50% (e,i). Bio_MS 
patches were put in contact with SDS-treated skin (d,f) and healthy skin (h,j) at the concentration of 25% (d,h) and 50% (f,j). Scale bar: 100 μm. Each 
analysis was performed in a double-blind manner for three times (n = 3).
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had an impact on extracellular matrix reorganization in bundles 
less positive to Mallory staining compared to 45S5, when applied 
on SDS-treated skin (Figure 6f). Notably, when patches contain-
ing 50% of both BGs were applied on untreated skin, an excessive 
collagen deposition was observed (Figure 6i,j).

The reticular dermis, particularly enriched of dense, thick, and 
well-organized collagen fibers, typically exhibits a different 
collagen composition and structural organization compared to 
the papillary dermis. The SDS directly affects collagen bundles 
of the reticular dermis. To understand how the treatment with 
BGs can impact SDS-damaged skin, we quantified the colla-
gen bundles, marked in dark blue (Figure  7). As reported in 
Figure  7f, the contact with 45S5 patches (for both concentra-
tions) and Bio_MS patch at 25% did not alter the collagen stain-
ing in the reticular dermis (p value > 0.05). On the contrary, the 
treatment with the 50% Bio_MS patch revealed an increased 
density of blue collagen bundles (Figure 7e), reaching a value of 
185.10% ± 42.69% (p value < 0.05%) compared to damaged skin, 
which showed a value of 100% ± 19.84% (Figure 7e,f). This sug-
gests that Bio_MS, at higher concentration, stimulates greater 
organization and density of collagen fibers, thereby accelerating 
and improving the quality of healing.

4   |   Discussion

BGs are silicate-based inorganic materials that offer unique fea-
tures in tissue engineering and regenerative medicine [12]. Since 
their discovery by Hench and colleagues [5, 25], several key char-
acteristics of bioactive systems have been elucidated, and various 
innovative applications have been explored. Numerous research 
studies have investigated how BGs promote tissue regeneration 
by forming a layer of hydroxyapatite, a mineral normally found 

in bone, facilitating the integration of BGs with the surrounding 
bone tissue [5–9]. The potential of BGs to repair, replace, and re-
generate mineralized tissue has made them essential tools in the 
form of implants, scaffolds, or coatings to enhance bone heal-
ing. Over time, advancements in the study of BGs have led to 
the identification of new potential applications. For example, the 
versatile properties in influencing cell adhesion, angiogenesis, 
collagen synthesis, inflammation, and promoting antimicrobial 
effects make BGs promising candidates for wound healing and 
skin tissue engineering [10].

Based on the desired final biological effect, the base formula of 
BGs can be modified in terms of ion composition [18]. Recently, 
a novel BGs composition (Bio_MS) was introduced, and its 
robust regenerative abilities in bone tissue were described 
[20, 21]. The present research now focuses on describing the 
potential of Bio_MS to promote skin regeneration after injury 
in an ex vivo model. Specifically, we introduced a new medi-
cal patch in which BGs can be mixed with highly concentrated 
type I collagen. Bioprinting technology was utilized to design 
this new medical patch for skin diseases, consisting of a colla-
gen and BG hydrogel.

This study had a dual objective: First, to determine whether it 
was possible to create a patch using bioactive glasses capable of 
releasing therapeutic ions; and second, to evaluate whether this 
could contribute to skin regeneration.

Through the use of bioprinting technology, we were able to cre-
ate a patch with defined geometry without compromising the 
integrity of the bioactive glasses. Simultaneously, we confirmed 
that these patches were capable of exerting biological activity on 
a damaged skin model, demonstrating the patch's ability to re-
lease therapeutic ions from the BGs.

FIGURE 7    |    Ex vivo skin culture after SDS and BG patches treatment—formalin-fixed, paraffin-embedded skins stained by Mallory trichrome 
staining. The blue staining indicates the collagen fibers. SDS-treated skin used as positive controls (a). 45S5 patches were put in contact with SDS-
treated (b,c) at the concentration of 25% (b) and 50% (c). Bio_MS patches were put in contact with SDS-treated (d,e) at the concentration of 25% (d) 
and 50% (e). Each analysis was performed in a double-blind manner for three times (n = 3). Dark blue collagen bundles quantification (n = 7). *p value 
< 0.05 (versus SDS) (f). Scale bar: 50 μm.
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Ex vivo skin was exposed to the irritant SDS to simulate a chem-
ical wound, after which BG patches were applied directly to the 
epidermis and incubated for 72 h. Two different BGs were used 
and compared: the commercial 45S5 and Bio_MS. Although 
both BGs exhibited a strong regenerative effect on injured skin, 
Bio_MS patches demonstrated greater potential to restore epi-
dermal architecture, skin impermeability, and collagen pattern 
in the dermis. This is probably due to the peculiar composition 
of Bio-MS, particularly enriched in magnesium and strontium. 
The role of magnesium in epidermal proliferation and differen-
tiation has been demonstrated and is supported by its abundant 
presence in the stratum corneum, with progressively decreased 
levels in the lower layers [26–28]. In addition, in a model of full-
thickness skin wound in rats, the release of magnesium has been 
shown to stimulate healing by promoting neovascularization, 
re-epithelialization, and collagen maturation [29]. On the other 
hand, strontium stimulates the proliferation of fibroblast and 
inhibits the pro-inflammatory status of the skin, supporting its 
therapeutic role in the treatment of chronic wounds [30].

Therefore, the presence of certain elements such as strontium 
and magnesium incorporated in a collagen network is crucial 
for the design of multifunctional dressings aimed to restore skin 
injuries. We were surprised to observe how BG patches modi-
fied not only the skin's architecture at the epidermal level but 
also in the dermis. BG therapeutic ions can migrate from the 
hydrogel into the epidermis, restoring the barrier, and subse-
quently into the dermis, influencing the collagen network. The 
balance in collagen secretion is extremely delicate, given that 
excessive collagen deposition could result in a progressive re-
duction of elasticity. For this reason, the choice of very high con-
centrations of BG (such as 50%) should be carefully evaluated, 
depending on the desired therapeutic outcome.

5   |   Conclusions

Developing advanced therapeutic protocols for the treatment of 
non-healing wounds, such as those in diabetic patients or pres-
sure ulcers, presents a significant challenge in healthcare. In 
this study, an innovative patch was developed by combining the 
regenerative potential of a new bioactive glass, named Bio_MS, 
with its ability to release therapeutic ions, alongside the capa-
bilities of bioprinting technology. The produced patches were 
successfully tested in an ex vivo cutaneous model using human 
skin, demonstrating a strong regenerative effect on injured skin. 
Specifically, when compared to the gold standard among bioac-
tive glasses, i.e., 45S5 Bioglass, Bio_MS patches exhibited a greater 
potential to restore epidermal architecture, skin impermeability, 
and collagen pattern in the dermis. This may be ascribable to the 
unique composition of Bio-MS, which is particularly enriched in 
magnesium and strontium. The ions from Bio-MS migrated from 
the hydrogel into the epidermis, thereby restoring the barrier, and 
subsequently penetrated the dermis, where they influenced the 
collagen network. This suggests that the patches acted on the skin 
architecture at both the epidermal and dermal levels.

The data presented in this study not only demonstrate the poten-
tial of bioactive glasses in skin regeneration and wound healing 
but also support a novel device concept that integrates the ap-
pealing mechanical strength of hydrogels with the bioactivity of 

BGs. This integration results in a groundbreaking prototype of 
an active, advanced multifunctional patch, promising as a ther-
apeutic tool in wound healing treatments.
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