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Introduction: Silver decorated mesoporous carbons are interesting systems that may offer
effective solutions for advanced wound care products by combining the well-known anti-
microbial activity of silver nanoparticles with the versatile properties of ordered mesoporous
carbons. Silver is being used as a topical antimicrobial agent, especially in wound repair.
However, while silver shows bactericidal properties, it is also cytotoxic at high concentra-
tions. Therefore, the incorporation of silver into ordered mesoporous carbons allows to
exploit both silver’s biological effects and mesoporous carbons’ biocompatibility and versa-
tility with the purpose of conceiving silver-doped materials in light of the growing health
concern in wound care.

Methods: The wound healing potential of an ordered mesoporous carbon also doped with
two different loadings of silver nanoparticles (2 wt% and 10 wt%), was investigated through
a biological assessment study based on different assays (cell viability, inflammation, anti-
bacterial tests, macrophage-conditioned fibroblast and human keratinocyte cell cultures).
Results: The results show silver-doped ordered mesoporous carbons to positively condition cell
viability, with a cell viability percentage >70% even for 10 wt% Ag, to modulate the expression
of inflammatory cytokines and of genes involved in tissue repair (KRT6a, VEGFA, IVN) and
remodeling (MMP9, TIMP3) in different cell systems. Furthermore, along with the biocompat-
ibility and the bioactivity, the silver-doped ordered mesoporous carbons still retain an antibacter-
ial effect, as shown by a maximum of 13.1% of inhibited area in the Halo test. The obtained
results clearly showed that the silver-doped ordered mesoporous carbons exhibit both good
biocompatibility and antibacterial effect with enhanced re-epithelialization, angiogenesis promo-
tion and tissue regeneration.

Discussion: These findings suggest that the exceptional properties of silver-doped ordered
mesoporous carbons could be exploited in the treatment of acute and chronic wounds and that
such carbon materials could be potential candidates for use in medical devices for wound healing
purposes, in particular, the 10 wt% loading, as the results showed to be the most effective.
Keywords: ordered mesoporous carbon, silver nanoparticles, metal doped carbons, wound
healing, tissue regeneration

Introduction

Chronic wounds represent a health problem that has devastating consequences for
patients and entails major costs to healthcare systems and societies.' Different patholo-
gical conditions and co-morbidities can ultimately lead to chronic non-healing wounds,
including diabetes, arterial and venous insufficiency, chronic kidney disease, pressure
ulcers and infections.” Following a tissue injury, damaged cells in the wound release
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cellular factors that trigger a complex repair process, consist-
ing of a series of distinct (yet overlapping) phases:
coagulation and hemostasis, inflammation, proliferation and
remodeling.** In particular, the innate immune system is the
first to be activated and the first promoting a local inflamma-
tory response with the recruitment of several inflammatory
cells, including macrophages. Activation of macrophages
involves the production of a variety of inflammatory cyto-
kines, responsible for stimulation of the inflammatory
response and the correct repair processes.” Activated macro-
phages by contact with pathogens or different signals, secrete
cytokines and chemokines extracellularly, with effects carried
out in autocrine, paracrine, exocrine and endocrine manner.®
Being chemical communicators between cells and tissues,
secreted cytokines exert their actions on different kinds of
cells by binding to a specific cell surface receptor, thus activat-
ing a signaling cascade that triggers a number of cell-specific
functions. A deregulated and prolonged inflammatory phase
can definitely lead to the development of chronic wounds,
characterized by excessive levels of inflammatory cytokines,
higher reactive oxygen species (ROS) production and contin-
uous extracellular matrix degradation, establishing a positive
feedback loop that rapidly worsens the clinical picture.”
Furthermore, a chronic wound is obviously subject to constant
infections, with direct and indirect adverse effects on the
patient, leading to delayed healing.” Maintenance of a low
bacterial load and a low inflammation profile are the primary
goal in the treatment of chronic wounds and, there is a constant
pursuit for more effective and efficient approaches. The
employment of metallic nanoparticles can be particularly
effective in regulating the different phases of the repair process
and in promoting a faster wound closure, based on the specific
jon properties.® ' Emphasis has been mainly placed so far on
silver, which has been widely used in medicine for millennia
due to its anti-bacterial and anti-inflammatory activity, having
led to a variety of silver-containing formulations.'' It has been
shown that scaling down silver to the nanoscale (<100 nm)
improves its antimicrobial activity compared with the bulk
material due to the higher specific surface area. In general,
the use of metallic materials at nanometer length scales, con-
fers to nanoparticles new properties, which depend on the
size,'” morphology,'® structure and crystallinity of the nano-

material itself,'*'3

and allows achievement of the required
therapeutic effect by optimizing the dose, controlling the
release and improving the pharmacokinetics.'® Silver nano-
particles can be easily incorporated in support materials, such
as metal oxides, polymers as well as nanoporous inorganic

materials (silicas, carbons, zeolites). This helps to increase the

surface area and promote the activity of silver nanoparticles,
towards more effective antimicrobial agents compared to the
direct use of silver compounds. Nowadays there is a large
number of commercial silver-based dressings, aspiring to be
effective against a wide range of bacteria for a prolonged
period, that differ significantly with respect to the silver con-
tent and type but also support material used. Typical substrates
span from alginate, carboxymethylcellulose, collagen, chito-
san films, to hydrogels and polyurethane foams. Significant
attention has been also given to porous materials such as
activated carbons, on the basis of their large surface area and
pore volume also allowing for adsorption of toxins and
wound-degradation products. However, activated carbons do
not have a tunable structure; moreover, they are highly micro-
porous (with pore size less than 2 nm) and as such, they are
better suited only for retaining small molecules. On this basis,
the use of silver-doped mesoporous carbons could represent
a novel and effective system for wound healing therapy.
Indeed, ordered mesoporous carbon materials, although rarely
considered so far in the biomedical sector, are receiving
increasing interest for several applications, from controlled
delivery and release of therapeutic agents, to bio-imaging, bio-
adsorption and bio-sensing, thanks to their multiple promising
properties combining the advantages of the mesoporous
nanostructure and carbonaceous composition: presence of an
organized mesoporous network with large surface area, high
pore volume and tunable pore size, high chemical and
mechanical stability, high biocompatibility, ease of surface
modification and ability to act as high-absorbing inert
agents.'®!” All these properties make ordered mesoporous
carbons an attractive versatile system that may be employed
in the treatment of pathological conditions, which require
a local-sustained therapeutic agent release and the payload
can be carried out with several different therapeutic agents
(e.g. drugs, ions, biological molecules, nanoparticles). The
present work focuses on the investigation of the wound heal-
ing and the anti-bacterial potential of an ordered mesoporous
carbon such as CMK-3 (comprising carbon rods arranged in
a relatively regular two-dimensional hexagonal array), deco-
rated with different amounts of silver nanoparticles. It should
nevertheless be noted that the present study does not include
detailed antimicrobial studies of silver-doped porous carbons
but rather focuses on the ability of the proposed nanocompo-
sites to promote (in vitro) a biological response towards
wound healing, while simultaneously retaining their antimi-
crobial capabilities under complete cytocompatibility. The
widely used murine fibroblast 1.929 cell line was used in this
study, due to their easiness of culture and their reproducibility
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in terms of results, in order to assess the cytocompatibility of
the tested nanomaterials as indicated in ISO 10993-5:
Cytotoxicity. Furthermore, they are fibroblast cells, i.e. the
first cell type implicated in the early process of wound healing
repopulation. Consequently, the murine macrophage J774a.1
cell line was used to perform both inflammation and co-culture
experiments. Nevertheless, since our work focuses on materi-
als for human wounds healing the (human) keratinocyte
HaCaT cell line was used for further studies, because of its
well-established biological characteristics: it is an immortal
human epithelial cell line from adult skin which maintains full
epidermal differentiation capacity and normal keratinocytes’
features while it is regarded in literature as an in vitro cell
model of the skin epidermal layer. The results obtained from
the combination of a wide range of advanced assays (from cell
viability, inflammation, antibacterial tests to macrophage-
conditioned fibroblast and human keratinocyte cell cultures)
were very encouraging as they confirmed that the studied
silver-doped ordered mesoporous carbons are non-cytotoxic,
do not trigger short-term inflammation responses and promote
tissue regeneration and angiogenesis meeting key priorities
and requirements for the development of effective medical
products for acute and chronic wound healing purposes.

Experimental Section

Synthesis of Ordered Mesoporous

Carbon (CMK-3 Type)

A CMK-3 type ordered mesoporous carbon (denoted here-
after as C3) was prepared based on a typical nanocasting

18,19

procedure using the SBA-15 hexagonally ordered meso-

porous silica as template and sucrose as carbon precursor.
SBA-15 was synthesized via a well-established method** 2
using tetraethylorthosilicate (TEOS 98%, Sigma Aldrich) as
silica source and triblock copolymer EO,,PO,,EO,,
(Pluronic P123, Sigma Aldrich) as surfactant. The C3 car-
bon material was obtained through the infiltration of SBA-
15 with an acidic sucrose solution, and the subsequent
carbonization of the composite material at 900°C under
inert gas flow, followed by the dissolution of the silica
framework using hydrofluoric acid at 25°C.

Synthesis of Ordered Mesoporous
Carbon Decorated with Silver

Nanoparticles

The ordered mesoporous carbon C3 was doped with Ag’
nanoparticles by using two different concentrations of
AgNO; (Merck) as metal source and high-grade NaBH,4

(Merck) as reducing agent. A certain amount of the carbon
sample was dispersed into de-ionized water, followed by the
dropwise addition of an aqueous solution of the metal precur-
sor. The mixture remained under stirring at room temperature
for 24 hrs. NaBH, was added approximately 1 hr before
filtration, after which the obtained solid was washed meticu-
lously and dried at 40°C. The silver-doped carbon samples are
denoted hereafter as C3Ag2 and C3Agl0, corresponding to
a metal loading of ca. 2 wt% and 10 wt%, respectively.

Characterization of Pristine and

Silver-Doped Mesoporous Carbons

The powder X-ray diffraction (PXRD) patterns of the
samples were obtained using a Rigaku R-AXIS IV
Imaging Plate Detector mounted on a Rigaku RU-H3R
Rotating Copper Anode X-ray Generator (A = 1.54 A).

A Jeol JSM 7401F Field Emission Scanning Electron
Microscope (SEM) equipped with Gentle Beam mode was
used to study the surface morphology of the doped materi-
als as well as the size and the dispersion of the metal
particles. The transmission electron microscope (TEM)
images were obtained from a high resolution JEM-2100
instrument equipped with LaBg filament and operating at
200 kV using the LowDose procedure provided by the
JEOL software. A SETARAM SETSYS Evolution 18
Analyzer and Al,O; crucibles were used to perform the
thermogravimetric analysis (TGA) measurements on
~10 mg of the Ag-doped and undoped samples, in the
range of 25-1100°C, with a heating rate of 20°C/min
under air flow (16 mL/min). Buoyancy corrections were
carried out through blank measurements and purging was
applied well before initiating thermal analysis to effi-
ciently control the sample environment within the furnace.

A volumetric gas adsorption analyzer (Autosorb-1-MP,
Quantachrome) was used to evaluate the porous properties
of the doped and undoped materials by N, adsorption/deso-
rption measurements at 77 K. The samples (~30 mg) were
appropriately outgassed (~24 hrs at 250°C) under high
vacuum (10°® mbar), while ultra-pure N, (99.999%) was
used. The BET (Brunauer—-Emmett-Teller) area values
(denoted as Sppr) were calculated by following the BET
consistency criteria (ISO 9277:2010). The micropore volumes
(Viicro) Were assumed to be the QSDFT derived cumulative
volumes for pores smaller than 2 nm. The total (micro- and
mesopore) volumes (TPV) were estimated at p/p, = 0.96.
Pore size distributions (PSD) were deduced by using the N,-
carbon QSDFT (Quenched Solid Density Functional Theory)
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kernels for slit/cylindrical-shaped pores on the adsorption
branch of the isotherms. The concentration of silver ions
released from both Ag-doped CMK-3 samples was evaluated
HCl  buffer
Tris(hydroxymethyl)aminomethane (Trizma-Sigma Aldrich,
Milan, Italy - 0.1 M, pH 7.4) at a concentration of 250 pg/
mL. In particular, 5 mg of the C3Ag2 and C3Ag10 powders
were suspended in 20 mL of buffer up to 14 days at 37°C in
an orbital shaker (Excella E24, Eppendorf) with an agitation
rate of 150 rpm. At defined time points (3 hrs, 24 hrs, 3 days,
7 days and 14 days) the suspension was centrifuged at
10,000 rpm for 5 min (Hermle Labortechnik Z326,
Wehingen, Germany), half of the supernatant was collected

by soaking the powders in Tris

and replaced by the same volume of fresh buffer solution to
keep constant the volume of the release medium. The release
experiments were carried out in triplicate. The concentration
of Ag" ions was measured by Inductively Coupled Plasma
Atomic Emission Spectrometry Technique (ICP-AES) (ICP-
MS, Thermo Scientific, Waltham, MA, USA, ICAP Q). The
overall supernatants recovered after centrifugation have been
diluted at a dilution factor of 2 before ICP measurements.

Cell Viability Assay

The cell viability test was performed through Transwell®™
inserts, characterized by a given permeability. In particular,
the murine fibroblast cell line L929 BS CL 56 (IZSLER)
was cultured in polystyrene plates below 1 mg-mL™" sus-
pension of C3Ag2 and C3Ag10 contained in the Transwell®™
insert and after 72 hrs of incubation, MTT assay was per-
formed to evaluate cell viability. MTT assay allows the
assessment of any eventual toxic effect on cells induced by
particle dissolution products, through the evaluation of the
reduction of the mitochondrial succinate dehydrogenase
(SDH) enzyme activity, which is involved in the citric acid
cycle. To perform the MTT assay, cells were incubated at
37°C for 2 hrs with 1 mg'mL ™" solution of soluble tetra-
zolium salt (3-(4,5-dimethylthiazol-2yl)-2,5 diphenyl tetra-
zolium bromide), to allow the succinate dehydrogenase
enzyme to cause the transformation of tetrazolium salts
into a yellow soluble substance first and then into a blue
water-insoluble product, the formazan precipitate. This blue
product, dissolved with dimethylsulphoxide, can be spectro-
photometrically quantified at a wavelength of 570 nm, pro-
viding an optical density (OD) value, a measure of the
degree of the enzyme activity in the metabolically active
cells. The negative control was represented by cells grown
on the polystyrene plate, while the positive one was set up

with a culture of cells grown with the addition of 20 puL of
a solution of 0.08 mg'mL " of sodium nitroprusside (NPS).

Inflammatory Test

Cell Culture

The inflammatory response test was conducted in direct
contact mode, by incubating the murine macrophage cell
line J774a.1 BS TCL 83 (Istituto zooprofilattico sperimen-
tale della Lombardia e dell’Emilia Romagna - IZSLER)
with both C3Ag2 and C3Agl0 samples at 1 mg mL™"
concentration. Before the tests, cells were maintained in
Dulbecco’s modified Eagle’s medium (Gibco Invitrogen,
Cergy-Pontoise, France) supplemented with 10% fetal
bovine serum, penicillin (100 U-mL ") and streptomycin
(100 pg'mL™"). Cells were grown in a 98% humidified
incubator at 37°C with 10% CO, and passaged 2-3 days
before use. Then, the J774a.1 cells (2x10* mL™") were
seeded onto 24-well tissue culture polystyrene plates
(Falcon™), containing the two silver-doped C3 samples.

RT-qPCR

After 4 hrs, RNA from J774a.1 cells was isolated by using the
Maxwell® RSC simply RNA Cells Kit (Promega Italia s.r.l,
Milan, Italy) and reverse transcribed by the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). Real-time PCR was performed through
the QuantStudio® 5 Real Time PCR System (Applied
Biosystems). Mouse interleukin-13 (IL-1pB), interleukin-6
(IL-6), tumor necrosis factor-alpha (TNFa) and tyrosine
3-monooxygenase/tryptophan  5-monooxygenase activation
protein zeta (YWHAZ) were chosen from the collection of
the TagMan Gene Expression Assays as primer sets (Applied
Biosystems Assay’s ID: MmO01336189 ml, Mm999990
64 ml, Mm00443258 ml1, Mm03950126 s1, respectively).
Real-time PCR was performed in duplicate for all samples in
a volume of 25 pL and, after an initial denaturation at 95°C for
10 min, the PCR amplification was run for 40 cycles at 95°C
for 15 s and at 60°C for 1 min. The content of cDNA samples
was normalized through the comparative threshold cycle
(AACt) method, consisting in the normalization of the number
of target gene copies versus the endogenous reference gene
YWHAZ.

Macrophage-Conditioned Fibroblast Cell

Culture

Macrophage Cell Culture

The murine macrophage cell line J774a.1 BS TCL 83
(IZSLER) was modified

maintained in Dulbecco’s
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Eagle’s medium+GlutaMAX (Gibco Invitrogen, Cergy-
Pontoise, France) supplemented with 10% fetal bovine
serum, penicillin (100 U-mL™") and streptomycin (100
pg'mL ). Cells were grown in a 98% humidified incuba-
tor at 37°C with 10% CO, and passaged 2-3 days before
use. Then, the J774a.1 cells (8x10% mL™") were seeded
into ThinCert™ cell culture inserts (Greiner Bio-One),
placed into 12-well tissue culture polystyrene plates
(Sarstedt Srl), containing the two silver-doped C3 samples
at 1 mg-mL ™" concentration. After 48 hrs incubation, 500
pL of macrophage-conditioned medium (M$CM) were
taken from the bottom of the wells and used to condition-
ing a fibroblast cell culture.

Fibroblast Cell Culture

The murine fibroblast cell line 1929 BS CL 56 (IZSLER)
was maintained in Minimum Essential media+GlutaMAX
(Gibco Invitrogen, Cergy-Pontoise, France), supplemented
with 10% fetal bovine serum, penicillin (100 U-mL™") and
streptomycin (100 pg-mL™"). Cells were grown in a 98%
humidified incubator at 37°C with 10% CO, and passaged
2-3 days before use. Then, L929 cells (8.2x10* mL ™)
were seeded onto 12-well tissue culture polystyrene plates
(Sarstedt Srl) and incubated for 48 hrs after the addition of
500 pL M$CM.

RT-gPCR

After 48 hrs incubation, RNA from J774a.1 and 1.929 cells
was isolated by using the Maxwell® RSC simplyRNA Cells
Kit (Promega), following the manufacturer’s instructions.
RNA has been reverse transcribed by the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). Real-
time PCR was performed in the QuantStudio® 5 Real Time
PCR System (Applied Biosystems). The primer sets for the
Real-time PCR of mouse IL-1B, IL-6, TNFa, Vascular
endothelial growth factor A (VEGFA), Fibroblast growth
2 (FGF2), growth factor (EGF),
Transforming growth factor beta 1 (TGF-B1), Collagen type
1, alpha 1 chain (Collal), Matrix metalloproteinase-9 (MMP-
9), Tissue inhibitor of Metalloproteinases 3 (TIMP3),
Osteopontin (Sppl), Microtubule-associated proteins 1A/1B
light chain 3B (MAP1LC3b), Beclin 1 (Becnl), Mammalian
target of rapamycin (mTOR), Sequestosome-1 (p62),
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
YWHAZ were chosen from the TagMan Gene Expression
Assays collection (Applied Biosystems Assay’s ID:
MmO01336189 m1, Mm99999064 m1, Mm00443258 ml,
Mm00437306_m1, Mm00433287 ml, Mm00438696 ml,

factor Epidermal

Mm 01178820 m1, Mm00801666 gl, Mm00442991 ml,
MmO00441826 m1, Mm00436767 ml, MmO00782868 sH,
Mm01265461 ml, Mm00444968 m1, Mm00448091 ml,
Mm033002249 gl and Mm03950126 sl, respectively). RT-
gPCR was performed in duplicate for all samples and targets
in a total volume of 25 pL. The analysis was conducted by
using the AACt method, consisting in the normalization of the
number of target gene copies versus the endogenous reference
gene YWHAZ, for J774a.1 cells and versus the endogenous
reference genes GAPDH and YWHAZ, for L929 cells.

Direct Effects of Silver-Doped

Mesoporous Carbons on Keratinocytes
Cell Culture

The test was conducted in direct contact mode by incubat-
ing the human keratinocyte cell line HaCaT BS CL 168
(IZSLER) with the two silver-doped C3 samples (C3Ag2
and C3Agl0) in direct contact at 1 mg-mL™' concentra-
tion. Cells were maintained in Dulbecco’s modified
Eagle’s medium+GlutaMAX (Gibco Invitrogen, Cergy-
Pontoise, France), supplemented with 10% fetal bovine
serum, penicillin (100 U mL™") and streptomycin (100
ug-mL™"). Cells were grown in a 98% humidified incuba-
tor at 37°C with 10% CO, and passaged 2-3 days before
use. 5 x 10* mL™" HaCaT cells were seeded into 24-well
tissue culture polystyrene plates (Falcon™). When cells
reached sub-confluence, the silver-doped C3 samples were
placed in direct contact with cells.

RT-qPCR

After 24 and 72 hrs incubation, RNA from HaCaT cells was
isolated by using the Maxwell® RSC simplyRNA Cells Kit
(Promega) as described in Section 2.6.3. The primer sets for the
Real-time PCR of human matrix metalloproteinase-9 (MMP-
9), Tissue inhibitor of Metalloproteinases 3 (TIMP3), Vascular
endothelial growth factor A (VEGFA), Transforming growth
factor-beta 1 (TGF-B1), Keratin 6a (KRT6a), Involucrin (IVN)
and Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxyge-
nase Activation Protein Zeta (YWHAZ) (Applied
Biosystems Assay’s ID: Hs00234579 m1; Hs00165949 ml,
Hs00900055 m1;  Hs00998133 ml;  Hs01699178 gl;
Hs00846307 sl; Hs03044281 gl, respectively) were chosen
from the TagMan Gene Expression Assays collection (Applied
Biosystems). RT-qPCR was performed in duplicate for all
samples and targets in a total volume of 25 pL. The analysis
was conducted by using the AACt method, consisting in the
normalization of the number of target gene copies versus the
endogenous reference gene YWHAZ.

International Journal of Nanomedicine 2019:14

submit your manuscript

10151

Dove


http://www.dovepress.com
http://www.dovepress.com

Torre et al

Dove

Antibacterial Assay

The antibacterial assay was performed on the C3Ag2 and
C3Agl0 samples by using a Gram-positive bacterial strain.
In particular, Staphylococcus epidermidis RP62A (ATCC
35984) was chosen because of its ability to produce
a slime and capsular polysaccharide. The strain is routinely
kept in Tryptic Soy Agar (TSA, Sigma). Prior to the assay,
it is transferred to Tryptic Soy Broth (TSB, Sigma) and left
to grow overnight. After centrifugation at 5000 rpm for 10
mins, TSB supernatant is removed and the bacterial pellet is
re-suspended in Dulbecco’s Phosphate Buffered Saline
(DPBS, Gibco), to obtain a 10 x 10’ mL ™" bacterial suspen-
sion; then, 10 mL bacterial suspension is added in 1000 mL
cooled, still not solidified, TSA. The assay was conducted
in 6-wells plates (Sarstedt), in which each well contained
7 mL TSA+ S. epidermidis. On the solidified agar surface,
500 pg mL ' and 1000 ug mL™" silver-doped C3 carbons
were spotted, in duplicate. The negative control was repre-
sented by the Agar gel without the addition of bacteria, nor
the C3 carbons, whereas the positive control was the Agar
gel with bacteria, but without C3 carbons. The 6-wells
plates were then incubated at 37°C for 72 hrs. The percen-
tage of the inhibition zone was calculated using Imagel
(1.49v, Wayne Rasband, National Institute of Health,
USA) software, comparing the total area of the single well
with the area inhibited by the release of silver.

Statistical Analysis

Experimental data were analyzed using PAST*® and results
are reported as mean (standard deviation) (S.D.) from 3
independent experiments (3 wells for each set of data).
Statistical differences between groups were analyzed using
one-way or two-way ANOVA, followed by Tukey’s post

DEMOKRITOS Sb80 GB-L

Figure | SEM images of C3Ag2 and C3AgI0.

hoc. Results with p values <0.05 were considered to be
statistically significant.

Results and Discussion
Morphology and Structure of the Pristine

and Silver-Doped Mesoporous Carbons
SEM analysis of the silver-doped C3 samples (Figure 1)
revealed on one hand that they exhibit the typical elon-
gated morphology of CMK-3 carbons** with mean dia-
meter of 200300 nm and length around 0.5—-1 pm and on
the other that Ag nanoparticles (with an average size of 25
nm) are highly dispersed on the carbonaceous surface with
only very few aggregates.

Similarly, the TEM images (Figure 2) of the silver-
doped C3 samples with 2 wt% and 10 wt% Ag loading,
confirmed the successful dispersion of small (<10 nm)
nanosized metal particles; however, the presence of larger
particles (20—30 nm) is also observed.

The existence of Ag’ nanoparticles onto the carbon
surface and thus the biphasic nature of the composite
materials was also verified by the wide-angle PXRD pat-
terns of the silver-doped carbons as shown in Figure 3A.
The two well-resolved peaks at around 26=38.2° and
20=44.3° are in good agreement with those of the face-
centered-cubic form of metallic silver (JCPDS, File No.
4-0783),2*® while no reflections of other crystalline
phases like AgO or Ag,O were observed. The mean size
of the Ag nanoparticles was calculated to be around 25-30
nm (by applying Scherrer’s formula on the (111) diffrac-
tion peaks), in agreement with SEM and TEM analyses.
The lattice constant calculated from the PXRD patterns
was found to be a = 0.408 nm, which is consistent with the
literature value for Ag(111). The low-intensity broad peak
at approximately 20=26° (attributed to the (002) reflection
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Figure 2 TEM images of C3Ag2 and C3AglO0.
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Figure 3 (A) Wide- and (B) small-angle PXRD patterns of the doped and undoped carbons.

of graphite), in all wide-angle PXRD patterns, indicated
the predominantly amorphous structure of the C3 material.

The small-angle PXRD pattern of the C3 sample was
typical of the 2D hexagonal space group (p6mm).'” More
specifically, the small-angle PXRD pattern of the C3 sample
(Figure 3B) depicted an intense peak at around 26 = 1.1°
attributed to (10) reflection, as well as weaker peaks centered
at around 26 = 1.8° and 2.1° that can be indexed to (11) and
(20) reflections, respectively. These three peaks represent
a well-organized arrangement of the carbon nanorods and
therefore of the pores of the C3 samples. As also shown in
Figure 3B, the metal doping treatment did not seem to affect
the highly ordered mesoporous structure of the C3 carbon,
since there was no significant degradation nor broadening of
the main peak and/or the higher-order reflections in the case
of the silver-doped samples.

The pore properties of the carbon materials were deter-
mined by N, adsorption—desorption measurements at 77
K. The obtained isotherms, as well as the corresponding pore
size distributions (PSD), are shown in Figure 4. The isotherms

of the materials were of type IV (based on [UPAC classifica-
tion) with H2 hysteresis loop, typical for mesoporous materials
like CMK-3 with uniform mesopores.'® The increase of the N,
uptake at p/po > 0.96 for all samples could be ascribed to
nitrogen condensation in the interparticle voids, indicating the
presence of external surface/macroporosity.

The pore properties of all samples are summarized in
Table 1. The almost identical shape of the N, sorption
isotherms of the pristine and silver-doped carbon materials
indicate that the basic features of the pore structure were
retained after doping. The slight decrease of the BET area
and the total pore volume observed upon metal doping
(Table 1) could be attributed to the extra weight of the
Ag nanoparticles. More specifically, by taking into con-
sideration the amount of metallic silver (as deduced from
the TGA measurements presented in section 3.2) the cal-
culated surface area and pore volume values on a pure
carbon basis, remained practically unchanged after the
incorporation of the metal particles, thus pointing to mini-
mal pore blocking.
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Thermal analysis of the doped C3 samples (Figure 5) ? ! T 7 i I [
revealed a significant weight loss in the temperature range = , T‘ T L l
of 400-600°C, during oxidation/decomposition of the sam- /1
ples, which corresponds to complete carbon burn-off. The 1 L
loading amount of metallic silver on the samples was
deduced by the final residual mass. The Ag loading, as 0
0 2 4 6 8 10 12 14 16

estimated on dry sample basis (120°C), was found to be
9.86 wt% for the C3Agl0 sample and 2.29 wt% for the
C3Ag2 sample. The results also indicated some sort of cat-
alytic effect of the silver nanoparticles on C3 oxidation since
the increased Ag loading led to a lower burn-off temperature.

Ag" lon Release from the Silver-Doped

Mesoporous Carbons
Figure 6 shows the release of Ag" ion from carbons
containing different silver amount. As expected C3Agl0

Table | Pore Properties of C3, C3Ag2 and C3Agl0

SgET Total Pore | Viicro Vimeso Pore

(m?g) | Volume (ecm®g) | (em®ig) | Width
(cmslg) (nm)

c3 1291 1.4 0.1 1.3 45
C3Ag2 | 1270 1.3 0.1 1.2 45
C3Agl0 | 1171 12 0.1 .1 45

Time (days)

Figure 6 Silver ion release from Ag-doped carbons.

released higher ion concentrations, compared to C3Ag2,
and showed a sustained release profile up to 14 days.
The released concentrations analyzed after 14 days of
soaking were 2.8 ppm and 4.6 ppm, respectively, for
C3Ag2 and C3Agl0. Based on the initial amount loaded
on carbons, the percentage of silver released at 14 days
resulted in about 55% for C3Ag2 and 18% for C3Agl0,
evidencing their long-term release ability. The obtained
Ag" species’ released concentrations are in fair agree-
ment with those reported in the literature related
to silver-containing nanocarriers proposed for the
treatment of infected tissues,”” which resulted in highly
effective in vivo against bacteria while preserving full
biocompatibility.
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Cell Viability Assay

The cell viability assay results showed that C3 and C3Ag2
do not exert any significant change in cell metabolic activ-
ity and thus do not impair the mitochondrial function
despite the presence and release of silver, whereas, silver-
doped C3 at the highest Ag concentration, caused a slight
decrease in cell viability, which however was still main-
tained above 70% (Figure 7).

The good cell biocompatibility of both silver-doped C3
materials that was observed in the present study was
further confirmed by the inflammation test, showing both
inflammatory and anti-inflammatory effects in two experi-
ments carried out at two different time points.

Inflammation Test

Specifically, at 4 hrs incubation, the silver-doped C3 materi-
als did not induce, in macrophages, any significant increase
in pro-inflammatory cytokines’ expression (Figure 8). The
inflammation test was performed by incubating, for 4 hrs, in
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Figure 7 MTT assay on pristine C3 and its silver-doped analogues with 2 wt% or
10 wt% Ag’.
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Figure 8 Effect of silver-doped mesoporous carbons on the expression of pro-
inflammatory cytokines mRNA. No significant difference can be observed in the
inflammation test.

direct contact, the silver-doped C3 samples C3Ag2 and
C3Ag10 with the J744a.1 macrophage cell line.

Indirect Cellular Effects of the

Silver-Doped Mesoporous Carbons on
Fibroblast Cells

To investigate the potential role of macrophage-secreted
factors induced by the silver-doped ordered mesoporous
carbon C3 in promoting tissue regeneration, L929 murine
fibroblasts were cultured, for 48 hrs, with the addition of
500 uL M$CM obtained from 48 hrs incubation of J774a.1
macrophages with and without C3Ag2 or C3Agl0 into
Transwell®™ inserts.

J774a.1 were first checked for pro-inflammatory cytokine
mRNA production, following stimulation by the silver-
doped C3 materials. Figure 9 shows the expression of pro-
inflammatory cytokines such as IL-1f3, IL-6 and TNF-a.
Results showed increased IL-6 mRNA levels in cells incu-
bated with all carbonaceous nanomatrices (2.8, 2.7, 3.1-fold
in C3, C3Ag2 and C3Agl0, respectively) and C3Ag10 indu-
cing also a statistically significant peak of IL-1p (3.3-fold —
p<0.01), thus implying activation of macrophages by direct
contact with the silver-doped C3 materials. A pro-
inflammatory effect induced by both silver-doped C3 materi-
als at 48 hrs, highlighted by an increase in IL-6 expression at
the same extent, could be attributed to the C3 itself, which,
synergistically with the highest Ag dose, also contributes to
the enhancement of IL-1B expression.

These opposite effects on inflammation, at 4 hrs and 48 hrs
reflect those reported by many works (in which both activation

of the inflammatory pathways** !

32,33

and downregulation of pro-
inflammatory cytokines are demonstrated in vitro and
in vivo) and could be of particular interest in a wound healing
context, because an immediate short-term increase of inflam-
mation, followed by downregulation, are the main signals
required for an effective wound healing process. As highly
tunable materials, silver-doped mesoporous carbon materials
could be tailored to achieve the desired tissue regeneration
function, to be applied in a variety of pathological conditions,
from acute wounds to ulcers and burn wounds. Such immune
modulation by silver-doped C3 materials is of great importance
as they can offer the base for the subsequent wound healing
phases, in which fibroblast migration and deposition of newly
synthesized extracellular matrix occur. In fact, several works
report Ag nanoparticles inducing higher collagen expression,**
promoting re-epithelialization through increased cell migration

and proliferation®® and accelerating wound closure.*>-*
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Figure 9 Gene expression analysis of |774al macrophage cells incubated into Transwell® inserts with ordered mesoporous carbon C3 doped with or without Ag 2wt% and
Ag 10wt%. All three C3 nanomatrices (pristine and silver-doped) induced enhanced IL-6 and TNF-a expression, compared to polystyrene, whereas an increase of IL-1§
levels is only seen in C3Agl0-stimulated J774a.| macrophages, at 48 hrs incubation time. Data are expressed as mean (SD). P values <0.05 were considered to be statistically

significant (*p<0.05; **p<0.01; ***p<0.001).

Given that macrophages were shown to be activated by
C3 nanomatrices (with and without Ag) with pro-
inflammatory cytokines’ production, 500 uL M$CM were
added to a fibroblast cell culture and RT-qPCR was per-
formed after 48 hrs incubation time. Expression of the main
tissue repair genes, such as FGF, EGF, TGF-p1, Collal,
Sppl, VEGFa, MMP-9 and TIMP-3 were investigated, in
order to evaluate the wound healing potential of the pristine
and silver-doped mesoporous carbons (Figure 10).

In particular, TGF-B and Collal were 1,27 and 1,34-fold
higher than polystyrene (both p<0,05), while for TIMP3
levels an increase of 1,78-fold compared to polystyrene
was estimated (p<0,05 compared to polystyrene and to
C3Ag2; p<0.01 compared to C3). Among the several
released growth factors, the TGF-f isoforms do exert funda-
mental and pleiotropic actions in the wound healing process,
by promoting the inflammatory phase and recruiting different
cells, which subsequently express genes involved in inflam-
mation and in extracellular matrix (ECM) formation.>” TGF-
B1 isoform has been demonstrated to be involved in the main
healing processes: inflammation,*® angiogenesis,*® fibroblast

. . 40,41
proliferation,*”:

extracellular matrix remodeling and
regeneration.*” Furthermore, it promotes direct collagen
type I synthesis and indirect collagen I accumulation through

inhibition of MMPs* and through enhanced TIMPs

expression, thus switching the MMPs/TIMPs ratio in favor
of TIMPs **** After taking a look at the present inflamma-
tion results obtained at 48 hrs, it is clear that the determining
factor could reside in the different pro-inflammatory profile
induced by the highest dose of Ag, as compared to C3Ag2. In
fact, the higher IL-1B expression can induce TGF-B1
expression®® which, in turn, can act as negative modulator

of the immune system*”*®

and as the main cytokine involved
in the regulation of ECM gene expression.*> These results
demonstrate the ability of C3Agl0 to induce, in macro-
phages, a late inflammatory profile involved in the signals
necessary for ECM production.

Given the above promising results, it was decided to
further investigate the role of the silver-doped C3 materials
in the regulation of autophagy. Real-time PCR was per-
formed to investigate the expression of genes involved in
autophagy: Microtubule-associated proteins 1A/1B light
chain 3B (MAPILC3b), Beclin-1 (Beclinl), Sequestosome-
1 (p62) and Mammalian target of rapamycin (mTOR).

In the context of wound healing, autophagy is important
in regulating a correct inflammation resolution and vascu-
larization, through secretion of VEGF 4 furthermore, it has
been shown to be involved in preventing burn wound
progression,”® in promoting burn wound healing through

reducing the cellular apoptotic rate,” in promoting a faster
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Figure 10 Gene expression analysis of L929 fibroblast cells incubated for 48 hrs with the addition of 500 pL M$pCM. Only M$pCM from ]774a.1 incubated with C3AgI0 was
shown to be effective, in L929, in stimulating the expression of genes involved in a tissue regeneration response. Data are expressed as mean (SD). P values <0.05 were
considered to be statistically significant (¥p<0.05; **p=<0.01).

re-epithelialization in rats>® and in regulating the fibrosis of The obtained results (Figure 11) showed an increase of
hypertrophic scars in dermal fibroblasts.”® According to mTOR mRNA levels in cells incubated with C3Agl0,
literature silver nanoparticles may be involved in both  statistically significant if compared to polystyrene (1,15-

inducing® and blocking autophagy.® fold - p<0,05) and to pristine C3 (p<0,05), thus paving the
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Figure 11 RT-qPCR autophagy results from L929 cells cultured with the addition of 500 pL conditioning medium from J774a.1 cells grown inside inserts with silver-doped
C3 materials. Data are expressed as mean (SD). P values 0.05 were considered to be statistically significant (*p<0.05).
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way to further investigate mesoporous silver-doped car-
bons in the field of autophagy involved in burn treatment.
A parallel expression increase, even if not statistically
significant, could be observed also for MAP1LC3b and
for p62 genes in samples incubated with C3, C3Ag2 and
C3Ag10, with the highest value found in C3Ag10 samples.

Direct Cellular Effects of the
Silver-Doped Mesoporous Carbons on

Keratinocytes
To better understand the direct wound healing potential of
silver-doped C3 materials, they were incubated, in direct
contact with the human immortalized keratinocyte HaCaT
cell line, recognized, moreover, as a suitable model for
assessing the toxicological potential of nanomaterials that
can cause skin damage in vitro.’® The effect of C3Ag2 and
C3Agl0, at a concentration of 1 mg'mL, ' on expression
of genes involved in wound repair, such as VEGFA,
KRT6a, TGF-B, MMP9, TIMP3 and IVN, in HaCaT
cells, was studied by RT-qPCR at two different time points
analysis, namely 72 hrs and 7 days (Figure 12A and B).

Current treatments suggest that wound healing better
occur when a faster re-epithelialization is achieved and, in
this field, silver nanoparticles have been shown to stimulate
keratinocyte proliferation, migration and differentiation.>>>’
In the context of tissue repair following an injury, keratino-
cytes are an important type of cells involved in the re-
epithelialization process, being able to undergo changes in
their morphology and gene expression during the so-called
“keratinocyte activation”, in which a particular subtype of
them withdraw from terminal differentiation stages to more
undifferentiated ones.”®

Keratinocytes express different keratin (K) types,
depending on their differentiation stage: basal cells express
K35, K14 and K15, whereas during the differentiation pro-
cess these keratins are switched off, being replaced by K1
and K10. A particular group of keratins includes K6, K16
and K17, representing inducible keratins produced in
response to signals that determine activation of the kerati-
nocytes, particularly in a wound healing context.”’
Specifically, K6 is induced after only 1 hr following an
injury®® and its reduced expression has been linked to
delayed wound healing,’' because its expression coincides
with the onset of re-epithelialization.

Activated keratinocytes show a different behavior from
differentiated keratinocytes; in fact, they have been shown
to have a different organization of keratin filaments,** to

change their cytoskeleton to migrate to the wound site, to
undergo hyperproliferation in order to produce compo-
nents of the basement membrane and to express high
levels of cell surface receptors. Furthermore, activated
keratinocytes are also able to communicate with different
cell types, such as fibroblasts, lymphocytes and endothelial
cells through the production of paracrine and/or autocrine
signals. All these changes are essential for the correct re-
epithelialization.®?

In our study, analysis of K6 gene expression showed
that both silver-doped C3 materials induce a slight upre-
gulation at 72 hrs, further confirmed at 7 days. In particu-
lar, the presence of Ag, at 72 hrs, did not seem to influence
K6 expression, while at 7 days both C3Ag2 and C3Agl0
induce a statistically significant increase (2.04 and 1.78-
fold - p<0.001 and p<0.01, respectively), as compared to
polystyrene at 7 days (Figure 12A). These results clearly
indicate that silver-doped C3 materials are able to induce
the keratinocyte activation stage.

Concerning TGF-B1 expression, results showed that it
was slightly affected at 7 days in C3Ag2 and C3Agl0
samples (0.66 and 0.72-fold, respectively), even if statis-
tically not significant. In intact epidermis, TGF-B1 isoform
contributes to skin homeostasis through inhibition of ker-
atinocyte proliferation and regulation of differentiation.®*

As keratinocytes undergo more differentiated stages, they
express differentiation markers such as involucrin (IVN), an
essential protein for the formation of the cornified envelope,
produced in the early spinous layer and maintained in the
granular layer until the corneum envelope is formed.*® The
presence of several reactive Glutamine residues in the protein
represents the ideal substrate, for the Transglutaminase 1, to
form covalent isopeptide bonds, important for the cornified
envelope formation. In fact, the cross-linking process makes
the cell envelope insoluble and, thus, highly resistant.
Transglutaminases are Ca®-dependent enzymes that cata-
lyze an acyl transfer reaction between the Y-carboxamide
group of protein-bound glutamines and the e-amino group of
lysine residues.®® Calcium is the key factor needed for the
cross-linking reaction to take place and for the correct kera-
tinocyte differentiation process.®’ In a wound healing con-
text, keratinocytes are recruited to the wound edge, to begin
the re-epithelialization process.

As compared to polystyrene, cells incubated with the
silver-doped C3, irrespective of Ag concentration, showed
dramatically downregulation of IVN expression, at both
time points. Particularly, for cells incubated with neat C3
nanomatrices and C3Ag2 and C3Agl0 (Figure 12A),
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Figure 12 (A) and (B) Gene expression profile of HaCaT cells following incubation with C3Ag2 or C3Agl0. RT-qPCR analysis of HaCaT cells at 72 hrs and 7 days
incubation with C3Ag2 or C3Ag|0 shows an increase in the expression of genes involved in tissue repair and a decrease in the expression of MMP9. The diminished IVN
expression levels show that cells incubated with C3 are kept in a more undifferentiated stage as compared to polystyrene. Data are expressed as mean (SD). P values <0.05
were considered to be statistically significant (*p<0.05; **p<0.01; **p<0.001; ****p=<0.0001).
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downregulation at 72 hrs was 0.2, 0.13 and 0.14-fold
(p<0.0001), while at 7 d it was 0.39, 0.36 and 0.13-fold,
respectively (p<0.0001).

The marked downregulation of IVN expression,
observed in HaCaT cells treated with silver-doped C3 mate-
rials, clearly demonstrate the ability of these materials to
keep keratinocytes in more undifferentiated stages, thus
contributing to enhanced re-epithelialization. This difference
in IVN expression in cells incubated with silver-doped C3
materials, could be explained with a decrease of Ca*" levels
in the culture medium caused by a possible Ca®>* ions
sequestration by silver-doped C3 materials (e.g. by means
of direct adsorption in the pores), thus inducing cells to
retain a basal phenotype.®®

The expression of MMP9 and TIMP3 was also inves-
tigated. Metal nanoparticles have already been shown to
have a role in tissue remodeling through modulating the
expression of Metalloproteinases (MMPs) and tissue inhi-
bitors of metalloproteinases (TIMPs).

Both were shown to be downregulated in cells incubated
with C3 and C3Ag2 at 72 hr (0.59 and 0.48-fold — p<0.05 and
p<0.01 for MMP9; 0.47 and 0.41-fold — p<0.05 and p<0.01
for TIMP3, respectively), while C3Ag10 induced only down-
regulation of TIMP3 (0.44-fold — p<0.01), with an MMP9/
TIMP3 ratio significantly unbalanced in favor of MMP9
(2.25-fold — p<0.001). At 7 d time point, however, this ratio
was switched in favor of TIMP3, both in control and in cells
treated with silver-doped C3 materials. Differently from
control cells, those incubated with silver-doped C3 materials
exhibited a higher MMP9/TIMP3 ratio, with C3Ag10 indu-
cing the lowest TIMP3 levels (statistically not significant)
(Figure 12B). Interestingly, the presence of C3 carbon seems
to be the determining factor in lowering MMP-9 expression.

MMPs are a family of enzymes involved in many physio-
logical processes, such as innate and adaptive immunity,
inflammation, angiogenesis, bone remodeling and neurite
growth, although their function was thought to be restricted
to tissue remodeling and maintenance.”” MMPs have also
been demonstrated to have a role in the regulation of the repair
processes that are activated following an injury. In particular,
they are essential in inflammation, thanks to their effects on
chemokine activity, on the formation of a chemotactic gradient
and on diapedesis.”” MMP-9, also known as gelatinase B, is
also involved in the regulation of re-epithelialization, in fact, it
has been shown to induce epidermal growth factor (EGF) and
hepatocyte growth factor (HGF), both important in keratino-
cyte migration in wound assays in vitro.”' Furthermore,
MMP-9 is also induced following stimulation by TNF-a and

its increase is essential for the correct wound closure,”* while it
is also involved in the promotion of angiogenesis.”* As MMPs
elicit different important actions, they need to be tightly regu-
lated by TIMPs; in fact, they are able to counteract MMPs
effects by acting on inflammation and on the repair mechan-
isms. TIMP3, being an inhibitor of ADAM17 activity, inhibits
TNF-o release and, consequently, MMP-9 expression.”* In
addition to its ability to regulating ECM remodeling, TIMP3
has also been shown to inhibit angiogenesis, through binding
and blocking the vascular endothelial growth factor receptor
(VEGFR)-2,” in order to stabilize newly formed vessels.”® In
the context of tissue repair and regeneration, also VEGFA has
been investigated, because of its main role in mediating proan-
giogenesis, but also in influencing various mechanisms
involved in cutaneous wound healing, such as wound closure,
granulation tissue formation and stimulation of different cells,
i.e. keratinocytes.”” Silver nanoparticles have been also
reported to increase vascular endothelial growth factor
A (VEGFA) expression,”’® probably following ROS produc-
tion, the transient or low levels of which are involved in the
process of angiogenesis.””*" Several studies in literature report
ability of different nanomaterials in exerting pro-angiogenic
effects. In particular, gene expression analysis results concern-
ing increased VEGF show Copper, Cerium or Yttrium-
containing nanoparticles to act through an hypoxia-induced

81-83

mechanism, whereas ZnO or Europium hydroxide nano-

particles to act through direct Ros generation.***
Silver-doped C3 materials showed a significant VEGFA
increase in transcript levels, as compared to untreated cells at
both time points, in comparison to polystyrene, particularly
at 7 days (1.42, 1.14 and 1.76-fold — p<0.0001; p<0.01;
p<0.0001 for C3, C3Ag2 and C3Agl0, respectively), thus

showing their angiogenic potential as well (Figure 12A).

Antibacterial Assay
In addition to their effects on tissue regeneration, silver
nanoparticles have also been shown to possess broad-

8687 thanks to silver’s abil-

spectrum antibiotic properties,
ity to bind to the bacterial cell wall and cell membrane,
thus inhibiting membrane functions and the bacterial
respiratory chain.®® The antibacterial effect of the pristine
and silver-doped C3 materials was investigated using the
Halo test on a gram-positive bacteria (Staphylococcus
epidermidis) culture, which represents the most common
source of infections on indwelling medical devices such as
and IV catheters

biofilms.?® Given the results from the work of Pazos-

prosthetic  devices by producing

Ortiz et al which reported that Gram-negative bacteria
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present a scarce thickness of the cell wall which increases
the susceptibility of these bacteria to silver ions released
by nanoparticles, it was decided to perform this prelimin-
ary antibacterial test with a Gram-positive strain which is,
instead, more resistant to silver ions, due to its thick
peptidoglycan cell wall, which limits the uptake of
nanoparticles.’® The antibacterial test performed in this
study, showing the formation of a silver dose-dependent
inhibition zone surrounding C3Ag2 and C3Agl0 samples
(Figure 13 and Table 2), further verifies the suitability of
silver-doped C3 materials as possible medical devices to
be employed for the healing of infected wounds.
Following these preliminary results, aimed at providing
an overview of silver-doped nanoporous carbons’ con-
served antibacterial effect, further studies will be per-
formed to show the antimicrobial activity in detail.

Conclusion

Overall, the present study showed that mesoporous silver-
doped carbons are not only biocompatible, as they were
shown to be non-cytotoxic, but they also do not elicit
short-term inflammation responses. Notably, they exhib-
ited clear in vitro biological activity while maintaining
both cytocompatibility and the silver-induced antibacterial
effect. In particular, the promising gene expression analy-
sis results show that CMK3-type carbon materials doped
with silver, especially at 10wt%, show good potential to
contribute to the main wound healing phases. Further
studies are needed to fully confirm that the observed
results are indicative of the promotion of cellular recruit-
ment and migration, tissue remodeling and angiogenesis.
Results presented in this study showed the investigated
composites to be particularly promising systems and
tools for the treatment of acute and chronic wounds, in

a tissue regeneration context.

Positive Ctrl
1000 pg/ml

Negative Ctrl
500 pg/ml

c3 C3Ag2

C3Ag10

Figure 13 Halo test of C3, C3Ag2 and C3Agl0 on S. epidermidis.

Table 2 Percentage of Inhibited Area Calculated on the Total
Area of Each Single Well

Carbons Mesoporous Nanomaterials % of Inhibited Area

C3 0

C3Ag2 44+ 0.6

C3Agl0 13.1 £23
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