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Abstract 

Background: Treatment of severe or chronic skin wounds is an important challenge facing medicine and a signifi‑
cant health care burden. Proper wound healing is often affected by bacterial infection; where biofilm formation is one 
of the main risks and particularly problematic because it confers protection to microorganisms against antibiotics. 
One avenue to prevent bacterial colonization of wounds is the use of silver nanoparticles (AgNPs); which have proved 
to be effective against non‑multidrug‑resistant and multidrug‑resistant bacteria. In addition, the use of mesenchymal 
stem cells (MSC) is an excellent option to improve wound healing due to their capability for differentiation and release 
of relevant growth factors. Finally, radiosterilized pig skin (RPS) is a biomatrix successfully used as wound dressing to 
avoid massive water loss, which represents an excellent carrier to deliver MSC into wound beds. Together, AgNPs, RPS 
and MSC represent a potential dressing to control massive water loss, prevent bacterial infection and enhance skin 
regeneration; three essential processes for appropriate wound healing with minimum scaring.

Results: We synthesized stable 10 nm‑diameter spherical AgNPs that showed 21‑ and 16‑fold increase in bacteria 
growth inhibition (in comparison to antibiotics) against clinical strains Staphylococcus aureus and Stenotrophomonas 
maltophilia, respectively. RPS samples were impregnated with different AgNPs suspensions to develop RPS‑AgNPs 
nanocomposites with different AgNPs concentrations. Nanocomposites showed inhibition zones, in Kirby–Bauer 
assay, against both clinical bacteria tested. Nanocomposites also displayed antibiofilm properties against S. aureus and 
S. maltophilia from RPS samples impregnated with 250 and 1000 ppm AgNPs suspensions, respectively. MSC were 
isolated from adipose tissue and seeded on nanocomposites; cells survived on nanocomposites impregnated with 
up to 250 ppm AgNPs suspensions, showing 35% reduction in cell viability, in comparison to cells on RPS. Cells on 
nanocomposites proliferated with culture days, although the number of MSC on nanocomposites at 24 h of culture 
was lower than that on RPS.

Conclusions: AgNPs with better bactericide activity than antibiotics were synthesized. RPS‑AgNPs nanocomposites 
impregnated with 125 and 250 ppm AgNPs suspensions decreased bacterial growth, decreased biofilm formation and 
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Background
Severe acute skin lesions such as those caused by burns, 
along with chronic wounds, represent a worldwide health 
care problem [1, 2]. The American Burn Association esti-
mates that about 500,000 patients who suffered burns in 
the United States in 2013 required specialized medical 
attention [3]. Second-deep and third degree burns can 
have devastating lifelong functional and aesthetic sequels 
if not properly treated [4]; different surgical techniques 
such as non-viable tissue excision, followed by some type 
of skin graft constitute the primary treatment option for 
these lesions. Currently, multi-layered autologous skin 
grafts are considered the “gold standard” therapy for 
burn-excised wounds. However, autograft donor sites are 
quite limited in patients with burns involving more than 
50% of the total body surface area, representing one of 
the main driving-reasons to develop alternative wound 
dressings [5]. The skin is the largest organ in the human 
body, spanning approximately 2  m2 in an average adult, 
and has important functions, among which, protection 
against microorganisms invasion is one of the main ones 
[6, 7]. Loss of skin integrity exposes subcutaneous tissue 
to planktonic bacteria colonization, a significant risk for 
major infection because subcutaneous tissue provides 
appropriate moisture, temperature and nutrition for rapid 
bacterial growth and proliferation [8]. Untreated infected 
wounds promote development of bacterial biofilm, a 
community of microorganisms attached to a surface and 
encased within an extracellular polymeric substance that 
confers microorganisms protection and longevity [9, 
10]; biofilm formation is one of the main causes of anti-
biotic treatment failure [11]. Additionally, the overuse 
and misuse of antibiotics has significantly contributed 
to generate multidrug-resistant bacteria strains. Thus, 
many antibacterial studies have been directed towards 
the development of new bactericidal compounds [12, 
13]. Silver nanoparticles (AgNPs) represent a very good 
option as topical antibacterial agents to treat locally 
infected lesions or to prevent wound infections [14–17]. 
Because of their size, AgNPs can penetrate the bacterial 
wall, affecting its integrity and consequently, the viability 
of bacteria. Moreover, AgNPs also generate reactive oxy-
gen species (ROS) which can bind to different proteins, 
altering bacterial metabolism [18].

Besides preventing and treating bacterial infections, 
appropriate wound treatment involves other processes 
such as control of massive loss of water, improvement of 
neo-vasculature formation, enhancement of dermis and 
epidermis regeneration and reduction of inflammation 
[19]. In this sense, it has been shown that adipose-derived 
mesenchymal stem cells (ADMSC) can differentiate into 
cell phenotypes that can contribute to restore the skin 
structure [20]. Moreover, ADMSC secrete Interleukin 
10 (IL10), an anti-inflammatory cytokine related to tis-
sue regeneration, and different growth factors correlated 
to proper wound healing, such as VEGF, EGF and TGF-b 
[21, 22]. Pig skin has been widely used as a skin dress-
ing for burned patients, because it is biocompatible and 
decreases massive loss of water and risk of infection [23, 
24]. Additionally, pig skin can function as an appropri-
ate cell carrier to transport ADMSC to wound beds and, 
once in the wound, it can also function as an extracel-
lular matrix-like scaffold to improve skin regeneration 
[25, 26]. For the safe use of radiosterilized pig skin (RPS), 
gamma irradiation guarantees that it does not transmit 
infections, and to the best of our knowledge, there are no 
reports of rejection when RPS has been used. Gamma-
sterilization was first approved in 1963 by British Phar-
macopeia and it is currently the most common method 
for sterilization of tissue allographs [27].

In the present study, we report the synthesis and char-
acterization of AgNPs that were used to impregnate RPS 
samples, to generate nanocomposites (RPS-AgNPs) that 
simultaneously displayed antimicrobial properties and 
were permissive for ADMSC culture. Cellular nanocom-
posites (RPS-AgNPs-ADMSC) developed in the present 
study had the potential to simultaneously enhance dif-
ferent processes relevant for appropriate wound healing. 
They had the potential of functioning as covers to control 
massive water loss, barriers to prevent bacterial infec-
tion and biofilm formation and extracellular-matrix-like 
structures to improve cell migration and attachment, also 
providing an appropriate mean for carrying ADMSC into 
wound beds, which once in there, can secrete molecules 
relevant for wound healing such as IL10. Thus, RPS-
AgNPs-ADMSC nanocomposites constitute integral and 
promising antimicrobial cellular dressings for treatment 
of skin wounds.

were permissive for survival and proliferation of MSC; constituting promising multi‑functional dressings for successful 
treatment of skin wounds.

Keywords: Silver nanoparticles, Radioesterilized pig skin, Mesenchymal stem cells, Anti‑biofilm nanocomposites for 
wound healing
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Methods
Synthesis and characterization of silver nanoparticles 
(AgNPs)
Silver nanoparticles were synthesized following the pro-
cedure reported by Pérez-Díaz et al. [28]. Briefly, 100 mL 
of 10 mM  AgNO3 solution was mixed with 0.1 g of gallic 
acid dissolved in 10 mL of deionized water. Then, pH was 
immediately adjusted to 11 and after reaction, obtained 
suspensions were dialyzed to purify the AgNPs.

AgNPs were characterized by dynamic light scattering 
(DLS) to determine their hydrodynamic diameter and 
zeta potential. Samples were analyzed by triplicate using 
a Malvern Zetasizer Nano ZS (Malvern Instruments 
Worcestershire, United Kingdom) operating with He–
Ne laser at a wavelength of 633 nm and detection angle 
of 90°; measurements were performed for 60 s at 25  °C. 
Vis–NIR absorption spectra were obtained using a CHE-
MUSB4-VIS–NIR (Ocean optics) spectrophotometer to 
determine the surface plasmon resonance (SPR) of the 
AgNPs. Transmission Electron Microscopy (TEM) was 
used to determinate nanoparticles shape. AgNPs suspen-
sions were diluted with deionized water, 50  μL aliquots 
were placed on a copper grid for TEM and analyzed 
using a transmission electron microscope JEOL JEM-
1230 (Tokyo, Japan) at an accelerating voltage of 100 kV.

Bacteria strains
Minimum inhibitory concentrations (MIC) of AgNPs in 
solution were measured against reference ATCC bacteria 
strains, Escherichia coli (ATCC 25922) and Enterococ-
cus faecalis (ATCC 29212), and against clinical bacteria 
strains Stenotrophomonas maltophilia (HCR-392861) 
and Staphylococcus aureus (INR-16-1700). Clinical bac-
teria strains were isolated from burned patients accord-
ing to ethic guidelines, maintained in solidified broth 
(1.5% agar trypticase soy) for 24 h in stagnant condition 
and identified with a  VITEK® system; bacteria suscep-
tibility to antibiotics was tested using the same system. 
The antibacterial activity of RPS-AgNPS nanocompos-
ites against clinical bacteria strains S. maltophilia (HCR-
392861) and S. aureus (INR-16-1700) was studied by the 
Kirby–Bauer assay and by slightly modifying the colony 
biofilm model. Quality of Kirby–Bauer assays performed 
was corroborated testing reference ATCC bacteria strains 
(ATCC 25922 and ATCC 25923) against sensidiscs (Bec-
ton–Dickinson) impregnated with reference antibiotics 
according to CLSI 2016 [29].

Minimum inhibitory concentrations of AgNPs
The microdilution method was used to estimate mini-
mum inhibitory concentrations of AgNPS in solution 
against clinical bacteria strains S. maltophilia (HCR-
392861) and S. aureus (INR-16-1700), and reference 

bacteria strains E. coli (ATCC 25922) and E. faecalis 
(ATCC 29212). MIC were measured on 96-well micro-
plates according to published protocols [30]. In brief, S. 
maltophilia, S. aureus, E. coli and E. faecalis were inde-
pendently incubated in 96-well microplates in a humidi-
fied atmosphere for 24  h. Microorganisms were then 
exposed to serial dilutions of AgNPs solutions from 0.062 
to 32  μg/mL, and end points (that is MIC) were deter-
mined when no turbidity in the well was observed. The 
antibacterial activity of the AgNPs was compared to 
that of commercial antibiotics oxacillin and ceftazidime 
against S. aureus and E. faecalis, and S. maltophilia and 
E. coli, respectively. Turbidity background from AgNPs 
solutions was subtracted from final readings. All assays 
were carried out by triplicate.

Development and characterization of radiosterilized pig 
skin‑AgNPs (RPS‑AgNPs) nanocomposites
Radioesterilized pig skin was kindly supplied by the 
Banco de Tejidos Radioesterilizados in Mexico (BTR) 
of the Instituto Nacional de Investigaciones Nucleares 
(ININ, México). The BTR has a sanitary license for tissue 
processing since July 7, 1999 and its Quality Management 
System is certified by ISO 9001:2008 since August 1, 2003 
[31]. The BTR has processed and radiosterilized pig skin 
since 2001, and these tissues have been successfully used 
as wound dressings in patients from several hospitals 
in México. In general, tissue processing was as follows: 
animals were selected at the authorized slaughterhouse, 
once tissues were in the BTR, they were washed, dried, 
cut, packed, labeled and subjected to final sterilization 
using the ININ’s industrial 60Co gamma irradiator at 
25  kGy. After that, radiosterilized tissues underwent a 
sterility test as final products and were used in the pre-
sent experiments [32]. To generate the RPS-AgNPs nano-
composites, RPS circular samples of 0.5 cm in diameter 
were independently incubated in 10 mL of 125, 250, 500 
or 1000  ppm AgNPs suspensions using 40  kHz sonica-
tion during 10  min. Then, samples were incubated at 
room temperature in an orbital shaker at 250  rpm dur-
ing 24 h. Finally, RPS samples impregnated with AgNPs 
(RPS-AgNPs nanocomposites) were dried in a type 
A2 biological safety cabinet for 2  h and named as RPS-
AgNPs-125, RPS-AgNPs-250, RPS-AgNPs-500 and RPS-
AgNPs-1000, according to the concentration (in ppm) 
of the AgNPs suspension used during the impregnation 
process. RPS samples with no AgNPs, simply named as 
RPS, were used as comparison controls for antibacterial 
and ADMSC studies.

RPS-AgNPs nanocomposites were studied by elec-
tron-dispersive X-ray spectroscopy (EDS) and scan-
ning electron microscopy (SEM) to characterize its 
elemental composition, morphology and AgNPs surface 
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distribution. Samples were coated with Au thin films 
and SEM micrographs were acquired in a scanning elec-
tron microscope JEOL 7600 at 10  kV in secondary and 
backscattered electrons modes. Au contributions were 
removed from acquired EDS spectra and elemental com-
positions after Au subtraction are presented.

Evaluation of Ag release from RPS‑AgNPs nanocomposites
Silver (AgNPs and Ag ions) release from RPS-AgNPs 
nanocomposites was evaluated by UV–Vis spectroscopy 
and atomic absorption spectrometry (AAS). RPS-AgNPs 
circular samples, 2  cm in diameter, were independently 
incubated in 2 mL of deionized water at 37 °C and silver 
release was evaluated every 24  h for 5  days from inde-
pendent samples incubated for each selected period of 
time. Experiments were performed by triplicate in two 
independent assays and RPS samples with no AgNPs 
were used as controls. At each selected period of time, 
suspension stocks were collected and absorbance was 
measured at 420 nm (expected wavelength for the char-
acteristic SPR of AgNPs) in a synergy HTX spectropho-
tometer. Increasing concentration (from 5 to 50  ppm) 
AgNPs reference suspensions were also measured to 
express experimental data as AgNPs concentration in 
ppm. 1  mL aliquots of experimental suspension stocks 
were diluted with deionized water to a final volume of 
10 mL. Then, silver concentration was determined using 
an air-acetylene flame atomic absorption spectrometer 
(Pinaacle 500, Perkin Elmer). Standard reference AgNPs 
suspensions were also measured by AAS and experimen-
tal data are reported as AgNPs concentration (ppm) in 
the experimental stock solutions.

Antibacterial properties of nanocomposites
The Kirby–Bauer method was used to study bacte-
rial inhibition zones due to, mainly, diffusion of silver 
nanoparticles on solid medium from nanocomposites. 
To characterize bacterial inhibition zones of nanocom-
posites, clinical bacteria strains, S. maltophilia (HCR-
392861) and S. aureus (INR-16-1700), were uniformly 
inoculated on petri dishes with Mueller–Hinton agar to 
a concentration of 1:1000, starting from a 0.5 McFarland 
bacterial solutions Then, inoculum was allowed to dry 
for 5–20  s. Subsequently, RPS (as negative controls; no 
antibacterial effect expected) and RPS-AgNPs nanocom-
posites samples were independently placed on inoculated 
petri dishes and incubated for 24 h at 37 °C. After incu-
bation, nanocomposites inhibition zones were measured 
and compared with those of RPS.

The capability of RPS-AgNPs nanocomposites 
to inhibit biofilm formation was studied by slightly 

modifying the colony biofilm model [33]. Briefly, RPS-
AgNPs samples of 0.5 cm in diameter were independently 
placed on culture wells with agar trypticase soy medium 
and inoculated with 7  µL of diluted 1:1000 stationary 
phase planktonic culture suspension (microorganism 
suspensions at optical density of 0.08 at 600  nm); final 
concentration after dilution was approximately 1.5 × 105 
microorganisms per milliliter. RPS samples of 0.5 cm in 
diameter were used as antibacterial negative controls (no 
antibacterial effect expected) and all experiments were 
performed by triplicate independently for S. maltophilia 
and S. aureus. After 24  h of incubation, samples were 
removed and rinsed in 180 µL of saline solution. Biofilms 
formed on RPS an RPS-AgNPs samples were disaggre-
gated using a sequence of treatments, which included 
vortexing (Vortex Genie 2; Scientific Products) and soni-
cation (model 2510  sonicating water bath; Branson), 
alternating 120  s of sonication at 42  kHz with 30  s of 
vortexing, according to published protocols [34]. Suspen-
sions of bacteria obtained from biofilms disaggregation 
were serially diluted in 0.85% saline solution, in 10 con-
secutive dilutions from 1 × 10−3 to 1 × 10−10 v/v. Dilu-
tions were named consecutively as 3, 4, 5, 6, 7, 8, 9 and 
10, plated by triplicate on agar trypticase soy plates and 
incubated for 24 h at 37 °C. Finally, colony-forming units 
(CFU) from dilution 8 (individual CFU clearly observed 
for all samples) were counted.

Isolation of adipose‑derived mesenchymal stem cells
Isolation of adipose-derived mesenchymal stem cells 
(ADMSC) was performed as previously reported [35]. 
The consent and experimental protocols in this study 
were reviewed and approved by the ethics committee of 
the Instituto Nacional de Rehabilitación Luis Guillermo 
Ibarra Ibarra (México). In brief, subcutaneous adipose 
tissue was obtained from aesthetic surgeries of patients 
undergoing elective liposuction; all samples were recol-
lected previous signature of informed consent. Liposuc-
tions were carried out using a needle with an internal 
diameter of 4 mm. Adipose tissue was digested with 0.1% 
type I collagenase (Worthington Biochemical) in DMEM 
(Dulbecco’s Modified Eagle Medium; GIBCO) during 
45 min at 37  °C with shaking at 200 rpm. Cells suspen-
sion was passed through a 70 µm strainer and centrifuged 
at 1200 rpm for 5 min. Cells were collected, resuspended 
and seeded in tissue culture plates at 50,000 cells per  cm2. 
After 24 h of culture, medium was changed and adherent 
ADMSC were cultured to confluence as primary culture. 
Cells were maintained in DMEM supplemented with 
10% FBS (fetal bovine serum; GIBCO) and 1% penicillin/
streptomycin (GIBCO).



Page 5 of 16Pérez‑Díaz et al. J Nanobiotechnol  (2018) 16:2 

Generation and evaluation of cellular constructs (ADMSC 
on nanocomposites)
To study the suitability of RPS-AgNPs nanocomposites 
for cellular culture, ADMSC at passage one were col-
lected and seeded onto RPS and RPS-AgNPs nanocom-
posites samples of 0.5 cm in diameter. Each sample was 
seeded with ADMSC at a concentration of 30,000 cells/
cm2 to form what was called a construct. Finally, con-
structs were cultured in DMEM complemented with 
10% FBS and 1% penicillin/streptomycin at 37 °C and 5% 
 CO2 for up to 8 days; culture medium was changed every 
2 days.

We used the LIVE/DEAD® Viability/Cytotoxicity for 
mammalian cells Molecular  Probes® kit to determine 
cell viability on the different RPS-AgNPs nanocompos-
ites. Cell viability after 24 h of culture on nanocomposites 
was determined following technical specifications estab-
lished by the kit manufacturer. 1  μM calcein AM and 
2  μM EthD-1 were diluted in Hank’s medium and this 
solution was used to incubate the ADMSC-RPS-AgNPs 
constructs for 45 min at 37 °C. Constructs were washed 
with PBS and photographed using a confocal microscope 
LSM 780 and ZEN 2010 Carl Zeiss. Calcein/EtDh-1 
(alive/dead) positive cells and total number of cells were 
counted using the Image J  software®.

To study ADMSC proliferation on nanocomposites, 
ADMSC were seeded at a density of 30,000 cells/cm2 on 
RPS and RPS-AgNPs nanocomposite samples and cul-
tured at 37 °C and 5%  CO2; seeding point was considered 
as culture day 0. Cells were detached and counted every 
day, from independently but simultaneously seeded sam-
ples, until culture day 5. Cells were detached from RPS 
and RPS-AgNPs samples using 0.25% trypsin solution 
during 10 min at 37 °C. Detached cells were counted with 
a hemocytometer chamber to indirectly study cell prolif-
eration on RPS and nanocomposite samples.

To assess the potential cytotoxic effect of silver 
(AgNPs and Ag ions) release, from RPS-AgNPs nano-
composites, on ADMSC over time, ADMSC were 
seeded in well culture plates at 5260 cell/cm2 and cul-
tured for 24 h in DMEM complemented with 10% FBS 
and 1% penicillin/streptomycin at 37  °C and 5%  CO2. 
Simultaneously, RPS and RPS-AgNPs nanocompos-
ite circular samples, 2  cm in diameter, were indepen-
dently incubated with 2  mL of DMEM complemented 
with 10% FBS and 1% penicillin/streptomycin. After 
the first 24  h of cell culture (time 0), culture medium 
was removed and replaced with supernatants collected 
from incubated RPS or RPS-AgNPs samples every 24 h; 
fresh aliquots of complemented DMEM were added to 
the RPS and RPS-AgNPs samples in incubation. This 
procedure was repeated every day for up to 4  days 
using independent ADMSC samples for each selected 

period of time (1, 2, 3 and 4  days). Controls corre-
sponded to cells samples cultured with fresh DMEM 
complemented with 10% FBS and 1% penicillin/strep-
tomycin. Cytotoxicity of RPS and nanocomposites 
supernatants was evaluated at each selected period 
of time using the colorimetric MTT (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) 
assay. For this purpose, after corresponding exposure 
to supernatants, cells were rinsed with PBS and incu-
bated with MTT:DMEM solution (1:10) for 3 h. Then, 
cells metabolized formazan crystals were solubilized 
in 2-propanol:dimethyl sulfoxide (1:1) and absorbance 
was measured at 570  nm (Synergy HTX spectropho-
tometer). Experiments were independently performed 
by triplicate for each selected period of time and RPS 
or RPS nanocomposite sample evaluated.

Statistical analysis
All experiments were repeated at least three times. RPS 
and RPS-AgNPs nanocomposites samples were tested in 
parallel with the same batch of cells or bacteria. Results 
are expressed as the mean ± standard error. ANOVA fol-
lowed by Tukey’s multiple comparison tests were used to 
compare more than two populations. A p value ≤  0.05 
was considered statistically significant.

Results
Characterization of AgNPs
In the present synthesis of AgNPs, gallic acid was used as 
reducing and stabilizing agent to improve the synthesis of 
stable spherical-like AgNPs with small average diameter 
(≈  10 nm) and narrow size distribution (Fig. 1). AgNPs 
were analyzed by TEM, and results confirmed that syn-
thesized silver nanoparticles were well dispersed and 
presented pseudo-spherical shapes (Fig. 1c). DLS showed 
AgNPs with average hydrodynamic diameter equal to 
13.03 ± 1.65 nm and narrow size distribution of 9–20 nm 
(Fig.  1b). A surface plasmon resonance (SPR) was 
observed at 420 nm, corresponding to the characteristic 
SPR of silver nanoparticles (Fig. 1d). Zeta potential values 
≈ − 38 ± 8 mV were obtained for AgNPs, confirming the 
synthesis of stable nanoparticles (Fig. 1a).

Antimicrobial activity of AgNPs in solution
Clinical bacteria strains, S. aureus and S. maltophilia, 
(Gram-positive and Gram-negative; respectively), were 
isolated from infected burned patients of the Instituto 
Nacional de Rehabilitación and Hospital Dr. Ignacio 
Morones Prieto (Mexico) and coded as follows: INR-
16-1700 for S. aureus and HCR-392861 for S. malt-
ophilia. Antibiograms performed using the  VITEK® 
system showed both bacteria strains as multi-resistant 
microorganisms.
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The microdilution method was used for estimation 
of minimum inhibitory concentrations (MIC), show-
ing that AgNPs in solution had antimicrobial activity 
(from low concentrations) against the two clinical multi-
resistant bacteria strains studied in the present work; 
INR-16-1700 and HCR-392861 (Table  1). MIC results 
also showed that AgNPs exhibited a better bactericide 

effect than antibiotics, oxacillin and ceftazimide, against 
INR-16-1700 (Gram positive) and HCR-392861 (Gram 
negative), respectively. Bactericide effect of AgNPs in 
solution showed a 21-fold and a 16-fold increase, against 
INR-16-1700 and HCR-392861, respectively, in com-
parison to antibiotics tested in the present study. MIC of 
AgNPs in solution against Gram-negative S. maltophilia 

Fig. 1 Physical characterization of silver nanoparticles (AgNPs). a Zeta potential, b hydrodynamic diameter (dynamic light scattering), c general 
shape (transmission electron micrograph) and d surface plasmon resonance (SPR) values for synthesized AgNPs

Table 1 Minimum inhibitory concentrations

Table shows minimum inhibitory concentrations of silver nanoparticles in solution and of antibiotics against clinical bacteria strains, HCR‑392861 and INR‑16‑1700, 
and against reference bacteria strains ATCC 25922 and ATCC 29212

AgNPs silver nanoparticles, MIC minimum inhibitory concentration, SD standard deviation, G+ Gram‑positive bacteria and G− Gram‑negative bacteria

Bacteria Antibiotic or AgNPs MIC ± SD (µg/mL)

Stenotrophomonas maltophilia HCR‑392861G− AgNPs 4.66 ± 1.15

Ceftazidime 74.66 ± 18.47

Escherichia coli ATCC  25922G− AgNPs 4.00 ± 0.0

Ceftazidime 0.25 ± 0.0

Staphylococcus aureus INR‑16‑1700G+ AgNPs 6.00 ± 2.00

Oxacillin 128.00 ± 0.0

Enterococcus faecalis ATCC  29212G+ AgNPs 7.30 ± 1.15

Oxacillin 9.30 ± 2.30
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(HCR-392861) was smaller than MIC determined for 
Gram-positive S. aureus (INR-16-1700); Table 1.

RPS‑AgNPs nanocomposites characterization
Once independent RPS samples were impregnated with 
different AgNPs concentrations to obtain the set of 
RPS-AgNPs nanocomposites of study, they were char-
acterized by SEM and EDS, and their silver release upon 
incubation in water was characterized by UV–Vis spec-
troscopy and AAS. Electron-dispersive X-ray spectros-
copy studies were performed to measure the amount 
of Ag in the different RPS-AgNPs nanocomposites. 
Results are summarized in Table  2 showing the average 
elemental composition (atomic percentage, at.%) of the 
different nanocomposites. Atomic percentage of Ag in 
nanocomposites increased as higher AgNPs concentra-
tion solutions were used for impregnation of RPS sam-
ples. Noteworthy is the fact that RPS contained N and S, 
elements that were not present in RPS-AgNPs-250, RPS-
AgNPs-500 or RPS-AgNPs-1000. Sulfur and nitrogen 
were present in RPS-AgNPs-125; however, atomic per-
centage of S in this sample was significantly smaller than 
that in RPS. It is also important to mention that RPS-
AgNPs-500 showed a particularly less-uniform surface 
distribution of AgNPs. Consequently, standard deviation 
(SD) of Ag at.% for this nanocomposite was significantly 
higher (1.16 ± 1.083 at.%) due to the presence of low and 
high Ag at.% areas (Ag ≈ 0.26 and 2.47 at.%; respectively) 
coexisting within the samples.

Representative micrographs of RPS and RPS-AgNPs 
nanocomposite samples are shown in Fig.  2. All nano-
composites presented a rougher surface than RPS; how-
ever, roughness was similar for all nanocomposites 
(RPS-AgNPs samples) independently of AgNPs con-
centration impregnated on RPS. That is, the same gen-
eral roughness increment in comparison with RPS was 
observed for all RPS-AgNPs nanocomposites, indepen-
dently of its silver atomic percentage (at.%). Surface-
distribution of impregnated AgNPs was not completely 
homogeneous and silver nanoparticles seemed to 

concentrate on the rougher or more uneven surface areas. 
Nevertheless, these rougher surface areas with higher 
AgNPs concentration were homogeneously distributed 
throughout the surface of nanocomposites. Within the 
areas of high silver concentration, AgNPs were well dis-
persed with no apparent agglomeration effects occurring 
upon impregnation on RPS.

Silver release from RPS-AgNPs nanocomposites 
(3.14 cm2 nanocomposite samples incubated in 2 mL of 
water) is shown in Fig.  3a, b). Silver release from RPS-
AgNPs-125 was below the concentration range of detec-
tion for UV–Vis spectroscopy and AAS. Silver release 
corresponded to ≈ 0.7 (1.4), 4.1 (4.6) and 13.5 (12.8) ppm 
as measured from AAS (UV–Vis spectroscopy), respec-
tively for AgNPs-RPS-250, AgNPs-RPS-500 and AgNPs-
RPS-1000. The higher silver release occurred during the 
first 24  h of incubation for all nanocomposites and it 
seemed that after that period of time non-significant fur-
ther silver release occurred. Average silver release from 
AgNPs-RPS-1000 seemed to be constant over the first 4 
(3) incubation days as determined from AAS (UV–Vis 
spectroscopy) measurements; however, differences were 
not statistically significant.

Nanocomposites antibacterial activity
Kirby–Bauer assays were performed to evaluate the anti-
bacterial effect of nanocomposites on bacteria growth. 
Cultures of clinical bacteria strains (S. aureus; INR-
16-1700, and S. maltophilia; HCR-3928) isolated from 
burned patients were treated with RPS and RPS-AgNPs 
samples in the Kirby–Bauer assay (Fig.  4) to study the 
antibacterial activity of nanocomposites against bacteria 
strains related to common infections in burned patients. 
Nanocomposites showed inhibition halos ≈ 8 to 11 mm 
in diameter depending on Ag concentration of nano-
composites. Inhibition halos for the same nanocompos-
ite were of similar diameter against both clinical bacteria 
strains S. maltophilia and S. aureus (HCR-392861 and 
INR-16-1700, respectively); Table 3. All nanocomposites 
(RPS-AgNPs-100, RPS-AgNPs-250, RPS-AgNPs-500 

Table 2 Elemental composition of RPS and RPS-AgNPs nanocomposites as measured from electron-dispersive X-ray 
spectroscopy (EDS)

Data are presented as mean ± standard deviation after Au subtraction from EDS spectra

at.% atomic percentage, C carbon, O oxygen, N nitrogen, Ag silver, S sulfur

Sample C (at.%) O (at.%) N (at.%) Ag (at.%) S (at.%)

RPS 54.44 ± 0.39 25.15 ± 0.18 19.98 ± 0.32 0.0 0.37 ± 0.02

RPS‑AgNPs‑125 65.09 ± 2.44 26.25 ± 2.40 8.03 ± 6.03 0.59 ± 0.28 0.32 ± 0.24

RPS‑AgNPs‑250 64.64 ± 1.07 29.84 ± 1.68 0.00 0.91 ± 0.19 0.00

RPS‑AgNPs‑500 72.17 ± 3.46 26.74 ± 3.46 0.00 1.16 ± 1.083 0.00

RPS‑AgNPs‑1000 64.90 ± 2.65 29.55 ± 2.65 0.00 5.65 ± 3.84 0.00
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and RPS-AgNPs-1000) inhibited the growth of S. aureus 
and S. maltophilia, while RPS did not inhibit the growth 
of any of these two bacteria strains. Differences between 

inhibition halos showed by nanocomposites and RPS 
were statistically significant; p ≤ 0.05. RPS-AgNPs-1000 
displayed the largest inhibition halos (Fig. 4 and Table 3).

Fig. 2 Characterization of RPS and RPS‑AgNPs nanocomposites by scanning electron microscopy (SEM). Figure shows representative SEM micro‑
graphs (backscattered electrons) of RPS and RPS‑AgNPs nanocomposites samples with different AgNPs concentration
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Anti‑biofilm activity of nanocomposites
The capability of RPS-AgNPs nanocomposites to inhibit 
biofilm formation was also evaluated, showing that nano-
composites presented different anti-biofilm activity, 
against the clinical bacteria strains tested, depending on 
bacteria strain and AgNPs concentration in nanocom-
posites. After 24 h of incubation with bacteria inoculum 
in liquid media, RPS and nanocomposites samples were 
rinsed, and bacteria attached to them (initial stage of bio-
film formation) were disaggregated, diluted at different 
concentrations, inoculated on agar plates and culture for 
24  h. Anti-biofilm activity of nanocomposites was then 
indirectly evaluated by the number of colony forming 
units (CFU) observed (Fig. 4). Against S. aureus, INR-16-
1700, complete eradication of bacteria was observed for 
RPS-AgNPs-1000 nanocomposite. S. maltophilia, HCR-
392861, showed higher susceptibility to nanocomposites 
and complete bacteria eradication was observed from 
RPS-AgNPs-250 (Fig. 5).

Viability and proliferation of ADMSC cultured 
on nanocomposites
It was very important to determine the appropriate 
AgNPs concentration in RPS-AgNPs nanocomposites 
that allows culture of MSC. For this purpose, in the pre-
sent study, ADMSC [35] which positively expressed char-
acteristic cell markers of mesenchymal stem cells (Fig. 6) 
were used to evaluate the cell culture properties of the 
nanocomposites.

The calcein–ethidium homodimer assay was used to 
evaluate cell viability upon culture on nanocomposites; 

Fig. 3 Nanocomposites silver release characterization. Figure shows 
silver release over time from AgNPs‑RPS nanocomposites incubated 
in deionized water as determined by a UV–Vis spectroscopy (420 nm) 
and b atomic absorption spectrometry

Fig. 4 Inhibition halos of RPS‑AgNPs nanocomposites by Kirby–Bauer assay. For both bacterial strains tested a Staphylococcus aureus (INR‑16‑1700) 
and b Stenotrophomonas maltophilia (HCR‑392861), inhibition halos were dependent on AgNPs concentration of nanocomposites. Inhibition halos 
increased with increasing AgNPs concentration. c All nanocomposites (RPS‑AgNPs‑125, RPS‑AgNPs‑250, RPS‑AgNPs‑500 and RPS‑AgNPs‑1000) 
showed significantly higher inhibition halos than RPS; *p < 0.05 ANOVA, Tukey pos hoc test
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Fig. 7. Viability assays performed for cell monolayers on 
culture multiwell plates (CTL) showed that more than 
95% of isolated ADMSC were viable (Fig. 7). At 24 h of 
culture, ADMSC cultured on RPS exhibited viabilities 
higher than 95%; while ADMSC on RPS-AgNPs nano-
composites showed viability percentages ≈ 84, 74, 60 and 
6%, respectively for RPS-AgNPs-100, RPS-AgNPs-250, 
RPS-AgNPs-500 and RPS-AgNPs-1000 (Fig. 7). Although 
the number of viable cells (calcein positive cells) after 
24 h of culture on RPS was larger than that on the nano-
composites, it was a smaller than the corresponding 
number of viable cells on culture-well dishes (Fig. 7b–d). 
Number of viable cells on RPS-AgNPs-125 decreased 
35% in comparison to that on RPS (Fig.  7a, c). RPS-
AgNPs-250, RPS-AgNPs-500 and RPS-AgNPs-1000 
nanocomposites showed an important decrement of the 
total number of cells at 24 h of culture, in comparison to 
RPS (Fig. 7a, c).

It was observed that increasing concentrations of 
AgNPs in nanocomposites decreased the number of cells 
present on them at 24 h of culture, in comparison to cells 
cultured on CTL or RPS; Fig. 7a–c). Thus, cell prolifera-
tion over time of ADMSC cultured on nanocomposites 
was studied (Fig. 7d). Number of cells on RPS increased 
with culture days (cell proliferation) since culture day 
1. On the other hand, cells cultured on nanocompos-
ites showed a reduction in number at culture day 1 in 
comparison to CTL or RPS; corroborating observations 
from viability assays (Fig.  7a, b). However, the num-
ber of cells on RPS-AgNPs-125 and RPS-AgNPs-250 
increased with culture days; indicating that cells remain-
ing on nanocomposites after seeding proliferated with 
culture time. RPS-AgNPs-500 and RPS-AgNPs-1000 
prevented cell proliferation; number of cells remaining 
on these two nanocomposites after seeding did not sig-
nificantly increase with culture days. Number of cells 

on RPS-AgNPs-500 exhibited a small but not significant 
increment with culture time and, number of cells on 
RPS-AgNPs-1000 continued minimum and constant for 
up to 5 days of culture.

The potential cytotoxic effect of silver release, from 
RPS-AgNPs nanocomposites, on ADMSC was studied 
over time by MTT assays. Viability (amount of metaboli-
cally active cells) of cells exposed to supernatants (silver 
release) from RPS-AgNPs nanocomposites was not sig-
nificantly different from CTL or cells exposed to RPS 
supernatants during the first 24  h of exposure. By day 
2 and 3 of exposure, the amount of metabolically active 
cells increased for cells exposed to supernatants from 
AGNPs-RPS-125 and AgNPS-RPS-250, in comparison 
to corresponding samples evaluated at 24 h of exposure 
to supernatants; however, the amount of metabolically 
active cells was significantly smaller than that on CTL or 
cell exposed to RPS supernatants at days 2 and 3 of expo-
sure. These results were in agreement with proliferation 
assays of ADMSC seeded and cultured on AgNPs-RPS 
nanocomposites (Fig.  7d). Percentage of metabolically 
active cells after 2  days of exposure to AgNPs-RPS-125 
and AgNPs-RPS-250 supernatants was ≈ 76.9 and 67.7%, 
respectively, in comparison to CTL (100%), and it was 
61.4 and 64.8%, respectively, in comparison to CTL 
after 3  days of exposure to supernatants. In the case of 
cells exposed to AgNPs-RPS-500 and AgNPs-RPS-1000 
supernatants, the amount of metabolically active cells 
decreased over exposure time, and it was smaller than 
50% in comparison to the amount of metabolically active 
cells in CTL by days 2 and 3 of exposure. By day 4 of 
exposure, the amount of metabolically active cells did 
not further increase in comparison to exposure day 3, in 
the case of AgNPs-RPS-125 and AgNPS-RPS-250 super-
natants; nevertheless, a decrease in the amount of meta-
bolically active cells in CTL was also observed by day 4.

Discussion
For the synthesis of AgNPs, gallic acid was used as both 
reducing and stabilizing agent to obtain stable and 
spherical AgNPs using a fast, environmentally friendly 
and one-step process. In this green process, oxidation 
reaction of phenol groups in gallic acid is responsible 
for silver ions reduction (Additional file  1: Figure S1). 
Then, produced quinoid compounds with a ketoenol-
system are adsorbed on the surface of silver nanoparti-
cles accounting for its stabilization [36, 37]. Additionally, 
gallic acid molecules on the surface of nanoparticles form 
hydrogen bonds between neighboring molecules further 
stabilizing the AgNPs [38]. Reduction reaction was car-
ried out at pH = 11, where phenol groups are expected 
to be ionized, consequently, reduction reaction occurs 
very fast, so that spherical nanoparticles are obtained. 

Table 3 Inhibition halos of RPS and RPS-AgNPs nanocom-
posites

RPS radiosterilized pig skin, RPS-AgNPS radiosterilized pig skin‑Ag nanoparticles, 
SD standard deviation

Sample Bacteria

Staphylococus aureus 
(INR‑16‑1700)

Stenotrophomonas 
maltophilia (HCR‑
392861)

Inhibition halos (mm) ± SD

RPS 0 0

RPS‑AgNPs‑125 8 ± 0 8 ± 1.73

RPS‑AgNPs‑250 8.33 ± 1.53 9 ± 0.58

RPS‑AgNPs‑500 9.67 ± 0.58 10 ± 0

RPS‑AgNPs‑1000 11.33 ± 0.58 11 ± 1
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AgNPs synthesized in the present study with the afore-
mentioned method presented a pseudo-spherical shape 
with an average diameter ≈ 13 nm, which was corrobo-
rated by the defined UV–Vis absorption band at 420 nm 
assigned to the characteristic SPR of Ag particles with 

dimensions around 10 nm. AgNPs average diameter and 
spherical morphology was also corroborated by DLS 
measurements and TEM. Finally, zeta potential of AgNPs 
(− 38 mV) indicated that they were stable.

It has been shown by previous studies that particle size 
and size distribution are two of the most important char-
acteristic of AgNPs and greatly determined their antibac-
terial activity [39, 40]. It has been reported that AgNPs 
smaller than 3 nm can be highly cytotoxic even for eukar-
yote cells or large organisms; while AgNPs between 10 
and 20  nm are expected to be cytotoxic for prokaryote 
cells but not highly cytotoxic for eukaryote cells, repre-
senting good nanomaterials to be used as antibacterial 
compounds for treatments intended to be applied on 
patients [39, 40]. On the other hand, synthesis of stable 
silver nanoparticles is a relevant factor because it will 
prevent their aggregation and the consequently loos of 
its antibacterial properties; which are highly related to 
their nano-dimensions. Based on this, physical proper-
ties (stability and average diameter ≈ 13 nm) of the pre-
sent AgNPs made them nanoparticles with potential for 
developing antibacterial nanocomposites intended to be 
used as wound dressings. Nanocomposites were devel-
oped by impregnating the synthesized AgNPs on RPS 
samples. pH value of AgNPs in solution after dialysis was 
around 7.0, which is very close to physiological pH. Thus, 
treatment of RPS with AgNPs solutions was not expected 
to induce significant cytotoxic effects due to acid or basic 
pH ambient during eukaryote cells culture.

Minimum inhibitory concentrations of AgNPs against 
clinical multi-drug resistant bacteria strains (S. aureus, 
INR-16-1700, and S. maltophilia, HCR-392861) were sig-
nificantly lower than those required for bacteria growth 
inhibition when using reference antibiotics, ceftamizine 
or oxacillin, respectively for Gram-negative S. malt-
ophilia (HCR-392861) or Gram-positive S. aureus, (INR-
16-1700); Table 1. In the case of ATCC bacteria strains, 
E. coli (ATCC 25922) and E. faecalis (ATCC 29212), MIC 
of AgNPs were similar to those obtained for antibiotics. 
However, it is important to mention that, MIC exhib-
ited by the present AgNPs were in the lower range of 
MIC values previously reported for AgNPs of similar size 
against ATCC E. coli and S. aureus strains [41, 42]. MIC 
values determined for clinical and ATCC bacteria strains 
in the present report evidenced the potential of the 
AgNPs synthesized in the present study to prevent/com-
bat multidrug-resistant bacterial infections; which, along 
with biofilm formation, represent one of the main causes 
of chronic infection and wound healing impairment. 
AgNPs MIC measured for Gram-negative S. maltophilia 
(HCR-392861) were smaller than those determined for 
Gram-positive S. aureus (INR-16-1700), probably due 
to the dense peptidoglycan structure that forms part of 

Fig. 5 Anti‑biofilm activity of RPS‑AgNPs nanocomposites. a Left‑side 
set of photographs shows nanocomposites inhibition of biofilm for‑
mation against Staphylococus aureus (INR‑16‑1700), while; right‑side 
set of photographs shows the inhibition effect of nanocomposites 
against Stenotrophomona maltophila (HCR‑392861). Numbers on 
each photograph represent inoculum (biofilm disaggregation from 
nanocomposites) serial dilutions in saline solution, from 3 represent‑
ing 1 × 10−3 v/v dilution to 10 representing 1 × 10−10 v/v dilution. 
b Graph shows quantitative analysis of biofilm inhibition against S. 
aureus (INR‑16‑1700) and S. maltophilia (INR‑16‑1700), presenting the 
Log 10 of the number of colony forming units (CFU) counted from 
dilution 8 vs nanocomposite from where biofilm was disaggregated); 
*p < 0.05 ANOVA, Tukey pos hoc test
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the cell wall of Gram-positive bacteria and functions as 
a protective barrier. Nevertheless, AgNPs MIC against S. 
maltophilia and S. aureus were significantly smaller (16- 
and 20-fold times smaller, respectively) than those meas-
ured for reference antibiotics against the same bacteria 
strains; Table 1.

Successful formation of RPS-AgNPs nanocomposites 
was corroborated from SEM micrographs that showed 
a good distribution of well-dispersed AgNPs over the 
surface of RPS samples (Fig.  2). AgNPs distribution in 
nanocomposites was quite similar to nanoparticles dis-
tribution in commercially available antibacterial dress-
ings with silver contents similar to those of the present 
nanocomposites [43, 44]. Silver concentration in nano-
composites, as determined by EDS, was 5.1, 7.7, 10.4 and 
24.5 wt% for RPS-AgNPs-125, RPS-AgNPs-250, RPS-
AgNPs-500 and RPS-AgNPs-1000, respectively (Table 2). 
Showing a constant increment of Ag at.% in nanocom-
posites with immersion in higher Ag concentration 
solutions and indicating that AgNPs impregnation on 
RPS represents a good method to develop antibacterial 
nanocomposites with controlled concentrations of well-
dispersed AgNPs. Preserving well-dispersed AgNPs upon 
impregnation on RPS is important because nanoparticles 

aggregation might significantly decrease the antibacterial 
activity of the RPS-AgNPs nanocomposites.

Staphylococcus aureus and Stenotrophomonas malt-
ophilia isolated from burned patients (INR-16-1700 
and HCR-392861) were multi-drug resistance bacteria. 
Nevertheless, both strains were affected by RPS-AgNPs 
nanocomposites, which significantly inhibited growth of 
S. aureus and S. maltophilia in agar and biofilm forma-
tion. Inhibition was observed from low AgNPs concen-
trations, where RPS-AgNPS-125 significantly inhibited S. 
aureus and S. maltophilia growth in agar culture plates 
in comparison to RPS. Nanocomposites showed bacte-
ricidal effects against Gram-positive and Gram-negative 
clinical multi-drug resistance bacteria, which might 
be convenient to overcome the problem of multi-drug 
resistance bacteria strains of clinical interest, and to 
provide broad-spectrum antibacterial protection, which 
could be quite useful to prevent polymicrobial coloniza-
tion, as it is generally the case of infected burn lesions 
[45]. Moreover, AgNPS-RPS nanocomposites exhibited 
significant antibiofilm properties in comparison to RPS. 
Thus, results from microbial susceptibility in microdilu-
tion plate (Table 1), Kirby Bauer assay (Fig. 4 and Table 3) 
and colony biofilm model (Fig.  5) confirmed, together, 

Fig. 6 Immunophenotype of human adipose‑derived mesenchymal stem cells by flow citometry. Data shown correspond to percentage of human 
adipose‑derived mesenchymal stem cells (ADMSC) labeled with primary monoclonal antibodies conjugated to a fluorochrome. Upper panel graphs 
show that ADMSC were positive for the expression of mesenchymal stem cells markers, CD90‑FITC, CD73‑APC, CD105‑PE; 94.65% of cells were 
positive for co‑expression of CD73‑APC/CD90‑FITC. Lower panel graphs show that ADMSC were negative for expression of hematopoietic stem cell 
markers, CD45FITC, CD34PE and CD14PerCP; only less than 1% of cells were positive for CD45FITC/CD34PE co‑expression
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the potential of RPS-AgNPs nanocomposites to be used 
as dressings to prevent microbial colonization of skin 
wounds. Cellular therapy using MSC is an excellent 
option to improve wound healing; however, it is necessary 

to have an appropriate way to deliver and keep the cells 
on the wound beds. Adipose tissue is a good option to 
isolate mesenchymal stem cells with therapeutic potential 
(Fig. 6) [46], because, even in burned patients, it could be 

Fig. 7 Viability of adipose‑derived mesenchymal stem cells cultured on nanocomposites. a representative micrographs of cell viability assays at 
24 h of culture; live cells (calcein positive cells) are marked in green and dead cells (EthD‑1 positive cells) are marked in red. CTL (control) corre‑
sponds to cells cultured on culture multiwell plates. Graph b shows cell viability percentage for each experimental condition. Graph c shows the 
total number of cells (live and dead) present on CTL, RPS and RPS‑AgNPs nanocomposites after 24 h of culture. Graph d shows the number of viable 
cells detached from CTL, RPS and RPS‑AgNPs nanocomposites at different culture times (cell proliferation curves), for up to 5 days of culture. Graph 
e shows the amount of metabolically active cells (as indirectly evaluated from absorbance measurements by MTT assay) over time, after cells expo‑
sure to RPS or AgNPs‑RPS supernatants or CTL (cells exposed to fresh DMEM complemented with 10% FBS and 1% penicillin/streptomycin): For all 
graphs, ***p < 0.0001vs CTL; ANOVA, Tukey post hoc test
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possible to obtain healthy adipose tissue to isolate MSC 
for development of autologous cellular skin dressings. 
One advantageous avenue to achieve carrying of ADMSC 
to wound beds is the use of appropriate materials that 
work simultaneously as cell carriers to deliver cells to the 
wound and scaffolds to provide structural support for 
skin regeneration. RPS-AgNPs nanocomposites repre-
sent these materials plus the advantage of having antibac-
terial properties that will keep wounds free of infection. 
Nevertheless, previous works have shown that Ag nano-
particles can exert cytotoxic effects on eukaryote cells in 
a concentration dependent way [47]. In the present work, 
it was showed that antibacterial RPS-AgNPs-125 and 
RPS-AgNPs-250 nanocomposites were favorable for cul-
ture of adipose-derived mesenchymal stem cells, show-
ing that cell viability was ≥ 80%; Fig. 7. Results indicated 
that the capability of nanocomposites to sustain cell 
culture significantly decreased as AgNPs concentration 
increased. Nevertheless, cells on RPS-AgNPs-125 and 
RPS-AgNPs-250 positively proliferate with culture days. 
The number of ADMSC on RPS-AgNPs-250 and RPS-
AgNPs-500 at 24 h of culture was the smallest and cells 
were not able to proliferate. ADMSC viability percent-
ages on RPS-AgNPS-125 and RPS-AgNPs-250 are very 
encouraging for the use of these two nanocomposites as 
cellular wound covers with skin regenerative potential. 
Another concern when using nanocomposites involv-
ing AgNPs is the potential cytotoxicity of silver prod-
ucts (AgNPs and Ag ions) released from nanocomposites 
over time. AgNPs-RPS nanocomposites developed in the 
present study showed that, upon incubation in water, 
initial silver release corresponded to  ≈  0.7 to 13  ppm 
for AgNPs-RPS-125 to AgNPs-RPS-1000, respectively, 
from 3.14 cm2 nanocomposite samples in 1 mL of water 
(Fig. 3). Cell viability (indirectly measured as the amount 
of metabolically active ADMSC) after 24 h of exposure to 
silver products released from nanocomposites was simi-
lar to that of CTL, which corresponded to cells incubated 
with fresh complemented DMEM. After 2 and 3  days 
of exposure to silver release products from AgNPS-
RPS-125 and AgNPs-RPS250, cell viability was 77–61% 
in comparison to CTL; following the half maximal inhibi-
tory concentration (IC50) criteria it is possible to say that 
silver release products from these two nanocomposites 
were not significantly cytotoxic against ADMSC [48]. 
On the contrary, silver release products from AgNPs-
RPS-500 and AgNPS-RPS-1000 were significantly cyto-
toxic over time decreasing ADMSC viability to less than 
50% in comparison to CTL from day 2 of exposure. 
Previous studies have reported average eukaryote cell 
viability ≈ 60–70% after 24 h of incubation with AgNPs 
of size between 8 and 75 nm. For some cells such as pre-
osteoblasts MC3T3-E1 or adrenal medullar cells PC12 

viability reported after 72  h of culture in presence of 
9 nm nanoparticles is ≈ 60%, and significant cell viability 
decrements are reported after 72 h of culture with 46 nm 
nanoparticles [41]. This suggests that those nanoparticles 
might be less favorable for cell culture and proliferation 
than the present AgNPs used to develop RPS-AgNPS125 
and RPS-AgNPs 250 nanocomposites; which allowed 
ADMSC viability and proliferation. Other studies have 
reported even lower cell viability (46% at 24  h of incu-
bation) for nanocomposites with smaller contents of Ag 
(0.01% w/w) [49] than the ones of nanocomposites stud-
ied in the present work.

RPS-AgNPs nanocomposites were cytotoxic for eukar-
yote and prokaryote cells in a concentration-dependent 
manner. However, we were able to determine appropriate 
concentrations of AgNPs to develop RPS-AgNPs nano-
composites with the potential to simultaneously function 
as (1) antimicrobial covers with antibiofilm and bacterio-
static properties and (2) dressings with skin regenerative 
properties due to their capability to sustain mesenchy-
mal stem cells culture. Results indicate that RPS-AgNPs 
nanocomposites could positively impact in the treatment 
of severe skin wounds such as diabetic ulcers or second-
deep degree burns.

Conclusions
Here it was showed that RPS-AgNPs nanocomposites 
with low Ag concentrations, developed by impregna-
tion of silver nanoparticles on radiosterilized pig skin, 
inhibited the growth of bacteria and prevented biofilm 
formation; but at the same time, allowed mesenchymal 
stem cells culture. RPS-AgNPs-125 and RPS-AgNPs-250 
nanocomposites seeded with ADMSC represent poten-
tial antibacterial cellular dressings to treat severe skin 
wounds, because impregnated AgNPs can prevent bacte-
rial infection, RPS can provide cover to control massive 
loss of water and a cellular-matrix like scaffold to trans-
port cells to the wound bed, and ADMSC can secrete 
growth factors to enhance wound healing.

Abbreviations
MSC: mesenchymal stem cells; ADMSC: adipose‑derived mesenchymal stem 
cells; AgNPs: silver nanoparticles; RPS: radioesterilized pig skin.

Authors’ contributions
MAPD performed the bactericide assays; BJL, YMR and ABM isolate the 
ADMSC and study their growth and proliferation on the nanocomposites; 
PSB performed the characterization of nanocomposite by SEM and EDS; VML 
characterized ADMSC by cell cytometry; IC, BI and VC contribute to discuss the 
manuscript; MMP and MLRF obtained and processed the RPS samples; EMG 

Additional file

Additional file 1: Figure S1. Schematic representation of gallic acid 
oxidation.

https://doi.org/10.1186/s12951-017-0331-0


Page 15 of 16Pérez‑Díaz et al. J Nanobiotechnol  (2018) 16:2 

obtained and processed adipose tissue; GMC, FMG and RSS are responsi‑
ble of the project “synthesis of AgNPs and development of antibiofilm and 
wound healing dressing”. All authors significantly contribute to the analysis 
and discussion of results and manuscript writing and revision independently 
of their experimental contributions. All authors read and approved the final 
manuscript.

Author details
1 Laboratorio de Biotecnología, Instituto Nacional de Rehabilitación Luis 
Guillermo Ibarra Ibarra, Calz. México Xochimilco No 289 Col. Arenal de 
Guadalupe, C.P.14389 Mexico City, Mexico. 2 Unidad de Ingeniería de Tejidos, 
Terapia Celular y Medicina Regenerativa, Instituto Nacional de Rehabilitación 
Luis Guillermo Ibarra Ibarra, Calz. México Xochimilco No 289 Col. Arenal de 
Guadalupe, C.P.14389 Mexico City, Mexico. 3 Laboratorio de Biomembranas, 
Escuela Nacional de Ciencias Biológicas, Instituto Politécnico Nacional, Pro‑
longación de Carpio y Plan de Ayala s/n, Col. Santo Tomas, C.P. 11340 Mexico 
City, Mexico. 4 Banco de Tejidos Radioesterilizados, Instituto Nacional de 
Investigaciones Nucleares, Carretera México‑Toluca S/N La Marquesa, 
52750 Ocoyoacac, Mexico. 5 Laboratorio de Nanobiomateriales, Facultad de 
Estomatología, Universidad Autónoma de San Luis Potosí, Av. Dr. Manuel Nava 
No. 2, Zona Universitaria, C.P. 78290 San Luis Potosí, Mexico. 6 Laboratorio de 
Microbiología, Facultad de Ciencias Químicas, Universidad Autónoma de San 
Luis Potosí, Av. Dr. Manuel Nava No. 6, Zona Universitaria, C.P. 78210 San Luis 
Potosí, Mexico. 

Acknowledgements
To Daniel Reboyo Barrios for help in the processing of radioesterilized pig skin, 
to Ph.D. Rafael Franco Cendejas for isolation and identification of bacteria from 
burned patients, to Karina Martínez Rodríguez and Xóchitl Guerrero Alva for 
their laboratory technical help.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets supporting the conclusions of this article are included within the 
article and its additional file.

Consent for publication
Not applicable.

Ethics approval and consent to participate
The patients’ consent and experimental protocols in this study were reviewed 
and approved by the ethics committee of the Instituto Nacional de Rehabili‑
tación Luis Guillermo Ibarra Ibarra (México, DF).

Funding
This work was supported by CONACYT Projects Numbers 262103 and 262404. 
By the International Atomic Energy Agency through the IAEA research 
Contract No. 18278/R2. Pérez‑Díaz, A. received a graduate scholarship from 
CONACYT (Ph.D. scholarship 293230).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Received: 13 September 2017   Accepted: 21 December 2017

References
 1. Peck MD. Epidemiology of burns throughout the world. Part I: distribu‑

tion and risk factors. Burns. 2011;37(7):1087–100.
 2. Hop MJ, Polinder S, van der Vlies CH, Middelkoop E, van Baar ME. Costs of 

burn care: a systematic review. Wound Repair Regen. 2014;22(4):436–50.
 3. Maximus S, Joe VC. Epidemiology of burn injuries and burn care. In: 

Greenhalgh DG, editor. Burn care for general surgeons and general prac‑
titioners. 1st ed. Cham: Springer International; 2016. p. 1–14.

 4. Fenner J, Clark R. Anatomy, physiology, histology, and immunohisto‑
chemistry of human skin. In: Albanna MZ, Homes IV J, editors. Skin tissue 
engineering and regenerative medicine. 1st ed. Amsterdam: Elsevier; 
2016. p. 83–103.

 5. Dziewulski P. Burns. In: Farhadieh RD, Bulstrode N, Cugno S, editors. Plastic 
and reconstructive surgery: approach and techniques. 1st ed. Hoboken: 
Wiley‑Blackwell; 2015. p. 153–79.

 6. Kym D, Yim H, Yoon J, Yang HT, Cho YS, Hur J, et al. The application of 
cultured epithelial autografts improves survival in burns. Wound Repair 
Regen. 2015;23(3):340–4.

 7. Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound repair and 
regeneration. Nature. 2008;453(7193):314–21.

 8. Bertesteanu S, Triaridis S, Stankovic M, Lazar V, Chifiriuc MC, Vlad M, et al. 
Polymicrobial wound infections: pathophysiology and current therapeu‑
tic approaches. Int J Pharm. 2014;463(2):119–26.

 9. Grant SS, Hung DT. Persistent bacterial infections, antibiotic tolerance, 
and the oxidative stress response. Virulence. 2013;4(4):273–83.

 10. Percival SL, McCarty SM, Lipsky B. Biofilms and wounds: an overview of 
the evidence. Adv Wound Care (New Rochelle). 2015;4(7):373–81.

 11. Black CE, Costerton JW. Current concepts regarding the effect of wound 
microbial ecology and biofilms on wound healing. Surg Clin N Am. 
2010;90(6):1147–60.

 12. Nikaido H. Multidrug resistance in bacteria. Annu Rev Biochem. 
2009;78:119–46.

 13. Zhang XF, Liu ZG, Shen W, Gurunathan S. Silver nanoparticles: synthesis, 
characterization, properties, applications, and therapeutic approaches. Int 
J Mol Sci. 2016;17(9):1534.

 14. Velázquez JL, Santos A, Araujo J, Sánchez R, Velasquillo C, González C, 
et al. Anti‑biofilm and cytotoxicity activity of impregnated dressings with 
silver nanoparticles. Mater Sci Eng C. 2015;49:604–11.

 15. Pérez M, Alvarado E, Magaña M, Sánchez R, Velasquillo C, Gonzalez C, 
et al. Anti‑biofilm activity of chitosan gels formulated with silver nano‑
particles and their cytotoxic effect on human fibroblasts. Mater Sci Eng C. 
2016;60:317–23.

 16. Küchler S, Radowski MR, Blaschke T, Dathe M, Plendl J, Haag R, et al. 
Nanoparticles for skin penetration enhancement—a comparison of a 
dendritic core‑multishell‑nanotransporter and solid lipid nanoparticles. 
Eur J Pharm Biopharm. 2009;71:243–50.

 17. Bassindale AR, Codina‑Barrios A, Frascione N, Taylor PG. An improved 
phage display methodology for inorganic nanoparticle fabrication. Chem 
Commun. 2007;28:2956–8.

 18. dos Santos CA, Seckler MM, Ingle AP, Gupta I, Galdiero S, Galdiero M, 
et al. Silver nanoparticles: therapeutical uses, toxicity, and safety issues. J 
Pharm Sci. 2014;103(7):1931–44.

 19. Wikramanayake TC, Stojadinovic O, Tomic M. Epidermal differentiation 
in barrier maintenance and wound healing. Adv Wound Care (New 
Rochelle). 2014;3(3):272–80.

 20. Hocking AM, Gibran NS. Mesenchymal stem cells: paracrine signal‑
ing and differentiation during cutaneous wound repair. Exp Cell Res. 
2010;316(14):2213–9.

 21. Chen L, Tredget EE, Wu PY, Wu Y. Paracrine factors of mesenchymal stem 
cells recruit macrophages and endothelial lineage cells and enhance 
wound healing. PLoS ONE. 2008;3(4):e1886.

 22. Bernardo ME, Locatelli F, Fibbe WE. Mesenchymal stromal cells. Ann N Y 
Acad Sci. 2009;1176:101–17.

 23. Capozzi A. Porcine skin grafts. Calif Med. 1972;116(1):56.
 24. Culliton P, Kwasnik RE, Novicki D, Corbin P, Patton G, Collins W, et al. The 

efficacy of porcine skin grafts for treating non‑healing cutaneous ulcers. 
Part I: clinical studies. J Am Podiatry Assoc. 1978;68(1):1–10.

 25. Auger FA, Lacroix D, Germain L. Skin substitutes and wound healing. Skin 
Pharmacol Physiol. 2009;22(2):94–102.

 26. Chawla R, Seifalian A, Moiemen N, Butler P, Seifalian A. The use of skin 
substitutes in the treatment of burns. In: Orlando G, editor. Regenera‑
tive medicine applications in organ transplantation. 1st ed. Amsterdam: 
Elsevier Academic Press; 2014. p. 771–82.

 27. Singh R, Singh D, Singh A. Radiation sterilization of tissue allografts: a 
review. World J Radiol. 2016;8(4):355–69.

 28. Pérez MA, Boegli L, James G, Velasquillo C, Sánchez R, Martínez RE, et al. 
Martinez, Silver nanoparticles with antimicrobial activities against Strepto-
coccus mutans and their cytotoxic effect. Mater Sci Eng C. 2015;55:360–6.



Page 16 of 16Pérez‑Díaz et al. J Nanobiotechnol  (2018) 16:2 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

 29. Clinical and Laboratory Standards Institute, document M100‑S perfor‑
mance standards for antimicrobial susceptibility testing, disk diffusion: 
quality control ranges for nonfastidious organisms (Unsupplemented 
Mueller‑Hinton Medium), 26th edn, informational supplement M02 A12, 
Clinical and Laboratory Standards Institute, Wayne, PA. 2016.

 30. Martinez ME, Mariano D. The tissue bank at the Instituto Nacional de 
Investigaciones Nucleares: ISO 9001:2000 certification of its quality man‑
agement system. Cell Tissue Bank. 2007;8(3):221–31.

 31. Ley E, Martinez ME, Roman R, Oliveros FJ, Canchola E. Application of bio‑
logical dressings from radiosterilized amnios with cobalt 60 and serologic 
studies on the handling of burns in pediatric patients. Ann Transplant. 
2003;8(4):46–9.

 32. Clinical and Laboratory Standards Institute, document M100‑S Perfor‑
mance standards for antimicrobial susceptibility testing, methods for 
dilution antimicrobial susceptibility tests for bacteria that grow aerobi‑
cally, 26th edn, informational Supplement M07‑A, Clinical and Laboratory 
Standards Institute, Wayne, PA. 2016.

 33. Anderl JN, Zahller J, Roe F, Stewart PS. Role of nutrient limitation and 
stationary‑phase existence in Klebsiella pneumoniae biofilm resist‑
ance to ampicillin and ciprofloxacin. Antimicrob Agents Chemother. 
2003;47(4):1251–6.

 34. Goeres DM, Loetterle LR, Hamilton MA, Murga R, Kirby DW, Donlan RM. 
Statistical assessment of a laboratory method for growing biofilms. 
Microbiology. 2005;151:757–62.

 35. Sanchez R, Brena A, Martinez V, Melgarejo Y, Tamay de Dios L, Gomez R, 
et al. Generation of two biological wound dressings as a potential deliv‑
ery system of human adipose‑derived mesenchymal stem cells. ASAIO J. 
2015;61(6):718–25.

 36. Nino‑Martinez N, Martinez‑Castanon GA, Aragon‑Pina A, Martinez‑Gutier‑
rez F, Martinez‑Mendoza JR, Ruiz F. Characterization of silver nanopar‑
ticles synthesized on titanium dioxide fine particles. Nanotechnology. 
2008;19(6):065711.

 37. Park J, Cha SH, Cho S, et al. Green synthesis of gold and silver nanoparti‑
cles using gallic acid: catalytic activity and conversion yield toward the 
4‑nitrophenol reduction reaction. J Nanoparticle Res. 2016;18:166.

 38. Yoosaf K, Ipe BI, Suresh CH. Thomas KG In situ synthesis of metal nano‑
particles and selective naked‑eye detection of lead ions from aqueous 
media. J Phys Chem C. 2007;111(34):12839–47.

 39. Lara HH, Garza‑Trevino EN, Ixtepan‑Turrent L, Singh DK. Silver nano‑
particles are broad‑spectrum bactericidal and virucidal compounds. J 
Nanobiotechnol. 2011;9:30.

 40. Hajipour MJ, Fromm KM, Ashkarran AA, Jimenez de Aberasturi D, de 
Larramendi IR, Rojo T, Serpooshan V, Parak WJ, Mahmoudi M. Antibacterial 
properties of nanoparticles. Trends Biotechnol. 2012;30(10):499–511.

 41. Chernousova S, Epple M. Silver as antibacterial agent: ion, nanoparticle, 
and metal. Angew Chem Int Edn Engl. 2013;52(6):1636–53.

 42. Franci G, Falanga A, Galdiero S, Palomba L, Rai M, Morelli G, Galdiero 
M. Silver nanoparticles as potential antibacterial agents. Molecules. 
2015;20(5):8856–74.

 43. Rigo C, Roman M, Munivrana I, Vindigni V, Azzena B, Barbante C, Cairns 
WR. Characterization and evaluation of silver release from four different 
dressings used in burns care. Burns. 2012;38(8):1131–42.

 44. Taheri S, Cavallaro A, Christo SN, Smith LE, Majewski P, Barton M, Hayball 
JD, Vasilev K. Substrate independent silver nanoparticle based antibacte‑
rial coatings. Biomaterials. 2014;35(16):4601–9.

 45. Oryan A, Alemzadeh E, Moshiri A. Burn wound healing: present 
concepts, treatment strategies and future directions. J Wound Care. 
2017;26(1):5–19.

 46. Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, et al. 
Human adipose tissue is a source of multipotent stem cells. Mol Biol Cell. 
2002;13(12):4279–95.

 47. Martínez F, Thi EP, Silverman JM, de Oliveira CC, Svensson SL, Vanden A, 
et al. Antibacterial activity, inflammatory response, coagulation and cyto‑
toxicity effects of silver nanoparticles. Nanomedicine. 2012;8(3):328–36.

 48. Bachmann K. Drug–drug interactions with an emphasis on drug 
metabolism and transport. In: Hacker M, Messer W, Bachmann K, editors. 
Pharmacology. 1st ed. San Diego: Academic Press; 2009. p. 303–25.

 49. Anisha BS, Biswas R, Chennazhi KP, Jayakumar R. Chitosan‑hyaluronic 
acid/nano silver composite sponges for drug resistant bacteria infected 
diabetic wounds. Int J Biol Macromol. 2013;62:310–20.


	Silver-pig skin nanocomposites and mesenchymal stem cells: suitable antibiofilm cellular dressings for wound healing
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Synthesis and characterization of silver nanoparticles (AgNPs)
	Bacteria strains
	Minimum inhibitory concentrations of AgNPs
	Development and characterization of radiosterilized pig skin-AgNPs (RPS-AgNPs) nanocomposites
	Evaluation of Ag release from RPS-AgNPs nanocomposites
	Antibacterial properties of nanocomposites
	Isolation of adipose-derived mesenchymal stem cells
	Generation and evaluation of cellular constructs (ADMSC on nanocomposites)
	Statistical analysis

	Results
	Characterization of AgNPs
	Antimicrobial activity of AgNPs in solution
	RPS-AgNPs nanocomposites characterization
	Nanocomposites antibacterial activity
	Anti-biofilm activity of nanocomposites
	Viability and proliferation of ADMSC cultured on nanocomposites

	Discussion
	Conclusions
	Authors’ contributions
	References




