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Collagen is considered themost abundant protein in the animal kingdom, comprising 30% of the total amount of
proteins and 6% of the human body byweight. Studies that examine the interaction between silver nanoparticles
and proteins have been highlighted in the literature in order to understand the stability of the nanoparticle sys-
tem, the effects observed in biological systems, and the appearance of new chemical pharmaceutical products.
The objective of this studywas to analyze the behavior of silver nanoparticles stabilizedwith collagen (AgNPcol)
and to check the skin permeation capacity and action in paw edema induced by carrageenan. AgNPcol synthesis
was carried out using solutions of reducing agent sodium borohydride (NaBH4), silver nitrate (AgNO3) and col-
lagen. Characterization was done by using dynamic light scattering (DLS) and X-ray diffraction (XRD) and AFM.
Cellular viability testing was performed by using flow cytometry in humanmelanoma cancer (MV3) andmurine
fibroblast (L929) cells. The skin permeation studywas conducted using a Franz diffusion cell, and the efficiency of
AgNPcol against the formation of paw edema in mice was evaluated. The hydrodynamic diameter and zeta po-
tential of AgNPcolwere 140.7±7.8 nmand 20.1±0.7mV, respectively. AgNPcol failed to induce early apoptosis,
late apoptosis, and necrosis in L929 cells; however, it exhibited enhanced toxicity in cancer cells (MV3) compared
to normal cells (L929). AgNPcol demonstrated increased toxicological effects in cancerMV3 cells, promoting skin
permeation, and preventing paw edema.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Collagen is a fibrous protein found in skin, tendons, bones, teeth,
blood vessels, intestines, and cartilage, comprising 30% of the total
amount of proteins and 6% of the human body by weight [1]. Thus, it
is considered the most abundant protein in the animal kingdom [2,3]
and has various functions in thebody that range from supporting organs
and tissues to storing energy [4].
oso, Federal University of Piauí,
There is growing interest in the use of collagen owing to its diverse
properties. Collagen has low allergenicity, low antigenicity, and high
biocompatibility [5]. It is bioabsorbable, hemostatic [6,7], biodegradable,
non-toxic [3], synergistic with bioactive components, and compatible
with natural and synthetic polymers [6]. Additionally, it possesses
high tensile strength and exhibits high affinity for water [6,8].

Until the 1980s, the importance of collagen as a biomaterial was re-
stricted to the production of surgical sutures. Currently, its applications
range from coating large caliber vascular prosthesis to supporting the
orientation of growing nerve cells. The increase in the application of col-
lagen as a biomaterial is due to its natural abundance [4] and the diver-
sity of ways by which it can be molded [6,7].
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In the 1990s, up to 26 types of collagen were identified owing to the
complexity anddiversity in structure, additional presence of non-helical
domains, structure of assembly, and function of collagen. Collagen is di-
vided into fibril-forming collagen (types I, II, III, V, and XI), collagen as-
sociated with fibrils (types IX, XII, XIV, XVI, XIX, and XX), and other
types of collagen (types IV, VI, VII, VIII, and X). The most abundant are
the fibril-forming collagen, comprising 90% of collagen present in living
and are able to form structures with highly organized fibers [9].

Type I collagen is themost studied and most abundant type of colla-
gen. It corresponds to N90% of the organic bone mass and is found in
tendons, skin, ligaments, and cornea. Type I collagen is the major com-
ponent that provides rigidity to surrounding structures [9]. All of these
features suggest that type I collagen is a good candidate in studies asso-
ciated with other materials.

In general, studies involving the different types of collagen are ex-
tremely important because the differences between their structures
and properties may be beneficial in therapeutic applications such as
drug delivery systems, growth factor and cell formation anchoring sys-
tems, and tissue repair [10].

The interest in conducting research using proteins and silver nano-
particles (AgNPs) extends beyond the field of health and biotechnology.
Data on the antimicrobial activity, biocompatibility, and adsorption of
AgNPs have been shown in the literature [11–13]. Studies involving
medical devices for drug delivery and the interactions between AgNPs
and proteins in order to modify or discontinue cellular activities are of
paramount importance to the scientific community with applications
of interest to the general population [13–15]. Studying the interaction
of AgNPs with proteins can be valuable for understanding the stability
of nanoparticle systems, the effects of discovery in biological systems,
and the development of new pharmaceutical products [16,17].

Alarcon et al. [18] and Cardoso et al. [19] used collagen type I, to sta-
bilize the AgNPs starting from a silver nitrate solution. The authors con-
ducted a study to test the biocompatibility and the antibacterial
properties of AgNPs stabilized with collagen. This study was performed
biological tests with AgNPcol checking the skin permeation; action
against inflammation and flow cytometry. The aim of the current
studywas to analyze the behavior of the stabilized AgNPswith collagen
by assessing cell viability using flow cytometry, permeation front
(in vitro), and paw edema induced by carrageenan.

2. Materials and methods

2.1. Synthesis of collagen-based silver nanoparticles (AgNPcol)

A solution of silver nitrate (AgNO3) at a concentration of
108 μg Ag/ml, a solution of collagen type I from rat tail (Santa Cruz
Biotechnology, Dallas, TX, USA) at a concentration of 0.1 mg/ml,
and a solution of sodium borohydride (NaBH4) at a concentration
of 3.78 mg/ml were used to carry out the synthesis of nanoparticles.
The collagen was prepared using acetic acid (10 mg/ml) and AgNO3

and NaBH4 were prepared using ultrapure water at 4 °C. The AgNO3

solution was added to an equal volume of collagen, and the mixture
was agitated and homogenized for 10 min. The NaBH4 solution was
added later and the solution was homogenized for 10 min. Subse-
quently, the reaction mixture was centrifuged at 3600 rpm for
15 min (temperature 25 °C) and finally separated from the superna-
tants of the final solution present in the container [19].

2.2. Structural characterization of AgNPcol

Powder X-ray diffraction (XRD) was carried out on dried samples in
order to determine the phase, percentage of crystallinity, and crystallite
size of the silver present in the nanoparticles. The experiment was per-
formed with a diffractometer (Rigaku Ultima IV, Spring, TX, USA) using
CuKαmonochromatic radiation in step-scanningmode (0.02° step) and
range of 8–60° with an exposure time of 5 s/step. Further investigations
were conducted applying the Rietveld refinement, aiming to fit the
starting model of the phases, found by searching the previous phase,
to the entire powder pattern obtained from the experiment, using
the software MAUD [20,21]. The structures were designed using
HyperChem and geometrically optimized with Model Building
(HyperChemm TM, Professional 8.0.6, Hypercube Inc., Gainesville,
FL, USA). Dynamic light scattering (DLS) and zeta potential measure-
ments were conducted on a Zetasizer Nano-ZS (Malvern Instruments,
UK) using an acid solution of AgNPcol.
2.3. Morphological characterization of AgNPcol

Atomic force microscopy (AFM) analysis was conducted using a TT-
AFM instrument (AFM Workshop, USA) in vibrating (tapping) mode.
Therefore 6 μm area scans were conducted after the deposition of
10 μl of AgNPcol onto clean mica substrate and the sample was dried
at room temperature. Once dry representative images were performed
using ACT-20 cantilevers (AppNano - USA) with a resonant frequency
of approximately 319 kHz. Images were analyzed using Gwyddion
software 2.40.
2.4. Cell culture

Chemicals and phosphate buffered saline (PBS) were purchased
from Sigma-Aldrich® (St. Louis, MO, USA). Penicillin/streptomycin,
fetal bovine serum (FBS), and Dulbecco's modified Eagle medium
(DMEM) were purchased from Vitrocell (Campinas, SP, Brazil). Sterile
pipettes, plates, and flasks for cell culture were purchased from TPP®
(Switzerland). All experiments were done in a clean and sterile atmo-
sphere to eliminate the probability of contamination with endotoxin
[22].

The human melanoma cancer (MV3) and murine fibroblast
(L929) cell lines were purchased from the cell bank at the Federal
University of Rio de Janeiro. Cells were maintained at 37 °C in a 5%
CO2/air incubator and cultured in 75-cm2 flasks in DMEM supple-
mented with 10% (v/v) FBS, penicillin/streptomycin (50 IU/ml and
50 μg/ml, respectively), and 2 mM L-glutamine. The cells were
grown to confluence, which was verified by observation under an
inverted microscope (Nikon Eclipse Ti®, Japan). The cell viability
after exposure to AgNPs was determined using the trypan blue ex-
clusion assay immediately before in vitro assays (data not shown)
to verify that the viability was higher than 98%.
2.5. Apoptosis and necrosis assays by flow cytometry

Apoptosis and necrosis were analyzed using fluorescein isothiocya-
nate (FITC)-annexin V and propidium iodide (PI) staining using a kit
(annexin V-FITC apoptosis detection kit, BD®, USA) andflow cytometry.
Cells were plated in 6-well culture plates for 24 h to attach. They were
then treatedwith AgNPcol at 4.35, 2.17, 1.08, 0.5, and 0.25 μg Ag/ml, col-
lagen alone at 6.25 μg/ml, or AgNO3 alone at 3.37 μg Ag/ml and 6.25 μg
Ag/ml for 24 h at 37 °C in 5% CO2 before the assays. The untreated
cells were considered as negative controls. The annexin V-FITC assay
was used to differentiate apoptosis from necrosis induced by AgNPcol
after incubation for 24 h. After that, both cells types were harvested,
washed twice in cold PBS, and further ressuspended in binding buffer.
Next, FITC-labeled annexin V was added and incubated for 15 min in
the dark at 25 °C. PI was added and incubated for 5 min in the dark.
Cells were immediately analyzed by flow cytometry. Ten thousand
cells were analyzed as percentages and the data stored. The excitation
wavelength was set at 488 nm. Flow cytometry analysis was performed
in a FACSCalibur® (Becton Dickinson, CA, USA) with the BD CellQuest
3.3 software.
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2.6. Analysis by permeation diffusion cell

For the in vitro study of skin permeation in an animalmodel, the skin
on the back of a pig's earswas initially selected [23,24]. The skinwas ex-
tracted from the ears, and the epidermis and dermis were maintained
by removing the adipose tissue in the region. The test pieces were cut
from the pig's ears and packaged in a Franz diffusion cell with a surface
diffusion area of 1.77 cm2. They weremounted in five Franz cells, main-
tained at 37 °C by using a circulating water bath and stirred at 400 rpm.
Isotonic phosphate buffer at pH 7.4 was placed in the recipient cell.

After the systemwasmounted, 200 μl of AgNPcol (50 μg Ag/ml) was
added onto the skin and immediately, the first sample was collected for
testing. The samples were collected hourly for 6 h and placed in test
tubes, and every time a sample was taken, it was replaced by an equal
amount of isotonic phosphate buffer [25]. Thereafter, the test pieces
were removed from the diffusion cells and two procedures were per-
formed. First, the upper skin cells were removed with adhesive tape
(tape strips). In total, 15 tape strips were made and were placed in a
test tube. In the second procedure, small pieces of skin were cut and
put in another test tube. Methanol was added to both vials to remove
skin extracts for analysis. These procedures were conducted to check if
there was AgNPcol retained in the skin layers.

For the analysis of solutions and subsequent verification of AgNPcol
content present in the skin layers or present as a result of diffusion, the
receiving cell was assessed by using atomic absorption spectroscopy
(Varian AA240FS) at a wavelength of 328.1 nm with a multi-element
lamp (Varian No. 5610108700). The equipment was prepared for silver
detection by performing calibration with a sample of AgNPcol at a
known concentration. Samples to be tested received an aliquot (10%
by volume) of nitric acid (10%) to prevent clogging of the equipment
piping. The samples were analyzed in a flame atomic absorption system
with acetylene gas following the manual's recommendations. The re-
sults were expressed in μg Ag/cm2 with respect to the diffusion area.
The same experiment was used to perform AgNO3 permeation for
comparison.
Fig. 1. Rietveld plot of AgNPcol. Experimental data are indicated by a black line, calculated
data by a red line, and difference curve by a blue line below.
2.7. Paw edema induced by carrageenan

λ-Carrageenan was purchased from Sigma-Aldrich®. AgNPcol and
collagen were the same as those used earlier in this study. Male Swiss
mice (25–30 g) were housed in cages at room temperature controlled
at 25 ± 2 °C under light-dark cycles of 12 h each and supplied with
food and water ad libitum. All animals were treated in accordance
with the Guide for Care and Use of Laboratory Animals [26] during the
experiment. The Research Ethics Committeewith animals of the Federal
University of Piauí approved the experiment, number 038/15.

The paw edema experiment was modified and used as previously
described [27]. The animals were randomly divided into 4 groups, and
edema was induced by injection of 50 μl of a 0.5% suspension (w/v) of
carrageenan (500 μg/paw) in 0.9% sterile saline into the aponeurosis
plantar right. The AgNPs were topically administered immediately fol-
lowing injection with carrageenan. The following groups were studied:
0.9% sterile saline (untreated control group I, n = 5); carrageenan
(500mg/paw, untreated control group II, n=5); AgNPcol solutions ap-
plied topically (50 μgAg/ml, treatment group I, n=9); collagen solution
applied topically (0.1 mg/ml, treatment group II, n= 4). The volume of
the right hind foot was measured with an Ugo Basile plethysmometer-
7140 at 0, 1, 2, 3, 4, and 5 h after application of carrageenan. The effect
of pre-treatment was calculated as the relative percentage of inhibition
of paw volume as compared to that in the saline-treated control edema
using the following formula [28]:

%inhibition of edema ¼ Vt−Voð Þcontrol− Vt−Voð Þtreat
Vt−Voð Þcontrol � 100
wherein Vo is the baseline volume and Vt is the final volumemeasured
at the above-mentioned time points.

2.8. Myeloperoxidase activity

The extent of accumulation of neutrophils in the paw of the mice
was measured by assessing the myeloperoxidase (MPO) activity. In
summary, 50–100 mg of hind paw tissue was homogenized in 1 ml of
0.5% hexadecyltrimethylammonium bromide for every 50 mg of tissue.
The homogenate was centrifuged at 4000 rpm for 15 min at 4 °C. Then,
10 μl of supernatant was collected and the activity of MPOwas assessed
by measuring the shift in absorbance at 450 nm using o-dianisidine
dihydrochloridewith 1% hydrogen peroxide. MPO activitywas reported
as units/mg of tissue. One unit of MPO activity is defined as 1 μmol,
which converts hydrogen peroxide to water in 1 min at 22 °C.

2.9. Statistical analysis

All in vitro experiments were analyzed in triplicate and the results
were expressed as mean ± standard deviation of three separate exper-
iments. The results were considered statistically significant when
p b 0.05. Data were evaluated by one-way analysis of variance
(ANOVA) followed by post-hoc Tukey's multiple comparison test,
using Graph Pad Prism program software version 5.0.

The in vivo results were expressed as mean ± standard error of the
mean for at least four animals per group, and statistical analysis was
presented using Kruskal-Wallis with post-hoc de Dunn. Statistical
significance was set at p b 0.05.

3. Results and discussion

3.1. Characterization of AgNPcol

The crystallinity profile of AgNPcol was obtained by XRD and ana-
lyzed by the Rietveld method after normalization based on the amor-
phous region, which belonged to the collagen phase. The other phases
found in the Inorganic Crystal Structure Database (ICSD) searches
showed the presence of silver (ICSD 44387) and silver chloride (ICSD
56538). The convergence of the method was determined by the R indi-
ces (Rwp, Rexp, and the goodness of fit χ2) [29] calculated after each re-
finement cycle, which include the adjustment of the profiles by the
least-square of the parameters for lattice cell, peak broadening, and
background. Fig. 1 shows the diffractogram after the completion of the



Fig. 2. Schematic model representation of type I collagen fiber constructed through
geometric optimization. The red spheres represent silver atom.
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refinement,which shows the convergence of thedatawith a smooth resid-
ual curve and lowR-values: Rexp=0.96508, Rwp=1.45883, and goodness
of fit χ2 = 1.51161. The crystal size of the silver phase was computed by
theRietveldmethod to be138.78832nm.Thepercent crystallinitywas cal-
culated as the ratio of crystalline peak area to the total area of the
diffractogramandwas found to be 12.67667% crystallite phase. In addition
to the pure silver phase in the sample, the AgCl phase was found. As the
Fig. 3. (A) AFM 2D image AgNPcol; (B) AFM 3D image AgNPcol. (6.0 μm × 6.0
synthesis of the nanoparticles does not involve chloride. The presence of
chloride occurs only in collagen purification and because of this was the
formation of AgCl. However, therewere no phases of silver oxide, showing
that the metal nanoparticle was better stabilized.

AtanacidicpH, theaminoacidsalongthe type Icollagenmoleculearepos-
itively charged, imparting the entire collagen molecule a positive charge and
making assembly formation around metallic ions feasible. Thus, the results
indicated the formation of metallic clusters surrounded by collagen. These
clusters aggregated themselves to give rise to the nanoparticles, which
was evident if the crystallinity data were analyzed at around 12% (Fig. 2).

Particle size and distribution were determined by DLS and results
showed a particle size of 140.7 ± 7.8 nm and a zeta potential of
+20.1 ± 0.7. The particle size determined by DLS is in accordance
with the crystallite size of the silver phase determined by the Rietveld
method, despite the difference in the measurement states. Through
these data, we can conclude that the AgNPcol profile does not change
with shifts of solid media in liquid, andmaintains its cohesive structure.
The morphology of AgNPcol can be seen in Fig. 3 in which we can ob-
serve spherical nanoparticles.

3.2. Cytotoxicity assays: apoptosis and necrosis processes by flow cytometry

As shown in Figs. 4, 5, and 6, early apoptosis, late apoptosis, and ne-
crosis were not induced by AgNPcol in L929 cells when compared with
the negative control (p N 0.05). The late apoptosis process was signifi-
cantly triggered in L929 cells by AgNO3 alone (p b 0.05) (Fig. 4). This re-
sult corroborated with that obtained in previous studies [19], which
demonstrated that AgNPcol is not cytotoxic.

3.3. MV3 cancer cells

After incubation ofMV3 cellswith AgNPcol for 24 h, cell viabilitywas
determined by apoptosis and necrosis assays. As shown in Fig. 7, the cell
μm); (C) extended 3D image (1.02 μm × 1.02 μm); (D) profile of AgNPcol.

Image of Fig. 2
Image of Fig. 3


Fig. 6. Effect of AgNPcol on the percentage of necrotic cells in L929 cells assayed by PI
positive staining. Data are reported as means ± standard deviation. *Statistically
different from the negative control group (ANOVA, Tukey's multiple comparison test,
p N 0.05).

Fig. 4. Effect of AgNPcol on the percentage of early apoptotic cells in L929 fibroblast cells
assayed by annexin V-FITC positive/PI negative staining. Data are reported as means ±
standard deviation. *Statistically different from the negative control group (ANOVA,
Tukey's multiple comparison test, p N 0.05).
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viability decreased significantly compared to that of the negative con-
trol (p b 0.05), except when treated with 6.25 μg/ml collagen alone.
The early and late apoptosis processes were induced by AgNPcol, as
shown in Figs. 7 and 8, respectively, comparedwith the negative control
(p b 0.05). Necrosis was induced when treated with AgNPcol alone at
4.35 μg Ag/ml (Fig. 9).

It is important to observe that AgNPcol exhibited enhanced toxico-
logical effects in cancer cells, as shown in early and late apoptosis of
MV3 cancer cells (Fig. 7) compared to that of L929 normal cells (Figs.
4 and 5, respectively).

Several authors showed the efficiency and different mechanisms of
AgNPs against cancer cells in previous studies. AgNPs induced oxidative
stress in the MDA-MB-321 breast cancer cell line [30]. In A549 human
lung carcinoma cells, AgNPs activated intrinsic apoptosis [31], and in
T24 bladder carcinoma cells, AgNPs were toxic [32]. However, none of
these AgNPs was associated with collagen.
Fig. 5. Effect of AgNPcol on the percentage of late apoptotic/necrotic cells in L929 cells
assayed by annexin V/PI double-positive staining. Data are reported as means ±
standard deviation. *Statistically different from the negative control group (ANOVA,
Tukey's multiple comparison test, p b 0.05).
Reactive oxygen species (ROS) generation may induce toxic effects
in cells after exposure to nanoparticles [33,34,35]. Based on our previous
cyto and genotoxicology results [35] and evidences available from liter-
ature regarding the toxicmechanisms of AgNps, the ROS production has
been documented as the primarymechanisms induced by the nanopar-
ticles [36].

Our previous study shows that AgNps capped with PVA (polyvinyl-
alcohol) induced ROS generation, leading to DNA damage in primary
normal human peripheral blood mononuclear cell (PBMC) and in
HepG2 human cancer (hepatocarcinoma) cells [35]. This mechanism
may induce further apoptosis or necrosis in major extension in cancer
cells.

The electrostatic interactions between positively charged
nanomaterials and target cancer cells have been described in the litera-
ture. Cancer cells usually exhibit a high concentration of anionic phos-
pholipids on their outer leaflet, in comparison to normal cells that
exhibit zwitterionic phospholipids [37]. This condition plays an impor-
tant role in cellular uptake [38] of positively charged nanoparticles in
Fig. 7. Effect of AgNPcol on the percentage of early apoptotic cells in MV3 cancer cells
assayed by annexin V-FITC positive/PI negative staining. Data are reported as means ±
standard deviation. *Statistically different from the negative control group (ANOVA,
Tukey's multiple comparison test, p b 0.05).

Image of Fig. 7
Image of Fig. 6
Image of Fig. 4
Image of Fig. 5


Fig. 10. Effect of AgNPcol and collagen on carrageenan-induced paw edema. Paw edema
was induced by carrageenan injection (500 μg per paw/50 μl) into the plantar right paw.
Paw volume was measured 0, 1, 2, 3, 4, and 5 h after carrageenan injection. AgNPcol
was administered immediately after the inflammatory stimulus. Values are given as
mean ± SEM (n ≥ 5). #p b 0.05 compared with AgNPcol plus carrageenan group;
*p b 0.05 compared with collagen plus carrageenan group. Statistical analysis was
performed using Kruskal-Wallis test with post-hoc de Dunn.

Fig. 8. Effect of AgNPcol on the percentage of late apoptotic/necrotic cells in MV3 cancer
cells assayed by annexin V/PI double-positive staining. Data are reported as means ±
standard deviation. *Statistically different from the negative control group (ANOVA,
Tukey's multiple comparison test, p b 0.05).
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cancer cells, in comparison to normal cells. Since the AgNPcol nanopar-
ticles are positively charged (zeta potential of +20.1 mV), we may ex-
pect them to be more toxic to cancer cells than to normal cells.
3.4. Permeation diffusion cell and edema tests in mouse paw

Analysis of the samples of skin permeation performed using atomic
absorption spectroscopy showed diffusion of AgNPcol. The results
showed that 0.14 μg Ag/cm2 of AgNPcol underwent diffusion, as it was
found in the recipient side of the Franz cell. In the skin, AgNPcol was
found to occur at 0.11 μg Ag/cm2. This shows the action potential of
AgNPcol in skin layers and in the region below the skin, allowing appli-
cations in local injury and trauma models. For AgNO3, 0.23 μg Ag/cm2

was retained on the skin and only 0.03 μg Ag/cm2 suffered diffusing.
This was probably because the AgNO3 molecule was larger than the
nanoparticles, thereby trapping the AgNO3 in the skin [19].
Fig. 9. Effect of AgNPcol on the percentage of necrotic cells inMV3 cancer cells assayed by
PI positive staining. Data are reported as means ± standard deviation. *Statistically
different from the negative control group (ANOVA, Tukey's multiple comparison test,
p b 0.05).
In the latter part of the skin permeation study, edema testswere per-
formed in mouse paw. In this experiment, the carrageenan stimulated
the formation of edema in animal paws, as described in the method
followed by Winter [27], enabling the application of the solutions to
be tested (Fig. 10). The peak was observed in the fourth hour of the
study and subsequently, the edema began to decrease spontaneously.

Collagen and AgNPcol were applied topically to treat edema for 5 h.
In this experiment, the formation of edema in animals inwhich collagen
was appliedwas lower than that in the carrageenan group. The collagen
group peaked at the third hour, and edema diminished thereafter. In the
group that was treatedwith AgNPcol, maximum swellingwas observed
in the first hour and swelling did not increase with the passage of time.
Moreover, edema formation was decreased as compared with that in
the carrageenan and collagen groups, demonstrating the effectiveness
of AgNPcol in preventing edema formation (Fig. 10).

At the end of the animal study, the accumulation of neutrophils in
the paw of animals (UMPO) was evaluated. The carrageenan inflamma-
tion was found to stimulate the site of application with a large presence
Fig. 11. Effect of AgNPcol and collagen on carrageenan-induced myeloperoxidase activity
in paw tissue. Saline or carrageenan (500 μl per paw)was injected into the plantar surface
of mice immediately after animals had been treated with AgNPcol or collagen.
Myeloperoxidase (MPO) activity was detected in the paw tissue after 5 h. The results
are expressed as the mean ± SEMMPO units (UMPO)/mg of tissue. *p b 0.05 compared
with carrageenan group; #p b 0.05 compared with saline. Statistical analysis was
performed using Kruskal-Wallis test with post-hoc de Dunn.

Image of Fig. 11
Image of Fig. 10
Image of Fig. 8
Image of Fig. 9
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of neutrophils in the region (Fig. 11). By analyzing the action of collagen
and AgNPcol from neutrophil infiltration, it was observed that the ac-
tions were similar with no significant differences between them. This
is because the action against inflammation was mediated by collagen
[39,40] and thus, similar actions were expected. The accumulation of
neutrophils in the animals' paws was investigated 5 h after the analysis
of volume (edema); thus, the collagenmoleculeswere able to penetrate
the skin of the animal, causing an expected effect similar to that of
AgNPcol. It may be noted that both collagen and AgNPcol decreased
the amount of neutrophils in the region; however, AgNPcol had a signif-
icant proportion in the second hour after application, as seen in Fig. 11.

4. Conclusions

The innovation of this study is the submission AgNPcol in biological
tests. The silver nanoparticles stabilized with collagen (AgNPcol) failed
to induce early apoptosis, late apoptosis, and necrosis; however, they
exhibited enhanced toxicological effects in cancer cells (MV3) in com-
parisonwith normal cells (L929). The results of the cell skin permeation
assay displayed the ability of AgNPcol to diffuse through skin layers and
to the region below the skin, allowing applications in local injury.When
used in an edema test in the paws of mice, these nanoparticles were
found to be effective in preventing edema formation. These results sug-
gest the healing potential of AgNPcol in skin injuries, owing to its capac-
ity of penetration in tissues and its ability to prevent one of the classical
signs of inflammation without harming one's own tissues. AgNPcol can
be used as a viable alternative to improve the repair process, thereby
making it necessary to study this perspective further.
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