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Abstract: Microbial infections associated with skin diseases are frequently investigated since they
impact on the progress of pathology and healing. The present work proposes the development
of freeze-dried, glutaraldehyde cross-linked, and non-cross-linked biocomposite dressings with a
porous structure, which may assist the reepithelization process through the presence of collagen and
carboxymethylcellulose, along with a therapeutic antimicrobial effect, due to silver nanoparticles (Ag-
NPs) addition. Phisyco-chemical characterization revealed the porous morphology of the obtained
freeze-dried composites, the presence of high crystalline silver nanoparticles with truncated triangu-
lar and polyhedral morphologies, as well as the characteristic absorption bands of collagen, silver,
and carboxymethylcellulose. In vitro tests also assessed the stability, functionality, and the degrad-
ability rate of the obtained wound-dressings. Antimicrobial assay performed on Gram-negative
(Escherichia coli), Gram-positive (Staphyloccocus aureus) bacteria, and yeast (Candida albicans) models
demonstrated that composite wound dressings based on collagen, carboxymethylcellulose, and
AgNPs are suitable for skin lesions because they prevent the risk of infection and have prospective
wound healing capacity. Moreover, the cell toxicity studies proved that the obtained materials can be
used in long time treatments, with no cytotoxic effects.

Keywords: wound-dressings; collagen; carboxymethylcellulose; silver nanoparticles

1. Introduction

The skin is the largest organ of the human body, and it accounts for about 15% of
the body’s weight, averages 1.8 m2 in surface, and has a thickness of 1.5–4 mm [1,2]. The
main function of skin is to protect the interior of the body from the external environment,
and it performs this role in many ways: It acts as a semi-permeable membrane for both
hydrophilic and hydrophobic substances, it is the first immunological defense line against
microbes and it is involved in the metabolism of vitamin D [3]. When the integrity of the
skin is compromised, most often from thermal (burns) or mechanical causes, the wound
becomes a favorable place for microbial proliferation and colonization. The affected area
can be colonized by various Gram-positive (i.e., Staphylococcus aureus, Streptococcus sp.,
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Micrococcus sp.) and Gram-negative (i.e., Escherichia coli, Pseudomonas aeruginosa) bacteria,
and sometimes yeasts (i.e., Candida albicans) [4].

Classical treatment of infections is based on systemic antibiotic administration for
large period of time, usually leading to complications because of low specificity (the drug
is dispersed throughout the entire organism and impacts on resident microbiota), low
efficiency (only a small amount of the dispersed drug reaches the infected area, especially
in localized infections), and to the increased selection of bacterial resistance. The best way
of avoiding such situation is to develop effective preventive methods based on antibacterial
systems able to deliver antibiotics, antimicrobial peptides, natural extracts, essential oils,
etc., in situ, at the infection site [5,6]. This approach of locally delivering the active sub-
stances presents a series of advantages, including high efficacy at low dose, the possibility
of simultaneously delivering one or more drugs that can work synergistically, a stable drug
concentration in the therapeutic range, and a lower occurrence of side effects [7].

Hydrogels represent such a delivery system, easy to obtain from almost every hy-
drophilic polymer, with varying porosity, density, absorbability, and therefore release rate.
Hydrogels can be used as coating for various medical devices (catheters, lenses, stents,
bone implants), as well as for wound healing and drug release. Their usage as antimicrobial
wound-dressings is due to the inherent antimicrobial properties some polymers possess [8],
or to the addition small amounts of antibacterial agents [9,10]. Among the hydrophilic
macromolecules used as hydrogels, collagen, and sodium carboxymethylcellulose are both
recently studied due to their unique properties that make them suitable as a polymer matrix
for wound-dressings. Namely, collagen (Coll) is a biodegradable and biocompatible protein
produced by fibroblasts, mostly found in the connective tissue and exhibits similarities
to human skin in terms of composition and structure. It provides structural support to
the organism and regulates cellular functions such as cellular formation, proliferation,
differentiation, and cellular migration. Collagen absorbs exudate, but also has an impor-
tant function in the natural healing process of wounds by inducing coagulation and scar
formation. If collagen is combined with dermal cells, growth factors, and cytokines in
the patient’s body, the reepithelization process is accelerated [11–13]. In addition, sodium
carboxymethylcellulose (CMC) also exhibits high affinity for water, has a low price and
excellent skin compatibility (it’s physiologically harmless), being already used in treatment
devices, especially for burns, being also able to assure the desired mechanical strength. In
the lesion area, it maintains an optimal humid medium for extracellular matrix formation
and reepithelization to take place. The moist medium has certain advantages, namely that
it prevents the dehydration of the tissue and its necrotizing, relieves the sensation of pain,
promotes angiogenesis, and removes the necrotic tissue if the lesion is in an advanced state
of decay [14,15].

When selecting a suitable antimicrobial agent to add into the hydrogel, some aspects
must be taken into consideration, usually referring to the pathogens causing the infection,
the site of the infection, the pharmacokinetic (tissues penetration, elimination mode, etc.),
pharmaceutical (preparation, use, etc.) properties, and safety profile of the agent [16,17].
Even though antibiotics are increasing life expectancy in developing countries, a series
of side effects emerge from the excessive consumption, over/underuse, and misuse of
antibiotics, a major challenge being bacterial resistance [18]. In order to overcome the
antibiotic resistance, an immediate solution seems to be the delivery of a lower dose of
the already existing bactericides directly to the infected area, or, even better, the delivery
of nanoparticles with antimicrobial activity [7,19]. Metallic and oxide nanoparticles (Ag,
ZnO, MgO, CuO, etc.) loaded hydrogels are widely investigated, being biocompatible,
bioresorbable, and easy to produce and deliver in different forms [20–22]. Nanostructured
silver particles exhibit unique physical and chemical properties that are even more suitable
for biomedical applications than those of silver in any other formula. These properties
make silver nanoparticles (AgNP) efficient materials in controlling the progression of
various severe infections (e.g., hospital acquired infections, wound infections) [23,24].
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Despite the large number of scientific reports based on wound dressing materials, in-
cluding collagen, sodium carboxymethylcellulose or silver nanoparticles, there are limited
studies on the usage of these particular 3 components altogether to obtain glutaralde-
hyde cross-linked and non-cross-linked porous composites with enhanced antimicrobial
activity [25].

2. Materials and Methods
2.1. Materials

The materials used for the colloidal silver and final biocomposites production were:
Silver nitrate (AgNO3, p ≥ 99.0%), citric acid (C6H5O8, p ≥ 99.5%), polyvinylpyrroli-
done (PVP, K-30), sodium borohydride (NaBH4, p = 99%), sodium hydroxide (NaOH,
p ≥ 98%), sodium carboxymethylcellulose (C8H11O7Na, average MW ~250.000 Da), colla-
genase type I, glutaraldehyde (C5H8O2, 25% solution in water), and hydrogen peroxide
solution (30% (w/v) in H2O). They were procured from Sigma-Aldrich, Darmstadt, Ger-
many and used without further purification. Type I collagen gel was produced at the
Research-Development Textile Leather National Institute Division Leather and Footwear
Research Institute—Collagen Department, Bucharest, Romania, and used after dilution.

2.2. AgNPs Synthesis

In order to obtain a 100 ppm colloidal silver nanoparticle solution, a chemical reduc-
tion method was used, derived from the aqueous solution phase route of Zielinska et al. [26].
This method involves the reduction of Ag+ to Ag0, starting from AgNO3 as silver precursor
and a reducing mixture based on the synergistic effect of NaBH4 and citric acid (biocompat-
ible antioxidant, similar with ascorbic acid, but with a reducing effect known to be lower
than that of NaBH4 [27]). Citrate ions also play the roles of stabilizing and complexing
agent, and it is reasonable to assume that silver citrate complexes would act synergistically
as antimicrobial agents and antioxidants [28]. Briefly, 100 mL of AgNO3 10−4 M were
mixed with 6 mL of C6H5O8 0.3 M and 600 µL of NaBH4 0.1 M. The obtained mixture
was vigorously stirred at room temperature on a magnetic stirrer and after 12 min 6 mL
of PVP K-30 7 × 10−3 M were added. The reason for introducing PVP was to prevent the
AgNPs from growing and agglomerating, and to better control the final morphology [29].
In the final step, 140 mL of H2O2 30% were added, and the mixture was stirred for about
10 min until a deep blue color was obtained, an indication of the nanoparticles reduced
dimension [30].

2.3. Biocomposite Materials Synthesis

Collagen-carboxymethylcellulose composite materials were obtained starting from
a type I fibrillary collagen gel with a concentration of 2.26% (w/w), extracted from calf
hide [31]. The received gel was afterwards adjusted in terms of concentration and pH
(to 1% w/w and physiological medium human body pH of 7.4) using NaOH 1M. CMC
powder was then added to the mixture, in the same amount as the dry content from the
collagen gel (1%) and stirrer until homogenization. The obtained gel was further divided
into 6 samples and mixed with various amounts of 100 ppm colloidal silver nanoparticle
solution (10–20 mL) and/or glutaraldehyde aqueous solution 0.025% and maintained over
night at 4 ◦C, resulting in the samples from Table 1.



Materials 2021, 14, 1153 4 of 19

Table 1. The composition of biocomposite wound dressings. AgNPs: Silver nanoparticles; CMC: Carboxymethylcellulose.

Sample Name 100 ppm Colloidal AgNPs
Solution (mL)

Calculated AgNPs Concentration
in the Dried Sample (w/w %) Glutaraldehyde 0.025% (mL)

Coll CMC Ag 20 G 20 0.02 5

Coll CMC Ag 10 G 10 0.01 5

Coll CMC G 0 0 5

Coll CMC Ag 20 N 20 0.02 0

Coll CMC Ag 10 N 10 0.01 0

Coll CMC N 0 0 0

After crosslinking, the samples denoted with “G” were saturated in distilled water and
preserved for several hours, in order to remove the unreacted glutaraldehyde. This process
was repeated until a negative result was obtained on the Fehling test, then all samples
were freeze-dried using a Delta 2-24 DSC lyophilizer (Martin Christ, Osterode am Harz,
Germany) with a 3-step 48 h lyophilization program (cooling until −40 ◦C/atmospheric
pressure, followed by a pressure decrease down to 0.01 mbar for 12 h, then heating under
vacuum for 24 h up to 35 ◦C). Each porous material consisted of equal mass of dry polymers
(0.5 g Coll, 0.5 g CMC) and 0 mg, 0.1 mg, or 0.2 mg of AgNPs, respectively, depending on
the added volume of the colloidal solution.

2.4. Structural and Morphological Analyses

The biocomposites specific morphology due to the freeze-drying process, the distribu-
tion and pore size, as well as the dispersion of silver nanoparticles on the polymers fibers
were investigated via Scanning Electron Microscopy (SEM), using an Inspect F50 high
resolution microscope coupled with an energy dispersive spectrometer (EDS) (Thermo
Fisher—former FEI, Eindhoven, Netherland). The acquisition of micrographs was made
with an energy value of 30 KeV at different magnifications. Transmission Electron Mi-
croscopy (TEM) was used to obtain important information related to the morphology
and crystallinity of the silver nanoparticles. TEM images for the colloidal silver were
obtained with a high resolution transmission electron microscope, Tecnai G2 F30 S-TWIN
(Thermo Fisher—former FEI, Eindhoven, Nederland), equipped with selected area electron
diffraction (SAED) module. This microscope operates in transmission mode at a voltage of
300 kV, the punctual resolution and the guaranteed line having the values of 2 Å and 1 Å,
respectively.

Fourier Transform Infrared Spectroscopy (FT-IR) involved the analysis of biocomposite
wound-dressings via Nicolet iS50R spectrometer (Thermo Fisher, Waltham, MA, USA).
The measurements were performed at room temperature, with 32 sample scans between
4000 cm−1 and 400 cm−1, at a resolution of 4 cm−1. Spectral data recording was possible
by connecting the spectrometer to a data collection and processing unit, through the Omnic
work program. The purpose of the investigation was to identify the functional groups
specific to each substance by determining their molecular vibrations.

2.5. Swelling Ratio and Open Porosity

In tissue engineering, the swelling capacity is an important parameter for assessing
the stability of porous wound-dressings, including the ones based on natural polymers
(collagen) and synthetic polymers (carboxymethylcellulose), along with their prospective
application in burns treatment. This in vitro evaluation gives valuable information on how
the dressing will respond in contact with the body fluids and how this interaction can affect
the process of cellular differentiation [32].

Hence, 1 L of simulated body fluid (SBF) solution was first prepared, based on the
ionic species concentrations from Kokubo’s methodology [33] (Table 2), corresponding to
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the ionic concentrations from human blood plasma, and following the steps previously
described [34].

Table 2. Ionic species concentrations used in simulated body fluid (SBF) preparation [33].

Ionic Species Concentrations (mmol/L)

SBF Solution
Na+ K+ Mg2+ Ca2+ Cl− HCO3

− HPO4
2− SO4

2−

Buffer Solution
pH

142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5 7.25

Small cylinders of 5 mm diameter, from each sample, were first weighed (determining
the initial mass Wi), then completely soaked in 5 mL of SBF and maintained at 37 ◦C for
various time periods. After each absorption time t, the samples were taken off, gently
removed the excess fluid from their surface, then weighed again (determining therefore
the mass at time t). Using the gravimetric method, the swelling ratio was calculated with
Formula (1):

Swelling ratio % =
Wt − Wi

Wi
a × 100% (1)

where Wt is the sample weight after immersion at time t and Wi is the weight of the dry
sample (the initial mass) [35].

Open porosity was evaluated in ethanol, using liquid dislocation method [36]. Briefly,
for each sample, fragments from the porous composite were placed in a cylinder containing
a known volume of ethanol (noted V1). The increased volume resulting after the immersion
of the sample was then measured (noted V2). The soaked fragments were afterwards
removed, and the final volume of ethanol from the cylinder was measured (noted V3). The
open porosity was calculated using Formula (2):

Porosity % =
V1 − V3

V2 − V3
a × 100% (2)

2.6. Enzymatic Degradation in Collagenase Solution

Enzymatic degradation is an analysis used to determine in vitro the stability (or
the degree of degradability) of the proposed wound-dressings when placed on the skin
injury. The collagen degradation occurs when in contact with collagenase and involves
the destruction of peptide bonds from its structure. Collagenase is an enzyme normally
present at the lesion site, with an important role in the inflammatory stage of the skin
regeneration [37].

Enzymatic degradation of the biocomposite samples was evaluated by completely
immerse small cylinders of 5 mm diameter from each sample in 5 mL of collagenase
solution 0.0025% and maintain at 37 ◦C for various time periods. To monitor the mass loss,
all samples were weighed before (Wi) and after soaking at different time intervals (Wt),
and Formula (3) was used:

Weight loss % =
Wi − Wt

Wi
× 100% (3)

where Wi represents the initial mass, and Wt represents the mass of the sample at time
t [38].

2.7. Antimicrobial Assay

The strains used for this study, Escherichia coli ATCC 25922, Staphylococcus aureus ATCC
25923, and Candida albicans ATCC 10231, were obtained from the Microbiology laboratory’s
collection, Faculty of Biology, University of Bucharest. The selection of these species was
carried out for the analysis of the antimicrobial effect of collagen, carboxymethylcellulose,
and silver-based wound-dressings by qualitative and quantitative assays.
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2.7.1. Inhibition Zone Diameter Assay

The material containing the antimicrobial agent (samples of 0.6 cm in diameter) was
sterilized by exposure to UV radiation for 20 min on each side. Then, samples were
placed using a sterile clamp on a Petri dish containing Mueller Hinton medium swab
inoculated with a microbial suspension of 1–3 × 108 CFU/mL (CFU—Colony Forming
Units), corresponding to 0.5 MacFarland density standard. Sabourand Dextrose Agar was
used for the growth of yeast strain. The Petri dishes containing microbial culture and
evaluated composite samples were incubated for 24 h at 37 ◦C. Then, the inhibition zone
diameter is measured and results are expressed in mm.

2.7.2. Planktonic Growth Rate

Samples from the sterile material were introduced in plates with 24 sterile wells and
1 mL of nutritive broth was added. In the next stage, 20 µL of bacterial suspension with a
density of 1–3 × 108 CFU/mL was prepared in physiologic and sterile water, added to the
plates and incubated for 24 h. For the analysis of planktonic growth rate, 200 µL of culture
from the previous plates were transferred to a plate with 96 wells. The absorbance (at
600 nm) of the obtained cultures was measured with a spectrophotometer, and the obtained
optical densities represent the growth degree of planktonic cultures in the presence of
the material.

2.8. Cell Toxicity Studies
2.8.1. Cell Viability Assessment

The toxicity of Coll CMC Ag biocomposites was evaluated by the CellTiter assay
(Promega, Madison, WI, USA). The HaCaT cells were maintained in Dulbecco’s Modified
Eagle Medium (DMEM): F12 (Thermo Fisher Scientific Inc., Waltham, MA, USA) sup-
plemented with 10% heat inactivated fetal bovine serum (FBS). About 1 × 104 HaCaT
cells were seeded in a 96-well plate (TPP, Trasadingen, Switzerland) with DMEM: F12
containing 10% FBS and maintained at 37 ◦C in a humidified incubator Heracell 150i CO2
incubator (Thermo Fisher Scientific Inc., Waltham, MA, USA) supplemented with 5% CO2.
The impregnated porous materials were cut with a biopsy driller with a diameter of 4, 6,
and 8 mm, and added over the HaCaT cells. The sponge and media were removed after
24 h/72 h of treatment and fresh media containing CellTiter was added. The formazan
production was quantified using a multi-well plate reader (TriStar2 LB 942 Multimode
Microplate Reader, Berthold, Germany) at 570 nm absorbance.

2.8.2. Propidium Iodide (PI) Staining and Cell Cycle Analysis

The cells maintained or not together with Coll CMC Ag were collected in a 5 mL
tube and fixed at −20 ◦C with 70% cold ethanol for at least 24 h. Cells were washed in
phosphate saline buffer and incubated with 50 µg/mL PI, 0.2 mg/mL RNase A in PBS for
2 h at 37 ◦C in the dark. After incubation, PI fluorescence was analyzed on a Beckman
Coulter flow cytometer (Beckman Coulter, Brea, CA, USA), and the percentage of cells in
each stage of the cell cycle were analyzed using FlowJo 7.2.5 software.

2.9. Statistical Analysis

All the experiments were done in triplicates. Data is represented as mean ± standard
deviation (S.D.). The graphs and statistical analysis were performed using MS Excel
software. Data was compared using one-way analysis of variance (ANOVA), followed by a
two tails t-test with Bonferroni post-hoc correction. Values of p < (0.05/n) were considered
statistically significant.

3. Results and Discussions

SEM images associated to the biocomposite wound dressings with smaller colloidal
silver content are presented in Figure 1 (Coll CMC Ag 10 N (a–c), Coll CMC Ag 10 G (d–f)).
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Figure 1. SEM (Scanning Electron Microscopy) micrographs showing the porous morphology and silver distribution from
Coll CMC Ag 10 N (a–c) and Coll CMC Ag 10 G (d–f) samples, along with the elemental composition (energy dispersive
spectrometer (EDS) spectrum) of Coll CMC Ag 10 N (g) wound dressing.

The results indicate a three-dimensional porous structure of the scaffolds, characteristic
to the freeze-drying method, slightly higher for the non-cross-linked samples. The pores
are interconnected, with irregular morphologies and dimensions varying from 100 to
300 µm, better observed from the general images at low magnification (a,d). Moreover,
using backscattered electrons detector, nanoparticle agglomerates can be observed in both
samples, at the surface of the polymer fibers and sheets (c,f) conferring antimicrobial activity
of these samples. The EDS spectrum presented in Figure 1g confirms the silver nature of
these particles, along with the others elements characteristic to the sample composition or
sample preparation technique.

Furthermore, the morphological and structural properties of the identified silver
nanoparticles were investigated by transmission electron microscopy, and the resulted
TEM, HR-TEM, and SAED images are presented in Figure 2a–d. Thus, AgNPs have truncated
triangular and polyhedral morphologies, with a high tendency to form agglomerates due to
their reduced dimensions. The obtained particles are highly crystalline, with ordered plans
of atoms and the interplanar distance of 2.04 Å (200) (Figure 2c). SAED image (Figure 2d)
presents the characteristic silver diffraction rings, with the associated Miller indices of
(111), (200), (220), (311), suggesting once more the crystalline nature of the synthesized
silver colloids.
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Literature studies dedicated to the strong relation between AgNP synthesis condi-
tions, size, morphology, and antimicrobial activity suggest that truncated triangular silver
nanoplates with a (111) lattice plane as the basal plane display the strongest biocidal
action, compared with spherical and rod-shaped nanoparticles and with Ag+ [39–41].
Additionally, the same truncated triangular morphology was demonstrated to have the
slowest skin penetration capability, making it the ideal solution for antimicrobial skin
wound-dressings [42].

The Fourier-transform infrared spectroscopy (FT-IR) spectra of the silver free, cross-
linked with glutaraldehyde (G) and non-cross-linked (N) collagen-carboxymethylcellulose
porous composites are shown in Figure 3. In both spectra are identified similar bands,
characteristic to Coll and CMC, with different absorbance intensities, depending on the
chemical reticulation process. The presence of the amide I band (C=O stretching) is
observed at 1632 cm−1. The absorption bands characteristic to amide II (N-H bending) and
III are observed at 1554 cm−1 and at 1239 cm−1, respectively, corresponding to the vibration
of the N-H group coupled with the stretching vibrations of C-N and C-H. Additionally, the
stretching of −OH and –CH3 groups characteristic to CMC were observed at 3307 cm−1

and 2933 cm−1, while the bands at 1322 and 1403 cm−1 represent C=O and C–O stretching
vibration of the ionized carboxyl group. In contrast, the Coll CMC N shows these bands at
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slightly lower wavenumbers and with an accentuated decrease in absorbance, indicating
that crosslinking was successful and significantly changed the molecular structure of the
polymers, due to the glutaraldehyde −CHO groups reaction with the amino group of
collagen [43,44].
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Figure 3. FT-IR spectra for the Coll CMC N and Coll CMC G porous composites.

In Figure 4 are comparatively presented the FT-IR spectra of the previously described
silver free (Coll CMC G) sample and the silver loaded (Coll CMC Ag 10 G, Coll CMC
Ag 20 G), glutaraldehyde cross-linked biocomposites. In the case of Ag-containing sam-
ples, changes in position and absorbance of the collagen-specific bands are presented,
accentuated by the increase in silver concentration. This can be associated to the collagen
interaction with AgNPs, since a potential stabilization of silver nanoparticles with the
COO− and NH2

+ groups in collagen is already described in literature [45]. Moreover,
cellulose is also known to bind electropositive transition metal atoms by electrostatic
interactions [46].

The swelling degree (as can be seen in Figure 5) is closely related to the open porosity
evaluation results (presented in Figure 6) and mainly expresses the influence of the cross-
linking process and silver addition to the main polymeric matrix. Even though the non-
cross-linked samples (Coll CMC N, Coll CMC Ag 10 N, and Coll CMC Ag 20 N) have the
highest porosity, they were not stable enough to evaluate their swelling capacity through
24 h, losing their integrity after only 2 h, and they were excluded from the final results.
Thus, the best swelling capacity after 24 h is assigned to the Coll CMC Ag 20 G sample,
which presented a swelling degree of 1900%. For all the samples, an initial fast swelling
is observed, practically the highest amount of SBF being absorbed in the first 1–2 h, but
afterwards their mass quickly stabilized and maintained until the end of the experiment.
This fast swelling is induced by the high porosity, important because these wound dressing
can also assure a fast adsorption of the exudates, and thus a proper humidity of the wound
can be assured in tens of minutes. The equilibrium differences between the Coll CMC G,
Coll CMC Ag 10 G, and Coll CMC Ag 20 G are not statistically significant, therefore we
can assume that AgNPs addition has no impact to the porosity and swelling capacity of
the biocomposites.
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Figure 5. The swelling capacity of cross-linked wound dressing materials during 24 h (presented as mean ± S.D. of
3 replicates).

The open porosity of all cross-linked biocomposites was in range of ~50–60%, while
the non-cross-linked materials registered open porosity values were in range of ~80–90%
(Figure 6). Porosity of a scaffold is crucial for an efficient wound healing, especially because
it allows the oxygen permeation and nutriments delivery to the affected area, the best value
presented in the literature being in the range of 60–90% [47]
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Subsequently, the samples degradation in a solution of collagenase, a collagen-degrading
enzyme, was evaluated. The mass loss for the biocomposite samples is presented in
Figure 7. An increase in mass loss was observed over the 24 h for all the cross-linked
samples, along with a rapid and total disintegration of the non-cross-linked ones in the first
hour of immersion in collagenase. The mass loss rate is slightly increased in the first hour
for the samples containing silver nanoparticles, which can be associated with an enhanced
collagen structure disintegration. Nevertheless, after 24 h, the mass loss varied between
~60–100%, and it was smaller for the cross-linked, less porous samples, in accordance with
previous swelling and porosity results.
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As for the obtained results, the obtained dressings resist enzymatic degradation
for about 24 h, until they disintegrate. Since it is recognized that microorganisms may
produce degrading enzymes for such collagen-based materials [48,49], the antimicrobial
experiments aiming to evaluate their efficiency were performed only at 24 h incubation.
Moreover, in wound care, dressings are replaced after a few hours—up to 24 h, to reduce
the risk of microbial contamination in the wound area [50].

Figure 8 highlights the inhibition zone diameters registered after 24 h of incubation
of all biocomposite samples in Gram-negative E. coli and Gram-positive S. aureus bacteria
cultures, as well as in the presence of C. albicans yeast strain. Thus, in the case of S. aureus
and E. coli the most effective dressing is Coll CMC Ag 20 G, which exhibits inhibition zone
diameters around 16 and 15 mm, respectively. The control samples (Coll CMC G and Coll
CMC N) generated the smallest inhibitory zone, due to the lack of antimicrobial agent. The
obtained composite materials exhibit a better antibacterial effect (against both S. aureus and
E. coli) than antifungal effect (against C. albicans). There were no statistically significant
differences between the samples containing similar amounts of silver nanoparticles (e.g.,
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Coll CMC Ag 20 G/Coll CMC Ag 20 N or Coll CMC Ag 10 G/Coll CMC Ag 10 N), no
matter the microbial strain. These results also confirm that the antimicbrobial potential of
the evaluated composite materials is proportional with the amount of AgNPs contained in
the material [51].
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Figure 8. Inhibition zone diameter evaluation for all biocomposite samples against (a) S. aureus, (b) E. coli, (c) C. albicans
(presented as mean ± S.D. of 3 replicates); different letters indicate significant differences between each sample. p < 0.05/n
(n = 15).

Figure 9 presents the planktonic growth rate of E. coli (expressed as the absorbance
values measured at 600 nm) when in contact with the biocomposite wound-dressings,
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along with the absorbance registered for the bacterial control (containing E. coli untreated
culture). Thus, the lowest absorbance value, correlated with the best antibacterial activity is
attributed to the sample Coll CMC Ag 20 G. The silver free samples (Coll CMC G and Coll
CMC N) have a reduced antibacterial activity, correlated with absorbance values similar
to the value of the bacterial untreated control. The quantitative analysis results are in
accordance with the ones from the qualitative assay and with the literature studies, which
suggest an enhanced antimicrobial activity directly proportional with the AgNPs content
from the samples [52]. Similar to the qualitative antimicrobial test, no statistically signifi-
cant differences between the samples containing similar amounts of silver nanoparticles
were found.
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Figure 9. E. coli planktonic growth rate evaluation for all biocomposite samples (presented as mean ± S.D. of 3 replicates);
CB = bacterial control containing no composite material; different letters indicate significant differences between each
sample. p < 0.05/n (n = 21).

The obtained results are in accordance with other studies reporting the great antimi-
crobial efficiency of AgNPs, when they are integrated in various polymeric matrices [53,54]
and coatings, including wound-dressings [24,55]. The antibactericidal properties of silver
are well known; briefly, their mechanism relays on the generation of reactive ions which
are able to interfere with various cellular biomolecules, such as lipids, proteins, and even
nucleic acids. AgNPs kill bacteria through numerous means: (i) Perforate or disrupt cell
membranes, (ii) induce the generation of reactive oxygen species (ROS), which are responsi-
ble for cell lysis and interference with vital biomolecules, (iii) may interfere with ribosome
function, altering translation, and (iv) inhibit DNA replication [56]. The antimicrobial effect
of AgNPs may be different in microscopic fungi, especially due to the cellular wall and
nature of these microorganisms. However, such NPs could be tailored to efficiently target
yeasts and pathogenic fungi [57,58].

After analysing antimicrobial results, we performed the in vitro cytotoxicity assess-
ment (Figures 10 and 11).
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Figure 10. Micrographs showing the morphology of HaCaT cells grown in the presence of Coll CMC with various AgNPs
concentration or silver free (control) nanomodified biocomposites. The porous materials were cut with a biopsy driller with
a diameter of 4 mm before impregnation.
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Figure 11. The cell cycle analysis of HaCaT cells maintained for 72 h with Coll CMC Ag 20G impregnated sample: (a)
Overlayed histogram, (b) graphical analysis; the porous materials were cut with a biopsy driller with a diameter of 4, 6, and
8 mm before impregnation.

The 24-h cell viability assessment using the CellTiter kit showed that HaCaT cells were
not affected by the presence of the analyzed Coll CMC Ag samples. This observation was
also supported by the propidium iodide stain. Cell morphology and their adherent state are
maintained, the fluorescent microscopy analysis showing that their aspect is similar to the
untreated control (Figure 10). On the other hand, the cell cycle evaluation showed a slight
increase in the S and G2/M phases at 72 h (Figure 11). These increases were correlated with
the increase of the diameter of the tested biocomposite and with the increase of the silver
in the product, respectively. It was already noticed that the silver nanoparticles induce
G2/M cell cycle arrest and strong toxicity [59,60]. However, the accumulation of cells in
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the subG1 phase associated with the irreversible damage and cell death was not observed
in our analysis. That means that the obtained biocomposites can be used in long time
treatments, with no cytotoxic effects.

Our data reveal that the designed composite materials could be efficiently utilized as
antimicrobial dressings, with stable biological properties and no cytotoxicity for at least
24 h.

4. Conclusions

The combination of AgNPs with the traditional antimicrobial treatment strategy rep-
resents great opportunities in nanomedicine, especially in the case of burns and chronic
wounds because they can considerably affect the lives of patients, sometimes leading
to death. By adding silver nanoparticles to a biocomposite material based on natural
and synthetic polymers, innovative dressings are obtained and provide an ideal environ-
ment to avoid further development of microbial infections. Thus, freeze-dried collagen-
carboxymethylcellulose biocomposite dressings with various amounts of 100 ppm colloidal
silver nanoparticle solution were obtained. Ag was chemically synthesized through an
effective and easy method, resulting nanoparticles with truncated triangular and poly-
hedral morphologies. Based on the information provided by the swelling ratio, open
porosity and enzymatic degradation capacity, it has been confirmed that the cross-linked
dressings absorbed a greater amount of SBF and they were more difficult to degrade in
a collagenase solution. The porous nature of the obtained biocomposites was confirmed
through SEM analysis, highlighting the interconnected collagen fibers and micrometric
pores, with homogenous distribution of silver nanoparticles in the polymeric matrix. Both
qualitative and quantitative assessments of the antimicrobial potential revealed that the
silver containing materials inhibit the growth of bacteria more than fungi, with enhanced
activity against E. coli and S. aureus.

Our results support the idea that the nanostructured composite polymeric materials
containing AgNPs are biocompatible and thus successful candidates for the development of
efficient dressings, which may assist the therapy of various wounds. Further studies will be
focused on determining the release kinetics of silver ions and the associated antimicrobial
potential of the obtained solutions.
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