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in rats
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Abstract
Biocompatibility of materials is one of the most important conditions for their successful application in tissue regeneration
and repair. Cell-surface interactions stimulate adhesion and activation of macrophages whose acquaintance can assist in
designing novel biomaterials that promote favorable macrophage–biomaterial surface interactions for clinical application.
This study is designed to determine the distribution and number of macrophages as a means of biocompatibility evaluation
of two newly synthesized materials [silver/poly(vinyl alcohol) (Ag/PVA) and silver/poly(vinyl alcohol)/graphene (Ag/PVA/
Gr) nanocomposite hydrogels] in vivo, with approval of the Ethics Committee of the Faculty of Veterinary Medicine,
University of Belgrade. Macrophages and giant cells were analyzed in tissue sections stained by routine H&E and im-
munohistochemical methods (CD68+). Statistical relevance was determined in the statistical software package SPSS 20
(IBM corp). The results of the study in terms of the number of giant cells localized around the implant showed that their
number was highest on the seventh postoperative day (p.o.d.) in the group implanted with Ag/PVA hydrogels, and on the
30th p.o.d. in the group implanted with Ag/PVA/Gr. Interestingly, the number of macrophages measured in the capsular and
pericapsular space was highest in the group implanted with the commercial Suprasorb© material. The increased mac-
rophage number, registered around the Ag/PVA/Gr implant on 60th p.o.d. indicates that the addition of graphene can, in a
specific way, modulate different biological responses of tissues in the process of wound healing, regeneration, and
integration.
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Introduction

In accordance with the standard ISO-10993-1, Annex A, for
implanted materials,1 it is mandatory to determine the
physicochemical characteristics and cytotoxicity, and it is
necessary in further proceedings to include testing of tissue
sensitization, tissue irritation response, systemic acute
toxicity, chronic toxicity, histocompatibility, genotoxicity,
carcinogenicity, biodegradation, and more, depending on
the purpose in clinical trials.2 Creating new materials,
whose number has greatly increased following technolog-
ical advances,3–6 requires new standards for biocompati-
bility testing.7 In that sense, it is proposed to examine
cytotoxicity on specific cell lines (in vitro).8,9 Finally, the
most important step is to evaluate the tissue response in
vivo, after implanting biomaterials in various animal models

(large differences exist between animal species) prior to
clinical use in human or veterinary medicine.10–16
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The evaluations include the foreign body reaction (FBR),
inflammation, encapsulation, and the accumulation of
macrophages in the periimplant zone.11,13,17,18 Evaluation
of any new PVA biomaterials for wound dressing requires
analysis of the tissue reaction to the implanted
material.5,19–23 The introduction of silver nanoparticles
(AgNPs) into polymer hydrogels increases their antimi-
crobial activity,14,24–29 while the incorporation of graphene
(Gr) improves mechanical properties.30–33 In our long-term
research, newly synthesized and previously in vitro char-
acterized AgNP-loaded PVA-based polymer hydrogels
were used10,34 and then their biocompatibility was proven in
vivo.11 The type of tissue response to biomaterials depends
on the nature,35 structure, size and form of the implanted
biomaterials,36 the tissue area of implantation, and period of
observation after implantation.11,14,37 The FBR is followed
bylocal inflammatory tissue response provoked by both the
surgical incision and the presence of the biomaterial in the
body, after which wound regeneration processes and fibrous
encapsulation of the implanted materials begin.18,38,39 The
FBR includes a complex cascade of space-depended, in-
terconnected processes such as triggering signals (soluble
mediators—growth factors, cytokines, chemokines, and
matrix metalloproteinases and their inhibitors) followed by
cellular activation, involving inflammatory cells, angio-
genesis, extravasation, cell migration, phagocytosis, and
changes that occur in the biomaterial itself.40

Neutrophils are one of the first inflammatory cells that
arrive at the implant site11 and they have a crucial role which
is reflected in the production of chemokines which attract
other inflammatory cells, including monocytes.41 The
presence of neutrophils is followed by the expression of
monocyte attractant chemokines MCP1 and MIP1α that act
as pro-inflammatory regulators and through mediation with
other pro-inflammatory factors (IL6 and IFN-γ) promote
macrophage activation and their phagocytic behavior.42

The macrophage is an indicator of increased host pro-
tection against foreign bodies, acting as a phagocyte, en-
gulfs small particles of foreign substances. In the case of
larger materials such as implants, macrophages cannot
absorb them, so they fuse together and form foreign body
giant cells (FBGC).43 The formation of these giant cells is
mediated by the IFN-γ-induced TIMP-1 expression that
stimulates secretion of IL-1 which in turn stimulates IL-13
synthesis that drives macrophage fusion.44 Degradable
biomaterials can be absorbed by phagosomes, or degrade
over time, with or without the involvement of FBGC.
Macrophages’ responses to, and interactions with bioma-
terials, are not entirely understood currently.45 In order for
the material–cell interface to act optimally, specific per-
formance of the FBR is required.42 The biomaterial should
provide a biomimetic environment to ensure cell survival
and directed cell migration to ensure that relevant cells
migrate to and adhere to the implant.41,46 Macrophages take

part in tissue remodeling that directly impacts the tissue
repair process.47,48 Nanotechnology and biomaterial sci-
ence can greatly contribute to the design of devices for
specific clinical needs, and the introduction of Gr has been
shown to have various applications in medicine.37 For
example, Gr or carbon nanotubes, owing to their specific
properties, have enormous potential as wound dressing
fillers.49,50 Graphene has even been used for the synthesis
antibacterial nanomaterials; however, the specific mecha-
nistic aspects of its antibacterial activity are still generally
unknown and debatable.51 Therefore, there is absolutely a
great need for in vivo studies and extensive testing for all
new graphene-based biomaterials intended for medical
practice, in order to investigate the connection of these
implantable biomaterials with the cellular components of
the tissue reaction.11 The in vivo data should provide the
necessary evidences and enable development of better
technologies for developing novel and biocompatible de-
vices for clinical use.46,52

Our investigation is focused on the main cellular marker
of biocompatibility, the macrophage, and aims to determine
macrophage number and distribution around the implanted
material in the rats’ subcutaneous tissue by using histo-
morphometrical and histological methods.

Material and methods

Two hydrogels—silver/poly(vinyl alcohol) (Ag/PVA) and
silver/poly(vinyl alcohol)/graphene (Ag/PVA/Gr)—were
synthesized according to our original procedure presented in
detail in the next paragraph, aimed for wound dressing. The
soft tissue response to deep subcutaneous implants of Ag/
PVA and Ag/PVA/Gr was monitored and compared to the
reaction to a commercial wound dressing based on calcium
alginate (Suprasorb©, Lohmann& Rauscher GmbH & Co.
KG, Neuwied, Germany).

Electrochemical synthesis and characterization
methods of nanocomposite Ag/PVA and Ag/PVA/
Gr hydrogels

Silver/poly(vinyl alcohol) and silver/poly(vinyl alcohol)/
graphene hydrogels were synthesized according to a care-
fully designed procedure that has been described in detail in
our previous publications.10,12,33 Briefly, the PVA and PVA/
Gr colloid dispersions were first prepared by dissolution of
10 wt.% PVA in hot distilled water (90°C), whereas
0.01 wt.% graphene was added after cooling to obtain PVA/
Gr dispersion. The components were mixed for several
cycles by using magnetic stirring and sonication, until
complete homogeneity was achieved. Afterward, the colloid
dispersions were poured onto sterile Petri dishes up to 2 mm
height and subjected to freezing and thawing cycles (five
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cycles consisting of 16 h at �18°C and 8 h at +4°C) to
obtain cross-linked hydrogels that were later cut into small
discs (5 mm diameter) using a custom-made cutting tool.
Thus, obtained hydrogel discs were loaded with silver ion
precursor by swelling in 0.25 mM AgNO3 solution (sup-
plemented with 0.1 M KNO3 to improve ionic conduc-
tivity). After 48 h of swelling, the hydrogels were placed
inside a custom-designed electrochemical cell between two
platinum electrodes, and subjected to 90 V constant voltage
for 4 min to achieve reduction of Ag+ and generate AgNPs
directly inside the polymer matrix (in situ). The schematic
representation of the hydrogels’ preparation and the AgNPs
electrochemical synthesis is presented in Figure 1.

Characterizations. Field-emission scanning electron mi-
croscopy (FE-SEM) was employed in order to confirm the
successful synthesis of AgNPs, and the imaging was

carried out using LEO SUPRA 55 microscope (Carl Zeiss,
Germany) operated at acceleration voltage of 20 kV. UV-
visible spectroscopy was performed using CARY 300 Bio
spectrophotometer (Varian Medical Systems Inc., Palo
Alto, CA, USA) in 200–800 nm wavelength range, and
the resulting peaks at ≈400 nm also confirmed the gen-
eration of AgNPs in Ag/PVA and Ag/PVA/Gr hydrogel
matrices.

Silver was released from Ag/PVA and Ag/PVA/Gr in a
phosphate buffer (PB) solution containing 0.39 mM
KH2PO4 and 0.61 mMK2HPO4, at 37°C for 28 days, during
which the PB medium was periodically replaced, and the
removed solutions were analyzed using atomic absorption
spectrometer (AAS) PYU UNICAM SP9 (Philips, the
Netherlands). The total silver content was measured by
treating the hydrogels with 1:1 (v/v) HNO3 until they were
completely dissolved.

Figure 1. Schematic representation of the freezing/thawing cross linking and the electrochemical in situ synthesis of AgNPs inside
Ag/PVA and Ag/PVA/Gr hydrogels.
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The sorption characteristics of PVA, PVA/Gr, Ag/PVA,
and Ag/PVA/Gr hydrogel discs were investigated by drying
the hydrogels to a constant weight, and subsequently im-
mersing them in simulated body fluid (SBF), as a model
physiological medium, at 37°C, until equilibrium (constant
weight) was reached. The swelling was monitored gravi-
metrically, by weighing the hydrogels at predetermined
periods of immersion in SBF. The swelling ratios, qt, were
also calculated as the difference of the hydrogel mass at the
defined time, mt, and the mass of the dried gel before the
experiment, m0, divided by m0 (equation (1)).

qtð%Þ ¼ mt � m0

m0
× 100 (1)

The (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was employed to evaluate the bio-
compatibility, that is, the cytotoxic effect of Ag/PVA and Ag/
PVA/Gr hydrogels toward peripheral blood mononuclear cells
(PBMCs) as well as the PBMCs that were stimulated to
proliferation by phytohemagglutinin (PHA). The PBMCs
were seeded in 24-well plates in nutrient medium, along with
the samples of PVA, PVA/Gr, Ag/PVA, and Ag/PVA/Gr
hydrogels, which were previously sterilized under UV-C
lamp. The blank sample was a pure nutrient medium,
whereas the cell suspension served as control. The second
round of experiments was performed on proliferation-
stimulated PBMCs. The entire experimental procedure was
the same, except for the addition of mitogen PHA that was
used to stimulate the PBMCs to proliferation. The cell viability
was performed using the standard MTT assay, based on re-
duction of the yellow tetrazolium dyeMTT to purple formazan
inside viable cells’ mitochondria. The cell survival rate was
determined by measuring the absorbance at 570 nm using
Multiskan EX Thermo Lab systems spectrophotometer
(Thermo Scientific, USA), and viability was expressed as a
percentage relative to the control.

The antibacterial activity was determined using two
typical skin infection-inducing bacterial strains—Staphy-
lococcus aureus TL (Gram positive) and Escherichia coli
ATCC25922 (Gram negative) by standard broth-dilution
test in suspension. Hydrogel discs were cut into ∼1 mm3

cubes and sterilized under UV-C lamp, after which they
were immersed in a PB medium inoculated with bacterial
cultures, and the number of bacteria after 1 h, 3 h, and 24 h
of incubation at 37°C, using a colony counter. The number
of viable bacterial cells was expressed as log (CFU mL�1).

Experimental animals and hydrogel
implantation procedure

Sixteen rats (Albino strain, Wistar breed), female, 3 months
old, were used for subcutaneous implantation of the hy-
drogels, with the permission of the Ethics Committee of the

Faculty of Veterinary Medicine, University of Belgrade.
The materials used were as follows: Ag/PVA and Ag/PVA/
Gr nanocomposite hydrogels prepared in the form of discs
with a diameter of 5 mm and a thickness of 2 mm, as well as
a commercial wound dressing based on calcium alginate,
Suprasorb©. A small incision parallel to the spinal column
was made and four pockets 0.5 cm in diameter were made
deep in the subcutis into which the three appropriate im-
plants were inserted. A fourth wound at the same distance
and depth was made (pseudooperation zone) and it served
for comparing the typical tissue reaction of an ordinary
wound with the tissue reaction around the implant. All
samples were controlled by observing the intact skin of the
same animal, taken from the dorsal zone of the cervical
region.

Surgical implantation technique

The implantation procedure was performed under general
injection anesthesia, by intraperitoneal administration of
75 mg/kg ketamine hydrochloride (Ketamidor 10%,
100 mg/mL, RICHTER PHARMA AG, Austria) and
10 mg/kg xylazine (Xylased 2%, BIOVETA, Czech Re-
public). Prior to the procedure, butorphanol, 1 mg/kg
(Nembutal, OAK) was administered subcutaneously for
analgaesia. After the anesthesia, the operative site was
shaved and disinfected with a solution of povidone-iodide.
During preparation and operation procedure, the experi-
mental animals were under constant monitoring by using a
veterinary monitor (Votem v7 Patient-monitor, Korea). The
animals were sacrificed by intraperitoneal injection of
pentobarbitone solution, 160 mg/kg (Euthasol 400 mg/mL,
Produlab BV, the Netherlands). After that, samples for
histological analyses were taken from the implantation area,
collected on the 7th, 15th, 30th, and 60th day after bio-
material implantation.

Preparation of histological specimens

The samples were prepared for histological analysis by
routine procedure which included fixation in 4% neutral
buffered formalin solution, followed by dehydration, clar-
ification, impregnation, and paraffin/paraplast molding
(Bio-Plast plus, BioOptica, Italy). Tissue samples were cut
using a microtome (RM 2255, Leica Microsystems GmbH,
Frankfurt, Germany). Tissue sections 4–5 μm thick were
mounted on special glass plates coated with a strong ad-
hesive (SuperFrost Plus, Dako, Germany), then stained with
standard hematoxylin and eosin procedure (H&E). Mac-
rophages and giant cells were counted around each implant,
on 8–10 successive tissue sections stained with routine
H&E and immunohistochemical methods (CD68+) (Bio
RAD, CA, USA, MCA34 1R).
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The number of giant cells was expressed as the total
number of cells localized in a 10 mm zone around the
implant on each tissue section analyzed. Considering the
variable size of giant cells around different implants, a semi-
quantitative estimate was made as in what percentage of
giant cells occupy the circumference of the ellipse, as
follows: 0, no giant cells; 1+, up to 10% of the volume of the
ellipse is occupied by giant cells; 2+, 11–30% of the volume
of the ellipse is occupied by giant cells; 3+, 31–50% of the
volume of the ellipse is occupied by giant cells; 4+, from 51
to 80% of the volume of the ellipse is occupied by giant
cells; and 5+, over 80% of the volume of the ellipse is
occupied by giant cells. All of these measurements were
performed on a standard Olympus CX31 microscope and
processed with the CellSens Entry morphometric mea-
surement software (Olympus, Tokyo, Japan). Histological
specimens were recorded with an Olympus UC50 digital
camera.

Determination of macrophage abundance (CD
68 positive)

Macrophages stained with CD68+ were marked in intact
skin tissue and in periimplantation subcutaneous connective
tissue around the biomaterials, as well as in the incision
wound zone. The distinction among number of macro-
phages was performed in the capsule tissue formed around
the hydrogel implant, as well as in the periimplant zone that
directly bordered the capsule. Visualization of these markers
was performed using a highly sensitive and specific two-
stage indirect immunohistochemical technique using a
dextran polymer to which secondary antibodies were di-
rectly bound in large numbers and which were labeled with
radish peroxidase (Thermo Scientific UltraVision LP De-
tection System/HRP Chrome Polymer & DAB TL-060-HD,
Lab Vision, USA). To visualize the antigen–antibody re-
action, 3,30-diaminobenzidine (Liquid DAB + Substrate
Chromogen System, Dako, CA, USA) was used as a
chromogen. Tissue sections were contrasted with Mayer’s
hematoxylin (Merck, Germany) and then mounted with a
fitting medium (DPX). A commercial solvent was used to
dissolve all the primary antisera (Dako Antibody diluent,
S0809, Dako, Denmark), and 0.1 M PB pH 7.4 was used to
wash the preparation between steps during the IHH staining
procedure. The number of macrophages was determined in
the dermis of the skin samples with implanted hydrogels, in
the connective tissue capsule around the implant and in the
subcutaneous connective tissue immediately surrounding
the capsule (pericapsular zone) and expressed as the number
of CD68+ cells per mm2 of surface area. Cells were counted
in five representative areas of each sample. The measure-
ment was performed with the Leica University Suite soft-
ware system, version 4.3 (Leica Microsystems, Germany),

on a Letz Labor Lux S Fluorescence Microscope (Ernst
LeitzWetzlar GMBH, Germany). Histological specimens
were recorded with a Leica DFC295 digital camera (Leica,
Germany) (Figure 2).

Statistical processing of the results

From the data collected in the experimental research, a file
was formed in the statistical software package SPSS 20
(IBM corp.) All results were expressed as mean ± SD. The
minimum level of statistical significance was established at
the level of p < 0.05. Descriptive and analytical statistics
methods were applied. From descriptive statistical methods,
measures of central tendency, and measures of variability
were used, and from analytical statistical methods, analysis
of variance for repeated measurements was used, within the
general linear model. The results are presented in tables and
graphs.

Results

Ag/PVA and Ag/PVA/Gr hydrogels characterization

The obtained Ag/PVA and Ag/PVA/Gr hydrogels with
electrochemically synthesized AgNPs were fully character-
ized by different physicochemical and in vitro biological
techniques, prior to the in vivo experiments. The successful
AgNPs synthesis and incorporation was proven by FE-SEM.
As can be seen from Figure 3, the AgNPs of approximately
20–50 nm are embedded in the polymer matrices. Using UV-
visible spectroscopy, from the characteristic peaks at
≈408 nm for Ag/PVA and ≈405 nm for Ag/PVA/Gr) (data not
shown) representing the surface plasmon resonance band of
the AgNPs,33 the AgNPs incorporation was additionally
confirmed. These unique optical properties of AgNPs also
caused the characteristic yellowish-brown color of the
nanocomposite hydrogels (Figure 1).

The silver release behavior was monitored in modified
phosphate buffered solution at 37°C using AAS and a
characteristic “burst” effect was observed in the initial 3–
5 days period, as shown in Table 1. The initial concentration
of silver inside the hydrogel matrices was measured to be
41.3 ± 8.0 mg dm�3 in Ag/PVA and 28.2 ± 1.7 mg dm�3 in
Ag/PVA/Gr, whereas it decreased to 27.1 ± 5.4 mg dm�3

and 18.5 ± 3.0 mg dm�3, respectively, after 5 days of re-
lease. This burst release behavior is particularly important
since it helps prevent adhesion of bacteria immediately
upon wound dressing or soft tissue implant application.
However, continuous silver release in the long-term
(28 days) was also observed, as evidenced by the fact
that only 13.3 ± 3.8 mg dm�3 and 9.7 ± 3.6 mg dm�3

remained in the Ag/PVA and Ag/PVA/Gr hydrogels, re-
spectively, after 28 days (Table 1), confirming that up to
60–70% of the total silver concentration was released during
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this observed period, which is undeniably desirable to pre-
vent biofilm formation and preserve sterility over time.

Another quite important property for wound dressing hy-
drogel materials is their swelling ability, that is, their behavior
during sorption of wound exudates. As described above, the
swelling ability of PVA, PVA/Gr, Ag/PVA, and Ag/PVA/Gr
hydrogels was investigated in SBF at 37oC. The obtained
masses, mt, and swelling ratios, qt, are presented in Table 2 for
all four types of hydrogels. The measured swelling ratios re-
vealed that the hydrogels initially swell very quickly and reach
almost two times their initial dry weight during the first 24 h (qt
≈ 100%). Furthermore, the equilibrium swelling ratios reached
after 72 h are between 200 and 300%, attesting to the excellent
ability of these hydrogels to absorb and retain moisture, which
is certainly beneficial for wound healing. It could also be
observed from Table 2 that the equilibrium swelling ratios are
lower for hydrogels loaded with AgNPs (≈228% and ≈212%
for Ag/PVA and Ag/PVA/Gr, respectively), compared to pure

PVA (≈233%) and PVA/Gr (≈261%), indicating that the
presence of AgNPs contributes to the rigidity of the polymer
matrix and slightly hinders swelling.

Furthermore, the in vitro biological assays were per-
formed in order to assess the appropriateness of the syn-
thesized nanocomposite hydrogels for intended
applications. The cytotoxicity results confirmed good bio-
compatibility of the AgNP-loaded hydrogels, as the via-
bility of both proliferating and non-proliferating cells
remained always close to or above 70%, as shown in
Table 3. According to a cytototoxicity scale,53 the materials
exhibiting cell viability of 60–90% could be classified as
only mildly cytotoxic, confirming that the synthesized
AgNP-loaded hydrogels are safe for biomedical use.

Based on the antibacterial activity investigations, the Ag/
PVA and Ag/PVA/Gr hydrogels manifested potent and rapid
antibacterial effect, completely eradicating S. aureus TL
colonies after 3 h post-incubation and E. coli ATCC25922

Figure 2. Giant cell andmacrophage determination, (dot – capsule, Gc – giant cell, star – implant location, Mp - macrophage), H&E – a, c;
Immunohistochemistry CD 68 – b, d; bar: 20 μm.
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after only 1 h incubation period (Figure 4). All these in vitro
results pointed to significant potential of the nanocomposite
Ag/PVA and Ag/PVA/Gr hydrogels for biomedical appli-
cations, especially for active antibacterial wound dressings
or soft tissue implants, so the logical next step was in-depth
examination of their in vivo responses in animal model.

Giant cells around the foreign body (different
hydrogels implants) localized in the
subcutaneous tissue

The presence of giant cells around the foreign body localized
around the subcutaneously implanted hydrogels (Ag/PVA,Ag/
PVA/Gr and Suprasorb©) during postoperative follow-up (day
7, day 15, day 30, and day 60) is shown in Figure 5(a). The
results of the giant cells number study, localized around the
implant, showed that the number of these cells was highest
on the 7th p.o.d. in the group implanted with Ag/PVA
and Suprasorb© (Figure 5(b), (c), (f) and (g)). With the

newAg/PVA/Grmaterial, a gradual increase of giant formations
is observed from day 7 to day 30 when it reaches peak (Figure
5(a) and (d)). On the 60th p.o.d., the number of giant cells drops
by 45% compared to day 30 (Figure 5(e)). In the group im-
plantedwith Ag/PVA, the periimplant connective tissue analysis
showed that giant cells’ number reached a peak on the seventh
day p.o.d. and then declined, maintaining similar values on the
15th and 30th day p.o.d. and then statistically significantly
decreasing on day 60th p.o.d. In the case of Suprasorb©

preparation, the giant cell population numbers are highest on the
7th p.o.d. and successively and uniformly decrease toward day
60 p.o.d., although it should be noted that the total values in this
category are three and four times lower compared to the values
gained for the other biomaterials (Ag/PVA and Ag/PVA/Gr)
(Table 4). In contrast, in the case of Ag/PVA/Gr implants, the
number of giant cells increased linearly until the 30th p.o.d., to
be significantly reduced on the 60th p.o.d. (Table 4 and Figure
5(a), (d) and (e)). However, the number of giant cells around
Ag/PVA/Gr implants at the end of the follow-up period, on
the 60th p.o.d., was significantly higher (9.9360 ± 1.9030)
compared to the same number in Ag/PVA implantation (3.8835
± 0.7822) and Suprasorb© (1.9030 ± 0.7054). Also, compared
to Suprasorb©, the number of giant cells at the end of the follow-
up period was higher in the case of Ag/PVA implant (Table 4).

Macrophages in the periimplant zone after
subcutaneous application of silver/poly vinyl alcohol,
silver/poly vinyl alcohol/graphene and suprasorb©

The number of macrophages in the connective tissue capsule
and pericapsular connective tissue after subcutaneous im-
plantation of the different hydrogels at different time pe-
riods during the postoperative monitoring period is shown in

Figure 3. Field-emission scanning electron microscopy
microphotographs of (a) Ag/PVA and (b) Ag/PVA/Gr hydrogels
with marked representative silver nanoparticles and the
surrounding polymer matrix.

Table 1. The silver release profiles, presented as silver
concentration remaining in the hydrogel, cAg, versus time of silver
release, t, in the phosphate buffered solution at 37°C, for Ag/PVA
and Ag/PVA/Gr hydrogels.

0.25 Ag/PVA 0.25 Ag/PVA/Gr

t (day) cAg (mg dm�3)

0 41.3 ± 8.0 28.2 ± 1.7
1 33.6 ± 5.8 23.7 ± 2.1
2 30.8 ± 5.3 21.5 ± 2.8
3 29.4 ± 5.3 20.5 ± 2.9
4 28.2 ± 5.4 19.5 ± 3.0
5 27.1 ± 5.4 18.5 ± 3.0
6 25.9 ± 5.3 17.7 ± 3.1
7 24.3 ± 5.3 16.4 ± 3.1
12 21.7 ± 4.8 14.4 ± 3.6
16 19.3 ± 4.0 13.0 ± 3.3
21 16.7 ± 3.4 11.3 ± 3.2
28 13.3 ± 3.8 9.7 ± 3.6
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(Figure 6(a) and (b)). High result values in both connective
tissue categories around the Suprasorb© implant (capsular and
pericapsular) were expected, considering the nature of the
commercial calcium alginate material, which is easily de-
composed in the extracellular matrix of the dermis (Figure 6(e),
(h), (k) and (n)). The structure of the polyvinyl hydrogels
enriched with silver and graphene particles stimulate capsule
formation and collagenation, increasing leukocyte infiltration.
Macrophages are present in all the periods and throughout all
skin regeneration phases (Figure 6(c), (d), (f), (g), (i), (j), (l) and
(m)). Differences in macrophage number at different time
periods are in accordance with the expected tissue response to

Table 2. The swelling profiles, representing the time dependence of the hydrogel mass, mt, as well as the swelling ratio, qt, during
swelling in the SBF medium at 37°C, for PVA, PVA/Gr, Ag/PVA and Ag/PVA/Gr hydrogels.

PVA PVA/Gr Ag/PVA Ag/PVA/Gr

t (h) mt (g) qt (%) mt (g) qt (%) mt (g) qt (%) mt (g) qt (%)

0 0.0513 0.0 0.0510 0.0 0.0544 0.0 0.0661 0.0
1 0.1100 114.4 0.1017 99.4 0.0993 82.5 0.1146 73.4
2 0.1314 156.1 0.1239 142.9 0.1101 102.4 0.1422 115.1
3 0.1415 175.8 0.1405 175.5 0.1380 153.7 0.1477 123.4
4 0.1547 201.6 0.1442 182.7 0.1466 169.5 0.1640 148.1
5 0.1561 204.3 0.1576 209.0 0.1528 180.9 0.1703 157.6
6 0.1592 210.3 0.1599 213.5 0.1554 185.7 0.1816 174.7
7 0.1622 216.2 0.1616 216.9 0.1585 191.4 0.1887 185.5
8 0.1666 224.8 0.1676 228.6 0.1597 193.6 0.1911 189.1
9 0.1670 225.5 0.1725 238.2 0.1634 200.4 0.1918 190.2
10 0.1672 225.9 0.1746 242.4 0.1654 204.0 0.1922 190.8
11 0.1675 226.5 0.1765 246.1 0.1721 216.4 0.1927 191.5
12 0.1732 237.6 0.1784 249.8 0.1756 222.8 0.1964 197.1
24 0.1707 232.7 0.1846 262.0 0.1762 223.9 0.1977 199.1
36 0.1710 233.3 0.1848 262.4 0.1783 227.8 0.2014 204.7
48 0.1704 232.2 0.1844 261.6 0.1836 237.5 0.2065 212.4
60 0.1706 232.6 0.1845 261.8 0.1801 231.1 0.2061 211.8
72 0.1708 232.9 0.1841 261.0 0.1782 227.6 0.2060 211.6

Table 3. MTT cytotoxicity assay results for PVA, PVA/Gr, Ag/
PVA and Ag/PVA/Gr hydrogels representing the cell viability data
for non-proliferating PBMC cells as well as PBMC cells stimulated
to proliferation by PHA.

Cell viability (%)

Hydrogel PBMC PBMC + PHA

PVA 90.8 ± 0.9 84.0 ± 7.9
PVA/Gr 84.2 ± 6.7 72.7 ± 6.2
Ag/PVA 82.5 ± 5.4 75.6 ± 8.3
Ag/PVA/Gr 69.4 ± 15.3 68.0 ± 14.9

Ag/PVA: silver/poly(vinyl alcohol); Ag/PVA/Gr: silver/poly(vinyl alcohol)/
graphene; PHA: phytohemagglutinin; PBMC: peripheral bloodmononuclear
cell.

Figure 4. Antibacterial properties of PVA, PVA/Gr, Ag/PVA and
Ag/PVA/Gr hydrogels against (a) Staphylococcus aureus TL and
(b) Escherichia coli ATCC25922 bacterial strains.
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Figure 5. (a) Giant cells around the foreign body (dot – capsule, star – implant location, Gc – giant cells), Ag/PVA, 7th and 60th p.o.d. (b,
c); Ag/PVA/Gr, seventh and sixtieth p.o.d. (d, e); Suprasorb©, 7th and 60th p.o.d. (f, g). Bar: 100 μm, black bordered frames represent
area under high magnification – bar: 20 μm.
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the implanted materials. Thus, the increased number of mac-
rophages in the periimplant connective tissue surrounding the
Ag/PVA/Gr material, on the 15th p.o.d. is a part of the
physiological skin healing process during the chronic stage of
wound inflammation, followed by phagocytosis which is de-
sirable tissue reaction to a foreign body (Figure 6(a), (b) and
(g)).The number of macrophages in the capsule and peri-
capsular connective tissue in all observed periods was generally
highest in the group implanted with Suprasorb©, in regard to
the Ag/PVA and Ag/PVA/Gr implants (Figure 6(a) and (b)).
The number ofmacrophages in the capsule and pericapsular zone
was highest in the group implanted with Suprasorb© on the
seventh p.o.d. compared to the other twohydrogels and decreased
slightly during the follow-up period (Figure 6(e)). Furthermore, in
all the groups, the capsule was more densely infiltrated by
macrophages in relation to the pericapsular zone. In the group
implanted with Ag/PVA, the macrophage infiltration density of
the connective tissue capsulewas initially lower on the 7th and on
the 15th p.o.d. it gradually increased, so that macrophages on the
30th p.o.d. infiltrated the capsule in a similar manner as they did
in the group implanted with Suprasorb©.However, such a trend
did not continue in the 60th p.o.d. since the density of macro-
phages’ infiltration of the capsule around Ag/PVA was signifi-
cantly lower in the same time period in the group implanted with
Suprasorb© (Figure 6 (l) and (n)). In the group implanted with
Ag/PVA/Gr, the density of macrophage infiltration of the con-
nective tissue capsule was significantly lower on the 30th p.o.d.
compared to the infiltration of the capsule around Suprasorb© in
the same period (Figure 6(j) and (k)). The capsule around Su-
prasorb© was not as clearly defined as the capsules around the
other hydrogels, on the 7th, 15th, and 30th p.o.d.

Discussion

In one of our previous research studies, we used immuno-
histochemistry to analyze and visualize skin regenerative

processes after subcutaneous implantation of Ag/PVA and
novel Ag/PVA/Gr hydrogels in an animal model.54 The
biocompatibility markers’ in vivo evaluation demonstrated
tissue remodeling processes. We observed cellular and ex-
tracellular components such as laminins, vessel density and
angiogenesis in the wound bed, collagenization, capsu-
lation, fibroblast and keratinocyte migration, and prolif-
eration on the 7th, 15th, 30th, and 60th p.o.d. In the present
study we focused on macrophages as they are one of the
most important cells in the FBR. We presented a com-
parative analysis of three different biomaterials, two of
which have already been tested and have proven their
safety in vivo (Ag/PVA and the commercial Suprasorb©

implants) while the third material is new and untested and
was synthesized using advanced nanotechnology methods
Screening tests deal with results comparison of semi-
quantitative data and morphometric and immunohisto-
chemical methods which adhere to the criteria prescribed
by the standards used in the assessment of the Tissue Ir-
ritation Index (TIRI), that is, the degree of tissue damage.
In our study, it was reported that the tissue response pa-
rameters, tissue damage degree, and duration of tissue
recovery around the implant are significantly statistically
lower comparing to the tissue inflammatory reaction at the
surgical incision site (pseudooperation).11,13 Macrophages
are the basic parameter of these tissue changes, and their
number rises in the chronic phases of the wound healing
process.55 Collagenation, encapsulation, and magnifica-
tion of tissue macrophages are indicators of a receding
tissue reaction and its gradual recovery and healing.54,56

The renewal of the matrix components (collagen), the
restraint of the foreign body by encapsulation, and the
increase in macrophages and giant cells number are an
indicator of normal tissue defect regeneration.43,48 Thus,
an increase in the number of macrophages on the 15th and
30th day in our observation is an indicator of low to

Table 4. Statistical representation of foreign body giant cells localized around the implanted hydrogels, 7th, 15th, 30th, and 60th
postoperative day (p.o.d.).

Group Ag/PVA Ag/PVA/Gr Suprasorb©

1 X (mean value, N/10 mm) 19.1690 13.7450 5.3375
N 20 20 20
SD (standard deviation) 1.35787 3.61349 0.59266

2 X (mean value, N/10 mm) 16.2535 16.7660 3.5040
N 20 20 20
SD (standard deviation) 2.50949 2.94098 0.34235

3 X (mean value, N/10 mm) 15.8070 18.7240 2.5880
N 20 20 20
SD (standard deviation) 2.70025 0.88310 0.68795

4 X (mean value, N/10 mm) 3.8835 9.9360 1.9030
N 20 20 20
SD (standard deviation) 0.78217 1.23831 0.70542

1: 7th (p.o.d.); 2: 15th (p.o.d.); 3: 30th (p.o.d.); 4: 60th (p.o.d.); Ag/PVA: silver/poly(vinyl alcohol); Ag/PVA/Gr: silver/poly(vinyl alcohol)/graphene.
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Figure 6. (a, b) CD68+ positive macrophages in the connective tissue capsule and pericapsular connective tissue (Mp – macrophages,
star – implant location, black curved line – capsule, red curved line - pericapsular connective tissue), Ag/PVA, 7th, 15th, 30th, 60th
p.o.d., (c, f, i, l); Ag/PVA/Gr, 7th, 15th, 30th, 60th p.o.d., (d, g, j, m); Suprasorb©, 7th, 15th, 30th, 60th p.o.d., (e, h, k, n); bar: 20 μm.
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moderate tissue response at the implantation site, con-
sidering the gradations in the processing of TIRI.

Many researchers have been particularly interested in
studying the foreign body-type reaction characterized by
the accumulation of macrophages and giant cells (fused
macrophages) on the contact surface between implants and
surrounding tissue.57–60 It is believed that the increased
number of macrophages and giant cells is associated with
the increase in surface area of more voluminous implants,
depending on the size, shape, structure, and binding sur-
face at the point of contact.61–64 Proper interpretation of
the number of macrophages and giant cells in the peri-
implant zone is especially important today, when nano-
materials that have larger contact surfaces with the
surrounding tissue are increasingly used in tissue engi-
neering for scaffold construction.46,65 In line with this
opinion is Ratner’s proposal,7 which presents a new for-
mula for quantitative assessment of biocompatibility, ac-
cording to which biocompatibility is directly proportional
to the number of macrophages, among other criteria.66 We
interpreted the increasing number of macrophages and
giant cells in the periimplant zone of the Ag/PVA/Gr
material in all monitored time periods (7th, 15th, 30th,
and 60th p.o.d.) by using this formula. What we observed
is that macrophages appear very early after implantation
which is in agreement with the findings of other
autors.7,65,67–69 High numbers of macrophages in the
connective tissue around the commercial Suprasorb© were
expected, considering the nature of the calcium alginate
material which is easily decomposed in the dermis. The
structure of polyvinyl hydrogels that contain silver and
graphene materials should make a difference in the con-
nective tissue response, so a well-formed capsule, signs of
connective collagen production, and infiltration of leukocytes
are expected here, according to Ratner’s formula for bio-
compatibility assessment.7,21,54 Macrophages are present in
all observed time periods (7th, 15th, 30th, and 60th p.o.d.)
and follow the stages of skin regeneration. Differences in the
number of macrophages in the testing periods are in line with
expectations of the tissue response. Thus, it is interpreted that
the increased number of macrophages in the periimplantation
connective tissue around the newAg/PVA/Gr on the 15th and
30th p.o.d. corresponds to the processes of proper skin re-
covery in the chronic phase of wound inflammation,70 where
phagocytosis is expected and is a desirable host reaction to a
foreign body. The next stage of our researchwill deal with the
classification and quantification of the macrophage pheno-
type because many authors in recent years have shown the
importance of macrophage characterization. That is impor-
tant in clarifying dilemmas about the different reaction to
various implants, which is considered to have a connection
with different macrophages behavior that arises as a con-
sequence of other activation mechanisms of M1 and M2 line
populations.71–74

One of the constant issues that appear around some im-
plants is the inability of macrophages to eliminate inflam-
mation and their tendency to be in a state of so-called frustrated
phagocytosis. During the initial phase of inflammation, pro-
inflammatory macrophages (M1-polarized) induce an acute
reaction to trauma and foreign material, while tolerogenic anti-
inflammatory macrophages (M2-polarized) control the with-
drawal of inflammation and induce the next phase which is
healing.67 However, implanted materials can induce a mixed
pro and anti-inflammatory phenotype, and thus support the
maintenance of chronic inflammation followed by microor-
ganism infection and implantation failure.68 Therefore, the
immunomodulatory properties of implant coating materials in
the future should become part of personalized medicine (so-
called personalized implant therapies).66,67 M2 macrophages
are involved in the withdrawal of inflammation and wound
healing.66 They secrete TGF-β, PDGF, MMPs, CCL7, and
CCL8 which stimulate fibroblast proliferation, migration, and
activation and increase collagen synthesis in myofibroblasts,
thus promoting fibrosis.62,69,75 Some authors note that certain
factors released from M2 macrophages, such as CCL18 (CC
chemokine ligand 18), can sustain chronic inflammation and
delay healing.67–69

Conclusion

The present study focused on changes in the prevalence of
macrophages, as the primary cellular marker of foreign
body response in the biocompatibility assessment of various
implants. Macrophages were present in both the capsular
and pericapsular space, but were more numerous in the
capsular area. The numerical density of macrophages in
both the capsule and pericapsular connective tissue in-
creased significantly on the 7th and 15th p.o.d. around all
observed materials as expected for the chronic phase of the
tissue response. Observations on the 30th p.o.d. showed a
significant increase in the number of macrophages around
Ag/PVA compared to Ag/PVA/Gr. The number of macro-
phages on the 60th p.o.d. around Ag/PVA declined sig-
nificantly, but in the area of the novel AG/PVA/Gr it lowered
slightly. A striking finding in this period (60th p.o.d.) was
the higher abundance of macrophages in the tissue sur-
rounding AG/PVA/Gr compared to Ag/PVA. These dif-
ferences indicate that in the case of Ag/PVA/Gr a thicker
capsule is formed, significantly infiltrated by macrophages
and with a larger number of giant cells. Our conclusion is
that the addition of graphene to Ag/PVA achieved strong
and effective binding to the extracellular matrix elements
and affects signaling molecules in the tissue in such a way
that stimulates the activation of physical and chemical
bonds. As a result, a micro-environment is created which
plays a major role in shaping the biological response in a
specific way which modulates wound healing, regeneration,
and integration of biomaterials into the tissue. When
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comparing the tissue response stimulated by the newly
synthetized hydrogels with the commercial Suprasorb©, a
significant difference is evident. High number of macro-
phages were detected around and within Suprasorb© in all
observed time periods, which suggests that Suprasorb©

produces a different micro-environment in the tissue. The
physical and chemical properties and the microstructure of
Suprasorb© lead to its rapid and intense dissolving and
degrading in the tissue, followed by macrophages pene-
tration in the whole area of this biomaterial. The Suprasorb©

was intensively phagocytosed by the macrophages, and its
short duration in the tissue was confirmed by the low
number of giant cells. The biomaterials that persist in the
host tissue, as was the case with the observed hydrogels
which do are not dissolved and degraded so fast, create a
possibility for tissue recovery.
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53. Sjögren G, Sletten G andDahl JE. Cytotoxicity of dental alloys,
metals, and ceramics assessed by millipore filter, agar overlay,
and MTT tests. J Prosthet Dent 2000; 84(2): 229–236.
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