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Abstract

Nowadays, aesthetic concerns have gained attention,
especially by patients looking for a less invasive alternative
to minor facial corrections. Polymethylmethacrylate
(PMMA) is widely used as a soft tissue filler; the demand
for this polymer has increased, and along with it, there are
some reports of adverse reactions. Such adverse reactions
stem from consequences of immune and inflammatory
reactions to PMMA. Some animal models have been used

< Ruy de Souza Lino Jdnior
ruy @ufg.br

Anélia Cirqueira Milhomem
analiabmdc @gmail.com

Rodrigo Saar Gomes
rodrigosaar @ufg.br

Fernanda Dias Tomé
fernandadiast@gmail.com

Felipe dos Santos Arruda
arrudaf @gmail.com

Pablo Igor Ribeiro Franco
pablo_igor @hotmail.com

Eduardo Luiz da Costa
dreduardo @bioplastiabrasil.com

Jonathas Xavier Pereira
jonathasxp@gmail.com

Marina Clare Vinaud
mvinaud @ufg.br

Department of Biosciences and Technology , Institute of
Tropical Pathology and Public Health (IPTSP), Federal
University of Goias (UFG), Rua 235, s/n.° - Setor Leste
Universitario, Goiania, Goias, Brazil

2 Bioplastia Brasil, Rua T-55, n° 938, sala 1009; Edificio EBM
Walk Bueno — Setor Bueno, Goiania, Goias, Brazil

Published online: 06 January 2023

to unravel the causes of these reactions, among other fac-
tors involving the management of PMMA. The aim of this
study was to determine the immunogenic profile of PMMA
implantation in different anatomical planes of mice, over
up to 360 experimental days. In this study, BALB/c mice
were divided into 30 groups for immune evaluation of the
interaction between the organism and the polymer; 2%
PMMA was implanted subcutaneously, 10% intramuscu-
larly and 30% in periosteal juxtaposition and followed
during five experimental days (7, 30, 90, 180 and 360 days
after implantation-DAI). Pro- and anti-inflammatory
cytokines (IL-2, IL-4, IL-6, IFN-gamma, TNF, IL-17A, IL-
10 and TGF-beta) were quantified in all experimental days.
There was no statistical difference between the groups
analyzed considering the evaluated parameters. Therefore,
at all implanted depths, PMMA behaved inertly in a murine
model.
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Introduction

Bioplasty is the term that defines the application of poly-
methylmethacrylate (PMMA) to correct depressions in soft
tissues or bone volumes. It is a non-invasive and non-sur-
gical approach. Currently, this technique is widespread
around the world, and along with the increase in its
application, reports of adverse reactions to this polymer
have also grown [1, 2]. It is believed that these reactions
are the result of incompatibilities related to the biomaterial,
the patient or even the implantation technique [2, 3]. One
of the important factors in the post-implantation outcome is
the immunological reaction generated in the patient by the
presence of the polymer [3, 4].

Mostly, immunity to PMMA is activated from the
moment of its implantation, through the adsorption of
blood proteins on its surface, adhesion of macrophages
(MO) and activation of the complement system. Simulta-
neously, the coagulation cascade is activated and provi-
sional extracellular matrix (ECM) is formed around the
biomaterial. The damage-associated molecular patterns
(DAMPs) released at the time of implantation signal the
migration of mast cells and neutrophils, which degranulate,
activate MO, and acute inflammation sets in [5-9].

Between two and five weeks after implantation, the MO
are polarized in classically activated (M1) or alternatively
activated (M2) from the interaction with the ECM; CD4+
T lymphocytes potentiate MO differentiation and foreign
body giant cell (FBGC) formation. In parallel, MO activate
fibroblasts that phagocyte damaged tissue and stimulate the
formation of a fibrous capsule to isolate PMMA, charac-
terizing chronic inflammation [5-9]. Alarmins released by
tissue damage from polymer implantation also activate
inflammasomes, which, depending on how they are mod-
ulated, can exacerbate the pro-inflammatory reaction or
signal tissue repair [7].

FBGC, M1 and neutrophils are responsible for secreting
nitric oxide (NO) and other proteolytic enzymes. These
corrode the surface of the biomaterial and release molec-
ular patterns associated with biomaterials, the BAMPs,
which are considered by the body as alarmins, intensifying
the inflammatory reaction to the implant [10].

The formation of FBGC occurs due to the inability of
MO to phagocyte PMMA; thus, they fuse due to the
stimulation mainly from interleukin 4 (IL-4) and inter-
leukin 3 (IL-3) cytokines. The FBGC is more effective
against the polymer and protects against the apoptosis
mechanism. In up to 30 days, these cells secrete cytokines
such as interleukin 1 (IL-1), interleukin 6 (IL-6), inter-
leukin 8 (IL-8) and tumor necrosis factor (TNF), highly
pro-inflammatory components, in an attempt to degrade
and destroy the polymer. Subsequently, the FBGC begins
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to secrete regulatory cytokines, such as interleukin 10 (IL-
10) and the transforming growth factor beta (TGF-f); given
its inability to destroy the polymer, the organism converges
to its isolation. In this phase, neutrophils secrete extracel-
lular neutrophil traps (NETs), responsible for covering the
surface of the material and facilitating its recognition by
other cell types, such as MO [5-8, 11, 12].

The microenvironment of chronic inflammation associ-
ated with FBGC results in the formation of a fibrous capsule.
For this, M2 and fibroblasts secrete TGF-f, vascular
endothelial growth factor (VEGF) and platelet-derived
growth factor (PDGF). Additionally, metalloproteinases
(MMP) secreted by MO are also involved in ECM remod-
eling. Fibroblasts and endothelial cells produce collagen and
other proteins; MO, fibroblasts, collagen and angiogenesis
form the granulation tissue. Over time, this tissue matures
into a less cellular and more collagenous capsule and type III
collagen is gradually replaced by type I [5-8, 11]. However,
this immunological and inflammatory cascade is not always
triggered in this way, there are reports of adverse reactions,
and the reasons why these events occur are not fully eluci-
dated [4, 13, 14]. Experimental models serve as tools that
make it possible to unravel these events [11, 15-17].

Understanding the immunological factors responsible
for the biocompatibility and long-term stability of PMMA
is important to avoid further complications and allows
greater usability of this biomaterial. Therefore, the objec-
tive of this study was to describe the immunogenic profile
of PMMA implantation in different anatomical planes of
mice, over up to 360 experimental days.

Materials and Methods
Ethical Considerations

The Ethics Committee on the Use of Animals (CEUA) of
the Federal University of Goias (UFG) approved this study,
under protocol number 027/2017.

Experimental Design

Male BALB/c mice aged between 8 and 12 weeks and
weighing between 20 and 30 grams were used. Their
matrices were kept in the animal ‘s facilities of the Tropical
Pathology and Public Health Institute (IPTSP) in Federal
University of Goias (UFG), Brazil.

Three hundred animals were divided into 30 groups
(n=10), where the implantation of 2% PMMA in subcuta-
neous, 10% in intramuscular and 30% in juxta-periosteal
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Table 1: Experimental design considering implantation period,
anatomical plane and concentration of polymethylmethacrylate
(PMMA).

DAI Anatomical plane
- Subcutaneous Intramuscular Juxta-periosteal
7 CTS 7DAI CTI 7DAI CTJ7DAI
2%S TDAI 10%1 7DAI 30%J TDAI
30 CTS 30DAI CTI 30DAI CTJ 30DAI
2%S 30DAI 10%1 30DAI 30%J 30DAI
90 CTS 90DAI CTI 90DAI CTJ 90DAI
2%S 90DAI 10%1 90DAI 30%J 90DAI
180 CTS 180DAI CTI 180DAI CTJ 180DAI
2%S 180 DAI 10%I 180DAI 30%J 180DAI
360 CTS 360DAI CTI 360DAI CTJ 360DAI

2%S 360 DAI 10%I1 360DAI 30%J 360DAI

DAI days after implantation, S subcutaneous, / intramuscular, J pe-
riosteal juxtaposition, CTS control group of the subcutaneous region,
CTI control group of the intramuscular region, CTJ control group of
the juxta-periosteal region.

was performed over 5 experimental periods (7, 30, 90, 180
and 360 days after implantation-DAI). Such groups are
described in Table 1.

Implantation Procedure

Mice were randomly selected and anesthetized intraperi-
toneally with a solution of ketamine 100 mg/mL and
xylazine 20 mg/mL in the proportion of 0.1 mL/10 g of
animal weight. Then, they were shaved in the distal portion
of the hind limbs for implantation according to the gold
standard method of PMMA injection, tunneling [18].

1 uL of PMMA Linnea Safe® (Lots: 1608J, 1608G and 1608I)
was implanted in the right hind limb of the mice, varying the
implantation depth, to form the test groups, while in the con-
tralateral paw of these same animals, sterile 0.9% NaCl (1 pL)
was injected, varying the depth, to form the control groups.

Euthanasia

Upon completing 7, 30, 90, 180 or 360 DAI, euthanasia
was performed with a lethal dose of anesthetic (ketamine
300mg/kg + xylazine 30mg/kg intraperitoneally). The
right and left hind limbs were dissected to remove the
muscle where PMMA or NaCl was implanted and bone
separation. Samples were maintained in a cell lysis and
protease inhibition solution containing 1% NP40 + 1%
Protease Inhibitor Cocktail (SIGMA-ALDRICH P8340) +
98% PBS 1x. Then, the content was mechanically macer-
ated for 10 seconds with the aid of a tissue macerator
(Tissue Master 125 Homogenizer-Elisabeth® Pharmacon).
After maceration, the samples were centrifuged for 10

minutes at 25°C and 2000rpm; the supernatant was col-
lected and stored at — 20 °C.

Flow Cytometry Quantification of Cytokines

The cytokines interleukin-2 (IL-2), interleukin-4 (IL-4), inter-
leukin-6 (IL-6), interferon-y (IFN-y), tumor necrosis factor
(TNF), interleukin-17A (IL-17A), interleukin-10 (IL-10) and
transforming growth factor beta (TGF-f3) were measured using
the Cytometric Bead Array (CBA) technique, according to the
manufacturer’s instructions (“Mouse,Th1/Th2/Th17, Cytoki-
ne,Kit, RUO-560485 | BD Biosciences-US”) [19].

The samples were incubated with beads, at different
fluorescence intensities, conjugated with a specific capture
antibody for each cytokine. Then, specific antibodies for
each cytokine, conjugated with phycoerythrin (PE), were
added. After incubation, the beads were washed with the
kit’s own solution and analyzed in a flow cytometer (BD
FACSCanto II Flow Cytometer). The specific beads for
each cytokine were separated by emitting different fluo-
rescence. The acquired data were analyzed using the FCAP
Array 2.0 software (SoftFlow-USA), and the cytokine
concentrations were calculated from the standard curve.
Cytokine concentrations were normalized from the con-
centration of total proteins, measured by the microLowry
method, according to the manufacturer’s instructions.

Statistical Analysis

The data obtained were organized in spreadsheets in the
Microsoft Excel 2010 software. To determine the concen-
tration of the analyzed cytokines, the equation of the straight
line was calculated. Finally, such concentrations had their
normality and variance tested in the GraphPad Prism pro-
gram (8.0), so that the groups could then be tested and
compared using the most appropriate test. The Wilcoxon test
was used to compare the test and control groups on the same
experimental day and two-way ANOVA to compare the test
groups over the five experimental periods; differences were
considered statistically significant when p < 0.05.

Results

The implantation of 2% PMMA in the subcutaneous region
(Fig. 1), at 10% in the muscle tissue (Fig. 2) and at 30% in
the juxta-periosteal region (Fig. 3) did not change the
kinetics of production of the cytokines analyzed throughout
all the experimental periods (p > 0.05). The quantification
of IL-4 in all experimental groups did not reach the lower
limit of detection (data not shown). It is important to
highlight that there were no animal losses during this study,
nor infections in the experimental sites.

@ Springer
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Fig. 1 Quantification of
interleukin-2 (IL-2), interleukin-
4 (IL-4), interleukin-6 (IL-6),
interferon-y (IFN-y), tumor
necrosis factor (TNF),
interleukin -17A (IL-17A),
interleukin-10 (IL-10) and
transforming growth factor beta
(TGF-p) in the subcutaneous
region of mice after
implantation or not of 2%
polymethylmethacrylate
(PMMA) on different
experimental days. CTS7:
subcutaneous control group at 7
days after implantation (DAI);
CTS30: subcutaneous control
group at 30 DAI; CTS90:
subcutaneous control group at
90 DAI; CTS180: subcutaneous
control group at 180 DAI;
CTS360: subcutaneous control
group at 360 DAI; 2%S7: group
that received 2% PMMA
implantation in the
subcutaneous region, at 7 DAI;
2%S30: group that received 2%
PMMA implantation in the
subcutaneous region, at 30 DAI;
2%S90: group that received 2%
PMMA implantation in the
subcutaneous region, at 90 DAI;
2%S180: group that received
2% PMMA implantation in the
subcutaneous region, at 180
DAI; 2%S360: group that
received 2% PMMA
implantation in the
subcutaneous region, at 360
DAI Wilcoxon and two-way
ANOVA tests were applied, and
differences were considered
statistically significant when

p =005 ()
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Fig. 2 Quantification of
interleukin-2 (IL-2), interleukin-
4 (IL-4), interleukin-6 (IL-6),
interferon-y (IFN-y), tumor
necrosis factor (TNF),
interleukin-17A (IL-17A),
interleukin-10 (IL-10) and
transforming growth factor beta
(TGF-p) in the intramuscular
region of mice after
implantation or not of 10%
polymethylmethacrylate
(PMMA) on different
experimental days. CTI7:
intramuscular control group at 7
days after implantation (DAI);
CTI90: intramuscular control
group at 90 DAI; CTI180:
Intramuscular control group at
180 DAI; CTI360:
intramuscular control group at
350 DAI; 10%I7: group that
received 10% PMMA
implantation in the
subcutaneous region, at 7 DAI;
10%130: group that received
10% PMMA implantation in the
subcutaneous region, at 30 DAI;
10%]190: group that received
10% PMMA implantation in the
subcutaneous region, at 90 DAI;
10%I1180: group that received
10% PMMA implantation in the
subcutaneous region, at 180
DAI; 10%I1360: group that
received 10% PMMA
implantation in the
subcutaneous region, at 360
DAL Wilcoxon and two-way
ANOVA tests were applied, and
differences were considered
statistically significant when

p < 0.05 (%)
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Fig. 3 Quantification of
interleukin-2 (IL-2), interleukin-
4 (IL-4), interleukin-6 (IL-6),
interferon-y (IFN-y), tumor
necrosis factor (TNF),
interleukin-17A (IL-17A),
interleukin-10 (IL-10) and
transforming growth factor beta
(TGF-p) in the periosteal fair
region of mice after

implantation or not of 30% .50

IL-2

polymethylmethacrylate
(PMMA) on different
experimental days. CTJ7: juxta-
periosteal control group at 7
DAI; CTJ30: control group

juxta-periosteal at 30 DAI; ol
CTJ90: juxta-periosteal control
group at 90 DAI; CTJ180: 400

juxta-periosteal control group at
180 DAI; CTJ360: juxta-
periosteal control group at 360
DAI; 30%J7: group that
received 30% PMMA

pg/mL
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o

juxtaposition at 7 DAI; 30%J30:
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region, at 90 DAI; 30%J180:
group that received 30%
PMMA implantation in the
periosteal fair region, at 180 50
DAI and 30%J360: group that

received 30% PMMA
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Discussion

The presence of PMMA in the tissue of mice stimulates an
immune response, but statistically similar to that generated
after injection of saline solution. These results allow us to
infer that, under these conditions, PMMA is immunologi-
cally inert, and most likely biocompatible and safe.
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The use of different concentrations of PMMA was
chosen in order to understand the interaction between the

product and the tissue. It has been described that higher
concentrations of PMMA in superficial planes are more
related to the development of local complications such as
fibrosis, nodules and telangiectasia [20]. However, our
results have shown that these complications are more
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related to individual immunological response and the
application technique.

Williams (1987) proposed the first widely accepted
definition for biocompatibility, based on the principle that a
material implanted in the organism must perform its
function successfully and generate an appropriate and
adequate biological response according to its application
[21]. Currently, biocompatibility is defined as the ability of
a material to function with an appropriate host response. A
biocompatible material must interact with living systems
without developing injury, toxicity or rejection by the
immune system. Furthermore, it is to induce an appropriate
and beneficial response in a host, without generating local
or systemic undesirable effects [22].

According to Raut et al. (2020), the successful outcome
after application of a biomaterial is the complete accept-
ability of its presence by the organism, that is, its bio-
compatibility. This, in turn, depends on three main factors:
1—the polymer cannot cause cytotoxicity, genotoxicity,
mutagenicity, carcinogenicity and exacerbated immuno-
genicity; 2—the biomaterial must fulfill its function in
relation to the medical therapy and purpose in which it was
applied; 3—in addition to having to generate a beneficial
and appropriate cellular and tissue response for its purpose
[23].

It is possible to infer that the first factor that interferes
with biocompatibility must already be tested and specified
by the manufacturer prior to the clinical use of the polymer,
while the second should be a factor of attention for the
professional responsible for the use of the material,
directing its best management depending on the purpose.
The third interfering factor in the biocompatibility of a
biomaterial is the cellular and tissue response of the host to
it. In this study, we demonstrated that the cellular response,
evaluated by the production of the main cytokines involved
in the entire inflammatory process, was inert, that is, sim-
ilar to the physiological expression. Our research group, in
unpublished data, also showed that the tissue response was
appropriate for the purpose, depending on the depth of
PMMA implantation.

The immunological inertia of PMMA in the subcuta-
neous region was maintained throughout the experimental
period, since there was no statistical difference regarding
the quantification of cytokines between the experimental
groups. Of the three anatomical regions of PMMA
implantation, the subcutaneous one is the most vascular-
ized. This feature facilitates greater adsorption of blood
proteins to the surface of the biomaterial, therefore,
amplification of immune and inflammatory signaling and,
therefore, vast migration of immune cells to the implan-
tation site [24]. Fortunately, these inflammatory processes
did not occur significantly in the groups analyzed.

There was no difference between the test and control
groups of the same experimental day regarding the pro-
duction of IFN-y after PMMA implantation in the subcu-
taneous region. Cassini-Vieira et al. (2018) reported after
their experimental study with implantation of polymeric
polyether-polyurethane sponges that the low expression of
IFN-y attenuates the foreign body reaction to this subcu-
taneous implant in mice, since this cytokine seems to
contribute to inflammatory angiogenesis and the fibrogen-
esis of synthetic implants [25].

The DAMPs released in the subcutaneous region after
the implantation procedure are probably the main respon-
sible for the production of pro-inflammatory cytokines (IL-
2 and IFN-y) at 7 DAI. On the other hand, at 180 and 360
DAI, there was greater expression of IL-2 and IL-17
cytokines, which may be related to the animal’s natural
aging processes. The life expectancy of mice kept in the
laboratory varies from 2 to 3 years, depending on the
physical conditions of the place and the level of distur-
bance to which the animal is subjected throughout life [26].
Aging generates a picture of systemic inflammation, with
increased cellular oxidative stress and increased infiltration
of immune cells, especially in adipose tissue, such as
neutrophils, lymphocytes and macrophages, inducing
secretion of pro-inflammatory cytokines [27, 28].

Subcutaneous IL-17 and TGF- secretion tends to
increase in the late phase of the foreign body reaction (180
and 360 DAI). When associating these data, a trend of IL-2
increase in the same period is observed. This increase may
be related to the involvement of aging processes, oxidative
stress, in addition to the presence of immune response
regulation. Additionally, it is suggested that at 360 DAI
there is a pro-inflammatory stimulus of BAMP’s, for the
activation and proliferation of IL-17- and IL-2-producing
cells, which generate a positive feedback microenviron-
ment [26, 29].

The late increase in IL-17 may also indicate a greater
propensity for the development of autoimmune diseases,
since it plays a central role in the management of this class
of diseases, due to its highly pro-inflammatory character-
istic [30, 31]. The manufacturer of the PMMA used in this
study contraindicates the use of this product in patients
with a history of or evolving autoimmune diseases
(ANVISA/MS Registry No. 802565100006 - Linnea Safe)
[32]. On the other hand, the exacerbated presence of IL-17
in the subcutaneous tissue may be beneficial due to its
relationship with epithelial protection. When there is skin
injury and disruption of the epithelial barrier, IL-17 stim-
ulates the proliferation of epithelial cells to aid in the
healing process, in addition to favoring the secretion of
VEGEF and IL-10 [8, 31].

The profile of cytokines produced in the intramuscular
region after PMMA implantation also suggests
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immunological inertia of the biomaterial. There is no sta-
tistical difference between the groups analyzed regarding
the secretion of cytokines of different immunological
profiles. Teixeira et al. (2021) showed that PMMA is
biocompatible when injected into the muscular region of
Wistar rats, without evidence of antigenic activity and
considerable acute inflammatory response [33].

The intramuscular implantation of PMMA is used to
induce a mechanical projection of the region which is
intensified due to the collagen production throughout the
time and the consequent repositioning of the region [18].
Also, the juxta-periosteal implantation has been used as
bone cement and bone filler with satisfactory long-term
properties as described previously by Sas et al. (2021) [34].

The PMMA implanted in the juxta-periosteal region, as
well as in the other anatomical planes analyzed, did not
generate a significant immunological reaction. The contact of
PMMA with the periosteum seems to cause mild bone
remodeling by endochondral ossification, triggering resolu-
tion of the pro-inflammatory response and formation of a
fibrin scaffold [35]. The blood vessels that supply the
periosteum are small, but still capable of releasing proteins
when injured, which will adsorb to the surface of PMMA [36].

In the juxta-periosteal region, there was a high produc-
tion of IL-17, IL-2, IFN-y and TNF-a at 7 DAI, even
though it was not statistically different from their respec-
tive controls. According to the tissue characteristics, the
presence of a semi-solid substance generates focal pres-
sure, causing the release of DAMPs, which may have aided
in the secretion of these pro-inflammatory cytokines. On
the other hand, it is considered a mild inflammatory
response, where at 30 DAI, there is a drop in the concen-
tration of these cytokines, equaling the basal levels, with-
out the need for high release of regulatory cytokines.

The low production of TGF-f up to 180 DAI did not
impact the increase in pro-inflammatory cytokines (IL-2,
IL-6, IFN-y, TNF-o. and IL-17) in the same period, which
indicates a lack of need of regulation, in addition to mild
inflammation and little PMMA immune stimulation. The
expression of IL-10 was sufficient to regulate the levels of
pro-inflammatory cytokines throughout the experimental
period. The data presented here confirm the immunological
inertia of PMMA. The low concentration of IL-4 at all
depths and analyzed periods demonstrates that the pro-in-
flammatory response is subtle, with no need for a relevant
anti-inflammatory response.

Reports in the literature show the biocompatibility and
safety of PMMA in applications for aesthetic or repair
purposes: as for the correction of bone defects of genetic
origin, such as hemifacial microsomia [37]; as an alterna-
tive to a less invasive and effective method for penile
enlargement [38, 39]; in post-mastectomy nipple projection
with nipple—areolar reconstruction [40]; as a substitute for
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bone allografts in facial reconstructions after trauma [41];
and for urethral augmentation as a treatment for urinary
incontinence [42]. Our results corroborate the safety of the
use of PMMA, since it was shown to be immunologically
inert, which reinforces its applicability.

Conclusion

The implantation of PMMA in mouse tissues stimulates a
mild immune response, without detection of high concen-
trations of anti-inflammatory or regulatory cytokines to
control it. The absence of statistically significant differ-
ences between the control and test groups on all experi-
mental days indicates that PMMA is immunologically
inert, inducing reactions similar to physiological ones by
the release of DAMP’s or resulting from aging. This is the
first article that demonstrates the immunological inertia of
PMMA implantation over 360 experimental days in a
murine model.
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