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Abstract: Breast reconstruction is achieved using silicone implants, which are currently associated
with major complications. Several strategies have been considered to overcome the existing limita-
tions as well as to improve their performance. Recently, surface modification has proved to be an
effective clinical approach to prevent bacterial adhesion, reduce capsular thickness, prevent foreign
body reactions, and reduce other implant-associated problems. This review article summarizes the
ongoing strategies for the surface modification of silicone implants in breast reconstruction applica-
tions. The article mostly discusses two broad categories of surface modification: drug-mediated and
polymer-based. Different kinds of drugs have been applied with silicone that are associated with
breast reconstruction. Initially, this article discusses studies related to drugs immobilized on silicone
implants, focusing on drug-loading methods and their effects on capsule contracture. Moreover, the
pharmacological action of drugs on fibroblast cells is considered in this section. Next, the polymeric
modification of the silicone surface is introduced, and we discuss its role in reducing capsule thick-
ness at the cellular and biological levels. The polymeric modification techniques, their chemistry, and
their physical properties are described in detail. Notably, polymer activities on macrophages and
inflammation are also briefly discussed. Each of the reviewed articles is summarized, highlighting
their discussion of capsular thickness, foreign body reactions, and bacterial attachment. The aim of
this review is to provide the main points of some research articles regarding the surface modification
of silicon, which can lead to a decrease in capsular thickness and provides better patient compliance.

Keywords: silicone; surface modification; polymer; drug; capsule contracture

1. Introduction

Silicone is a common material and has various uses in sealants, lubricants, medicine,
cooking utensils, thermal insulation and surgical application [1,2]. Recently, in plastic
surgery, silicone has been widely used for breast reconstruction and breast augmenta-
tion [3]. Using silicone in plastic surgery has various benefits, such as its low toxicity and
anti-adhesive properties. However, its use in this field has been associated with capsular
contracture, which occurs when the collagen fiber capsule shrinks, tightens, and com-
presses, which is the result of a prolonged inflammatory response after the insertion of
silicone into the human body. This results in pain, discomfort, and the unsatisfactory ap-
pearance of the breast. Capsular contracture is still recognized as one of the most common
and serious complications of breast augmentation and breast reconstruction [4]. Foreign
body reactions to silicone, hematoma, peri-implant infection, and bacterial contamination
as a result of breast implants are considered the main factors associated with capsular
contracture [5].
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In the history of silicone breast implants, continuous efforts have been made to
reduce complications, especially capsular contracture. Clinical evidence has indicated the
importance of modifying the design of silicone in order to improve its performance after
implantation. Several modifications were applied, but they ultimately failed to overcome
the limitations. In 2012, the FDA approved silicone gel implants made by Silimed, which
are known as “gummy bears” [6]. The aim of using this gel was to provide protection
against leakage during breast implant rupture. However, safety concerns have arisen
regarding the composition of the gel [7]. Other silicone implants produced by Inamed,
Mentor, and Silimed were approved by the FDA. However, Inamed implants developed
by PIP were taken off the market due to early rupture. Their silicone grade was not
suitable for the human body [8,9]. Currently, the most prominent companies in the breast
implant market are Groupe Sebbin, Mentor Worldwide, LLC Allergan, GC Aesthetics,
Sientra Inc., Laboratoires Arion, Hansbiomed Co. Ltd., Groupe Sebbin SAS, CEREPLAS,
Silimed. AllERGEN (Textured and Smooth), MENTOR (Textured and Smooth), and IDEAL
implant (Smooth).

The global breast implant market is gradually expanding and is expected to earn a
revenue of USD 4.9 billion during the period of 2019–2026 [10]. The market is divided based
on shape, product application, and region. Concerns regarding the prevalence of breast
cancer and capsular contracture have an effect on the breast implant market. Moreover, the
post-surgical implication and the high cost significantly hinder the growth of the market.
Currently, in the breast implant market, the round shape is preferred over the anatomical
shape. The round-shaped breast implant’s market size is USD 1845.2 million and is
expected to significantly increase. Round-shaped implants are available in a wide range of
sizes and proportions to breast shape. However, the anatomical breast implant market is
also growing as a result of the need to balance breastfeeding as well as issues related to
breast volume and asymmetry. The breast implant industry also uses implants for breast
reconstruction and augmentation. The market for breast augmentation has shown rapid
growth, as, compared with the procedure for breast implantation, breast augmentation is
less complicated and requires a shorter period of time [11]. The surface characteristics of
silicone implants, such as a smooth texture, are also gaining further attention.

Silicone breast implants mainly consist of two parts: filling materials (silicone gels) and
the shell (silicone elastomer). The gel acts as filler materials where their viscosities depend
on the polymer chain and crosslinking. High-molecular-weight silicone is biologically
inert, making a filler gel approximately 1000 centistokes [12]. Moreover, for early curing
of low-molecular-weight silicone, gel content that has a high chance of diffusion from
the implant is incorporated. The diffused gel contains low-molecular-weight siloxane
ranging from 3 to 20 (molecular weight: 200–1500) [13]. On the other hand, the texture
roughness of the shell can vary. According to the ISO, the surface roughness of smooth,
microtexture, and macrotexture implants is below 10 µm, between 10 and 50 µm and above
50 µm respectively [14].

Smooth-surface silicones were the earliest type of silicone implant. These silicones
continue to be used now for breast implants, but some previous studies demonstrated
the high rate of formation of capsular contracture [15,16]. Later, textured-surface silicone
implants were developed to improve fibrosis inhibition. However, these biomaterials led
to other problems, such as the formation of double capsules and late seromas in breast
augmentation surgery [17]. Next-generation implants, namely microtextured-surface and
micronanotextured implants, were developed with a surface roughness of 10–100 µm [18].
These commercial silicone implants have exhibited no double capsules or late seromas,
with a low rate of reoperation as well as a lower rate of capsular contracture in an in vivo
study [19]. However, these silicone implants have only recently been developed: the
clinical data are still not sufficient to support their use, and the remaining limitations of
surface implants remain to be overcome.

The prevention of capsular contracture formation is the most important challenge in
plastic surgery. Recently, some studies have investigated the reduction of the formation



Polymers 2021, 13, 2731 3 of 20

of bacteria on surface implants. Based on the properties and the continued limitations
associated with silicone, there have been various efforts to design optimal implant surfaces.
The modification of the implant surface with antibacterial coatings, antimicrobial coatings,
and prophylactic antibiotics, and the modification of the physical properties of the material,
were successful in reducing the risk of bacterial contamination [20–23]. In addition, various
methods were utilized to reduce capsular contractures, such as modification of the semi-
permanent surface and the use of microtextured structures that regulate the interaction
between the surface of silicone and the immune system of the host. Consequently, the
degree of early capsular contracture in the breast can be reduced [24,25]. Moreover, surface
modification also diminished the acute inflammation resulting from foreign body reactions
to silicone implants. However, the level of capsular contracture is still different depending
on the surface implant [26,27].

In this review, we discuss several recently developed methods of functional modifica-
tion of silicone implants with drugs and polymers to prevent fibrosis after implantation
into the body.

2. The Procedure of Fibrosis Formation

The implantation of biomaterials into the body causes an inflammatory response
followed by the wound healing response. However, the phenomenon of fibrosis formation
takes place via an immune reaction comprising six steps. The contribution of cellular activ-
ity in each step depends on the duration of the immune reaction. The formation of fibrosis
is the result of the release of soluble factors of macrophages in the immune cells where the
fibroblasts are stimulated. The procedure involves injury, blood–biomaterial interactions,
provisional matrix formation, acute inflammation, chronic inflammation, the development
of granulation tissue, foreign body reactions, and fibrosis capsule development [28].

Blood–biomaterial interactions occur when implants are inserted and come into con-
tact with the leakage of blood at the wound site. This interaction results in protein absorp-
tion to the surface of biomaterials and causes adverse reactions such as the activation of
coagulation and leukocytes that produce inflammation, adhesion, and the activation of
platelets [29,30].

Provisional matrix formation is considered the result of the deposition of blood pro-
teins on the biomaterial’s surface. Then, the provisional matrix forms (Figure 1).

Figure 1. Schematic illustration of Phase 1 after implantation-initiated foreign body reaction and synthesis of a matrix
around silicone breast implant. Reproduced with permission from [31].
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Acute inflammation often occurs in a short time, usually lasting less than one week.
It depends on the level of injury, the organ where the biomaterial is implanted, and the
level of formation of the provisional matrix. Various inflammatory cells contribute to
this inflammatory stage. Neutrophils (known as polymorphonuclear neutrophils, PMNs)
secrete an array of proinflammatory cytokines, such as interleukin (IL)-1α, IL-1β, IL-6,
IL-7, IL-18, and tumor necrosis factor (TNF)-α [32]. Mast cell degranulation is observed
to contribute to inflammatory mediators (i.e., histamine, tryptase, leukotrienes, serotonin,
heparin, endothelin, nitric oxide) as well as the release of IL-4 and IL-13 [33,34]. These
inflammatory cytokines are used to determine the subsequent progression of the foreign
body reaction after implantation (Figure 2).

Figure 2. Schematic illustration of Phase 2 after implantation. Acute inflammatory stage with avail-
ability of polymorph nuclear leukocytes (PMN, neutrophils), mast cell and presence of macrophages
at the implantation site. Coagulation factor and fibrin infiltrated at the implant site. Reproduced
with permission from [31].

Chronic inflammation is the result of persistent inflammation with the presence of
mononuclear cells such as monocytes, lymphocytes, and macrophages as well as the
proliferation of blood and connective tissue formation at the implant site [35]. Chronic
inflammation can last for weeks to months or years and this problem depends on the level
of injury. Many factors can cause chronic inflammation, such as the chemical and physical
properties of implant biomaterial. The mononuclear cells secrete IL-8, IL-18, IL-4, IL-7,
IL-10, and other cytokines (Figure 3) [36,37]. Fibrosis is caused by chronic inflammation or
is the result of failed wound healing.

The foreign body reaction occurs during the chronic inflammatory step when the
implantation of a foreign biomaterial into the body leads to the development of inflam-
mation and fibrotic processes, where the foreign body giant cells (FBGC) appear at the
surface of the biomaterial. During a foreign body reaction to the biomaterial, various
cytokines are secreted, such as IL-1, IL-6, IL-8, TNF-α, macrophage inflammatory proteins
(MIP)-1, MIP-2, MIP-3, and IL-13 [38–40]. The expression of these factors contributes to the
formation of capsules as well as modulating fibrosis severity.
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Figure 3. Schematic illustration of Phase 3 after implantation. Chronic inflammation begins with the
dominance of macrophages and lymphocytes, which secreted the cytokines IL-4, IL-13. A longer
period of chronic inflammation and impaired wound healing leads to the development of granular
tissue formation. Reproduced with permission from [31].

The development of fibrosis capsules is the last phase of the foreign body reaction
and healing process, and fibrosis is formed. In this stage, the synthesis of collagen, ECM
remodeling, and the reduction of the stimulation of the biomaterial reaction were observed,
associated with various cell types, including immune cells, fibroblasts, endothelial cells,
keratinocytes, and adipocytes (Figure 4) [41]. However, fibrosis can lead to capsular
contracture and scarring when the implantation of the foreign biomaterial into the body is
not stabilized, leading to persistent infection and tissue injury.

Figure 4. Schematic illustration of Phase 4 after implantation. Foreign body reaction eventually
leads to the formation of the fibrous capsule. Various cytokines secreted were responsible for fibrous
capsule density as well as severity. Synthesis of collagen, ECM synthesis around the silicone implants
at the end of this stage. Reproduced with permission from [31].
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3. Surface Modification Using Drugs

Surface modification techniques are applied in various fields. In the medical field,
although various types of surface modification have been developed, they still pose some
challenges for researchers. Recently, some studies have focused on the modification of
biomaterial surfaces to overcome limitations that prevent capsular contracture formation.
In this review, we introduce some currently used methods and the results of silicone
implant modification with drugs under study.

3.1. Montelukast

Montelukast is known as an inhibitor, approved and first used in clinical practice
20 years ago [42], that inhibits CysLTs production in the inflammatory phase. Montelukast
is considered a safe drug with no harmful effects.

Leukotrienes (LTC), known specifically as LTC4, LTD4, and LTE4, are related to the
inflammatory cascade and have an important role to play in the development of capsular
contracture [43]. When silicone is implanted in the body, the acute inflammatory phase is
initiated by the infiltration of PMNs from the blood vessels at the site of implantation [44].
Subsequently, the PMNs produce cysteinyl leukotrienes (CysLTs), which are a family of
potent inflammatory lipid mediators, synthesized through the breakdown of arachidonic
acid of eosinophils and a variety of inflammatory cells such as mast cells, dendritic cells,
smooth muscle cells, monocytes, and macrophages [45,46]. Chronic inflammation can occur
due to the constant presence of the silicone implant, and CysLTs stimulate the migration
and proliferation of fibroblasts (Figure 5).

Among recent research, the surface modification of silicone implants via drug delivery
was studied and achieved some expected results. The main purpose of this technique is
to maintain sustained drug delivery and avoid an immune response. Some studies of the
surface modification of biomaterials with drug loading were carried out in various medical
fields. In particular, in plastic surgery, Kim et al. showed, in their research, four different
types of silicone implant, namely intact silicone implants, silicone implants coated with
PLGA only, silicone implants coated with montelukast, and silicone implants coated with
both PLGA and montelukast [47]. The silicone implants were sprayed twice with different
conditions of drugs, with an interval time of 30 min. The studies were performed in vivo
in a rat model. The implants with montelukast demonstrated significantly decreased
production of polymorphonuclear leukocytes, which are related to the secretion of CysLTs.
The silicone implants coated with montelukast and the silicone implants coated with both
PLGA and montelukast sustained the release of montelukast for 3 and 15 days. Additionally,
the number of fibroblasts also significantly decreased. This led to the inhibition of TFG-β
expression, and the amount of myofibroblasts could be decreased by the inhibition of
CysLT production. Moreover, the thickness of the capsule and the intensity of collagen
were significantly reduced. These results were observed in a previous study [48]. This
demonstrates that the use of the surface modification of implants with montelukast is
effective at reducing the development of breast capsular contracture.
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Figure 5. A representation of mechanism through which montelukast reduces the capsule contracture related to silicone
breast implant. It acts as a CysLTs inhibitor which reduces chronic inflammation subsequently decreasing the fibrous
capsule formation.

3.2. Tranilast

Capsular fibrosis is the result of acute and chronic inflammation when an interaction
between silicone implants and the body occurs. The initiation of capsular fibrosis occurs
through several steps, and the last step is fibrosis. Acute inflammation lasts for a few days.
It depends on the size, shape, and physicochemical properties of the silicone implants [5].
During chronic inflammation, various cytokines are secreted by macrophages. Specifically,
TGF-β is known to mainly contribute to the procedure of fibrosis during chronic inflamma-
tion, and TGF-β is observed during platelet degranulation at the acute inflammation phase
(Figure 6) [49–51]. This contributes to the formation of a thick fibrous capsule around the
silicone implant.

Tranilast is an antiallergic drug. It was developed and launched in 1982. Tranilast is
used in the treatment of inflammatory diseases including allergic rhinitis, asthma, keloid
scars, hypertrophic scars, and allergic pink eye [53]. Tranilast is known as a drug that
inhibits the release of TGF-β from keloid fibroblasts, as well as the release of inflammatory
cytokines such as TGF-β1, IL-1β from monocytes and macrophages [54]. However, tranilast
was also shown to inhibit the synthesis of collagen by fibroblasts and to inhibit TGF-β-
induced extracellular matrix synthesis [55–58].

Based on the effect of tranilast, preventing the formation of capsular contracture
around silicone implants may be possible through the inhibition of the activity of TGF-β.
Recently, some studies were conducted using coating with a biocompatible polymer,
poly(lactic-co-glycolic acid) (PLGA), and tranilast for the prevention of capsular con-
tracture. The silicone implant was separately coated on all surfaces twice, with an interval
of 30 min [59], and the silicone implant was coated with dots containing PLGA and trani-
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last [60]. Interestingly, the results showed that the combination of coated dots on silicone
implants was more stable than loading drugs on all surfaces. In combination with PLGA
in each coating dot, the tranilast could be continuously released for more than 14 days.
The silicone implants coated with a mixture of PLGA and tranilast displayed a decrease
in capsular thickness, and the density of collagen and the expression of TGF-β also were
observed to be reduced. These results were similar between the two methods of surface
modification with drugs. These current approaches for the surface modification of silicone
implants with drug delivery could be considered for further studies to prevent capsular
contracture.

Figure 6. Molecular mechanism of tranilast action. TGF-β is responsible for prolonged inflammation and causes the fibrous
capsule formation. Tranilast plays a role as an inhibitor of TGF-β. Reproduced with permission from [52].

3.3. Triamcinolone

Triamcinolone is a glucocorticoid, approved in 1958 by the FDA, that is used to
treat a variety of diseases, such as skin diseases, allergies, and rheumatic disorders, and
it is particularly known for its use for preventing capsular contracture resulting from
inflammation. Triamcinolone is considered to be an anti-inflammatory drug. Triamcinolone
can inhibit the formation of inflammatory cytokines IL-1 and IL-6 in humans [61], prevent
the activation of TNF-α release from cells of monocytes and macrophages [62] and block
the transcription and translation of IL-1ß, IL-8, and TNF-α at the gene level (Figure 7) [63].
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Figure 7. Molecular mechanism of triamcinolone acetonide action. It can reduce the expression of
cytokines responsible for capsule formation. Reproduced with permission from [64].

Capsular contracture is still considered one of the most common and serious compli-
cations of the implantation of silicone when chronic inflammation occurs. Various drugs
have been developed to control capsular contracture. However, the long-term use of drugs
can lead to adverse effects. As a result, specific applications and drug delivery by loading
the drugs onto the surface of biomaterials such as silicone are essential in plastic surgery
and other fields. Recently, various studies involving effective methods for drug delivery
on the surfaces of biomaterials were carried out to increase its activity and stability for
desired applications such as surface modification with enzymes, peptides nanoparticles,
and antibacterial drugs [65–67]. These studies uncovered a diverse range of effects.

In the field of plastic surgery, silicone implants often have a large size, compared
to other fields. Beom et al. [68] investigated the loading of different concentrations of
triamcinolone acetonide on the surface of silicone to control capsular contracture. Different
concentrations of triamcinolone acetonide were sprayed on the outer surface of the shell
silicone implants (Figure 8). The spraying procedure was performed two times with an
interval of 30 min (Figure 8). In the in vivo rat model, the silicone implant loaded with
triamcinolone acetonide showed sustained release of the drug for 12 weeks, and the release
rate could be controlled by the amount of loaded drug in the silicone implant. In addition,
in the drug-loaded silicone implant, the thickness of the capsule and the intensity of
collagen were observed to decrease, compared with a non-coated silicone implant. These
results showed that the inflammation and the expression of proinflammatory cytokines
were inhibited by the effect of triamcinolone acetonide. Because of this, the number of
fibroblasts and myofibroblasts, strongly linked to pathogenic fibrosis, also was reduced.
With control of the released amount of triamcinolone acetonide on the silicone implant,
this could be a promising method for preventing capsular contracture.
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Figure 8. Spray drug coating technique on the silicone surface. Initially, drug solution was applied on the silicone surface
followed by dry 30 min at RT. After drying, the drug solution was sprayed a second time and then dried for removal of the
residual solution [68].

3.4. Itaconic Acid

Itaconic acid is a well-known organic compound containing unsaturated dicarboxylic
acid and has been associated with the immune system. At an industrial scale, it has
gained much interest for polymer synthesis as it involves a double bond of its methylene
group. It is generally obtained from the fungus Aspergillus terreus; however, further
research is ongoing to increase the production of itaconic acid for mass application [69].
Recently, itaconic acid’s effect on immune-responsive gene 1 protein (IRG1) was studied in
mammalian cells. The study showed that the IRG1 protein was upregulated in macrophages
under proinflammatory conditions; however, the complete role of itaconic acid during
inflammation was not revealed. Another crucial feature of itaconic acid is its antimicrobial
activity, which contributes to an efficient immune response together with anti-inflammatory
metabolites and cytokines. It inhibits the glyoxylate shunt of invading pathogens, which
is essential for the survival of pathogens [70]. Moreover, itaconic acid inhibits bacterial
growth by the inhibition of two enzymes, methylisocitrate lyase (MCL) and isocitrate lyase
(ICL). In addition, itaconic acid blocks propionyl-CoA carboxylase, leading to reduced
acetic acid and propionic acid assimilation in bacteria (Figure 9).

Figure 9. The role of itaconic acid on anti-microbial activities. It inhibits key enzyme isocitrate lyase that has methylisocitrate
lyase activity in Mycobacterium tuberculosis. It also inhibits the 2-methyl citrate cycle. The citramalate cycle was halted by
inhibition of propionyl-CoA carboxylase in the proteobacterium Rhodospirillum rubrum. Enzymes inhibited by itaconic
acid are enclosed in a circle. Reproduced with permission from [70].
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Silicone breast implants carry a high risk of bacterial contamination and fibrous
capsule formation around the implant. It was demonstrated that an excessive foreign body
reaction (FBR) caused by a silicone implant might result in CC formation. Bacteria on
the breast implant influence the formation of a biofilm by interacting with the adjacent
environment, which eventually increases the thickness of the CC. Surface modification
of silicone implants with itaconic acid is an innovative approach for reducing bacterial
contamination and foreign body reactions. PDMS surfaces coated with IA showed better
antibacterial activities by reducing bacterial and protein adsorption (Figure 10) [71]. IA-
conjugated PDM S (IA-PDMS) and IA–gelatin-conjugated PDMS (IA-GTpoly-PDMS) were
developed and evaluated for their antimicrobial as well as anti-inflammatory activities.
The protein absorption results showed significantly lower values in the presence of IA,
which was crucial to inhibit biofilm formation. Moreover, IA-containing PDMS decreased
the inflammation around the implant for up to 4 weeks. Notably, IA-conjugated PDMS
showed higher-density collagen compared to IA-GTpoly-PDMS for up to 8 weeks. The
researchers further evaluated the fibroblast and myofibroblast presence in the implant site
by immunostaining. The results showed a small number of myofibroblasts present around
IA-GTpoly-PDMS, with no reduction in fibroblasts.

Figure 10. Surface modification of silicone implants with itaconic acids (IA). Gelatin was used to conjugate the IA on the
PDMS surface. IA and IA-GT polymer both immobilized on the PDMS surface and evaluated their performance in terms of
sustain delivery [71].

3.5. Halofuginone

Halofuginone is an anti-fibrotic drug frequently applied with silicone implants for
overcoming capsule formation. This drug is a collagen-I synthesis inhibitor with TGF-β
signaling interferences [72,73]. It can covalently bond to silicone implants by simple dip-
coating (Figure 11) [74]. The authors found no systemic side effects and observed reduced
CD 68+ and TGF-β, collagen type I and type II, and capsular thickness after 3 months. The
deposition of collagen can be reduced by an inhibitory intervention in the TGF-b cytokine
signaling pathway.
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Figure 11. Dipping method for modification of silicone implants with Halofuginone. This is a simple
method with a cost-effective approach. Halofuginone modified silicone implant significantly reduced
the collagen I synthesis, which is crucial for fibrous capsule formation. Reproduced with permission
from [74].

4. Surface Modification Using Polymers

In tissue engineering, polymers have been widely applied as coating materials and to
tailor surfaces to be more biocompatible, less cytotoxic, as well as biodegradable. Polymers’
physical and chemical properties are favorable for the modification of implants. Recently,
polymers have been widely applied for bioactive molecule delivery in a sustained manner
for longer periods. In addition, shape memory polymers with tunable mechanical action
have gained interest for surface coating.

Polymer coatings on silicone are rapidly increasing due to several advantages. In
terms of breast implants, it is necessary to provide suitable biointerfaces, maintaining their
properties and controlling integration with host tissues. These behaviors can be achieved
using appropriate polymer coatings on the silicone implants. Recently, researchers have
applied myriad polymers on silicone’s surface based on their biocompatibility, flexibility,
and mechanical properties. From nanoparticles to hybrid coatings, polymers can be applied
in various ways to ensure the development of a strong attachment to silicone. Polymeric
modification of silicone plays a vital role in reducing inflammatory cytokines, antibacterial
attachment, and capsule contracture.

In the following section, the latest developments in the modification of silicone im-
plants with polymer coatings are briefly discussed, highlighting their role in capsule
contracture formation. Moreover, the coating methods and the properties of modified
silicone are considered in this section. The effects of polymer coatings on different kinds
of cells, inflammatory cytokines, and tissue repair sites are described in detail, with an
emphasis on polymer coatings that function to reduce CC.

4.1. Natural Polymers
4.1.1. Spider Silk

Spider silk was applied on silicone implants for reducing capsule formation. Silk is
generally an excellent biocompatible material with appropriate mechanical properties [75].
More importantly, the silk protein is safe, without dose-limiting toxicity or immune reaction.
The simple dipping method was used for silk coating and the result showed a coating
thickness of approximately 900 nm [76]. After coating, 1M kH2PO4 solution was applied
for the fixation of the coating, which resulted in the formation of a B-sheet for the water-
insoluble silk coating. Further, the study showed that the proliferation of human fibroblasts
was significantly reduced on the silk-coated implant. Unlike silicone with fiber networks,
flat-like silicone showed less protein absorption and was less attractive for fibroblasts. Most
interestingly, the human monocytes were attached both in silk-coated and uncoated silicone
implants; however, their differentiation into CD68-positive macrophages regarding the silk-
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coated silicone was significantly declined. The silk-coated implants significantly reduced
the capsule thickness, post-operative inflammation, and contracture formation. The coating
effectively masked the surface implant during the first few months of implantation; in
addition, the expression of follistatin, basic fibroblast growth factor (bFGF), and connective
tissue growth factor were reduced, indicating reduced fibrosis (Figure 12).

Figure 12. The schematic representation of silk coating on silicone implant and their performance on
capsule contracture formation. Silk reducing the cell proliferation and ECM synthesis around the
breast implants. Reproduced with permission from [76].

4.1.2. Interleukin-4(IL-4)

Capsular contracture is strongly related to inflammation at the implant site. Long-term
inflammation may lead to fibrous tissue formation and subsequently result in capsular con-
tracture. The control of a host/immune reaction, as well as chronic inflammation, is desir-
able. IL-4 is a cytokine that inherently reduces inflammation by the control of macrophages
activities. IL-4 immobilization on the silicone implant is an effective way to reduce foreign
body reactions and fibrous tissue formation. The effect of IL-4 on macrophage polarization
during silicone implantation was studied, and its function in fibrous capsular formation
was evaluated [77]. The results showed that IL-4 significantly promoted macrophage
polarization in vitro and in vivo. It was demonstrated that IL-4 reduced the expression of
inflammatory cytokines IL-6 and TNF and increased anti-inflammatory cytokine (IL-6 and
Arg-1) expression. Furthermore, animal studies showed that macrophage polarization may
help to reduced capsular thickness, tissue inflammation, and myofibroblasts infiltration.

4.2. Neutral Hydrophilic Polymers
4.2.1. Poly(glycerol monomethacrylate)

Copolymers composed of two poly(glycerol monomethacrylate) (PGMMA) terminal
blocks and a central poly(dimethylsiloxane) (PDMS) block were studied on silicone im-
plants. The deposition created smooth and stable surfaces, which dramatically modified
the protein absorption behavior of silicone substrates. The coated polymers in a water
environment affected protein absorption, transforming the surface characteristics from
preferentially fibrinogen-absorbing to preferentially albumin-absorbing. This switch can
be very beneficial for decreasing cell adhesion and activities [78].

4.2.2. Polyethylene Glycol

Silicone is suitable for application in various biological fields due to its low costs,
ease of fabrication, and mechanical properties. However, a high degree of hydrophobicity
frequently leads to the aim of the application not being fulfilled. Hydrophilic coating
on silicone is a measurable technique to overcome extreme hydrophobicity. Dong et al.
showed that the coating of PEG on silicone implants significantly reduced the adsorption
of proteins on the surface of the silicone [79]. In this study, three types of protein were used
to evaluate the adsorption properties, namely, bovine serum albumin (BSA), lysozyme
(Lys), and Rb IgG/FITC.



Polymers 2021, 13, 2731 14 of 20

4.3. Zwitterionic Polymer Coating
4.3.1. Methacryloxyethyl Phosphorylcholine (MPC)

Sunah Kang et al. developed silicone implants that could reduce the fibrous capsule
with a dense coating of 2-methacryloxyethyl phosphorylcholine (MPC) polymer. MPC is a
zwitterionic polymer that mimics the head group of phosphatylcholine lipids in the plasma
membrane and is widely applied as a coating material on orthopedic, cardiovascular, and
ophthalmologic medical devices [80,81]. Heat-induced polymerization was applied for
covalently grafted MPC around the silicone implant. Compared to UV-induced polymer-
ization, heat-induced polymerization produced thicker MPC layers (Figure 13) [82]. The
water angle results showed that the MPC polymer-modified the silicone surface from
hydrophobic to hydrophilic. Moreover, protein adsorption, as well as fibroblast studies,
demonstrated the performance of coated silicone implants compared to non-coated ones.
The MPC-grafted implant showed adsorption on silicone surfaces that was reduced by
55% and 64%, respectively. NIH-3T3 cell adhesion studies revealed that the MPC-grafted
implant had fewer cytotoxic effects. Since fibroblasts activated by inflammatory cytokines
are responsible for capsular formation around the implant, the lower adhesion of fibroblasts
on MPC-grafted silicone decreased the capsule thickness. The implantation of silicone
implants in a pig model showed that the MPC-grafted silicone implant had lower capsule
thickness at 8 weeks and 24 weeks. Furthermore, the anti-fibrous effect of the MPC-grafted
implant was demonstrated by inflammation-related protein expression [83].

Figure 13. Surface grafting method of silicone implant with methacryloxyethyl phosphorylcholine
(MPC). The polymerization grafting on the implants was conducted with 15 min-UV irradiation and
16 h heating at 70 ◦C. Reproduced with permission from [83].
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4.3.2. Poly(carboxybetaine methacrylate) and Poly(sulfobetaine methacrylate) (pSBMA)

Zwitterionic polymers carboxybetaine and sulfobetaine are receiving a considerable
amount of attention as antifouling materials. These polymers contain both positive and
negative groups in a repeated unit. Moreover, they have unique properties, as they possess
a neutral charge containing a water molecule. Strong bonding to water on their surface
drastically reduces protein adsorption as well as that of other molecules. Coating of
PDMS surfaces with zwitterionic polymers, poly (sulfobetaine methacrylate) (pSBMA), and
poly (carboxybetaine methacrylate) (pCBMA) reduces biomolecule adsorption and foreign
body reactions [84]. In this study, photografting/photocrosslinking was used to graft the
polymers and evaluate their antifouling properties. Notably, nonspecific protein adsorption
and fibroblast adhesion were significantly reduced in the coated surface compared to the
uncoated one. The results of these studies revealed that the modulation of the fibrotic
response was crucial for reducing the occurrence of capsular contracture.

5. Surface Modification Techniques
5.1. Layer-by-Layer Deposition Techniques (LBL)

Complications associated with breast implants are mostly capsule contracture and
induced cancer at the implant site. Recent studies have shown that a smooth surface is
favorable for capsule formation, whereas a textured surface reduces the capsule thickness.
However, a textured surface is primarily responsible for cancer formation [85]. One of the
important strategies to resolve this problem is a dual modification of silicone implant, where
one layer is modified physically and the other layer is modified chemically (Figure 14).

Figure 14. Preparation method of a dual polymer layer on the silicone implant with Hyaluronic acid (HA) and poly-L-lysine
(PLL). The first and second coating layers consist of PLL and HA, respectively. Both the coating layers were uniformly
distributed on the silicone implant and exhibited synergetic effects on capsular fibrosis formation [86].

In a study, the first microtextured layer was prepared by uniform-sized microparticles
on the implant before curing. The size of the micropattern of the textured implant was
controlled by the particle size. Notably, the micropattern size was smaller than 100 µm
(Figure 15). The micropattern with a size ranging from 70 to 100 showed significantly
reduced SMA expression as well as fibroblast activities and capsular formation. However,
the textured surface was related to BIA-ALCL; polymeric modification of the smooth
surface was achieved by layer-by-layer deposition of poly-L-lysine and hyaluronic acid.
Both the nontoxic polymers showed synergistic application after silicone implantation.
Studies showed the suppression of TGF-cytokine release from fibroblast cells against coated
silicone. On the other hand, the fibroblast marker vimentin and myofibroblast marker SMA
were evaluated in terms of their activities in a dual-coated implant. Unlike the uncoated
silicone implant, the coating layer dramatically changed the distribution and morphology
of cells, without aggregation on the implant. Moreover, lower expression of SMA in
regard to the coating demonstrated that the differentiation of fibroblasts to myofibroblasts
was significantly suppressed. The dual-layer polymer coating reduced capsule thickness;
however, compared to the textured-surface polymer, the coating did not reduce the capsule
thickness significantly. Both polymers, PLL and HA, are natural polymers that easily
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degrade, showing lesser effects in vivo [87,88]. The LBL coating showed a synergetic
effect on fibroblast counts, myofibroblast counts, and collagen density [89]. The synergetic
application is promising for the modification of silicone implants [86].

Figure 15. Preparation of the concave hemisphere pattern on the PDMS surface [86].

5.2. Microgrooved Pattern

The microgrooved pattern is another technique for the surface modification of silicone
implants, improving biocompatibility and reducing capsule formation. Carbon-ion im-
plantation with microgrooved silicone surface did not alter the cell adhesion, while cells
were arranged in a more orderly manner, which subsequently reduced the capsule for-
mation. Modification of silicone resulted in a hydrophobic surface, which improved cells’
adhesion and distribution. Moreover, in a long-term period (30 days), the microgrooved
surface pattern showed a lower number of inflammatory cells and less collagen around
the implants, delaying capsule contracture formation. Although these studies showed
that a microgroove-patterned silicone surface with C-ions reduces the incidence of capsule
contracture, the underlying mechanism was not elucidated [90].

5.3. Dot Pattern

The stability of polymers and their sustained release pattern is necessary for reducing
capsule contracture. During surgery, usually, the implant should be folded and crumpled
for insertion; thus, a coating on the entire surface would be subjected to severe mechanical
stress, with a high chance of breakage or loss [91,92]. Dot pattern strategies showed that
a stable polymer coating on the silicone surface leads to the local, sustained released
of tranilast. In vitro drug release studies demonstrated an initial burst due to the high
distribution of the drug near the polymer. Afterward, the drug was released in a sustained
manner for 14 days. The result revealed the benefit of using a PLGA matrix coated with
dots, which released the drug in a diffusion-mediated manner [59].

5.4. Drug Delivery Net (DDN) Method

Drug delivery with silicone implants is always challenging. A polymeric network for
sustained release and diffusion from the implant still has limitations. Moreover, clinically,
silicone implants are made in different sizes; thus, a specific coating process is currently
needed. An elastic net plays a significant role in optimizing the size-specific coating
on silicone of different sizes. Polyurethane has excellent mechanical properties for the
synthesis of a drug delivery net, where it provides suitable and sustained released of
triamcinolone [93]. Since polyurethane is mechanically stretchable, the net was tightly
wrapped around the silicone implant. The significant benefit of net wrapping was that it
could cover samples ranging from small to large sizes. The result of the studies revealed
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that DDN showed drug release in a sustained manner for 4 weeks. The release of the drug
was similar between the intact strained conditions. The studies evaluated the drug effect
for the same DDN system in both large and small silicone samples and demonstrated that
both types of the sample showed a similar effect regardless of the sample size.

6. Conclusions

Silicone implants require significant improvements to enhance their action, and multi-
disciplinary research has been undertaken to investigate their physical and chemical surface
modification. New strategies and modification techniques are drastically enhancing the
development of advanced silicone implants. Our study highlighted the literature related
to the surface modification of silicone implants with drugs and polymer coatings. We
summarized the different modification techniques together with their roles in the cellular
and biological environment. Various drugs and polymers are being modified to overcome
the major complications that occur after silicone implantation. This review article discussed
in detail the drug and polymeric modification of the silicone surface and the efforts to find
a solution to reduce capsule contracture and inflammation. However, a suitable option for
surface modification remains elusive; comprehensive future research seeks to overcome
these major problems.

Author Contributions: Writing—original draft preparation, S.-Y.N., O.F., P.N.C., N.D.; writing—
review and editing, supervision, funding acquisition, S.-Y.N. and C.-Y.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Institute of Information and Communications Technology
Planning and Evaluation (IITP) grant funded by the Korean government (MSIT) (No. 2020-0-00990,
Platform Development and Proof of High Trust and Low Latency Processing for Heterogeneous
Atypical Large Scaled Data in 5G-IoT Environment).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Baino, F. The Use of Polymers in the Treatment of Retinal Detachment: Current Trends and Future Perspectives. Polymers 2010, 2,

286–322. [CrossRef]
2. Baino, F. Scleral buckling biomaterials and implants for retinal detachment surgery. Med. Eng. Phys. 2010, 32, 945–956. [CrossRef]
3. Manish, C.C.; Wendy, W.W.; Michael, E.H.; Subhas, C.G. The evolution of breast reconstruction: A historical perspective. World J.

Surg. 2012, 36, 730–742.
4. Malahias, M.; Jordan, D.J.; Hughes, L.C.; Hindocha, S.; Juma, A. A literature review and summary of capsular contracture: An

ongoing challenge to breast surgeons and their patients. Int. J. Surg. Open 2016, 3, 1–7. [CrossRef]
5. Pajkos, A.; Deva, A.K.; Vickery, K.; Cope, C.; Chang, L.; Cossart, Y.E. Detection of subclinical infection in significant breast implant

capsules. Plast. Reconstr. Surg. 2003, 111, 1605–1611. [CrossRef] [PubMed]
6. Food and Drug Administration. FDA News Release: FDA Approves New Silicone Gel-Filled Breast Implant; Food and Drug

Administration: Washington, DC, USA, 2012.
7. United States Centers for Disease Control and Prevention. Occupational Health Guideline for Soluble Platinum Salts (as Platinum).

Available online: http://www.cdc.gov/niosh/docs/81-123/pdfs/0520.pdf (accessed on 6 June 2012).
8. Afssaps Launches the Alert for Defective Breast Prostheses. AFP. 31 March 2010. Available online: https://www.lemonde.fr/

societe/article/2010/03/31/l-afssaps-lance-l-alerte-aux-protheses-mammaires-defectueuses_1326644_3224.html (accessed on 6
June 2012).

9. Macrae, F.; Randall, C. Thousands of British women in dangerous breast implants alert. Daily Mail, 18 June 2010.
10. Global Market Insight. 2019. Available online: file:///H:/Review%20paper/Breast%20Implaant/Manuscript/Submission/

Global%20Breast%20Implant%20Market%20to%20Surpass%20$4.9%20Billion%20and.html (accessed on 6 June 2012).
11. Research Dive. 2020. Available online: https://www.researchdive.com/download-sample/41 (accessed on 6 June 2012).
12. Bondurant, S.; Ernster, V.; Herdman, R. Safety of Silicone Breast Implants. Institute of Medicine (US) Committee on the Safety of Silicone

Breast Implants; National Academies Press: Washington, DC, USA, 1999. [CrossRef]

http://doi.org/10.3390/polym2030286
http://doi.org/10.1016/j.medengphy.2010.07.007
http://doi.org/10.1016/j.ijso.2016.04.001
http://doi.org/10.1097/01.PRS.0000054768.14922.44
http://www.ncbi.nlm.nih.gov/pubmed/12655204
http://www.cdc.gov/niosh/docs/81-123/pdfs/0520.pdf
https://www.lemonde.fr/societe/article/2010/03/31/l-afssaps-lance-l-alerte-aux-protheses-mammaires-defectueuses_1326644_3224.html
https://www.lemonde.fr/societe/article/2010/03/31/l-afssaps-lance-l-alerte-aux-protheses-mammaires-defectueuses_1326644_3224.html
file:///H:/Review%20paper/Breast%20Implaant/Manuscript/Submission/Global%20Breast%20Implant%20Market%20to%20Surpass%20$4.9%20Billion%20and.html
file:///H:/Review%20paper/Breast%20Implaant/Manuscript/Submission/Global%20Breast%20Implant%20Market%20to%20Surpass%20$4.9%20Billion%20and.html
https://www.researchdive.com/download-sample/41
http://doi.org/10.17226/9602


Polymers 2021, 13, 2731 18 of 20

13. Lykissa, E.D.; Kala, S.V.; Hurley, J.B.; Lebovitz, R.M. Release of low molecular weight silicones and platinum from silicone breast
implants. Anal. Chem. 1997, 1, 4912–4916. [CrossRef]

14. International Organization for Standardization. Non-Active Surgical Implants—Mammary Implants Particular Requirements; Interna-
tional Organization for Standardization: Geneva, Switzerland, 2018.

15. Coleman, D.J.; Foo, I.T.; Sharpe, D.T. Textured or smooth implants for breast augmentation? A prospective controlled trial. Br. J.
Plast. Surg. 1991, 44, 444–448. [CrossRef]

16. Carpaneda, C.A. Inflammatory reaction and capsular contracture around smooth silicone implants. Aesthetic. Plast. Surg. 1997,
21, 110–114. [CrossRef] [PubMed]

17. Hall-Findlay, E.J. Breast implant complication review: Double capsules and late seromas. Plast. Reconstr. Surg. 2011, 127, 56–66.
[CrossRef] [PubMed]

18. Nam, S.-Y.; Zhang, X.; Faruq, O.; Chien, P.N.; Dönmez, N.; Heo, C.-Y. An Impact of Different Silicone Breast Implants on the
Bacterial Attachment and Growth. J. Biomater. Nanobiotechnol. 2021, 12, 21–33. [CrossRef]

19. Sforza, M.; Zaccheddu, R.; Alleruzzo, A.; Seno, A.; Mileto, D.; Paganelli, A.; Sulaiman, H.; Payne, M.; Maurovich-Horvat, L.
Preliminary 3-Year Evaluation of Experience with SilkSurface and VelvetSurface Motiva Silicone Breast Implants: A Single-Center
Experience With 5813 Consecutive Breast Augmentation Cases. Aesthet. Surg. J. 2018, 38, S62–S73. [CrossRef]

20. Lin, W.; Zhang, J.; Wang, Z.; Chen, S. Development of robust biocompatible silicone with high resistance to protein adsorption
and bacterial adhesion. Acta Biomater. 2011, 7, 2053–2059. [CrossRef]

21. Li, M.; Neoh, K.G.; Xu, L.Q.; Wang, R.; Kang, E.T.; Lau, T.; Olszyna, D.P.; Chiong, E. Surface Modification of Silicone for
Biomedical Applications Requiring Long-Term Antibacterial, Antifouling, and Hemocompatible Properties. Langmuir 2012, 28,
16408–16422. [CrossRef]

22. Gevaux, L.; Lejars, M.; Margaillan, A.; Briand, J.-F.; Bunet, R.; Bressy, C. Hydrolyzable Additive-Based Silicone Elastomers: A
New Approach for Antifouling Coatings. Polymers 2019, 11, 305. [CrossRef]

23. Furkert, F.H.; Sörensen, J.H.; Arnoldi, J.; Robioneck, B.; Steckel, H. Antimicrobial efficacy of surface-coated external fixation pins.
Curr. Microbiol. 2011, 62, 1743–1751. [CrossRef] [PubMed]

24. Barnsley, G.P.; Sigurdson, L.J.; Barnsley, S.E. Textured surface breast implants in the prevention of capsular contracture among
breast augmentation patients: A meta-analysis of randomized controlled trials. Plast. Reconstr. Surg. 2006, 117, 2182–2190.
[CrossRef]

25. Wong, C.H.; Samuel, M.; Tan, B.K.; Song, C. Capsular contracture in subglandular breast augmentation with textured versus
smooth breast implants: A systematic review. Plast. Reconstr. Surg. 2006, 118, 1224–1236. [CrossRef] [PubMed]

26. Cappellano, G.; Ploner, C.; Lobenwein, S.; Sopper, S.; Hoertnagl, P.; Mayerl, C. Immunophenotypic characterization of human T
cells after in vitro exposure to different silicone breast implant surfaces. PLoS ONE 2018, 13, e0192108. [CrossRef] [PubMed]

27. Kyle, D.J.; Oikonomou, A.; Hill, E.; Bayat, A. Development and functional evaluation of biomimetic silicone surfaces with
hierarchical micro/nano-topographical features demonstrates favourable in vitro foreign body response of breast-derived
fibroblasts. Biomaterials 2015, 52, 88–102. [CrossRef]

28. Anderson, J.M.; Rodriguez, A.; Chang, D.T. Foreign body reaction to biomaterials. Semin. Immunol. 2008, 20, 86–100. [CrossRef]
29. Greisler, H.P. Interactions at the Blood/Material Interface. Ann. Vasc. Surg. 1990, 4, 98–103. [CrossRef]
30. Hanson, S.R. Blood-material interactions. In Handbook of Biomaterial Properties; Black, J., Hastings, G., Eds.; Chapman & Hall:

London, UK, 1998.
31. Klopfleisch, R.; Jung, F. The pathology of the foreign body reaction against biomaterials. J. Biomed. Mater. Res. A 2017, 105,

927–940. [CrossRef]
32. Cristina, T.; Alessandra, M.; Marco, A.C. Neutrophil-derived cytokines: Facts beyond expression. Front. Immunol. 2014, 5, 508.
33. Amin, K. The role of mast cells in allergic inflammation. Respir. Med. 2012, 106, 9–14. [CrossRef]
34. Whittemore, M.K.; Dileepan, K.N.; Wood, J.G. Mast cell: A multi functional master cell. Front. Immunol. 2016, 6, 620.
35. Raghavendrs, G.M.; Varaprasad, K.; Jayaramudu, T. Biomaterials: Design, development and biomedical applications A2-Thomaz,

Sabu. In Nanotechnology Applications for Tissue Engineering; Grohens, Y., Ninan, N., Eds.; Elsevier: Amsterdam, The Netherlands,
2015; pp. 21–44.

36. Anderson, M.J. Inflammation, Wound Healing, and the Foreign-Body Response. In Biomaterials Science; Academic Press:
Cambridge, MA, USA, 2013; pp. 503–512.

37. Kzhyshkowska, J.; Gudima, A.; Riabov, V.; Dollinger, C.; Lavalle, P.; Vrana, N.E. Macrophage responses to implants: Prospects for
personalized medicine. J. Leukoc. Biol. 2015, 98, 953–962. [CrossRef]

38. Brandt, E.; Woerly, G.; Younes, A.B.; Loiseau, S.; Capron, M. IL-4 production by human polymorphonuclear neutrophils. J. Leukoc.
Biol. 2000, 68, 125–130. [PubMed]

39. Woerly, G.; Lacy, P.; Younes, A.B.; Roger, N.; Loiseau, S.; Moqbel, R.; Capron, M. Human eosinophils express and release IL-13
following CD28-dependent activation. J. Leukoc. Biol. 2002, 72, 769–779. [PubMed]

40. Xia, Z.; Triffitt, J.T. A review on macrophage responses to biomaterials. Biomed. Mater. 2006, 1, R1–R9. [CrossRef] [PubMed]
41. Koh, T.J.; DiPietro, L.A. Inflammation and wound healing: The role of the macrophage. Expert Rev. Mol. Med. 2011, 13, e23.

[CrossRef]
42. Smith, T.L.; Sautter, N.B. Is montelukast indicated for treatment of chronic rhinosinusitis with polyposis. Laryngocope 2014, 124,

1735–1736. [CrossRef]

http://doi.org/10.1021/ac970710w
http://doi.org/10.1016/0007-1226(91)90204-W
http://doi.org/10.1007/s002669900094
http://www.ncbi.nlm.nih.gov/pubmed/9143426
http://doi.org/10.1097/PRS.0b013e3181fad34d
http://www.ncbi.nlm.nih.gov/pubmed/21200201
http://doi.org/10.4236/jbnb.2021.123003
http://doi.org/10.1093/asj/sjx150
http://doi.org/10.1016/j.actbio.2011.02.001
http://doi.org/10.1021/la303438t
http://doi.org/10.3390/polym11020305
http://doi.org/10.1007/s00284-011-9923-3
http://www.ncbi.nlm.nih.gov/pubmed/21442392
http://doi.org/10.1097/01.prs.0000218184.47372.d5
http://doi.org/10.1097/01.prs.0000237013.50283.d2
http://www.ncbi.nlm.nih.gov/pubmed/17016195
http://doi.org/10.1371/journal.pone.0192108
http://www.ncbi.nlm.nih.gov/pubmed/29420643
http://doi.org/10.1016/j.biomaterials.2015.02.003
http://doi.org/10.1016/j.smim.2007.11.004
http://doi.org/10.1007/BF02042699
http://doi.org/10.1002/jbm.a.35958
http://doi.org/10.1016/j.rmed.2011.09.007
http://doi.org/10.1189/jlb.5VMR0415-166R
http://www.ncbi.nlm.nih.gov/pubmed/10914499
http://www.ncbi.nlm.nih.gov/pubmed/12377947
http://doi.org/10.1088/1748-6041/1/1/R01
http://www.ncbi.nlm.nih.gov/pubmed/18458376
http://doi.org/10.1017/S1462399411001943
http://doi.org/10.1002/lary.24477


Polymers 2021, 13, 2731 19 of 20

43. Huang, C.K.; Handel, N. Effects of Singulair (montelukast) treatment for capsular contracture. Aesthet. Surg. J. 2010, 30, 404–408.
[CrossRef] [PubMed]

44. Bian, Z.; Guo, Y.; Ha, B.; Zen, K.; Liu, Y. Regulation of the inflammatory response: Enhancing neutrophil infiltration under chronic
inflammatory conditions. J. Immunol. 2012, 188, 844–853. [CrossRef]

45. Singh, R.K.; Gupta, S.; Dastidar, S.; Ray, A. Cysteinyl leukotrienes and their receptors: Molecular and functional characteristics.
Pharmacology 2010, 85, 336–349. [CrossRef] [PubMed]

46. Peters-Goldern, M.; Gleason, M.M.; Togias, A. Cysteinyl leukotrienes: Multi-functional mediators in allergic rhinitis. Clin. Exp.
Allergy 2006, 36, 689–703. [CrossRef] [PubMed]

47. Kim, B.H.; Park, M.; Park, H.J.; Lee, S.H.; Choi, S.Y.; Park, C.G.; Han, S.M.; Heo, C.Y.; Choy, Y.B. Prolonged, acute suppresssion
of cysteinyl leukotrien to reduce capsular contracture around silicone implants. Acta Biomater. 2017, 21, 209–219. [CrossRef]
[PubMed]

48. Yang, J.D.; Kwon, O.H.; Lee, J.W.; Chung, H.Y.; Cho, B.C.; Park, H.Y.; Kim, T.G. The effect of montelukast and antiadhesion barrier
solution on the capsule formation after insertion of silicone implants in a white rat model. Eur. Surg. Res. 2013, 51, 146–155.
[CrossRef]

49. Ashcroft, G.S. Bidirectional regulation of macrophage function by TGF-beta. Microbes Infect. 1999, 1, 1275–1282. [CrossRef]
50. Rappolee, D.A.; Mark, D.; Banda, M.J.; Werb, Z. Wound macrophages express TGF-alpha and other growth factors in vivo:

Analysis by mRNA phenotyping. Science 1988, 241, 708–712. [CrossRef]
51. Santibañez, J.F.; Quintanilla, M.; Bernabeu, C. TGF-β/TGF-β receptor system and its role in physiological and pathological

conditions. Clin. Sci. 2011, 121, 2233–2251. [CrossRef]
52. Darakhshan, S.; Pour, A.B. Tranilast: A review of its therapeutic applications. Pharmacol. Res. 2015, 91, 15–28. [CrossRef]

[PubMed]
53. Suzawa, H.; Kikuchi, S.; Arai, N.; Koda, A. The mechanism involved in the inhibitory action of tranilast on collagen biosynthesis

of keloid fibroblasts. Jpn. J. Pharmacol. 1992, 60, 91–96. [CrossRef]
54. Bonnet, F.; Cao, Z.; Cooper, M.E.; Cox, A.J.; Kelly, D.J.; Gilbert, R.E. Tranilast attenuates vascular hypertrophy, matrix accumulation

and growth factor overexpression in experimental diabetes. Diabetes Metab. 2003, 29, 386–392. [CrossRef]
55. Tanaka, K.; Honda, M.; Kuramochi, T.; Morioka, S. Prominent inhibitory effects of tranilast on migration and proliferation of and

collagen synthesis by vascular smooth muscle cells. Atherosclerosis 1994, 107, 179–185. [CrossRef]
56. Yamada, H.; Tajima, S.; Nishikawa, T.; Murad, S.; Pinnell, S.R. Tranilast, a selective inhibitor of collagen synthesis in human skin

fibroblasts. J. Biochem. 1994, 116, 892–897. [CrossRef] [PubMed]
57. Kelly, D.J.; Zhang, Y.; Gow, R.; Gilber, R.E. Transnilast attenuates structural and functional aspects of renal injury in the remnant

kidney model. J. Am. Soc. Nephrol. 2004, 15, 2619–2629. [CrossRef] [PubMed]
58. Park, S.; Park, M.; Kim, B.H.; Lee, J.E.; Park, H.J.; Lee, S.H.; Park, C.G.; Kim, M.H.; Kim, R.; Kim, E.H.; et al. Acute suppression

of TGF-ß with local, sustained releaseof tranilast against the formation of fibrous capsules around silicone implants. J. Control.
Release 2015, 200, 125–137. [CrossRef]

59. Kim, B.H.; Huh, B.K.; Lee, W.S.; Kim, C.R.; Lee, K.S.; Nam, S.-Y.; Lee, M.; Heo, C.Y.; Choy, Y.B. Silicone Implant Coated with
Tranilast-Loaded Polymer in a Pattern for Fibrosis Suppression. Polymers 2019, 11, 223. [CrossRef]

60. Amano, Y.; Lee, S.W.; Allison, A.C. Inhibition by glucocorticoids of the formation of interleukin-1 alpha, interleukin-1 beta, and
interleukin-6: Mediation by decreased mRNA stability. Mol. Pharmacol. 1993, 43, 176–182.

61. Joyce, D.A.; Steer, J.H.; Abraham, L.J. Glucocorticoid modulation of human monocyte/macrophage function: Control of TNF-
alpha secretion. Inflamm. Res. 1997, 46, 447–451. [CrossRef]

62. Schleimer, R.P. An overview of glucocorticoid anti-inflammatory actions. Eur. J. Clin. Pharmacol. 1993, 45, S3–S7. [CrossRef]
[PubMed]

63. Sahare, P.; Ayala, M.; Vazquez-Duhalt, R.; Agrawal, V. Immobilization of peroxidase enzyme onto the porous silicon structure for
enhancing its activity and stability. Nanoscale Res. Lett. 2014, 9, 409. [CrossRef] [PubMed]

64. Pápa, Z.; Ramakrishnan, S.K.; Marin, M.; Cloitre, T.; Zimányi, L.; Márquez, J.; Budai, J.; Tóth, Z.; Gergely, C. Interactions at the
peptide/silicon surfaces: Evidence of peptide multilayer assembly. Langmuir 2016, 32, 7250–7258. [CrossRef]

65. Thiessen, A.N.; Ha, M.; Hooper, R.W.; Yu, H.; Oliynyk, A.O.; Veinot, J.G.C.; Michaelis, V.K. Silicon nanoparticles: Are they
crystalline from the core to the surface. Chem. Mater. 2019, 31, 678–688. [CrossRef]

66. O’Farrell, N.; Houlton, A.; Horrocks, B.R. Silicon nanoparticles: Applications in cell biology and medicine. Int. J. Nanomed. 2006,
1, 451–472. [CrossRef]

67. Malcolm, R.K.; McCullagh, S.D.; Woolfson, A.D.; Gorman, S.P.; Jones, D.S.; Cuddy, J. Controlled release of a model antibacterial
drug from a novel self-lubricating silicone biomaterial. J. Control. Release 2004, 97, 313–320. [CrossRef]

68. Beom, S.J.; Shin, B.H.; Huh, B.K.; Kim, B.H.; Kim, S.N.; J, H.B.; Lee, S.H.; Kang, S.I.; Shim, J.H.; Kang, S.M.; et al. Silicone implants
capable of the local, controlled delivery of triamcinolone for the prevention of fibrosis with minimized drug side effects. J. Ind.
Eng. Chem. 2018, 63, 168–180.

69. Patel, T.R.; McFadden, B.A. Caenorhabditis elegans and Ascaris suum: Inhibition of isocitrate lyase by itaconate. Exp. Parasitol. 1978,
44, 262–268. [CrossRef]

70. Cordes, T.; Michelucci, A.; Hiller, K. Itaconic Acid: The Surprising Role of an Industrial Compound as a Mammalian. Antimicrob.
Metab. Annu. Rev. Nutr. 2015, 35, 451–473. [CrossRef]

http://doi.org/10.1177/1090820X10374724
http://www.ncbi.nlm.nih.gov/pubmed/20601564
http://doi.org/10.4049/jimmunol.1101736
http://doi.org/10.1159/000312669
http://www.ncbi.nlm.nih.gov/pubmed/20516735
http://doi.org/10.1111/j.1365-2222.2006.02498.x
http://www.ncbi.nlm.nih.gov/pubmed/16776669
http://doi.org/10.1016/j.actbio.2017.01.033
http://www.ncbi.nlm.nih.gov/pubmed/28087482
http://doi.org/10.1159/000356443
http://doi.org/10.1016/S1286-4579(99)00257-9
http://doi.org/10.1126/science.3041594
http://doi.org/10.1042/CS20110086
http://doi.org/10.1016/j.phrs.2014.10.009
http://www.ncbi.nlm.nih.gov/pubmed/25447595
http://doi.org/10.1016/S0021-5198(19)32429-1
http://doi.org/10.1016/S1262-3636(07)70049-6
http://doi.org/10.1016/0021-9150(94)90019-1
http://doi.org/10.1093/oxfordjournals.jbchem.a124612
http://www.ncbi.nlm.nih.gov/pubmed/7533764
http://doi.org/10.1097/01.ASN.0000139066.77892.04
http://www.ncbi.nlm.nih.gov/pubmed/15466266
http://doi.org/10.1016/j.jconrel.2014.12.021
http://doi.org/10.3390/polym11020223
http://doi.org/10.1007/s000110050222
http://doi.org/10.1007/BF01844196
http://www.ncbi.nlm.nih.gov/pubmed/8313932
http://doi.org/10.1186/1556-276X-9-409
http://www.ncbi.nlm.nih.gov/pubmed/25221454
http://doi.org/10.1021/acs.langmuir.6b00916
http://doi.org/10.1021/acs.chemmater.8b03074
http://doi.org/10.2147/nano.2006.1.4.451
http://doi.org/10.1016/j.jconrel.2004.03.029
http://doi.org/10.1016/0014-4894(78)90107-8
http://doi.org/10.1146/annurev-nutr-071714-034243


Polymers 2021, 13, 2731 20 of 20

71. Birajdar, M.S.; Kim, B.H.; Sutthiwanjampa, C.; Kang, S.H.; Heo, C.H.; Park, H. Inhibition of Capsular Contracture of Poly
(Dimethyl Siloxane) Medical Implants by Surface Modification with Itaconic Acid Conjugated Gelatin. J. Ind. Eng. Chem. 2020, 89,
128–138. [CrossRef]

72. McGaha, T.L.; Phelps, R.G.; Spiera, H.; Bona, C. Halofuginone, an inhibitor of type-I collagen synthesis and skin sclerosis, blocks
transforming-growth-factor-beta-mediated Smad3 activation in fibroblasts. J. Investig. Dermatol. 2002, 118, 461–470. [CrossRef]

73. Spira, G.; Mawasi, N.; Paizi, M.; Anbinder, N.; Genina, O.; Alexiev, R.; Pines, M. Halofuginone, a collagen type I inhibitor
improves liver regeneration in cirrhotic rats. J. Hepatol. 2002, 37, 331–339. [CrossRef]

74. Zeplin, P.H.; Larena-Avellaneda, A.; Schmidt, K. Surface modification of silicone breast implants by binding the antifibrotic drug
halofuginone reduces capsular fibrosis. Plast. Reconstr. Surg. 2010, 126, 266–274. [CrossRef]

75. Spiess, K.; Lammel, A.; Scheibel, T. Recombinant spider silk proteins for applications in biomaterials. Macromol. Biosci. 2010, 10,
998–1007. [CrossRef] [PubMed]

76. Zeplin, P.H.; Maksimovikj, N.C.; Jordan, M.C.; Nickel, J.; Lang, G.; Leimer, A.H.; Römer, L.; Scheibel, T. Spider Silk Coatings as a
Bioshield to Reduce Periprosthetic Fibrous Capsule Formation. Adv. Funct. Mater. 2014, 24, 2658–2666. [CrossRef]

77. Kim, H.-S.; Kim, S.; Shin, B.-H.; Heo, C.-Y.; Faruq, O.; Van Anh, L.T.; Dönmez, N.; Chien, P.N.; Shin, D.-S.; Nam, S.-Y.; et al.
Silicone Implants Immobilized with Interleukin-4 Promote the M2 Polarization of Macrophages and Inhibit the Formation of
Fibrous Capsules. Polymers 2021, 13, 2630. [CrossRef]

78. Nicoud, G.R.; Donno, R.; Cadman, C.J.; Alexander, M.R.; Tirelli, N. Surface modification of silicone via colloidal deposition of
amphiphilic block copolymers. Polym. Chem. 2014, 5, 6687–6701. [CrossRef]

79. Guo, D.J.; Han, H.M.; Wang, J.; Xiao, S.J.; Dai, Z.D. Surface-hydrophilic and protein-resistant silicone elastomers prepared by
hydrosilylation of vinyl poly(ethylene glycol) on hydrosilanes-poly(dimethylsiloxane) surfaces. Colloids Surf. A Physicochem. Eng.
Asp. 2007, 308, 129–135. [CrossRef]

80. Jin, Y.J.; Kang, S.; Park, P.; Choi, D.; Kim, D.W.; Jung, D.; Koh, J.; Jeon, J.; Lee, M.; Ham, J.; et al. Anti-inflammatory and
Antibacterial Effects of Covalently Attached Biomembrane-Mimic Polymer Grafts on Gore-Tex Implants. ACS Appl. Mater.
Interfaces 2017, 9, 19161–19175. [CrossRef]

81. Ishihara, K. Blood-Compatible Surfaces with Phosphorylcholine-Based Polymers for Cardiovascular Medical Devices. Langmuir
2019, 35, 1778–1787. [CrossRef]

82. Park, J.U.; Ham, J.; Kim, S.; Seo, J.H.; Kim, S.H.; Lee, S.; Min, H.J.; Choi, S.; Choi, R.M.; Kim, H.; et al. Alleviation of capsular
formations on silicone implants in rats using biomembrane-mimicking coatings. Acta Biomater. 2014, 10, 4217–4225. [CrossRef]

83. Kang, S.; Kim, J.; Kim, S.; Wufuer, M.; Park, S.; Kim, Y.; Choi, D.; Jin, X.; Kim, Y.; Huang, Y.; et al. Efficient reduction of
fibrous capsule formation around silicone breast implantdensely grafted with 2-methacryloyloxyethyl phosphorylcholine (MPC)
polymers by heat-induced polymerization. Biomater. Sci. 2020, 8, 1580–1591. [CrossRef] [PubMed]

84. Leigh, B.L.; Cheng, E.; Xu, L.; Derk, A.; Hansen, M.R.; Guymon, C.A. Antifouling Photograftable Zwitterionic Coatings on PDMS
Substrates. Langmuir 2019, 35, 1100–1110. [CrossRef] [PubMed]

85. Srinivasa, D.R.; Miranda, R.N.; Kaura, A.; Francis, A.M.; Campanale, A.; Boldrini, R.; Alexander, J.; Deva, A.K.; Gravina, P.R.;
Medeiros, L.J. Global adverse event reports of breast implant-associated ALCL: An international review of 40 government
authority databases. Plast. Reconstr. Surg. 2017, 139, 1029–1039. [CrossRef] [PubMed]

86. Yoo, B.Y.; Kim, B.H.; Lee, J.S.; Shin, B.H.; Kwon, H.; Koh, W.G.; Heo, C.Y. Dual surface modification of PDMS-based silicone
implants to suppress capsular contracture. Acta Biomater. 2018, 76, 56–70. [CrossRef]

87. Hahn, S.K.; Hoffman, A.S. Characterization of biocompatible polyelectrolyte complex multilayer of hyaluronic acid and poly-L-
lysine. Biotechnol. Bioprocess. Eng. 2004, 9, 179–183. [CrossRef]

88. Szarpak, A.; Cui, D.; Dubreuil, F.; De Geest, B.G.; De Cock, L.J.; Picart, C.; Auzély-Velty, R. Designing Hyaluronic Acid-Based
Layer-by-Layer Capsules as a Carrier for Intracellular Drug Delivery. Biomacromolecules 2010, 11, 713–720. [CrossRef]

89. Jones, K.S. Effects of biomaterial-induced inflammation on fibrosis and rejection. Semin. Immunol. 2008, 20, 130–136. [CrossRef]
90. Lei, Z.Y.; Liu, T.; Li, W.J.; Shi, X.H.; Fan, D.L. Biofunctionalization of silicone rubber with microgroove-patterned surface and

carbon-ion implantation to enhance biocompatibility and reduce capsule formation. Int. J. Nanomed. 2016, 11, 5563–5572.
[CrossRef]

91. Fanous, N.; Tawilé, C.; Brousseau, V.J. Minimal inframammary incision for breast augmentation. Can. J. Plast. Surg. 2008, 16,
14–17. [CrossRef]

92. Hidalgo, D.A. Breast augmentation: Choosing the optimal incision, implant, and pocket plane. Plast. Reconstr. Surg. 2000, 105,
2202–2216. [CrossRef] [PubMed]

93. Huh, B.K.; Kim, B.H.; Kim, C.R.; Kim, S.N.; Shin, B.H.; Ji, H.B.; Lee, S.H.; Kim, M.J.; Heo, C.Y.; Choy, Y.B. Elastic net of
polyurethane strands for sustained delivery of triamcinolone around silicone implants of various sizes. Mater. Sci. Eng. C Mater.
Biol. Appl. 2020, 109, 110565. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jiec.2020.03.036
http://doi.org/10.1046/j.0022-202x.2001.01690.x
http://doi.org/10.1016/S0168-8278(02)00164-2
http://doi.org/10.1097/PRS.0b013e3181dbc313
http://doi.org/10.1002/mabi.201000071
http://www.ncbi.nlm.nih.gov/pubmed/20602494
http://doi.org/10.1002/adfm.201302813
http://doi.org/10.3390/polym13162630
http://doi.org/10.1039/C4PY00941J
http://doi.org/10.1016/j.colsurfa.2007.05.080
http://doi.org/10.1021/acsami.7b02696
http://doi.org/10.1021/acs.langmuir.8b01565
http://doi.org/10.1016/j.actbio.2014.07.007
http://doi.org/10.1039/C9BM01802F
http://www.ncbi.nlm.nih.gov/pubmed/31932833
http://doi.org/10.1021/acs.langmuir.8b00838
http://www.ncbi.nlm.nih.gov/pubmed/29983076
http://doi.org/10.1097/PRS.0000000000003233
http://www.ncbi.nlm.nih.gov/pubmed/28157770
http://doi.org/10.1016/j.actbio.2018.06.022
http://doi.org/10.1007/BF02942289
http://doi.org/10.1021/bm9012937
http://doi.org/10.1016/j.smim.2007.11.005
http://doi.org/10.2147/IJN.S112902
http://doi.org/10.1177/229255030801600109
http://doi.org/10.1097/00006534-200005000-00047
http://www.ncbi.nlm.nih.gov/pubmed/10839422
http://doi.org/10.1016/j.msec.2019.110565
http://www.ncbi.nlm.nih.gov/pubmed/32228902

	Introduction 
	The Procedure of Fibrosis Formation 
	Surface Modification Using Drugs 
	Montelukast 
	Tranilast 
	Triamcinolone 
	Itaconic Acid 
	Halofuginone 

	Surface Modification Using Polymers 
	Natural Polymers 
	Spider Silk 
	Interleukin-4(IL-4) 

	Neutral Hydrophilic Polymers 
	Poly(glycerol monomethacrylate) 
	Polyethylene Glycol 

	Zwitterionic Polymer Coating 
	Methacryloxyethyl Phosphorylcholine (MPC) 
	Poly(carboxybetaine methacrylate) and Poly(sulfobetaine methacrylate) (pSBMA) 


	Surface Modification Techniques 
	Layer-by-Layer Deposition Techniques (LBL) 
	Microgrooved Pattern 
	Dot Pattern 
	Drug Delivery Net (DDN) Method 

	Conclusions 
	References

