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Abstract: Breast implant surgery has evolved significantly, yet challenges such as capsular
contracture remain a persistent concern. This review presents an in-depth analysis of recent
advancements in understanding the immune mechanisms and clinical implications associated with
breast implants. The article systematically examines the complex interplay between immune
responses and capsular fibrosis, emphasizing the pathophysiological mechanisms of inflammation
in the etiology of this fibrotic response. It discusses innovations in biomaterial science, including the
development of novel anti-biofilm coatings and immunomodulatory surfaces designed to enhance
implant integration and minimize complications. Emphasis is placed on personalized risk
assessment strategies, leveraging molecular insights to tailor interventions and improve patient
outcomes. Emerging therapeutic targets, advancements in surgical techniques, and the refinement
of post-operative care are also explored. Despite notable progress, challenges such as variability in
immune responses, long-term efficacy of new interventions, and ethical considerations remain.
Future research directions are identified, focusing on personalized medicine, advanced
biomaterials, and bridging preclinical findings with clinical applications. As we advance from bench
to bedside, this review illuminates the path forward, where interdisciplinary collaboration and
continued inquiry weave together to enhance the art and science of breast implant surgery,
transforming patient care into a realm of precision and excellence.

Keywords: silicone mammary implants (SMI); immune mechanisms; inflammatory response;
capsular fibrosis; immunomics; biofilm formation; biomaterial innovations; immunomodulatory
surfaces; personalized medicine; therapeutic targets

1. Introduction

Inspired by “genomics,” various “-omics” fields like transcriptomics, proteomics, metabolomics,
glycomics, and lipidomics have emerged over the past two decades [1,2]. Traditional biochemical
methods are inefficient, while omics technologies use high-throughput methods like microarrays and
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mass spectrometry to generate extensive datasets [1,3,4]. Supported by bioinformatics, these
advancements offer significant insights into biological mechanisms, forming a comprehensive
framework for modern life science [5-8].

The postgenomic era has driven omics technologies in biomedical [2,6,9-11] and pharmaceutical
research [8,12], enabling efficient exploration of genomes, transcriptomes, and proteomes with high
sensitivity and resolution [13]. Omics technologies revolutionize biological research by examining
collective interactions within cellular systems or biochemical processes, rather than isolated
components. Omics represents the evolution of collective thought and data, forming a crucial part of
systems biology [2,12]. These technologies facilitate identifying and validating novel therapeutic
targets, assessing drug toxicity and safety, exploring pharmacology, and establishing molecular-
based diagnoses and prognoses, thus paving the way for personalized healthcare [7,9].

Systems immunology offers a comprehensive understanding of the immune system by
examining single immunological components and pathways as interconnected networks[14]. This
holistic approach contrasts with methods that focus on individual parts, aiming instead to elucidate
how these parts interact and function together, a complex task requiring specialized methodologies
[15].

Over the past century, experimental strategies have defined cell types and states within the
immune system, revealing key molecular and functional components and establishing causal
relationships in transcriptional and functional cascades driving immune activation [16]. High-
throughput, high-resolution technologies from the omics field have revolutionized immunology in
the last two decades, enabling the simultaneous assessment of numerous cellular, functional, and
molecular parameters [15,17]. These advancements allow the simultaneous evaluation of hundreds
to thousands of cellular, functional, and molecular parameters with increasing efficiency and speed.
Immunomics, intersecting immunology and genomics, is crucial in studying implant-based capsular
fibrosis, particularly with SMIs [18-20]. The complex interplay between the immune system and
foreign materials leads to adverse reactions and fibrotic responses [21-30].

Silicone, widely used in medical implants, triggers foreign body responses, leading to the
formation of a fibrous capsule and impaired tissue function [31-35]. While SMIs have transformed
breast augmentation and reconstruction [36-38], their clinical utility is often hampered by capsular
contracture, characterized by excessive extracellular matrix (ECM) accumulation around the implant
[39]. This fibrotic reaction, driven by the host immune response, presents a significant clinical
challenge [40].

Fibrosis initiation involves an inflammatory phase mediated by innate and adaptive immune
cells [28-30,41]. Macrophages, neutrophils, and mast cells activate fibroblasts to produce ECM
proteins [18,20,28-30,41-45]. Silicone binds nonspecifically to blood proteins, leading to inflammation
and protein adsorption on implant surfaces [30,41,46-50]. Macrophages and other immune cells
uptake silicone debris, contributing to fibrotic responses [48,51-55]. SMIs exemplify foreign body-
induced fibrotic diseases relevant to other silicone-based medical devices[30-32,41,55-57].

In recent years, there has been a growing interest in elucidating the molecular mechanisms
underlying SMI capsular fibrosis [28,29,45,58], with a particular focus on the intricate interplay
between the immune system and implanted materials [34,41,54-57,59-63]. Understanding these
immune-mediated processes is crucial for developing targeted therapeutic strategies to mitigate or
prevent capsular fibrosis and improve patient outcomes following breast implant surgery.

In this review, we aim to provide a comprehensive overview of the immune-mediated
mechanisms involved in SMI associated capsular fibrosis, focusing on molecular insights and
potential therapeutic interventions. We synthesize current knowledge and recent advancements in
the field, exploring the molecular pathways and cellular responses that drive fibrosis in response to
SMI implantation. Additionally, we discuss the clinical implications of capsular fibrosis, including its
impact on patient outcomes, diagnostic challenges, and current treatment modalities.

This review evaluates preclinical breakthroughs and innovative research strategies aimed at
understanding SMI-induced fibrosis, highlighting their translational potential for developing
targeted therapies to prevent or mitigate capsular fibrosis in clinical practice. Our goal is to provide
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clinicians, researchers, and healthcare professionals with a thorough understanding of SMI capsular
fibrosis and its immune-mediated pathogenesis, identifying novel therapeutic avenues to improve
patient outcomes in breast implant surgery.

Immunomics offers significant promise for understanding the immunological basis of implant-
based capsular fibrosis (IBCF) and devising innovative diagnostic and treatment strategies. By
modulating immune responses and inflammation pathways identified through immunomics,
tailored interventions can prevent or alleviate capsular contracture. Through interdisciplinary
collaboration and cutting-edge technologies, immunomics has the potential to revolutionize the
management of capsular fibrosis in implant-based surgeries.

2. Molecular Mechanisms of SMI Capsular Fibrosis

Breast augmentation with SMls is a widely practiced procedure, with approximately 2,2 million
surgeries performed in 2022 alone [64]. Despite its popularity, peri-SMI capsular contracture remains
a significant complication, with reported incidence rates ranging from 0.5% to 50% [65-68]. This
condition involves the formation of a fibrous capsule around the implant, leading to pain, aesthetic
issues, and potential functional impairment, necessitating revision surgery or even implant removal.

In contrast, breast reconstruction is often performed after a mastectomy and typically employs
an immediate two-stage expander-based approach. his method involves the use of an inflatable
implant known as a tissue expander, which allows for the gradual expansion of the mastectomy skin
flap before placing a permanent implant [69-71]. The choice of tissue expander, influenced by surface
roughness, plays a critical role in determining final aesthetic outcomes and the likelihood of fibrotic
capsule formation [39,55,72-76]. Histopathological studies underscore that the type of tissue
expander used can imprint characteristics onto the capsule, influencing long-term results
[39,41,57,62].

Capsular fibrosis results from a complex interplay of factors, primarily driven by the foreign
body response (FBR) initiated upon implantation [28]. This cascade involves excessive deposition of
collagenous and non-collagenous ECM components by activated fibroblasts and myofibroblasts.
Chronic inflammatory reactions triggered by stimuli such as infections, autoimmune reactions, and
tissue injury further exacerbate fibrosis through pathways including TGF-p, Smad, NF-xB, and
MAPK signaling [19,21-27,34].

Research on silicone-induced fibrosis, particularly with SMlIs, serves as a model for
understanding foreign body-induced fibrotic diseases.

SMIsprovoke a multifaceted immune response and subsequent fibrosis [30,41]. This process is
critical in understanding the body’s reaction to such implants, which can significantly impact the
success and longevity of the implant [39]. The immune response to SMIs involves various cellular
and molecular mechanisms, including inflammation, immune cell activation, and fibrosis formation.

The process of capsular fibrosis around SMIsis characterized by a complex sequence of biological
responses, including immediate immune activation, early-stage inflammatory and fibrotic changes,
and chronic inflammation leading to capsular contracture (Figure 1).


https://doi.org/10.20944/preprints202410.0691.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 October 2024

doi:10.20944/,

rints202410.0691.v1

BIOFILM formation _ N 20 0. 80, o
dseasion T CELL “JRee” ¥ -é;
ACTIVATION SUPPRESSION ;}'
colonization _”s - - .
= dsiton 2 Thi/Thi7 —
<A IMMUNE RESPONSE
pta? TNFa INFLAMMATORY IMMUNE CELLS
Terel @ RECRUITMENT AT IMPLANT SITE
c @ HSP90 »
2|8 ¢ ii

SILICONE “bleeding”

o

00

PROTEIN absorption at implant surface ‘ ! 10|
I coL3 CD4+ T cells L ! &
o S$100A8
HSP60 s o MACROPHAGE
5 ACTIVATION
£ s100A10 s S100A4
veR 0 S100A11
“’;J' FIBROGENESIS
CHRONIC INFLAMMATION
> THICKENING & CONTRACTION
permanent PROTEIN adhesion to asMA
SMI surface and intra-capsular incorporation OF FIBROUS CAPSULE l
i / 7
HSP50 R
L B, -
v -
> A i e
4". o =
o e
l coLs
. y ] intra-capsular SILICONE ECM
- ClENEn FORMATION OF NEO-ANGIOGENESIS REMODELING
FIBROUS CAPSULE 1 FiSpeg. - vimentin
MICROBIAL intra-capsular infiltration aecsen coL1<3 @
> < fibronectin
) ’;,‘ VEGF i
< «t Ny G o g
- = 7 keratin

-

Figure 1. Stages of Capsular Fibrosis Around SMIs. Immediate Wound Response. During the acute
wound healing phase immediately after SMI implantation, the implant is exposed to wound bed fluid.
T cells are activated primarily due to microbial contamination, implant shedding or silicone bleeding,
and protein adsorption onto the implant surface and differentiate into Th1 and Th17 responses, while
the T regulatory (Treg) response is suppressed. Foreign Body Response. Innate immune cells, such as
neutrophils, macrophages, and dendritic cells, are recruited to the implant site. Macrophages are
activated and play a key role in fibrogenesis, contributing to the early stages of fibrosis. Early-Stage
Fibrosis The extracellular matrix undergoes remodeling with significant collagen deposition. The
fibrotic tissue encapsulating the implant undergoes neo-angiogenesis, leading to the formation of a
fibrous capsule. Chronic Inflammation and Capsular Contracture. Chronic inflammation is perpetuated
by the permanent adhesion of proteins to the SMI surface. Intracapsular silicone evasion and
microbial infiltration further exacerbate the inflammatory response. This leads to excessive ECM
remodeling and collagen deposition. The resulting thickened and contracted capsule causes
discomfort and pain to the patient, potentially leading to implant displacement and necessitating
revision surgery.

When an SMI is implanted, the body recognizes it as a foreign object, triggering an immediate
immune response (Figure 1). This response begins with the activation of the innate immune system,
which includes the recruitment of immune cells such as neutrophils, macrophages, and dendritic cells
to the site of SMI implantation. These cells release cytokines and chemokines, signaling molecules
that mediate inflammation and recruit additional immune cells to the area [28-30,41,77,78].

During the acute phase of the immune response, which occurs within the first few days post-
implantation, there is a surge in systemic inflammatory mediators. This includes a rapid increase in
cytokines such as IFN-vy, IL-13, and TNF-a, which are associated with a Thl-type immune response
[28,29,41]. These cytokines promote inflammation and prepare the site for subsequent wound healing
and fibrosis formation phases [30].
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Macrophages play a crucial role in the immune response to SMIs (Figure 1). They can adopt
different functional phenotypes, including the pro-inflammatory M1 phenotype and the anti-
inflammatory, tissue-remodeling M2 phenotype. The balance between these phenotypes influences
the extent of inflammation and fibrosis around the implant [30,41,73].

M1 macrophages, which are predominant during the early inflammatory response, produce pro-
inflammatory cytokines that exacerbate inflammation. In contrast, M2 macrophages, which appear
later, secrete anti-inflammatory cytokines and growth factors that promote tissue repair and fibrosis
[41,79]. The persistence of M1 macrophages and a delayed transition to the M2 phenotype can lead
to chronic inflammation and excessive fibrosis [41,73,79].

Fibrosis around SMlIs is a result of the body’s attempt to isolate and protect itself from the foreign
material. This process involves the deposition of ECM components (Figure 1), such as collagen, which
form a fibrous capsule around the implant [30,78,80,81]. The degree of fibrosis is influenced by
various factors, including the extent of the initial inflammatory response and the duration of chronic
inflammation [30,41,78,80,81].

Key mediators of fibrosis include transforming growth factor-beta (TGF-[3), which stimulates the
production of ECM components and inhibits their degradation [28-30,41,78]. The balance between
matrix metalloproteinases (MMPs), which degrade ECM, and their tissue inhibitors (TIMPs) is also
crucial in regulating fibrosis [28-30,41,78]. An imbalance favoring TIMPs over MMPs can lead to
excessive ECM deposition and fibrosis [41,80,81].

Chronic inflammation is a significant factor in the long-term response to SMIs (Figure 1c).
Persistent inflammation can result in ongoing tissue remodeling and fibrosis, leading to the formation
of a thick, fibrous capsule around the implant. This capsule can contract over time, causing capsular
contracture, which is a common complication of breast implants [32,39,77,82,83].

Markers of chronic inflammation, such as S100 proteins, are often upregulated in response to
SMlIs. These proteins play a role in sustaining the inflammatory response and promoting fibrosis
[30,41,84-87]. The accumulation of pro-inflammatory and pro-fibrotic cytokines, such as IL-17 and
TGF-B, further contributes to chronic inflammation and fibrosis [30,41,73,79].

The extent of capsular contracture varies based on factors such as implant type and placement
[88-91]. Clinical studies have provided compelling evidence that implant surfaces with smoother
textures, specifically those with reduced roughness profiles like Ra 4 pm, elicit reduced levels of
inflammation and fibrosis compared to their rougher counterparts [30,39,41,55,59,73,92,93]. These
findings underscore the pivotal role of surface microtopography in modulating tissue responses post-
implantation. Smoother surfaces are associated with diminished immune activation, characterized
by lower levels of pro-inflammatory cytokines and a decelerated pro-fibrotic response [41,55,73]. This
effect is attributed to altered protein adsorption patterns and reduced cell adhesion on smoother
surfaces, which collectively contribute to a more favorable tissue integration environment
[30,41,56,59,61]. By minimizing the inflammatory cascade and promoting a balanced cytokine profile,
smoother surfaces have the potential to enhance implant biocompatibility and mitigate complications
such as capsular contracture [39,41]. These insights highlight the significance of surface engineering
strategies aimed at optimizing implant design to improve patient outcomes across diverse clinical
settings. The impact of the expander used in the initial reconstruction stage on long-term outcomes
is significant. Studies show that using different surface topographies in tissue expanders affects the
final reconstructive result by influencing tissue imprinting [39,94].

3. Genomics and Proteomics in SMI Capsular Fibrosis

3.1. Genomic Insights into SMI Capsular Fibrosis

Genomic profiling techniques play a pivotal role in unraveling the molecular underpinnings of
capsular fibrosis, a vexing complication following breast implantation surgeries. Investigating the
genetic underpinnings of SMI capsular fibrosis, a recent genome-wide study stands as a pioneering
effort in unraveling the molecular landscape of this complication.
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3.1.1. Genomic Profiling of Capsular Fibrosis

In their seminal study, Kyle et al. employed whole genome transcriptome analysis of capsular
tissue to explore the dysregulated genetic landscape associated with breast fibrotic capsule formation,
shedding light on potential biomarkers that govern this pathological process [95]. By leveraging
microarray technology, the researchers identified 257 significantly dysregulated genes in contracted
breast capsules compared to controls. From these, six genes were scrutinized further based on their
biological relevance and degree of dysregulation: aggrecan (ACAN), interleukin 8 (IL8), matrix
metallopeptidase 12 (MMP12), serum amyloid A 1 (SAA1), tissue inhibitor of metalloproteinase 4
(TIMP4), and tumor necrosis factor superfamily member 11 (TNFSF11). The findings underscored
distinct patterns of gene expression in contracted capsules, revealing up-regulation of IL§, MMP12,
and SAA1, and down-regulation of ACAN, TIMP4, and TNFSF11. Validation through quantitative
reverse transcriptase polymerase chain reaction (QRT-PCR) corroborated these findings, confirming
significant up-regulation of IL8 and down-regulation of ACAN, TIMP4, and TNFSF11 in contracted
capsules. Immunohistochemistry (IHC) further supported these results, demonstrating increased
protein expression of IL8 and MMP12, alongside decreased expression of TIMP4 in contracted tissues
[95].

As detailed in Figure 2, genome-wide studies represent a pivotal advancement in the exploration
of SMI capsular fibrosis, providing insights into the intricate molecular mechanisms underlying this
complex condition.

The study’s [95] approach not only highlighted the pivotal role of inflammatory responses (IL8)
and extracellular matrix remodeling (MMP12) in capsular fibrosis but also emphasized the potential
diagnostic and therapeutic implications of these findings. IL8, known for its role in acute
inflammation and fibrotic conditions, emerged as a key mediator in perpetuating the foreign body
response around breast implants. Conversely, TIMP4’s diminished expression suggested a
dysregulated matrix remodeling environment, conducive to fibrotic encapsulation.
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Figure 2. Genomic Profiling of Capsular Fibrosis Around SMIs. Comprehensive profiling of
capsular fibrosis around SMIs through genomic techniques, elucidating the underlying molecular
mechanisms and potential clinical applications. Clinical Context: The study involved 18 female
patients with 23 breast capsules, comparing control (Baker Grade I and II) and contracted (Baker
Grade III and IV) capsules. Genomic Techniques: RNA samples underwent labeling with fluorescent
dyes, reverse transcription, hybridization to microarray, and scanning to identify over-expressed (ILS,
MMP12, SAA1l) and under-expressed (ACAN, TIMP4, TNFSF11) genes. Validation: qPCR and
sequential immunohistochemistry (IHC) validated the expression of key genes, with IL8 and MMP12
showing over-expression and ACAN, TIMP4, and TNFSF11 showing under-expression. Pro- and Anti-
Inflammatory Genes: Highlighted genes included pro-inflammatory markers (IL8, MMP2) associated
with ECM degradation and anti-inflammatory markers (ACAN, TIMP4) associated with ECM
deposition.

However, while RT-qPCR offers high sensitivity and specificity in quantifying gene expression,
its scope is often limited to known targets and predefined pathways, potentially overlooking novel
genes crucial to the disease process [95,96]. In contrast, RNA Seq presents a promising alternative by
enabling unbiased, genome-wide profiling of gene expression, thus facilitating the discovery of novel
biomarkers and pathways implicated in SMI capsular fibrosis as already demonstrated for other
types of inflammatory fibrotic diseases affecting soft tissues including lung, liver, kidney and skin
[97].

This methodological shift from targeted approaches like RT-qPCR to RNA Seq not only enhances
the breadth of data captured but also supports the identification of previously unrecognized
molecular signatures driving disease progression. Despite these advantages, RNA Seq is not without
challenges, including the need for substantial bioinformatics expertise and computational resources
for data analysis, which may pose barriers to widespread adoption in clinical settings.

3.1.2. Challenges and Future Directions

Applying genomic profiling techniques provides a comprehensive understanding of the
molecular mechanisms underpinning breast capsular contracture formation. By identifying novel
biomarkers and unraveling intricate gene expression patterns, this research establishes a
foundational basis for developing future diagnostic tools and targeted therapeutic strategies to
reduce the occurrence and severity of this prevalent post-surgical complication. It is important to
note that a significant challenge in advancing genomic research on SMI capsular fibrosis is the
acquisition of comprehensive patient material. Variability in disease presentation, patient
demographics, and disease severity necessitate large-scale, well-characterized cohorts for robust
statistical analyses and generalizability of findings [98-101].

3.2. Proteomic Insights into SMI Capsular Fibrosis

Proteomics differs from genomic studies by directly investigating the protein composition,
modifications, and interactions that define the pathophysiology of capsular fibrosis. This capability
is essential for identifying specific biomarkers reflecting disease progression and treatment response,
enhancing diagnostic accuracy and prognostic assessment in clinical settings. By uncovering novel
protein biomarkers and pathways associated with SMI capsular fibrosis, proteomics not only deepens
our understanding of disease mechanisms but also establishes the groundwork for personalized
therapeutic strategies aimed at improving patient care and outcomes. Analyzing SMI capsular
fibrosis through proteomics, rather than genomics, provides distinct advantages due to its ability to
capture dynamic protein interactions at the implant interface and surrounding tissues, which play
crucial roles in inflammation, immune responses, and fibrotic changes.

3.2.1. Proteomic Studies on Protein Adsorption and Immune Responses

Protein adsorption to the surface of silicon mammary implants (SMI) has been extensively
studied, both by incubation with serum proteins [56,61,62,102] and post-operatively by stripping off
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the proteome in animal models [73]. The use of silicone-linked immuno-sorbent assay (SILISA)
facilitated an understanding of how proteins adhere to silicone implants, inducing adverse
immunological reactions and fibrotic responses [56,61]. Statistical analyses of proteins like
fibronectin, C-reactive protein (CRP), immunoglobulin G (IgG), and heat shock protein 60 (HSP 60)
revealed their significant correlation with fibrotic reactions.

In another study, researchers investigated serological parameters in 143 individuals, including
93 with SMIs and 50 controls, to evaluate systemic effects associated with these implants [62]. Patients
with SMIs exhibited elevated levels of circulating immune complexes (CIC), anti-polymer antibodies
(APA), procollagen III, and soluble intercellular adhesion molecule-1 (SICAM-1) compared to
controls. These differences correlated with the severity of capsular fibrosis and the duration of
implantation, indicating a connection between serological abnormalities and fibrotic complications
surrounding SMIs. The study underscored the potential clinical utility of these serological markers
in predicting and monitoring adverse outcomes in SMI patients, advocating for thorough clinical and
serologic monitoring in this population.

Of note, the serum is not the only origin of foreign body response towards implants. Tissue
injury, after surgical insertion of SMI, immediately activates the innate immune system setting in
motion a local inflammatory response and proinflammatory mediation that includes the recruitment
of inflammatory cells from the circulation [28,29]. Nowadays, wound fluid is commonly used for
protein profiling and analysis. However, the correct method of sample collection is crucial in highly
sensitive proteomic analyses [103,104].

3.2.2. Proteomic Profiling of SMI Surfaces

Protein adsorption to silicone surfaces was further investigated using an untargeted proteomics
approach focused on identifying proteins critical for local immune reactions to silicone implants
[102]. The study utilized both, in vivo analyses of explanted silicone implants and in vitro models
incubated with wound bed fluid. Differential analysis, mass spectrometry, database matching, and
Western blotting were employed to identify the 30 most abundant proteins adhering to silicone (e.g.,
Actin, Fibronectin, Vitronectin, Fibrinogen, Collagen I, Laminin, MMP2). Structural proteins, host
defense mediators, and transport-related proteins emerged as predominant components.
Additionally, biochemical modifications of fibronectin, vitronectin, and HSP 60 were observed post-
adhesion. These findings underscored the role of silicone surface properties in protein degradation
and unfolding, potentially leading to immune responses and fibrotic processes. New targets for
prognosis and therapy in silicone implant-related complications were identified. For untargeted
proteomics and biomarker discovery studies, identification and measurement of large protein
numbers simultaneously by mass spectrometry is favored, yet rare in implant-immunoreactivity
research [105].

3.2.3. Intraindividual Comparative Proteomic Profiling

Protein adsorption and its implications were further investigated in real time in patients through
intraindividual comparative proteomic profiling of plasma, wound fluid, and adhesive peptidomes
associated with silicone breast implants (SMls) over an extended period post-SMI implantation
(Figure 3) [30]. Pre-operative plasma samples were taken before surgery to understand baseline
systemic protein profiles, while wound fluid from surgical drains was collected daily from day 1 to
day 5 post-implantation to capture the acute phase of wound healing and inflammation.
Additionally, proteins adhered to the SMI surface were analyzed approximately eight months after
implantation to identify chronic inflammatory responses and potential biomarkers for capsular
fibrosis. By using samples from the same individuals, the study minimized inter-individual
variability and provided a comprehensive characterization of protein profile changes during
different phases of wound healing and inflammatory reactions at the implant site. The study
employed Tandem Mass Tags (TMT) based mass spectrometry to quantify the proteins from wound
fluid and plasma samples. Additionally, proteins adhering to the silicone surface of the tissue
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expanders (inflatable SMI), removed approximately six to eight months post-SMI implantation, were
also analyzed by nanoLC-MS/MS.

The intraindividual comparative proteomic profiling of plasma, wound fluid, and adhesive
proteomes associated with SMIs provided a detailed insight into the dynamic protein changes during
the post-operative healing process and subsequent fibrosis development. Pre-operative plasma
samples established a systemic protein baseline, while post-operative wound fluid, collected daily
from day 1 to day 5, captured the acute immune response to tissue injury and implant placement.
The proteomic landscape during the early postoperative period showed elevated expression of
proteins involved in oxidative stress, coagulation, and immediate wound healing, such as superoxide
dismutase, catalase, and plasminogen activator inhibitor-1 (PAL-1), which are critical for controlling
bleeding and clot formation. The wound fluid also revealed neutrophil-derived enzymes like matrix
metalloproteinases (MMP8, MMP9), underscoring the onset of ECM remodeling—a process crucial
for both normal wound healing and fibrosis progression.

At eight months post-implantation, the adhesive proteome on the SMI surface reflected a shift
towards chronic inflammation, with the persistence of proteins linked to ECM turnover, such as
various collagen types (COL1, COL3, COL6), and fibrosis drivers like SI00A8 and S100A9, indicating
an ongoing fibrotic response. Antimicrobial proteins such as PGLYRP1 and CAMP were also present,
suggesting a sustained immune response contributing to chronic inflammation. Heat shock proteins
(HSP60, HSP90) adhered to the implant surface, playing roles in both inflammatory regulation and
fibrosis. These findings point to a prolonged immune reaction and ECM dysregulation, further
driving fibrotic encapsulation around the implant.

In comparison with genomic profiling [95], this method provided a more direct view of the
actual protein activities and changes at the implant site over time. Genomic analyses tend to highlight
potential signaling pathways and gene expressions, such as those mediated by TGF-{ and interferon-
v, which modulate fibroblast activation and ECM deposition. However, proteomic profiling revealed
the functional protein products and their interactions within the wound environment, offering a
clearer picture of the real-time biological processes. While genomic data emphasize regulatory
cytokines like IL-6 and TNF-a in the transition from inflammation to fibrosis, proteomic profiling
directly captures the proteins driving ECM remodeling and chronic immune responses, offering
potential biomarkers for diagnosing and managing capsular fibrosis in breast implant patients.

Proteomic Profiling of Capsular Fibrosis Tracking the dynamics of
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Figure 3. Proteomic Profiling of Capsular Fibrosis Around SMIs. Comprehensive profiling of
capsular fibrosis around SMls through proteomic techniques, elucidating the underlying molecular
mechanisms and potential clinical applications. Clinical context: this study comprised 10 female
patients who underwent simultaneous prophylactic bilateral nipple-sparing mastectomy (NSME) and
tissue expander-based breast reconstruction. Biological samples of wound bed fluid (referred to as
WBEF) were collected daily from day 1 to 5 following expander implantation. Wound drains, integral
to the surgical procedure for patients undergoing expander-based reconstruction, were retained
postoperatively. WBF was collected under sterile conditions. During reoperation, capsular tissue was
harvested from two different implants. Proteomic Techniques: Time-dependent collection of wound
bed fluid and resection of the implant surface followed by enzymatic protein digestion and peptide
labeling with TMT tags. Multiplexed Proteomics: High pH fractionation, nano LC-MS analysis of
peptide digests, and on-surface digestion of proteins into peptides revealed time-dependent protein
expression and quantification post-surgery. Integration and Clinical Implications. Immediate
Inflammatory Response: Depicted the dynamics of inflammatory response and wound healing post-
implantation, including T cell activation, Th1/Th17 immune response, T regulatory (Treg) cell
suppression, and macrophage activation. Protein Adsorption and Fibrosis Progression: Continuous
protein adsorption to the implant surface and ECM remodeling contributed to capsular contracture
and fibrosis. Biomarkers for Early Detection: Identified potential biomarkers such as HSPs and S100
proteins for early-stage fibrosis, offering diagnostic and therapeutic insights.

This method enabled a detailed investigation of the wound proteome’s response to different
surface textures of SMI [30,41,59].

3.3. Integration of Genomics and Proteomics for Comprehensive Understanding
3.3.1. Complementary Roles of Genomics and Proteomics

Genomic profiling techniques, such as RT-qPCR and RNA Seq have shed light on the molecular
mechanisms underpinning conditions like capsular fibrosis, emphasizing critical pathways related to
inflammation and ECM remodeling. By identifying key differentially expressed genes, these analyses
elucidate how various cellular signals contribute to the fibrotic process [95-97].

In contrast, proteomic approaches provide a real-time perspective by examining protein
interactions directly at the implant interface [30,41,61]. Techniques such as SILAC [61] and mass
spectrometry [30,41] allow for the detection of specific proteins involved in chronic inflammation and
fibrosis development, offering a dynamic view of the biological landscape. These proteomic studies
have identified novel biomarkers that could enhance diagnostic accuracy and inform therapeutic
strategies for managing capsular fibrosis.

While genomic analyses focus on gene expression patterns, proteomic studies capture the
temporal changes in protein expression and their contributions to inflammatory responses and the
progression of fibrosis. Together, these findings illuminate the complex interplay between molecular
and protein-level changes, highlighting potential biomarkers for early detection and identifying new
therapeutic targets. This integrative approach promises to improve clinical outcomes for patients
with silicone breast implants by providing a comprehensive understanding of the mechanisms
driving fibrotic encapsulation.

3.3.2. Future Directions and Clinical Implications

Both genomic and proteomic approaches are indispensable for elucidating the complex
molecular mechanisms underlying SMI capsular fibrosis. While genomics provide fundamental
genetic insights, proteomics offers a more dynamic and clinically relevant perspective by directly
analyzing protein interactions crucial to disease pathogenesis. While genomics provides foundational
genetic insights, proteomics offers a more dynamic and clinically relevant perspective by directly
analyzing protein interactions crucial to disease pathogenesis. This integrated approach not only
enhances our understanding of disease mechanisms but also paves the way for improved patient care
and outcomes through personalized medicine strategies.
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4. Fibroblast Dynamics and Immune Interactions: Navigating Capsular Fibrosis in Silicone
Implant Biocompatibility

4.1. Fibroblast Activation and Differentiation

Capsular fibrosis, a common complication following silicone implantation, involves complex
interactions between biomaterial surfaces and host tissue responses, prominently featuring fibroblast
activation and differentiation processes [28]. Fibroblasts are crucial in wound healing and tissue
repair, undergoing distinct activation states in response to signals from the implant
microenvironment [106].

4.1.1. Role of Fibroblasts in Wound Healing

Fibroblasts play a vital role in all three phases of wound healing (WH), orchestrating the repair
process by producing regulatory molecules and interacting with other cell populations involved in
healing mechanisms [107,108]. Injury triggers an inflammatory reaction via cytokines from platelet
degranulation [109]. Immune cells increase pro-inflammatory mediators, such as interleukin-1 (IL-1),
interleukin-6 (IL-6), interleukin-12 (IL-12), tumor necrosis factor-a (TNF-a), and inducible nitric
oxide synthase (iNOS), fueling inflammation and stimulating fibroblast recruitment and activation
[109].

4.1.2. Fibroblast Response to Silicone Implants

Silicone surfaces initiate a cascade of events triggering acute and chronic inflammatory
responses [28-30]. Initial acute responses involve immune cell recruitment and cytokine release,
influencing fibroblast behavior [28-30]. Immunohistochemical analysis of fibrous capsules from
patients with silicone breast implants showed the presence of fibroblasts along with macrophages,
dendritic cells, and activated CD4+ T-cells at the capsule/silicone implant interface [57]. Activated
fibroblasts transition into myofibroblasts, characterized by oa-smooth muscle actin (a-SMA)
expression and enhanced contractility [110]. Fibroblasts accumulate around implants, correlating
with contracture severity as per the Baker classification system [111,112]. This indicates fibroblasts
play a crucial role in the formation and maintenance of the fibrotic capsule.

4.1.3. Crosstalk and Inflammatory Phase

During the inflammatory phase, activated fibroblasts produce pro-inflammatory cytokines like
TNF-a, interferon-gamma (IFN-v), IL-6, and IL-12, and release chemokines such as CXCL1, CX3CL1,
and CCL2 to recruit immune cells [109,113]. They also interact via ICAM1 and CD40 expression to
activate dendritic cells [114], remodel the wound stroma through matrix metalloproteinases (MMPs)
secretion, and respond to interstitial flow changes by modifying microenvironment properties
[115,116]. Collectively, fibroblasts modulate immune cell recruitment, behavior, retention, and
survival in damaged tissue, with fibroblast-macrophage crosstalk being particularly important for
transitioning from the inflammatory to the proliferation phase, ensuring proper healing progression
[106,117].

4.1.4. Influence of Implant Surface Properties

In implant-related fibrosis, the interplay among the inflammatory milieu, reactive oxygen
species, and implant surface characteristics significantly impacts fibroblast behavior and the
formation of fibrotic capsules [48,118]. Fibroblasts generate fibrous ECM around implants, rich in
collagen I/III, fibronectin, and proteoglycans [119]. Myofibroblasts, central to this process, form stress
fibers and express a-SMA, exerting mechanical forces essential for ECM organization and
crosslinking [112,120].

The surface topography of silicone implants profoundly influences fibroblast activity. Surface
topography and texture impact fibroblast attachment, proliferation, migration, and differentiation,
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suggesting that implant surface physical properties modulate fibroblast responses and potentially
influence fibrous capsule formation [55].

Histological studies identified increased CD3+ T cells and macrophages in capsular biopsies
from textured implants, indicating an interplay between T-cells and fibroblasts in the fibrotic
response[55]. The activation of T-cells promotes fibroblast activation and differentiation, contributing
to fibrosis. Cytokine profiling of PBMC responses to silicone surfaces revealed matrix-specific
differences, especially in IL-6 and TNF-a levels, which influence fibroblast activity. Quantitative RT-
PCR analysis showed changes in monocyte/macrophage markers and related cytokines like TNF-«
and IL-1p3, further implicating the immune response in fibroblast activation and differentiation [55].

Animal models (rabbits and mice) have demonstrated that implants with smoother surfaces
provoke reduced immune responses, characterized by lower levels of inflammatory cytokines and
fewer activated fibroblasts [63]. Specifically, implants with an average roughness radius (Ra) of 4 pm
exhibit minimal capsular tension lines and rippling, suggesting decreased fibrosis. Conversely,
textured implants often show double capsule formation and higher levels of wear debris within
capsules, indicating more severe immune reactions and fibrotic encapsulation [63].

Recent clinical studies involving intra- and interindividual analyses in human patients have
highlighted the profound influence of surface microstructure (SMI) on fibroblast behavior and
subsequent fibrotic responses [39,41,59]. Comparisons between SMIs with roughness levels of Ra 60
um and Ra 4 um have revealed that reducing surface roughness mitigates early pro-inflammatory
responses, while rougher surfaces intensify immune reactions and increase capsular thickness in
chronic stages. Rougher surfaces enhance inflammatory signaling pathways such as NF-kB,
promoting fibrosis progression, whereas smoother surfaces attenuate inflammation, thereby
reducing fibroblast activation and myofibroblast differentiation [30,39,41,55,59,63]. Proteomic
analyses indicate that rougher surfaces favor the production of fibrosis-associated proteins, whereas
smoother surfaces promote proteins associated with fibrosis resolution, thereby influencing ECM
remodeling dynamics [30,41,63]. Surface topography thus dictates initial immune responses and
long-term fibrotic outcomes, underscoring its critical role in optimizing implant designs to manage
fibrosis [30,39,41,55,59,63].

4.1.5. Sustained Injury and Myofibroblast Differentiation

Under sustained injury or prolonged inflammation, fibroblasts can differentiate into
myofibroblasts, contractile cells contributing to tissue contraction and ECM stabilization [121]. This
transition is associated with persistent proliferation and resistance to apoptosis, leading to aberrant
ECM deposition and tissue dysfunction [122]. Factors like hypoxia, prevalent near avascular
implants, upregulate HIF-1a, promoting fibrogenesis [123]. Myofibroblasts, stimulated by TGF-{,
which is abundant in fibrotic capsules, express a-SMA and other contractile proteins, facilitating
wound contraction and ECM remodeling [22-24,26]. This process is integral to fibrotic capsule
formation, characterized by dense collagen deposition and tissue contraction [124-128].

4.1.6. ECM Remodeling

The ECM environment around silicone implants regulates fibroblast activity and differentiation
[28,29,57]. Histological studies reveal collagen fiber orientation and thickness alterations within
capsule tissue, indicative of ECM remodeling orchestrated by fibroblasts [129]. Activated fibroblasts
remodel the ECM by producing components like collagen and fibronectin [48,124,127,128,130]. ECM
remodeling processes involve proteins like collagen and MMPs, contributing to capsular fibrosis
development [81,131,132].

Wound contraction, vascularization decline, ECM turnover, and tensile strength recovery mark
the final phase, lasting over a year [133]. Myofibroblasts regulate wound contraction and tissue
remodeling, synthesizing ECM proteins and assuming a contractile phenotype [134]. The fibroblast-
myofibroblast transdifferentiation is regulated by TFG-$1 and ECM stiffness, with myofibroblasts
incorporating a-SMA into stress fibers [135]. Contractile activity causes wound contraction and
increases ECM stiffness, inducing myofibroblast differentiation and persistence [136]. ECM
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remodeling involves a balanced production of MMPs and ECM proteins, including collagen III being
replaced by collagen |, resulting in increasing complexity, order, and tensile strength [137]. Apoptosis
affects immune, endothelial, and myofibroblast cells, reducing vascularization and transitioning
granulation tissue to scar tissue [128]. Chronic silicone implant presence perpetuates fibroblast
activation and differentiation, leading to sustained ECM remodeling and fibrotic tissue formation
[28-30].

4.1.7. Implications

Proper timing for inflammation resolution is crucial for successful healing progression, as
persistent fibroblast activation and excessive pro-inflammatory mediator production can lead to
chronic wounds and fibrosis [20,121]. Excessive fibroblast activity can result in hypertrophic scarring
and keloid formation [112,125,138-140], while altered signaling pathways, apoptosis failure, and
excessive mechanical stress can perpetuate myofibroblast activity [133,135,138]. Myofibroblast
dysfunctions can also cause delayed wound healing due to failure in ECM reconstitution [135].

In conclusion, fibroblast activation and differentiation are critical processes in capsular fibrosis
associated with silicone implants. Understanding the molecular mechanisms driving these processes,
including the influence of surface topography and cytokine signaling, is essential for developing
strategies to mitigate fibrotic complications and improve clinical outcomes for patients undergoing
implant-based surgeries.

4.2. Immune Cell Interactions and Inflammatory Responses

Capsular fibrosis formation around silicone implants involves intricate interactions between
biomaterial surfaces and immune cells, influencing inflammation and fibrotic outcomes.
Understanding these immune responses at the molecular level is essential for developing targeted
therapies and improving clinical outcomes.

4.2.1. Molecular Mechanisms of Immune Cell Activation

Medical device bioperformance and biocompatibility are both directly related to unwanted side
effects such as foreign body response, inflammation, and cell adhesion [141]. Immune cells, including
macrophages, dendritic cells, and T cells, respond to silicone implantation by recognizing the
biomaterial as a foreign body [28]. Macrophages initiate the inflammatory cascade by releasing
cytokines such as TNF-a, IL-18, and IL-6, which stimulate fibroblast activation and collagen
deposition around the implant [28,29,41,55,57,73]. Dendritic cells process and present antigens
derived from the implant to T cells, initiating adaptive immune responses crucial for sustained
inflammation and fibrosis [57,73,114].

4.2.2. Role of T Cells in Fibrotic Encapsulation

CD4+ T cells play a pivotal role in regulating immune responses to silicone implants, influencing
fibroblast behavior through cytokine secretion and direct cell-cell interactions [57]. Studies have
shown increased infiltration of CD4+ T cells in fibrous capsules, correlating with the severity of
fibrosis and chronic inflammation [55]. These T cells secrete cytokines such as IFN-y and TGF-§,
which modulate fibroblast activation and promote myofibroblast differentiation [57,73]. The
interactions between T cells and other immune cells at the molecular level contribute significantly to
the pathogenesis of capsular fibrosis.

Effective healing is usually characterized by a dominant CD4+ T helper 1 (Th1) cell response,
whereas a predominant CD4+ T helper 2 (Th2) response and an increase in CD4+ T helper 17 (Th17)
cells lead to chronic inflammation, which can ultimately result in fibrosis [29]. Th1 cells medjiate tissue
damage responses by producing Thl-related pro-inflammatory cytokines (IFN-y, IL-12) that
suppress fibroblast-induced collagen synthesis and attenuate fibrosis [142]. Conversely, Th2 cells
mediate adaptive immune responses to injury by producing pro-fibrotic (anti-inflammatory)
cytokines (e.g., IL-4, IL-13, IL-10) [142]. As a commonly recognized opponent of Thl cells, Th2 cells
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can alter Thl-associated IFN-y expression levels and high levels of Th2 cytokines have been reported
in several fibrotic diseases [142].

Regulatory T cells (Tregs), another subset of CD4+ T cells, play a critical role in controlling
immune responses to self and foreign antigens, thereby preventing autoimmune diseases [143-149].
Tregs can be divided into two groups: “natural” Tregs (nTregs), produced by the thymus and
characterized by the expression of interleukin-2 receptor (IL-2R) and the forkhead box P3 (Foxp3)
transcription factor, exhibit suppressive regulatory activity. Peripheral-induced Tregs (iTregs) arise
from the differentiation of naive T cells in the periphery and also secrete anti-inflammatory cytokines
such as IL-10 and TGF-31[145,147-149].

Scarce data exist on specific local side effects (local immune response, activity of immune cells)
focusing on lymphocytes isolated from fibrous capsules. The cellular composition of fibrous capsules
formed around SMIs was characterized, revealing that macrophages and fibroblasts were the most
predominant cell populations in the region abutting the silicone surface (designated as “pseudo
synovium”). Moreover, significant numbers of activated CD4+ CD25+CD45RO memory T cells were
present at this site and adjacent to the vessel [57]. Notably, among T cells, Treg numbers in peri-SMI
fibrotic capsules were inversely proportional to the degree of fibrosis (Baker scores I to IV).
Particularly noteworthy was the observation that Tregs were reduced in capsules removed from
patients with clinically severe symptoms of capsular contracture (Baker scores III to IV) [57].

Tregs exhibit different transcriptional changes in response to regenerative or fibrogenic
environmental cues [150]. The controversy about the role of Tregs in fibrosis is corroborated by the
facts that Th17 cells are relatively resistant to Treg suppression [151], and notwithstanding that TGF-
1 is the most prominent profibrotic cytokine itself, it is also inducing differentiation of naive T cells
[151].

Tregs isolated from capsules with high-grade fibrosis demonstrated the ability to suppress
peripheral T effector cells but exhibited significantly less suppression potential when combined with
intracapsular T effector cells [54]. These findings suggest that in the early stages of fibrosis, Tregs play
a crucial role in controlling capsular fibrosis by down-regulating Th1/Th17+ effector cells and
reducing profibrotic cytokine production.

4.2.3. Influence of Implant Surface Properties on T Cell Immune Responses

The physical and chemical properties of silicone implant surfaces, such as texture and surface
roughness, influence immune cell adhesion, cytokine secretion, and subsequent fibrotic responses
[30,39,41,55,59,63]. Textured surfaces enhance immune cell activation compared to smoother
surfaces, exacerbating capsular thickness and fibrotic severity clinically observed with different types
of silicone implants [39,41,73].

Silicone surfaces, when co-cultured in vitro with human peripheral blood mononuclear cells
(PBMCs), did not induce T-cell proliferation or significantly modify the distribution of T-cell subsets
[55]. This suggests that silicone alone does not elicit a robust T-cell response, although it can influence
the cytokine milieu. Variations in silicone surface textures prompted distinct cytokine responses,
particularly in IL-6 and TNF-a levels. These cytokines are implicated in inflammation and fibrosis,
suggesting that surface texture may impact the intensity of inflammatory reactions and subsequent
fibrotic encapsulation. The study reaffirmed previous observations that textured implants tend to
evoke stronger immune responses compared to smooth ones. Textured surfaces were associated with
increased cytokine secretion, notably IL-6 and TNF-«, which could potentially contribute to elevated
rates of capsular contracture. Adhesion and gene expression analyses indicated that textured surfaces
could modify macrophage behavior, as indicated by alterations in CD14, CD68, and other markers
[55]. This interaction is pivotal for elucidating the underlying mechanisms of capsular contracture
and fibrosis.

In vivo studies in patients examined the impact of reducing implant surface roughness from Ra
60 um to Ra 4 um on inflammatory tissue repair following implantation. Flow cytometric analysis
revealed no significant difference in the distribution of CD4+ T cell subpopulations (including TH1,
TH17, CM, and EM) between smoother (Ra 4 um) and rougher (Ra 60 um) SMI surfaces, indicating
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that surface topography did not directly influence the proliferation or distribution of these T cell
subsets around implants. Despite this, cytokine secretion analysis showed a pronounced TH1
response characterized by increased secretion of IFNy, IL-1b, and TNFa around both SMI types,
suggesting robust TH1-mediated responses irrespective of surface roughness. Gene expression
analysis indicated elevated levels of IFNy and IL17 around rougher surfaces (Ra 60 pm) compared
to smoother surfaces (Ra 4 um), indicating a heightened proinflammatory and profibrotic T cell
response around rougher implants. Correlation analysis further supported these findings, showing
significant positive correlations between IL17A secretion and TH17 cells, as well as between IFNy
expression and TH1 cells specifically in wounds enclosed by SMI 60 um, highlighting the interplay
between T cell cytokine production and immune cell profiles influenced by implant surface
roughness.

The study found a consistent macrophage response around both SMI types, indicating no
significant difference in macrophage presence or distribution based on surface roughness. However,
gene expression analysis revealed differences in macrophage polarization between surfaces. Fibrotic
tissue encapsulating the rougher implant exhibited increased gene expression of M1 markers such as
IFNy and CCL2, indicative of a proinflammatory macrophage phenotype, whereas capsule enclosing
the smoother implant showed elevated gene expression of M2 markers like IL4 and IL10, suggesting
a shift towards an anti-inflammatory or pro-tissue repair macrophage phenotype.
Immunohistological analysis of the intracapsular environment demonstrated enrichment of CD25+
and Foxp3+ immune cells around rougher SMI, associated with Treg cells, suggesting a regulatory
role in dampening immune responses and potentially modulating tissue repair processes.

4.2.4. Macrophages in the Context of Breast Implants: Cellular Interactions and Inflammatory
Responses

Macrophages play a pivotal role as early responders to surgically placed implants, accumulating
at the implantation site for extended periods to phagocytose cellular debris and implant abrasion
products [152]. Their presence triggers upregulation of pro-inflammatory and pro-fibrotic cytokines
such as IL-1, IL-8, MCP-1, CXCL13, and MIP, which further recruit macrophages and modulate their
activity during the Foreign Body Response (FBR) [153-155]. Despite their efforts, macrophages often
fail to completely engulf large implants, leading to frustrated phagocytosis and chronic inflammation
[156]. This chronic inflammatory state contributes to the formation of Foreign Body Giant Cells
(FBGC) and exerts trophic actions on vascular cells, adaptive immune cells, and fibroblasts,
ultimately contributing to implant fibrosis [157-159].

Studies using animal models have demonstrated that abolishing macrophage recruitment,
through methods such as clodronate liposome-induced deletion, can significantly reduce monocyte
infiltration, FBGC formation, neovascularization, and fibrosis around implants [152,157,160].
Furthermore, targeting macrophage receptors like colony-stimulating factor-1 receptor (CSE-1R),
which is upregulated post-implantation, has shown promising results in suppressing implant fibrosis
[152].

4.2.5. Strategies Targeting Macrophages through Implant Surface Modifications

The objectives of implant surface modifications targeting macrophages are twofold: (1) to
suppress the formation of detrimental macrophage phenotypes while stimulating regenerative and
resolving activation states [161-163], and (2) to prevent the formation of FBGCs, which typically
follow the chronic inflammatory phase of the FBR [158].

Macrophages exhibit diverse activation states, broadly categorized into pro-inflammatory M1
and pro-regenerative (yet pro-fibrotic) M2 types [162,163]. M1 macrophages dominate the early
phases of the FBR, producing cytokines like PDGF, TNF-a, IL-6, G-CSF, and GM-CSF, crucial for
inflammation and tissue remodeling [153,164]. In contrast, M2 macrophages, induced by cytokines
such as IL-4 and IL-13, play roles in tissue repair but can also promote fibrosis and FBGC formation
[165].
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Surface chemistry and topography of implants significantly influence macrophage responses,
including recruitment, adhesion, spreading, and activation [166]. For instance, macrophages attach
to implant surfaces via integrins and sense surface characteristics through Toll-like receptors and
scavenger receptors [167-169]. Modulating these interactions alters macrophage attachment,
spreading, and fusion into FBGCs [165,170,171].

Studies have highlighted that micro-roughness features within a specific range (e.g., 0.51-1.36
pm) promote M2-like phenotypes in macrophages, influencing their cytokine profiles and fusion into
FBGCs [172]. Similarly, nano-patterned surfaces with defined features influence macrophage
behaviors, affecting their inflammatory profiles and phagocytic activities [173-175]. Additionally,
substrate stiffness plays a critical role, with stiffer materials promoting pro-inflammatory responses
and FBGC formation in macrophages compared to softer substrates [176,177].

Reducing implant surface roughness from Ra 60 um to Ra 4 um, in vivo in human patients,
revealed a consistent presence of macrophages around both types of surfaces, indicating no
significant difference in macrophage distribution based on surface roughness. However, gene
expression analysis uncovered distinct macrophage polarization patterns between the surfaces.
Capsular tissue surrounding the rougher implants exhibited heightened expression of M1 markers
such as IFNy and CCL2, suggesting a proinflammatory macrophage phenotype. In contrast, capsules
enveloping the smoother implants showed increased expression of M2 markers like IL4 and IL10,
indicative of an anti-inflammatory or pro-tissue repair macrophage phenotype. Immunohistological
analysis of the intracapsular environment further revealed an enrichment of CD25+ and Foxp3+
immune cells around the rougher surface implants, implicating T regulatory (Treg) cells in potentially
attenuating immune responses and influencing tissue repair processes.

Understanding macrophage behaviors and responses to implant surfaces is crucial for
developing strategies to mitigate implant fibrosis and enhance biocompatibility. Targeted
modifications of surface properties can alter macrophage activation states, influencing their
inflammatory profiles and their propensity to form FBGCs. Future research should continue to
explore how specific surface modifications can effectively modulate macrophage interactions,
thereby improving the long-term performance and safety of breast implants.

4.3. Implications for Clinical Practice

Cellular and tissue-level studies have elucidated critical insights into the mechanisms
underlying capsular fibrosis associated with silicone breast implants. Key findings (Table 1.)
underscore the pivotal roles of fibroblasts, immune cells, particularly macrophages and T cells, and
the influence of implant surface properties in driving inflammatory and fibrotic responses.

Table 1. Key cellular and immune mechanisms in fibrosis around SMI.

Cellular/Immune Role in Fibrosis and Implant Molecular Clinical Implications
Mechanism Interaction Mechanisms and
Key Markers
Fibroblast Fibroblasts respond to the TGF-B1, a-SMA, Persistent activation can
Activation presence of silicone implants SMAD proteins: lead to excessive fibrosis,
by activating into TGF-p1 signaling contributing to
myofibroblasts, key cells in leads to SMAD complications like capsular
wound healing and fibrosis protein activation,  contracture.
processes. promoting a-SMA

expression and
fibroblast
activation.
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Myofibroblast Prolonged inflammation and TGF-B1, a-SMA, Myofibroblast activity is a
Differentiation mechanical stress trigger Collagen I/III: key driver of fibrotic capsule
fibroblasts to differentiate into TGF-B1 induces a-  formation around implants,
myofibroblasts, producing SMA and collagen  impacting implant
ECM components and driving production, outcomes.
tissue contraction. facilitating
myofibroblast
differentiation and
ECM contraction.
ECM Fibroblasts and MMPs MMPs, TIMPs, Dysregulated ECM
Remodeling continuously remodel the ECM  Collagen I/III: remodeling can result in a
around silicone implants, MMPs degrade stiffer, thicker fibrotic
balancing collagen deposition ECM components,  capsule, complicating
and degradation. while TIMPs implant removal or revision
inhibit MMPs to surgery.
regulate ECM
remodeling.
Immune Cell Immune cells, including IL-1B, TNF-a, IL-6, Chronic immune activation
Activation macrophages, dendritic cells, TGF-f: Pro- can perpetuate fibrosis and
and T cells, are activated by inflammatory contribute to implant-
silicone implants, releasing cytokines like IL- related complications like
cytokines that further stimulate 13 and TNF-a chronic inflammation.
fibroblasts. activate fibroblasts
and sustain
chronic
inflammation.
Macrophage Macrophages polarize into M1~ CD86 (M1), CD206  Targeting macrophage
Polarization (pro-inflammatory) or M2 (M2), IL-10, TGE- polarization through surface
(anti-inflammatory) p: M1 modifications could reduce
phenotypes in response to macrophages fibrotic responses and
implant properties, affecting express CD86 and  improve implant
fibrosis. produce IL-13, biocompatibility.
while M2 express

CD206 and secrete
IL-10 and TGF-.

T Cell-Mediated

CD4+ T cells, particularly Thl

IFN-y (Th1), IL-4,

Targeting T cell responses

Responses and Th2 subsets, regulate IL-13 (Th2): Thl through specific
fibrosis, with Th1 promoting cells produce IFN-  immunomodulatory
and Th2 potentially reducing Y, driving fibrosis,  therapies, such as the use of
fibrotic responses. while Th2 cells monoclonal antibodies to
secrete IL-4 and block Thl cytokines (e.g.,
IL-13, which may IFN-vy) or promoting Th2
reduce fibrosis. responses with IL-4 or IL-13,
could help mitigate fibrosis
around silicone implants.
Regulatory Tregs modulate the immune FOXP3, IL-10, Enhancing Treg activity
T Cells (Tregs) response by suppressing TGF-p: FOXP3isa could help in reducing

excessive immune activation
and maintaining immune
tolerance around implants.

key marker for
Tregs, which
secrete IL-10 and
TGF-f to suppress
inflammation and
fibrosis.

chronic inflammation and
fibrosis, improving implant
biocompatibility.
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Understanding these cellular and molecular mechanisms is crucial for developing strategies to
mitigate capsular fibrosis and improve clinical outcomes for patients undergoing implant-based
surgeries. Surface modifications that promote an anti-fibroticmacrophage phenotype and modulate
T cell responses could potentially reduce the incidence and severity of fibrotic encapsulation. Future
research should focus on optimizing implant designs to balance biocompatibility with reduced
inflammatory responses, thereby enhancing the longevity and safety of silicone breast implants.

In conclusion, comprehensive insights into fibroblast behavior, immune cell interactions, and
the impact of implant surface properties provide a foundation for advancing therapeutic approaches
aimed at minimizing complications associated with silicone breast implants. Continued research
efforts are essential to refine our understanding and translate these findings into clinically effective
strategies for enhancing patient outcomes in implant-based surgery.

5. Microbial Interactions and Biofilm Formation on Breast Implants: Implications for Capsular
Contracture

5.1. The Race for the Surface: Host Cells vs. Bacteria

Upon the implantation of a breast implant, a “race for the surface” occurs in which host cells
(such as macrophages, fibroblasts, and platelets) compete with bacteria to occupy the implant surface
[178]. Although implanted under specific sterilization and disinfection guidelines [179-181],
microbial colonization and biofilm formation on the implant surface can occur. Biofilms are
communities of bacteria encased in a protective matrix, making them resistant to the immune
response and antibiotics [182]. The antimicrobial immune response may be activated as a part of the
overall immune reaction [29]. These biofilms act as bacterial reservoirs and are sources of chronic
and/or sub-clinical infections [183].

As bacteria approach the implant, they encounter Van der Waals, electrostatic, and hydrophobic
interactions with the implant surface, leading to initial adherence [184,185]. This is followed by more
permanent site-specific interactions, where bacterial pili and fimbriae form attachments with the
biomaterial surface or its conditioning film [186]. At this point, bacteria transition from their
planktonic to sessile state. Biofilm formation proceeds with rapid bacterial proliferation, production
of extracellular polymeric substances (EPS), and a phenotypic shift contributing to the resilient nature
of biofilm growth [187]. Within the biofilm, bacteria communicate via quorum sensing, releasing
signaling molecules to coordinate gene expression [188]. Biofilm bacteria can also detach and revert
to their planktonic state, dispersing to colonize new surfaces [189]. In the context of breast implants,
this could involve other areas on the implant or different tissues and regions of the body.

Many bacterial species produce binding proteins specific to collagen and fibronectin, which form
the fibrous capsule around the breast implant [190,191]. This facilitates bacterial attachment and
adherence to the capsule, followed by proliferation and biofilm formation. Increased numbers of
fibroblasts correlate with a higher incidence of capsular contracture, and more bacteria are found on
contracted capsules compared to non-contracted ones [192]. A porcine model by Tamboto et al.
demonstrated that biofilm formation on and around breast implants is associated with a fourfold
increased risk of developing capsular contracture [193].

The most common bacterial species detected on breast implants are Staphylococcus spp.,
particularly Staphylococcus epidermidis [194]. These species are normal skin flora, suggesting
contamination of the implant or site during surgery. In a rat model, Miller et al. reported that the
hematogenous spread of Staphylococcus aureus from a remote infection increased capsule thickness,
myofibroblast numbers, and collagen density around implanted silicone blocks [195].

5.2. Biofilm Formation and Ist Implications for Breast Implants

In a recent study, moving to an in vitro setting, the evaluation of SMI surface patches with
diverse topographies revealed significant effects on microbial adhesion, growth, and colonization by
S. epidermidis and S. aureus [59]. Both bacterial species adhered and colonized all tested surfaces, but
the presence of silicone markedly inhibited their growth and colonization compared to controls
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without silicone patches[59]. The topography of the silicone patch significantly influenced bacterial
growth, with increased texture correlating positively with enhanced bacterial colonization. Biofilm
formation, a recognized virulence factor in biomaterial-related infections, was evident on textured
surfaces after inoculation with S. epidermidis or S. aureus. The topography of the silicone patch
significantly influenced bacterial growth and colonization, with enhanced texture correlating with
increased bacterial growth [59].

Antimicrobial immune responses refer to the body’s defense mechanisms against microbial
invaders, such as bacteria. In the context of silicone breast implants, the immune response is typically
triggered by the presence of foreign material (silicone) in the body that involves the activation of
immune cells and processes aimed at removing or isolating the foreign material [153,196,197]. The
initial response to SMIs includes an inflammatory reaction. Inflammation is a part of the immune
response and involves the recruitment of immune cells to the implant site to clear debris and
potentially harmful substances [29]. While silicone itself is not a microbial agent, the immune system
may respond to the implant by releasing antimicrobial substances as a general defense mechanism.

A diverse array of proteins linked to immune response, inflammation, and wound healing was
discovered in the vicinity of the SMI [30]. In vivo analysis of SMI surface-associated proteome,
including plasma, local tissue, and early fibrosis stages, revealed a significant inflammatory storm
within the first five days post-implantation, with antimicrobial agents adhering to the SMI surface
over the next 6 to 8 months [30,41]. Notably, 65 plasma-derived components were involved in the
antimicrobial humoral response, with FLG2 exclusively associated with rougher SMI surfaces,
indicating a chronic antimicrobial inflammatory response [59]. Next-generation sequencing (NGS)
analysis of wound-associated microbiomes revealed significant topography-specific variations, with
higher microbial diversity and quantity on rougher surfaces [59]. Skin microbiome assessment at
incision sites identified only eight species, with Staphylococcus hominis and Staphylococcus epidermidis
being prevalent This finding indicates that the types of bacteria present are related to the surgical
environments where they were found. Staphylococci, identified in acute and chronic wounds and on
SMI surfaces, emphasize the need to understand individual skin microbiomes in surgical contexts
[59].

5.3. Antimicrobial Immune Responses and Proteomic Insights in Capsular Fibrosis

To gain deeper insight into the mechanisms driving capsular fibrosis around SMIs, it is crucial
to consider the significant role of antimicrobial strategies and inflammatory responses (Figure 4). Key
processes such as sterilization, disinfection, and surface modifications (Figure 4a) of SMlIs are
essential in minimizing microbial contamination. Both immediate and chronic antimicrobial
inflammatory responses play a role in this context, with persistent microbial contamination leading
to ongoing inflammation and fibrous capsule formation (Figure 4b). Furthermore, bacterial adhesion
and biofilm formation are critical stages that influence the onset of capsular contracture (Figure 4c).
These considerations underscore how antimicrobial interventions and inflammatory dynamics are
integral to the development of capsular fibrosis and highlight potential strategies for mitigating these
challenges.
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Figure 4. Bacterial adhesion, biofilm formation on SMI surfaces, and clinical strategies for
prevention. Bacterial colonization of SMI surfaces and the subsequent formation of biofilms are major
contributors to chronic infection and the development of complications such as capsular contracture.
Various clinical strategies are employed to minimize microbial contamination and biofilm formation
at different stages of the surgical process. (a) Bacterial SMI surface adhesion, colonization, and biofilm
formation. Reversible Phase: Planktonic bacteria initially adhere to the SMI surface through electrostatic
and hydrophobic interactions. This phase is reversible, and bacteria can be removed if appropriate
interventions are applied. Irreversible Phase: Over time, bacteria firmly attach to the SMI surface,
proliferate, and form biofilms. The biofilm matrix protects bacteria from the immune response and
antimicrobial agents, leading to persistent infection. Capsule Formation: The presence of bacterial
biofilms and the continuous inflammatory response contribute to the formation and thickening of the
fibrous capsule, leading to capsular contracture. (b) Flowchart illustrating the clinical strategies for
preventing or reducing microbial contamination and biofilm formation on breast implants. Pre-
operative strategies focus on assessing patient risk, preparing the surgical site through sterilization and
disinfection, and choosing implants with surface modifications to reduce bacterial adhesion. Intra-
operative practices emphasize maintaining a sterile environment, proper handling of the implant, and
using antibiotic interventions to minimize contamination. Post-operative care includes monitoring the
antimicrobial inflammatory response, administering antibiotics, and maintaining meticulous wound
care to detect and prevent early signs of infection.

6. Clinical Translation and Future Directions

Advances in biomaterial science and molecular studies have illuminated new pathways for
enhancing clinical outcomes in breast implant surgery.

One of the significant potentials lies in personalized risk assessment and management strategies.
By deciphering individual variations in immune responses and microbial colonization patterns,
clinicians can tailor surgical approaches to mitigate risks such as capsular contracture. This
personalized approach may involve optimized implant selection and targeted antimicrobial
prophylaxis. Such strategies aim to improve patient outcomes by reducing complications associated
with immune reactions and biofilm formation.

Furthermore, the development of biomaterials and implant modifications stands at the forefront
of innovation. Insights from molecular studies and preclinical models are driving the creation of next-
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generation implants designed to minimize biofilm formation and inflammatory responses. These
advancements include the exploration of anti-biofilm coatings, immunomodulatory surfaces, and
materials that mimic natural tissue interactions. By improving implant biocompatibility and
longevity, these innovations hold the potential to enhance patient satisfaction and reduce the need
for revision surgeries.

In parallel, the identification of novel therapeutic targets through molecular pathways offers
promising avenues for targeted interventions. Potential therapies such as anti-inflammatory agents,
quorum sensing inhibitors, and biofilm disruptors are being investigated to prevent or mitigate
fibrotic reactions post-implantation. These targeted treatments aim to modulate immune responses
and improve the overall biointegration of implants, thereby advancing the field towards more
effective management of complications and improved long-term patient outcomes.

Moreover, advancements in surgical techniques and post-operative care protocols are being
informed by molecular insights. Understanding the intricate mechanisms of wound healing and
immune modulation guides refinements in surgical approaches. This includes strategies to minimize
tissue trauma during implantation, optimize tissue integration around implants, and enhance
infection prevention measures. By implementing evidence-based practices derived from molecular
and preclinical research, clinicians can strive to optimize surgical outcomes and reduce the incidence
of complications.

Long-term monitoring and patient education are also pivotal aspects influenced by molecular
studies. Comprehensive monitoring protocols informed by molecular biomarkers [30] can facilitate
early detection of complications and prompt intervention. Equally important is patient education,
which empowers individuals with knowledge about their implants and potential risks. Educating
patients on the importance of regular follow-up evaluations and self-monitoring can promote
proactive management and early intervention, contributing to improved long-term implant success
and patient satisfaction.

Lastly, collaborative research efforts and rigorous clinical trials are essential for translating
scientific discoveries into clinical practice. Interdisciplinary collaboration between researchers,
clinicians, and industry stakeholders accelerates the validation of emerging technologies and
therapies. This collaborative approach ensures that advancements in breast implant surgery are
evidence-based and patient-centered, fostering continuous improvement and innovation in the field
of plastic and reconstructive surgery.

In conclusion, the clinical translation of insights from molecular studies and preclinical models
holds immense promise for revolutionizing breast implant surgery. By integrating these
advancements into clinical practice, clinicians can strive to enhance implant biocompatibility, reduce
complications, and improve overall patient outcomes. Continued research, interdisciplinary
collaboration, and evidence-based practice are crucial for realizing these goals and advancing the
standard of care in breast implant surgery.

7. Challenges and Limitations

Despite significant advancements, several challenges and limitations persist in current research
on breast implant surgery, particularly concerning immune responses and novel interventions.

One of the primary challenges is the variability in individual immune responses to implants.
While molecular studies have elucidated key pathways involved in immune reactions, there remains
a substantial variation among patients in how their immune systems react to implanted materials.
This variability can influence the risk of complications such as capsular contracture and infection,
making it challenging to predict outcomes and tailor personalized treatment strategies effectively.

Another unresolved question pertains to the long-term outcomes of novel interventions aimed
at mitigating complications associated with breast implants. While preclinical models and early
clinical studies show promise for therapies targeting biofilm formation, inflammation, and implant
integration, the durability and effectiveness of these interventions over extended periods remain
uncertain. Longitudinal studies are needed to assess the sustainability of therapeutic benefits and
potential long-term risks associated with new biomaterials and treatments.
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Furthermore, the complexity of biofilm-related infections poses a significant challenge in breast
implant surgery. Biofilms are resilient communities of bacteria encased in an extracellular matrix,
which makes them resistant to immune responses and conventional antibiotics. Despite advances in
understanding biofilm formation and its impact on capsular contracture, effective strategies to
prevent and eradicate biofilms on implants remain elusive. Future research efforts should focus on
developing innovative anti-biofilm strategies that can be translated into clinical practice.

Moreover, the translational gap between benchtop research and clinical implementation
presents a persistent limitation. While preclinical models provide valuable insights into biological
mechanisms and therapeutic targets, translating these findings into safe and effective clinical
interventions requires rigorous validation in human studies. Bridging this gap necessitates
collaborative efforts among researchers, clinicians, and regulatory bodies to ensure that novel
interventions meet stringent safety and efficacy standards before widespread adoption.

Ethical considerations also pose challenges in breast implant research, particularly regarding
patient consent, long-term surveillance, and the communication of risks and benefits associated with
implants. Ensuring comprehensive informed consent and empowering patients with accurate
information about potential risks, including immune responses and long-term outcomes, is essential
for promoting patient autonomy and shared decision-making in surgical settings.

In conclusion, while molecular insights and preclinical breakthroughs have significantly
advanced our understanding of breast implant surgery, several challenges and unanswered
questions remain (Table 2). Addressing variability in immune responses, assessing the durability of
novel interventions, combating biofilm-related infections, closing the translational gap, and
navigating ethical considerations are critical priorities for future research. By addressing these
challenges collaboratively and systematically, researchers and clinicians can strive to optimize
patient outcomes and advance the field toward safer, more effective breast implant surgery practices.

Table 2. Clinical translation and future directions in SMI-based breast surgery.

Focus Area Advancements Clinical Translation Future Directions
Personalized - Tailored patient care by - Personalized implant - Further studies to better
Risk analyzing immune selection, antimicrobial ~ understand patient-specific
Management  responses and microbial = prophylaxis, and post-  immune responses to
patterns (risk mitigation for operative plans to reduce enable more precise and
capsular contracture). complications. effective personalized care.
Biomaterials & - Development of advanced - New biomaterials - Continued innovation in
Implant materials to reduce biofilm designed for materials mimicking
Modifications formation and biocompatibility, natural tissues and
inflammation (e.g., anti-  longevity, and lower enhancing implant
biofilm coatings, complication rates, integration for better
immunomodulatory potentially reducing the biocompatibility and
surfaces). need for revision reduced immune reactions.
surgeries.
Targeted - Exploration of therapies - Modulation of immune - Identifying and testing
Therapeutic like anti-inflammatory responses to improve new therapeutic targets
Approaches agents, quorum sensing  biointegration and reduce through molecular studies
inhibitors, and biofilm fibrotic complications to prevent or mitigate
disruptors to prevent post-implantation. complications.
fibrotic reactions.
Surgical - Improved techniques - Implementation of - Further refinement of
Techniques & minimizing tissue trauma, evidence-based surgical techniques based on
Post-op Care optimizing tissue practices to enhance molecular and preclinical
integration, and preventing precision, minimize data to reduce
infections through trauma, and improve complications and improve

molecular insights. recovery outcomes. healing.
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Patient - Use of molecular - Development of
Monitoring &  biomarkers for early monitoring protocols for
Education detection of complications; early intervention, along
emphasis on patient with improved patient
education regarding self- engagement for long-term
monitoring and follow-up implant success.
care.
Personalized  Generalized treatments Uniform antibioticand  Personalized treatments
Medicine may not consider antifibrotic regimens tailored to patient-specific
individual patient factors, based on general risk factors (microbial flora,
leading to suboptimal profiles. immune responses, genetic
outcomes. predisposition).

8. Conclusion

In conclusion, the exploration of immune mechanisms underlying SMI capsular fibrosis
represents a crucial frontier in aesthetic and reconstructive surgery. Through this review, we have
delved into the intricate interplay of host responses and microbial interactions, highlighting both the
progress made and the challenges that lie ahead.

The findings underscore the multifaceted nature of immune responses to breast implants,
shaped by factors ranging from biomaterial properties to individual variations in immune profiles.
Despite these complexities, advancements in molecular insights and preclinical models offer
promising avenues for improving clinical outcomes. By elucidating key pathways involved in
capsular fibrosis, such as inflammation, biofilm formation, and tissue integration, researchers are
paving the way for targeted interventions that could mitigate complications and enhance the
longevity of implants.

Looking forward, ongoing research holds the potential to catalyze transformative breakthroughs
in treatment strategies for breast implant patients. Future studies focusing on personalized medicine
approaches, innovative biomaterials, and novel anti-biofilm therapies are poised to redefine
standards of care in plastic surgery. Moreover, the integration of patient-centric outcomes, ethical
considerations, and regulatory frameworks will be pivotal in translating research findings into safe
and effective clinical practices.

In essence, the journey toward unraveling the immune web of SMI capsular fibrosis is not just
about understanding biological mechanisms; it is about improving quality of life. By harnessing the
collective efforts of scientists, clinicians, and patients, we can envisage a future where complications
are minimized, outcomes are optimized, and patient care in plastic and reconstructive surgery
reaches new heights of excellence. As we continue to push the boundaries of knowledge and
innovation, the promise of achieving these goals remains within our grasp.
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