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Abstract: Breast cancer is the most common cancer in women globally, often necessitating mastectomy
and subsequent breast reconstruction. Silicone mammary implants (SMIs) play a pivotal role in breast
reconstruction, yet their interaction with the host immune system and microbiome remains poorly
understood. This study investigates the impact of SMI surface topography on host antimicrobial
responses, wound proteome dynamics, and microbial colonization. Biological samples were collected
from ten human patients undergoing breast reconstruction with SMIs. Mass spectrometry profiles
were analyzed for acute and chronic wound proteomes, revealing a nuanced interplay between
topography and antimicrobial response proteins. 16S rRNA sequencing assessed microbiome dy-
namics, unveiling topography-specific variations in microbial composition. Surface topography
alterations influenced wound proteome composition. Microbiome analysis revealed heightened
diversity around rougher SMIs, emphasizing topography-dependent microbial invasion. In vitro
experiments confirmed staphylococcal adhesion, growth, and biofilm formation on SMI surfaces, with
increased texture correlating positively with bacterial colonization. This comprehensive investigation
highlights the intricate interplay between SMI topography, wound proteome dynamics, and microbial
transmission. The findings contribute to understanding host–microbe interactions on SMI surfaces,
essential for optimizing clinical applications and minimizing complications in breast reconstruction.

Keywords: implant-based breast reconstruction; SMI surface roughness; foreign body response (FBR);
acute wound proteome; chronic wound proteome; antimicrobial humoral response; capsular fibrosis;
surgical site microbiome; SMI-adhesive microbiome; implant-associated biofilm formation; SMI
topography-specific antimicrobial response; Staphylococcus transmission at surgical site; immunomics

1. Introduction

Breast cancer stands as the most commonly diagnosed cancer in women globally,
with a noteworthy part of mastectomy patients opting for breast reconstruction [1]. The
use of silicone mammary implants (SMIs) in reconstruction has been prevalent since the
1960s [1–3]. Breast reconstruction serves multiple objectives, including reshaping the breast
post-tissue loss from cancer, revising previous surgeries, and augmenting breast volume
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for cosmetic enhancement. The surgical implantation of biomaterial, albeit noninvasive,
induces injury, triggering a fibrotic response [4,5].

Despite providing physical and psychological benefits, surgical implantation of SMIs
initiates an injury-induced fibrotic response [6,7]. Silicone, a prevalent implant material,
induces fibrotic responses, causing one of the most common complications of implant-based
breast reconstruction or augmentation surgery, capsular contracture [8–10]. Remarkably,
silicone continues to be the most widely used implant material in routine medical practice,
despite associated side effects, including the development of capsular fibrosis, leading to
pain, distinct aesthetic changes, and impaired implant function [11–13].

The encapsulation of medical prosthetic implants arises from surgery-induced injury
and inflammation, activated by various factors including persistent infection, autoimmune
reaction, allergic response, chemical insult, radiation, and tissue injury, which manifest
through heightened extracellular matrix (ECM) synthesis [14]. Fibrosis, fundamentally a
reparative mechanism, encompasses fibroblast activation and the involvement of innate
immune cells [7]. Upon SMI insertion, the foreign nature of the silicone prompts an immune
response characterized by inflammation and the mobilization of immune cells targeting
the foreign entity. This immune cascade, orchestrated by cellular and signaling pathways
like TGFβ, Smad, NF-κB, and MAPK, instigates persistent inflammatory processes that
culminate in fibrotic events [6,7,15–18]. Inflammatory mediators, chiefly macrophages and
neutrophils, drive profibrotic signaling pathways, fostering myofibroblast differentiation.
Persistent myofibroblast activity exacerbates ECM production, culminating in the formation
of collagen-I-rich fibrous matrices [6,7].

Common risk factors for capsular fibrosis include biofilm, surgical site infections,
history of prior capsular contracture or fibrosis, history of radiation therapy, implant
characteristics, and nonspecific protein adhesion from wound fluid and local wound tissue
to implant surfaces [6].

Proteome studies with SMIs revealed a diverse array of proteins intricately linked
to the immune response, inflammation, and wound healing [19–21]. By an extensive
characterization of the proteomic profiles of serum, wound fluid, and SMI surfaces in
patients undergoing simultaneous prophylactic nipple-sparing mastectomy with breast
tissue-expander-based reconstruction, we identified a systemic burst of foreign body re-
sponse (FBR) immediately after SMI implantation, marked by significant antimicrobial
activity and inflammasome activation [21]. The local wound proteome, expressed in the
tissue, exhibited both immediate and prolonged pro-inflammatory mediation on the SMI
surface by adhesion.

The impact of the implant’s surface texture on capsular fibrosis incidence is evi-
dent [6], and the interplay of surface chemistry and topography significantly influences
protein adhesion [5,20,22,23]. SMI surfaces are categorized based on scanning electron mi-
croscopy (SEM) and surface roughness (Ra), yielding smooth (Ra < 10 µm), microtextured
(10 µm ≤ Ra ≤ 50 µm), and macrotextured (Ra > 50 µm) classifications [24].

Initially, SMIs had a smooth surface, but due to the association with capsular contrac-
tures [6,24], macrotextured surfaces emerged. Despite reduced risks of slipping or twisting
and capsular fibrosis, macrotextured surfaces are associated with breast implant-associated
large cell lymphoma (BIA-ALCL) [4,25], uncommon T-cell lymphoma, and massive inflam-
matory reactions and chronic antigen stimulation [23,26–28]. Implants with low roughness,
within a 2–5 µm surface roughness, resemble smooth implants but are believed to facili-
tate mammary fibroblast spread and reduce inflammatory responses compared to larger
macrotextured surfaces in vitro and in animal models [23,29]. Patient-based investigations
confirm that SMI surface roughness affects both the immediate acute and chronic early-
stage fibrotic responses [30]. Reduced surface roughness, specifically to Ra 4 µm, holds
promise in mitigating immune reactions, promoting healthy wound healing, and limit-
ing excessive fibrosis, resulting in reduced capsular thickness [31]. Protein adherence to
rough surfaces mediates pro-inflammatory and profibrotic processes, indicating profibrotic
modulation and increased immune response [30].
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Despite adherence to specific sterilization and disinfection guidelines [32–34], SMIs
trigger an inflammatory response, recruiting immune cells to eliminate debris and potential
threats. The body’s defense mechanisms against microbial invaders, particularly bacteria,
play a critical role in the response to SMIs [35]. This raises the possibility of microbial colo-
nization and biofilm formation on the implant surface, posing challenges for the immune
response and antibiotic treatment [36–41]. Biofilms, protective bacterial communities en-
cased in an extracellular matrix, can develop on the implant surface, resisting the immune
response and antibiotics [38,39,41,42]. While silicone itself lacks microbial properties, the
immune system releases antimicrobial peptides (AMPs) as a general defense mechanism,
contributing to chronic inflammation [41,43]. Prior research indicates that breast implant
bacterial contamination can manifest without clinical symptoms, leading to a chronic
subclinical infection linked to capsular contracture in >10% of patients [41,44,45]. The
routine use of antimicrobial pocket irrigation, implant-soaking agents, the inframammary
fold incision technique, and submuscular implant placement has led to decreased rates of
capsular contracture [46–51].

In 1981, a case report suggested a potential link between latent bacterial infection and
capsular contracture [52–55]. Subsequent studies, spanning nearly two decades, further
demonstrated the isolation of coagulase-negative bacteria Staphylococcus epidermidis from
the implant or tissue in cases of capsular contracture [38–41,44,56–59]. The formation of S.
epidermidis biofilms was investigated on differently textured silicone surfaces, revealing
that rougher surfaces attract more bacteria and support thicker biofilm growth [59]. Similar
findings were reported in a study with different bacterial genera (Salmonella, Listeria, and
Escherichia), where a negative linear relationship between activation energy and surface
roughness indicated easier bacterial adherence to rough surfaces [60–62]. By exploring
sub-micrometer-sized surfaces, it was shown that surface texture, even without biocides or
antibiotics, influences biofilm formation for both Gram-positive and Gram-negative bacte-
ria [63]. Increased bacterial adherence to rough surfaces was noted, suggesting potential
material-dependent variations, although the focus was on S. epidermidis contamination
on alloys [64]. Significantly, a potential explanation for the association between textured
implants and BIA-ALC suggests a higher likelihood of bacterial biofilm colonization on
the surface of textured implants compared to smooth implants. This, in turn, may trigger
chronic inflammation, potentially leading to tumorigenesis in susceptible individuals [65].

To date, there are no existing studies of an SMI surface-associated microbiome, or
the microbiome resulting from microbial transmission and acute wound infection post-
implantation to adhesion, colonization on the encapsulated SMI surface, and integration
into the surrounding capsular tissue during early-stage fibrosis in real time in vivo.

Guided by the hypothesis that infection may originate from the transfer of skin
microbiome during surgery, leading to biofilm formation on the implant surface which
triggers chronic inflammation around the encapsulated implant, our study aims to identify,
characterize, and profile microbial contamination and population profiles in the acute
wound milieu and later, associated with the implant surface 6–8 months after surgery.

In pursuit of biological significance, we intraoperatively compared two silicone mam-
mary tissue expanders (inflatable SMIs) with varying topography: (i) the conventionally
used CPX® 4 (average roughness radius (Ra) 60 µm; Mentor) and (ii) the novel, surface-
roughness reduced device SmoothSilk® (average roughness radius (Ra) 4 µm; Motiva
Flora®). This comparison aimed to elucidate a common, as well as silicone-chemistry-
and surface-roughness-exclusive, SMI-associated microbiome. Employing next-generation
DNA sequencing targeting the bacterial 16S rRNA gene, we analyzed the microbiome of
the wound bed fluid (24–120 h post-op), the tissue expander that was surface-adsorbed
and adhered, and the SMI-encapsulating tissue (6–8 months post-op) from breast cancer
patients undergoing simultaneous prophylactic NSME and tissue-expander-based breast
reconstruction. To validate the sequencing data, we performed a culture and MALDI TOF
identification of skin swab samples collected from the incision site, wound bed fluid, capsu-
lar tissue, and explanted SMI biological samples obtained during implantation and removal



Int. J. Mol. Sci. 2024, 25, 3163 4 of 31

surgery. In vitro investigations were conducted to verify our in vivo results, focusing on
the colonization, growth, and biofilm formation of S. epidermidis and S. aureus on sterile
smooth, low-textured, and rough SMI surfaces. The latter corresponded to the devices
used in previous patient studies. Finally, the immunoreactivity of in vitro inoculated sili-
cone patches was determined by analyzing the gene expression of various inflammatory
markers on biofilm-covered SMI patches cocultured with peripheral blood mononuclear
cells (PBMCs).

Our findings offer unprecedented insights into intrasurgical wound infection, mi-
crobiome transmission and adhesion onto SMI surfaces, and integration into the capsule,
in real time both in vivo and in vitro. Additionally, we identified potential antimicrobial
biomarkers in SMI-associated capsular fibrosis, offering insights into novel therapeutic
targets and enhancing our understanding of the causal relationship between SMIs, biofilm
formation on medical prosthetics, and the autoimmune response of the immune system.

2. Results
2.1. Impact of Surface Roughness on Antimicrobial Response and Wound Proteome Adhesion on
SMI Surface

Our previous work elucidated the three-dimensional composition of the surface-
associated proteome of SMIs, encompassing adhered plasma, local tissue-derived proteins
in the acute wound, and those expressed in early fibrosis stages [21].

To explore the effects of reducing implant surface roughness from Ra 60 µm (SMI
60 µm; CPX®4, Mentor LLC, Johnson & Johnson Medical GmbH, Germany) to Ra 4 µm
(SMI 4 µm; SmoothSilk®, Motiva Flora®, Establishment Labs, Costa Rica) on antimicro-
bial inflammatory proteome response in the acute wound and long-term adhered to the
expander surface, we turned to our previously generated mass spectrometry profiles of
the collected wound proteome data [21]. This dataset covered plasma and acute wound
proteome profiles (24–120 h post-op) and the surface-associated proteome (6 to 8 months
post-op) to both SMI types, allowing us to compare protein distributions. During the
first five days post-SMI-implantation, the acute wound proteome resembled an inflam-
matory storm with significant involvement of antimicrobial agents (AMPs) that partially,
in the course of 6 months, adhere to the SMI surface [21]. Sixty-five of the inflammatory
molecules identified in the acute wound were involved in the antimicrobial humoral re-
sponse (Supplementary Materials Table S1). Of note, we found no topography-specific
antimicrobial response in the acute wound in the first five days post-implantation.

For deeper insights into the functions of the 65 identified AMPs in WBF, we conducted
gene ontology (GO) molecular function enrichment analysis (Figure 1a) that indicated
associations of 12 proteins with the role of a cell wall digestive autolysin or inhibitors of
peptidoglycan synthesis.

Subsequently performed STRING database [66] analysis of known and predicted
physical and functional protein–protein interactions (Reference NCBI taxonomy Id: 9606)
generated a protein–protein interaction (PPI) regulatory network of the 12 candidate
proteins (cell wall autolysis, inhibition of peptidoglycan synthesis) with 12 nodes and
17 edges, average node degree 2.83, average clustering coefficient 0.537, expected edge
number 1, and PPI enrichment p-value of 3.24 × 10−14 (Figure 1b, left). Strikingly, the edges
represent only one predicted functional association of the 12 nodes (12 candidate proteins)
with the antimicrobial activity (Figure 1b, right: reactome pathways). Specifically, the
heatmap visualization (Figure 1c) with applied Manhattan clustering of wound proteome
differentiation over the first five days after expander implantation revealed a chronological
topography-specific reduction in wound proteome composition and abundance on day 5,
reflecting a closer relation to presurgery plasma proteome. Interestingly, previously, we
identified two clusters: an immediate inflammatory storm with wound bed fluid (WBF)
proteomes formed around SMI 4 µm at 24 h and 48 h post-operation and around SMI
60 µm at 24 h post-operation [21], and the second cluster encompassing later stages with
chronologically reduced abundances of the 12 AMPs. We conclude that the potential for
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activation and secretion of these 12 AMPs persists for a more extended period around the
smoother device.
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protein interaction regulatory network by K-means clustering based on STRING database 
(Reference NCBI taxonomy Id: 9606); and (c) heatmap analysis of the 12 interacting AMPs in the 
plasma-derived wound proteome. Original values (log2 protein abundance) are ln (x + 1)-
transformed. Rows are centered; unit variance scaling is applied to rows. Both rows and columns 
are clustered using correlation distance, average method, and tightest cluster first tree ordering: 12 
rows, 10 columns. The level for statistical significance was set at ns p >0.05, * p < 0.05, ** p < 0.002, *** 
p < 0.0002, and **** p < 0.0001 for all statistical tests (inter- and intraindividual comparison; n = 7). 
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Figure 1. Acute plasma-derived antimicrobial response in wound fluid surrounding SMI 24–120 h
post-op. Plasma-derived wound proteome. (a) GO molecular function enrichment; (b) protein–
protein interaction regulatory network by K-means clustering based on STRING database (Reference
NCBI taxonomy Id: 9606); and (c) heatmap analysis of the 12 interacting AMPs in the plasma-derived
wound proteome. Original values (log2 protein abundance) are ln (x + 1)-transformed. Rows are
centered; unit variance scaling is applied to rows. Both rows and columns are clustered using
correlation distance, average method, and tightest cluster first tree ordering: 12 rows, 10 columns.

Thus, our comprehensive investigation into the three-dimensional composition of the
surface-associated proteome of the SMI 24–120 h post-op and the subsequent exploration
of the impact of surface roughness reduction on antimicrobial inflammatory proteome
response unveiled a nuanced interplay between topography, proteome dynamics, and the
prolonged activation of antimicrobial responder proteins.

Five of sixty-five AMPs found in wound bed fluid adhered to both SMI surfaces six
months post-operation (Figure 2a and Supplementary Materials Table S2), with plasma
serving as the primary source for antimicrobial response agents [21]. Notably, FLG2 [67–70],
part of the antimicrobial inflammatory response and profibrotic driver from the S100A
family, was present in WBF formed around both devices, but it adhered exclusively to
the rougher surface (Figure 2b and Supplementary Materials Table S2), confirming a
topography-exclusive chronic antimicrobial inflammatory response that additionally drives
fibrosis and implant encapsulation around rougher implants 6–8 months post-implantation.
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(a) Photo of removed SMI 60 µm. Black square marks testing area. (b) Protein abundance of different
AMPs adhered to SMI 4 µm and/or SMI 60 µm surface.

We postulate that during surgery, an infection may occur in the patient, facilitated
by the transfer of skin microbiome to lower tissue layers and onto the implant surface
through the operative incision and implant placement. This process leads to the formation
of biofilm on the implant surface, initiating chronic inflammation around the encapsulated
implant. This, in turn, propels the inflammatory response, consequently contributing to
fibrosis and thickening of the capsule.

2.2. Quantification and Data Integrity of Intraindividual Comparative Microbiome Profiling in
Wound Bed Fluid, Capsular Tissue, and SMI-Adhesive Microbiome

This clinical investigation addressed a crucial knowledge gap in understanding the
impact of SMI surface texture on microbial surface adhesion and biofilm formation and
acute and chronic immune responses in patients undergoing prophylactic nipple-sparing
mastectomy (NSME) and SMI-based breast reconstruction. During surgery, we intraoper-
atively compared two types of tissue expanders, the CPX® 4 (termed from here on SMI
60 µm, roughness radius: 60 µm Ra; Mentor) and SmoothSilk® (termed from here on SMI
4 µm, roughness: 4 µm Ra; Motiva), which differ in surface topography. Blood and wound
bed fluid samples were collected at 24 h, 48 h, 72 h, 96 h, and 120 h post-tissue-expander
implantation. Additional blood and capsular tissue samples were collected during reop-
eration upon expander removal and exchange with a definitive implant. Immediately
following tissue-expander removal, the expander surface was swabbed and stripped to
collect additional samples for microbiome testing.

In collaboration with Pangea Laboratory (Tustin, CA, USA) and Zymo Research Corp.
(Irvine, CA, USA), next-generation DNA sequencing (NGS) was performed to characterize
the microbiome in acute wound bed fluid (24–120 h post-op), SMI surfaces, and capsular
tissue (6–8 months post-op) and to identify bacteria that may trigger the antimicrobial
response postsurgery [21]. The samples of wound bed fluid formed around the SMI, SMI
surface swabs, and capsular tissue specimens were comparatively analyzed to understand
the antimicrobial contamination of the acute wound and SMI during surgery and the first
five days post-implantation; the microbial surface adhesion; and the biofilm formation on
the SMI as well, as its incorporation into the encapsulating fibrotic tissue 8 months post-op.
WBF, SMI surface, and capsular tissue sample data were normalized to negative controls
(a) not associated with implants (surgery room atmosphere, DNA/RNA Shield™ reagent
used for sample stabilization), (b) negative controls for SMI 60 µm and SMI 4 µm (WBF
drainage container valve, “sterile” implant packing, tissue prep area under cell culture flow,
scalpel for tissue prep), and negative controls (Supplementary Materials Table S3) for the
capsular tissue processing procedure (Host Zero).

Following normalization to negative controls, 501 total species representing 414 genera
from 140 families were identified from the three specimen types (WBF, SMI surfaces, and
capsular tissue) by NGS. Similar counts of bacterial families were identified in samples from
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the different expander types (SMI 4 µm and SMI 60 µm) for each specimen type (Figure 3a
and (Supplementary Materials Figures S2–S4)). The most commonly observed taxa in the
capsular tissue specimens for both the SMI 4 µm (n = 5) and SMI 60 µm (n = 4) expander
surfaces was Pelomonas saccharophila, in the Comamonadaceae family, previously identified
as a commensal of the dermis [71]. For the wound bed drainage, the most commonly
observed families identified in specimens from samples collected from both expander
surface types included the Comamonadaceae family (n = 26 for SMI 4 µm and SMI 60 µm),
owing largely to the presence of Ralstonia sp., which has been isolated from numerous
water sources [72]. Staphylococcaceae were the next most abundant family, identified from
23 and 22 WBF specimens for the SMI 4 µm and SMI 60 µm expander types, respectively.
Staphylococcus hominis was identified in 17 WBF specimens from the SMI 4 µm and 11 from
the SMI 60 µm expander surface, while S. epidermidis was detected in 13 WBF specimens
collected from each of the expander types.
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tissue, originating from the SMI 4 µM and SMI 60 µM tissue expanders. (b) Observed alpha diversity
measured as taxa richness at the family level of the wound drainage fluid in the first 5 days following
the initial surgery (tissue-expander implantation, WBF D1-5) and in the day following the second
surgery (definitive implant implantation, WBF2 D1), the SMI surface swab, and the capsular tissue.
No statistically significant differences computed by pairwise Wilcoxon signed-rank test were observed
between the SMI 4 µM and SMI 60 µM tissue-expander specimens. (c) Principal coordinate analysis
of beta diversity based on Bray–Curtis dissimilarity. Plot shows first two principal coordinates, with
each point representing a specimen, colored according to expander type and shaped according to
specimen type. Permutational analysis of variance (PERMANOVA) revealed no significant differences
in bacterial community composition between the two expander types for each specimen type.

Bacterial communities were further explored by comparing community structure
across the three different specimen types originating from the two expander types. Local
(alpha) diversity analysis, a measure of taxa richness, was observed to be consistent in the
5 days post-tissue-expander implantation and in the SMI surface swabs and was lowest
in the capsular tissue specimens (Figure 3b). No significant differences in taxa richness
were detected between the two expander types. The diversity between the communities
(beta diversity) originating from the two expander types was explored by calculating Bray–
Curtis dissimilarity and visualized by a principal component plot (Figure 3c). Points, each
representing a specimen, appeared to cluster according to specimen type, though no clear
separation was observed between the SMI 4 µm and SMI 60 µm expander types and no
significant differences were observed by permutational analysis of variance.

2.3. Microbial Dynamics in the Peri-Implant Environment: A Comprehensive Analysis of Skin
Microbiome Transfer and Biofilm Formation during Implant-Based Breast Reconstruction

To assess our hypothesis that transfer of the skin microbiome from the incision site to
the implant surface leads to microbial surface adhesion and biofilm formation in patients
undergoing breast reconstruction (Figure 4a), we conducted a comparative analysis of mi-
crobes found in wound bed fluid, the SMI surface, and the intracapsular region within the
same individuals, with specific reference to the SMI topography. The feasibility of interindi-
vidual comparison was precluded by the inherent variability in microbiome composition
observed between patients.

In the acute wound 24–120 h post-implantation, principal component analysis revealed
significant topography-specific sample variation, with principal component 1 and principal
component 2 explaining 15.6% and 17.4% of the total variance and revealed segregation
between the two differential wound bed fluids formed around SMI 4 µm and SMI 60 µm
at every sampling time point, respectively (Figure 4a). The microbiome of the acute
wound around SMI 4 µm exhibited a significant difference compared to SMI 60 µm at all
sampled time points 24–120 h post-implantation. In WBF, a collective count of 33 bacterial
families was observed around SMI 4 µm, while 111 were identified around SMI 60 µm.
A total of 30 bacterial families were common to both SMIs, 3 exclusive to the SMI 4 µm
surface, and 81 exclusive to SMI 60 µm (Figure 4b), all corroborated in Supplementary
Materials Table S3. Specifically, the temporal visualization of acute wound microbiome
differentiation over the first five days after SMI implantation revealed a periodical time-
dependent compositional shift, as indicated by an immediate increase in Actinobacteria
abundance on day 1, followed by a gradual regressive correlation with the time point
post-op until day 3. On day 4, an enrichment of Firmicutes was observed in the WBF
formed around SMI 4 µm, whereas it was observed around the rougher surface on day
5, indicating a time-point-dependent alteration in the microbiome composition dynamics
due to topography. Gemmatimonadetes and Fusobacteria were detected only around SMI
4 µm, contributing to a differential composition profile on all five days. The acute wound
microbiome composition is topography-dependent.
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Figure 4. Bacterial colonization (a,b) the first five days post-op in the acute wound (WBF 24–120 h
post-op) and (c,d) adhered to SMI surface as well as incorporated into the capsule (e,f) 6–8 months
(mos.) post-op. (a,c,e) PCA was obtained with cell counts of the microbial sequences found in
all samples of WBF, SMI surface swabs, and capsular tissue. Unit variance scaling is applied to
rows; SVD with imputation is used to calculate principal components. X and Y axes show principal
component 1 and principal component 2 that explain (a) 17.4% and 15.6% (N = 10 data points) of total
variance within the WBF microbiome formed around two different textured SMIs 24–120 h post-op,
(c) 14.6% and 18.5% (N = 14 data points) of total variance within the adhered microbiome on two
different textured SMI surfaces 6–8 M post-op, and (e) 15.1% and 25.4% (N = 22 data points) of the total
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variance of the intracapsular microbiome encapsulating two different SMI surfaces, respectively.
(b,d,f) Heatmap analysis of microbial composition in WBF 24–120 h post-op, on SMI surface, and
integrated into capsule 6–8 M post-op. Original values (counts) are ln (x + 1)-transformed. Rows
are centered; unit variance scaling is applied to rows. Both rows and columns are clustered using
correlation distance and average linkage; (b) 244 rows, 10 columns; (d) 54 rows, 2 columns; (f) 14 rows,
4 columns.

PCA analysis of the SMI surface microbiome 6 to 8 months post-implantation (Figure 4c)
highlighted the spatial distribution of the 14 samples (7 swabs each of the 4 µm and the
60 µm textured SMI surface 6–8 months post-op) and revealed segregation between the two
differential SMI surfaces intra- and interindividually in all patients. A total of 33 bacterial
species were observed adhered to SMI 4 µm, while 38 were identified adhered to SMI
60 µm (Supplementary Materials Table S3). Seventeen bacterial families were commonly
adhered to both SMIs (Figure 4d).

During reoperation, capsular tissue (approx. 3 × 3 cm) was harvested from both
implants at two positions, the anterior contact zone with TiLOOP® and the posterior
(TiLOOP®-free) contact zone with M. pectoralis. PCA analysis revealed a significantly differ-
ent microbiome composition incorporated into the capsular tissue (6–8 months post-op)
around SMI 4 µm compared to the rougher device. The intracapsular microbiome composi-
tion was not affected significantly by the proximity of a titanium-coated polypropylene
mesh (Figure 4e). A total of 5 intracapsular bacterial families were observed in the capsule
around SMI 4 µm, while 13 were identified in the capsule around SMI 60 µm (Supplemen-
tary Materials Table S3). Four bacterial families commonly invaded the capsule around
SMIs (Figure 4f). While Corneybacteriaceae was the only family exclusively detected in the
capsule around SMI 4 µm, we found nine bacterial families that infiltrated the intracapsular
region around SMI 60 µm. Staphylococcaceae were identified around both devices in
the wound fluid (Figure 4b) 24–120 h post-op, attached to the surface (Figure 4d), and
incorporated into the capsule (Figure 4f) 6–8 months post-op.

Collectively, our data highlight microbial invasion of the acute wound, transfer and
adhesion to the SMI surface, and intracapsular invasion in the chronic wound 6–8 months
post-op in breast implant-based breast reconstruction. Moreover, we demonstrate the im-
pact of silicone implant surface topography alterations on wound microbiome composition.
We detected higher microbial diversity and quantity around the rougher device that could
play a role in the increased inflammatory and profibrotic response compared to the Ra
4 µm surface roughness, demonstrated recently [21,30,31].

NGS analysis of the SMI-associated microbiome does not differentiate between DNA
from live or dead cells. To determine whether live bacteria were present, wound bed fluid
was culture-tested, but the culture was sterile. We were unable to determine whether
microbial DNA in the sample was from unculturable live or dead cells.

2.4. Staphylococcal Transmission in Surgery: Skin Microbiota Transfer, Biofilm Formation, and
Chronic Inflammation Leading to Implant Encapsulation

To further substantiate our hypothesis regarding patient infection during surgery
through transfer of skin microbiota, we assessed the skin microbiome at the bilateral
incision/implantation sites. Skin swab samples from the submammary fold and armpit,
along with the back of the neck as a negative control, were cultured and analyzed using the
MALDI-TOF method.

The microbiota detected in swab samples were low diversity. In total, eight species
were identified (Figure 5). A total of 50% of the patient samples included Staphylococcus
hominis and 25% included Staphylococcus epidermidis as part of their underbust, armpit,
and neck area skin microbiome.
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Figure 5. Culture-based detection of skin microbiota at the operative incision sites and the back of
the neck (negative control). (a) Schematic representation of swab sample collection sites. (b) Swabs
were cultivated on SAB agar and subjected to MALDI TOF detection.

The limited microbial diversity in skin swab samples suggests a potential association
between specific microbial species and the surgical site, emphasizing the importance of
understanding individual skin microbiomes in the context of surgical procedures. For
example, Staphylococcae were identified in acute and chronic wounds and were associated
with the SMI surface. Further research and larger sample sizes are warranted to establish
a comprehensive understanding of the influence of microbial dynamics and implant-
surface-associated biofilms on foreign body response, surgical outcomes, and complications
in implant-based breast reconstruction and will provide valuable insights for infection
prevention strategies in clinical settings.

2.5. In Vitro Evaluation of Silicone SMI Surface Topography Impact on Staphylococci Adhesion,
Growth, Colonization, and Biofilm Formation

To evaluate SMI surface impact on microbial surface adhesion and colonization,
patches with diverse topographies (MENTOR® smooth, CPX®4 textured, SmoothSilk®

low-textured) and roughness (Ra 0 µM, Ra 4 µm, Ra 60 µm) were inoculated in vitro with
Staphylococcus epidermidis (Figure 6) and Staphylococcus aureus (Supplementary Materi-
als Figure S1), part of the normal human microbiota, typically the skin microbiota, and less
commonly the mucosal microbiota [57,73].

Both S. epidermidis (Figure 6a) and S. aureus (Supplementary Materials Figure S1a)
exhibited adherence and colonization on all silicone surfaces tested. However, the silicone
patch markedly impaired the growth and colonization of both staphylococci compared to
control without a silicone patch, as indicated by Figure 6b and Supplementary Figure S1b
(**** p < 0.0001).

Notably, the growth and colonization of both S. epidermidis and S. aureus are sig-
nificantly affected by the topography of the silicone patch (Figure 6b; * p = 0.0327 and
Supplementary Materials Figure S1b; * p = 0.0292). An evident difference emerges between
the smooth surface and 60 µm, showcasing increased growth of S. epidermidis with enhanced
texture (Figure 6b, * p = 0.0330; and Supplementary Materials Figure S1b, * p = 0.0306).
Although there is minimal contrast in S. epidermidis growth between smooth and 4 µM
(p = 0.5697), a positive trend is apparent when comparing 4 µm to 60 µm (ns p = 0.0646). This
trend is similarly confirmed for S. aureus (ns p = 0.07). Finally, Pearson analysis revealed a
positive correlation between surface topography and Staphylococci colonization (Figure 6c
and Supplementary Figure S1c)—the more textured, the better the growth of the bacteria.
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Figure 6. The growth and colonization of S. epidermidis are significantly influenced by silicone (the sili-
cone patch) and SMI surface topography. (a) Incubated S. epidermidis on MHD-Agar after 24 h at 37 ◦C
ON positive control without silicone patch, smooth SMI, SMI 4 µm, and SMI 60 µm. (b) Truncated
violin plot of S. epidermidis growth quantification (colony forming units per ml (CFU/mL)). One-way
ANOVA: (silicone patch) F (3, 4) = 318.6, **** p < 0.0001; (patch topography) F(2, 3) = 13.15, * p = 0.0327.
(c) Correlation analysis of S. epidermidis concentration and SMI surface roughness. Pearson r = 0.9873,
ns p = 0.1015. Simple linear regression equation is denoted above the corresponding panel (slope
significantly nonzero: *** p = 0.00061).

Biofilm formation of both species serves as the key virulence factor linked to disease,
as evidenced by animal models of infections related to biomaterials [57,73]. To investigate
the impact of the SMI surface on bacterial biofilm development, silicone patches were
examined using electron microscopy, both untreated (Figure 7a) and after inoculation
with S. epidermidis (Figure 7b) or S. aureus (Supplementary Figure S1d) overnight. The
untreated control SMI patches remained sterile (Figure 7a). We compared the external
surface of the implant shell with varied topographies (smooth, 4 µm, and 60 µm) and
used the internal surface of the smooth implant as a control (Figure 7b and Supplementary
Figure S1d). Biofilm formation was confirmed on both textured surfaces, but it was notably
more complex on Ra 60 µm. Singular cells and colonies were observed on the outer surface
of the smooth implant shell, while a robust biofilm was evident on the inner surface of the
smooth implant shell, indicating a potential risk for biofilm formation at implant rupture.
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colonization/biofilm. No growth detected. (b) Microscopic images of the silicone patches inoculated
with S. epidermidis on the inner side of the smooth implant, the outer side of the smooth implant,
SMI 4 µm, and SMI 60 µm. The rows show different magnifications, from top to bottom: 40×, 100×,
4000×, 1000×. White square marks a single bacterium, red square surrounds the biofilm.

In essence, these findings confirm adhesion, growth, colonization, and biofilm forma-
tion of Staphylococci on SMIs, and these are significantly influenced by the texture of the
silicone patch in vitro.

2.6. Immunoreactivity of Staphylococci Biofilms on Silicone Implant Surfaces In Vitro

To investigate and confirm the proteomic data obtained in vivo, whether biofilm-
associated SMI patches elicit an inflammatory immune response and to assess the impact
of reducing implant surface roughness from Ra 60 µm to Ra 4 µm to smooth on the
inflammatory response, we incubated both staphylococci, S. epidermidis and S. aureus,
biofilm-covered patches with freshly isolated peripheral blood mononuclear cells (PBMCs).

Multiple bacterial genes orchestrate biofilm formation. Bacterial stress activates sigma
B (sigB), a gene regulator, which, in turn, controls staphylococcal accessory regulator
A (sarA). SarA regulates polysaccharide intercellular adhesin (PIA) formation icaA [74],
serving as a biomarker for biofilm [75]. The icaADBC genes govern PIA production [76],
with sarA directly activating the intracellular adhesion ADB and C (icaADBC) locus and
modulating superoxide dismutase expression [77]. In S. aureus, sodA regulates superox-
ide dismutase, crucial for detoxifying reactive oxygen species and minimizing cellular
stress [77].

We compared the bacterial gene expression of biofilm markers icaADBC, SarA, SigB,
and SodA to identify the triggering factors (Figure 8a,b) and examined human PBMC
gene expression of pro-inflammatory and profibrotic markers interferon δ (IFNδ), tumor
necrosis factor α (TNFα), transforming growth factor β (TGFβ), interleukin 1 β (IL1b),
and interleukin 17 (IL17) (Figure 8c,d) to understand the corresponding antimicrobial
response [78–81].

Strikingly, SEM analysis of biofilm formation on silicone patches was confirmed by
analysis of real-time expression of biofilm markers associated with marker genes IcaA-D,
SarA, SIgB, and SodA [82]; moreover, heightened SMI surface texture correlated with in-
creased bacterial gene expression (Figure 8a,b). Additionally, the results unveiled a positive
correlation between the immunoreactivity of the SMI surface and its topography in vitro,
wherein heightened texture corresponded to an elevated antimicrobial pro-inflammatory
response (Figure 8c,d).

Thus, our data show that SMI surfaces are suitable for bacterial colonization and
biofilm formation in vitro and in vivo. We confirm increased colonization, growth, and
biofilm formation on more textured SMI surfaces, leading to higher antimicrobial im-
munoreactivity in acute and chronic wounds.
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Figure 8. RT-qPCR analysis of (a,b) bacterial biofilm marker IcaABCD, SodA, SigB, SarA gene
expression of (c) S. epidermidis and (b) S. aureus biofilm-covered SMI patches cultivated for 48 h
at 37 ◦C; and (c,d) PBMC-expressed pro-inflammatory immune response markers IFNγ, TNFα,
TGFβ, IL17, and IL1b on (c) S. epidermidis and (d) S. aureus biofilm-covered SMI patches cultivated
with PBMCs for 24 h at 37 ◦C. Transcript levels were normalized to (a,b) bacterial 16S rRNA and
(c,d) human 16S rRNA (as well as MT-ATP6, B2M) expressed relative to SMI patches not inoculated
with bacteria or cultured with NaCl as control. Statistical significance was determined by 2-way
ANOVA: SMI surface topography main effect: (a) F(2, 30) = 26.74, **** p < 0.0001; (b) F(2, 30) = 166.9,
**** p < 0.0001; (c) F(2, 105) = 44.1, **** p < 0.0001; and (d) F(2, 105) = 139.7, **** p < 0.0001; gene
expression main effect: (a) F(4, 30) = 16.98, **** p < 0.0001; (b) F(4, 30) = 62.86, **** p < 0.0001;
(c) F(6, 105) = 490.6, **** p < 0.0001; and (d) F(6, 105) = 145.0, **** p < 0.0001; SMI surface topog-
raphy× biofilm/cytokine gene expression interaction effect: (a) F(8, 30) = 9.575, **** p < 0.0001;
(b) F(8, 30) = 85.42, **** p < 0.0001; (c) F(12, 105) = 282.1, **** p < 0.0001; and (d) F(12, 105) = 18.94,
**** p < 0.0001 and Tukey post hoc test (significance denoted in graph). The level for statistical signifi-
cance was set at ns p > 0.05, * p < 0.05, ** p < 0.002, *** p < 0.0002, and **** p < 0.0001 for all statistical
tests (inter- and intraindividual comparison; n = 4 × topography × 3x biological replicates = 12).
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3. Discussion

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 [83,84]. The initial response to SMIs includes an inflammatory reaction [7].
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 [6]. Although
implanted under specific sterilization and disinfection guidelines [33,34,85], microbial colo-
nization 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 [38]. The antimicrobial immune response may be activated as a part of the
overall immune reaction [6]. 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. This can contribute to chronic inflammation.

From our previously published proteome study, we discovered a diverse array of
proteins intricately linked to the immune response, inflammatory processes, and facilitation
of wound healing within the proximal vicinity of the SMI [21]. We extensively analyzed the
surface-associated proteome of the SMI, investigating proteins from plasma, local tissue,
and early fibrosis stages [1]. To assess the impact of reducing implant surface roughness
from average roughness (Ra) 60 µm to Ra 4 µm on the antimicrobial inflammatory proteome
response, here, we revisited mass spectrometry profiles covering 24–120 h post-op and
6–8 months post-op for both SMI types (SMI 60 µm and SMI 4 µm implanted intraindivid-
ually). The acute wound proteome exhibited an inflammatory storm within the first five
days post-implantation, featuring antimicrobial agents that adhered to the SMI surface
over the next 6 to 8 months [21,30].

Notably, 65 plasma-derived components associated with the acute wound inflam-
matory response played a role in the antimicrobial humoral response (Figure 1), with no
topography-specific antimicrobial response initially. Deeper insights into the 65 identified
AMPs in WBF revealed associations with cell wall digestive autolysin or peptidoglycan
synthesis inhibitors and highlighted a regulatory network with antimicrobial activity as
the predicted functional association. The investigation uncovered a nuanced interplay
between topography, proteome dynamics, and the prolonged activation of antimicrobial
response proteins.

Five of the sixty-five AMPs were present in WBF around both SMI surfaces six months
post-operation (Figure 2). Notably, FLG2, a participant in the antimicrobial inflammatory re-
sponse and a profibrotic driver [67–70,86,87], is associated exclusively with the rougher SMI
surface, confirming a topography-exclusive chronic antimicrobial inflammatory response
driving fibrosis and implant encapsulation around rougher implants 6–8 months post-
implantation. This substantiates our previous findings of the significant impact of surface
roughness on acute inflammatory responses, fibrinogen accumulation, and the subsequent
fibrotic cascade and capsular composition [30,31]. The precise technique employed for
sample collection and the chosen analytical methods constitute a crucial step in establishing
biological significance during the diagnostic research of capsular fibrosis etiology.

To identify the triggers of the antimicrobial immune response, we further focused
on comparing the composition of the wound-associated microbiome in WBF (24–120 h
post-op), adhered onto SMI surface, or integrated into the fibrous capsule (6–8 months
post-op). NGS analysis was performed to characterize the microbiome and identify bac-
terial antigens targeted by the antimicrobial immune reaction. The acute wound phase,
spanning 24–120 h post-implantation, unveiled a significant topography-specific variation
in microbial composition. This topography-dependent microbial diversity was particularly
pronounced in wound bed fluid (WBF), with SMI 60 µm exhibiting a notably higher count
of bacterial families compared to SMI 4 µm. The temporal dynamics revealed a distinct
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compositional shift in the acute wound microbiome, emphasizing the role of topography in
shaping microbial adhesion.

Extending our analysis to the chronic phase (6–8 months post-op), the spatial distri-
bution of SMI surface microbiome highlighted segregation between SMI 4 µm and SMI
60 µm. Intriguingly, the capsular tissue microbiome composition reflected a significant
divergence based on SMI topography. While both surfaces attracted common bacterial
families, the rougher SMI 60 µm demonstrated higher microbial diversity and quantity.
This finding links higher microbial diversity to increased inflammatory and profibrotic
responses, aligning with previous observations [21,30].

The unique identification of bacterial families in the intracapsular region further accen-
tuates the microbial invasion in the chronic wound. Staphylococcae, identified in acute and
chronic wounds, surface adhesion, and capsular tissue, emphasize their persistent pres-
ence and potential role in the implant encapsulation process. Notably, differential family
compositions around SMI 4 µm and SMI 60 µm (Figure 4) suggest nuanced interactions
with the implant’s topography, impacting the microbial landscape within the capsule.

Here, we confirm that the reduction in SMI surface roughness to an average of 4 µm
emerges as a promising approach for mitigating detrimental immune reactions, promoting
healthy wound healing, and curbing excessive fibrosis [21,30,31].

Our results highlight microbial invasion of the acute wound, transfer to the SMI
surface, and intracapsular invasion in the chronic wound [38,41,88,89], demonstrating
not only the impact of silicone implant surface topography alterations on wound micro-
biome composition, but also emphasizing the role of microbial dynamics in implant-based
breast reconstruction.

The limitations of NextGen sequencing for detecting living cells were acknowledged,
prompting the need for additional analyses such as Staphylococcae culture to confirm
microbial presence.

To substantiate the hypothesis of skin microbiota transfer during surgery, we assessed
skin microbiomes at incision/implantation sites. Only eight species were identified, with
Staphylococcus hominis and Staphylococcus epidermidis being prevalent in 50% and 25% of
patients, respectively (Figure 5). The limited microbial diversity suggests a potential
association between specific microbial species and the surgical site. Notably, Staphylococ-
cae, identified in acute and chronic wounds, were also associated with the SMI surface
(Figure 4). In aesthetic breast surgery, generally categorized as clean surgery, studies of
postoperative surgical site infection (SSI) rate increase, commonly identified bacteria in
these infections include Staphylococcus, Escherichia, Pseudomonas, Propionibacterium, and
Corynebacterium [41,90–93]. Of note, staphylococci are the most common axillary flora, and
antibiotics targeting them do not significantly impact SSIs [36,94]. Our findings underscore
the significance of understanding individual skin microbiomes in the context of surgical
procedures. Limited diversity in skin swab samples underscores the need for larger-scale
investigations to establish comprehensive associations between specific microbial species
and surgical outcomes. The absence of live bacteria in culture tests poses intriguing ques-
tions about the origin and nature of microbial DNA in the samples. This knowledge is
crucial for comprehending the dynamics of microbial interactions during implant-based
breast reconstruction surgeries.

While this study provides valuable insights, we highlight the need for further re-
search with larger sample sizes to establish a comprehensive understanding of microbial
dynamics. This is particularly relevant for assessing the impact of microbial interactions
on foreign body response, surgical outcomes, and complications in implant-based breast
reconstruction and could contribute to more effective preventive measures.

Moving to an in vitro setting, the evaluation of SMI surfaces patches with diverse
topographies revealed significant effects on microbial adhesion, growth, and colonization
by S. epidermidis and S. aureus (Figure 6 and Supplementary Materials Figure S1). Both
bacterial species exhibited adhesion and colonization on all surfaces tested. Despite adher-
ence and colonization occurring on all silicone surfaces, the presence of silicone markedly
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inhibited the growth and colonization of both Staphylococci species compared to controls
without silicone patches. Importantly, the topography of the silicone patch significantly in-
fluenced the growth of bacteria, with increased texture correlating positively with enhanced
bacterial colonization.

Biofilm formation (Figure 7 and Supplementary Materials Figure S1d) is a recognized
virulence factor linked to diseases, especially in the context of biomaterial-related infections.
The findings presented in this study, as evidenced by electron microscopy imaging, shed
light on the intricate relationship between SMI surfaces and bacterial behavior. The electron
microscopy analysis of untreated SMI patches (Figure 7a) revealed that the control surfaces
remained sterile, indicating that biofilm formation did not occur spontaneously on the
silicone material. However, after inoculation with S. epidermidis (Figure 7b) or S. aureus
(Supplementary Figure S1d) overnight, biofilm formation was evident on both textured
surfaces. Biofilm complexity was more pronounced on surfaces with a roughness of Ra
60 µm. Notably, the topography of the silicone patch significantly influenced bacterial
growth and colonization. Enhanced texture correlated with increased bacterial growth,
emphasizing the importance of surface topography in modulating microbial behavior
on implants.

The comparison between the external and internal surfaces of the smooth implant shell
provided additional insights. Singular cells and colonies were observed on the outer surface,
while a robust biofilm was present on the inner surface. This observation raises concerns
about the potential risk for biofilm formation at the site of implant rupture, emphasizing
the importance of understanding how surface characteristics influence bacterial behavior.

These findings underscore the intricate interplay between SMI surface characteris-
tics and microbial behavior, emphasizing the importance of surface texture in influenc-
ing bacterial adhesion and biofilm formation [38,39,42,43]. Further insights from this
study contribute to our understanding of microbial interactions with SMI surfaces and
have implications for the development of implants with optimized properties to mitigate
microbial-related complications.

Crucially, in vitro analysis of S. epidermidis and S. aureus biofilm-covered patches incu-
bated with peripheral blood mononuclear cells (PBMCs) revealed a heightened expression
of biofilm marker IcaA-D, SarA, SIgB, and SodA [82] genes, confirming biofilm formation
on SMI surfaces (Figure 6). Strikingly, the increased surface texture of SMIs correlated
positively with elevated bacterial gene expression, highlighting the significance of topog-
raphy in influencing microbial responses. The positive correlation between SMI surface
immunoreactivity and topography not only confirms the role of surface texture in trigger-
ing an enhanced antimicrobial pro-inflammatory response in vitro but substantiates the
integrity of the presented proteomics and microbiomics analysis in vivo in human patients.

Our findings not only affirm the suitability of SMI surfaces for bacterial colonization
and biofilm formation in vitro and in vivo but also underscore the heightened colonization,
growth, and biofilm formation, coupled with increased antimicrobial immunoreactivity,
particularly on more textured SMI surfaces.

This comprehensive investigation into the intricate interplay between antimicrobial
immune responses and silicone breast implant (SMI) surface characteristics highlights
the necessity of contemplating potential avenues for future research to optimize clinical
outcomes in breast reconstruction. An intriguing trajectory involves the examination of
the impact of antibiotic prophylaxis, surgical techniques, or implant coatings on microbial
colonization and host responses. Future investigations should scrutinize the effectiveness
of diverse prophylactic measures in mitigating infection and fibrotic responses, providing
a foundation for enhanced strategies in minimizing complications during breast recon-
struction surgeries. A nuanced analysis of how silicone implant surface characteristics
interact with various preventive interventions could unravel novel insights into modulating
immune reactions and promoting healthier wound healing.

To propel our comprehension forward, future studies must encompass larger and more
diverse cohorts, ensuring a thorough exploration of these factors’ influence on microbial dy-
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namics and clinical outcomes over extended follow-up periods. This multifaceted approach
is indispensable for unraveling the complexities of breast implant-related complications
and developing targeted interventions to augment the safety and efficacy of silicone breast
implants in clinical applications.

Furthermore, our study unfolds avenues for further investigation into the impact of
antibiotic prophylaxis, surgical techniques, and implant coatings on microbial colonization
and host responses. Examining the effectiveness of different prophylactic measures in
mitigating microbiome-associated complications, optimizing surgical techniques to mini-
mize microbial transmission, and developing advanced implant coatings with antibiofilm
properties could markedly enhance clinical outcomes in breast reconstruction.

Moreover, understanding the role of specific antimicrobial biomarkers identified in
SMI-associated capsular fibrosis could unveil novel therapeutic targets, advancing our
comprehension of the causal relationship between SMIs, biofilm formation, and immune
responses. These promising directions bear the potential not only to improve patient out-
comes but also to reduce complications in breast implant-based reconstruction procedures,
marking a significant stride in refining and advancing breast reconstruction practices.

Our study on intrasurgical wound infection, microbiome transmission, and adhesion
onto silicone breast implant (SMI) surfaces in breast implant-based reconstruction pro-
vides valuable insights but acknowledges several important limitations. The variation in
sample sizes is acknowledged as a notable limitation, introducing the potential for bias
and impacting the generalizability of the findings. Patient-specific factors influencing
microbial composition pose inherent challenges, emphasizing the need for a standardized
baseline for comparison. The dynamic nature of microbial populations and the complexity
of host–microbiome interactions underscore the importance of conducting longitudinal
studies to validate the observations over an extended follow-up period.

Additionally, this study’s focus on specific types of silicone mammary tissue expanders
with varying topography may limit generalizability to other implant types or materials.
The exclusive examination of surface-adsorbed and adhered microbiomes may not fully
capture the complete spectrum of microbial dynamics, and the inability to differentiate
between live and dead cells in NGS analysis raises questions about the viability of the
detected bacteria.

Despite efforts to validate sequencing data through culture and MALDI TOF iden-
tification, in vitro investigations might not fully replicate the complexity of the in vivo
environment. The intriguing correlation between silicone implant topography and the in-
flammatory response, while promising, requires further validation in larger patient cohorts
and diverse clinical settings.

In conclusion, while shedding light on the intricate relationship between SMI sur-
face characteristics, microbiome dynamics, and the host’s immune response, this study
highlights the need for careful consideration of its limitations. Future research should
address these constraints by employing larger sample sizes, diverse implant types, and
extended follow-up periods to enhance the robustness and applicability of the findings in
the clinical context. Providing valuable insights into host–microbe interactions on implant
surfaces, these findings play a crucial role in guiding strategies to minimize complications
and optimize the design of SMIs in clinical applications.

4. Materials and Methods
4.1. Study Population

As briefly described in Schoberleitner et al. [21,31], this study involved the enrollment
of ten female patients undergoing bilateral prophylactic mastectomy and simultaneous
tissue-expander-based breast reconstruction due to high-risk hereditary predisposition
and/or confirmed breast cancer gene 1 and/or breast cancer gene 2 (Brca1+/Brca2+) muta-
tion. Informed consent for photo documentation, the operation, sample collection, and
anonymized evaluation and publication of data was obtained in written form from all
patients after confirmation of all inclusion and exclusion criteria (Table 1).
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Table 1. Inclusion and exclusion criteria for the Expander-Immunology Trial.

Inclusion Criteria Exclusion Criteria

Female sex Severe coagulation disorder, representing a potential contraindication
for the elective surgery

Age > 18 years Rheumatic disease accompanied by obligatory intake of
immunomodulating therapeutic agents

High-risk family history for breast and/or ovarian
cancer and/or BRCA1/2 gene mutation carrier

Severe renal functional disorder: renal insufficiency status iv or v
(estimated glomerulary filtration rate (gfr) < 30 mL/min)

Planned bilateral mastectomy with simultaneous
breast reconstruction Active hematological or oncological disease

HIV infection

Hepatitis infection

Pregnancy or breast-feeding

Intake of anti-inflammatory drugs

Carrier of silicone implants (e.g., gastric banding, mammary implants)

Severe coagulation disorder, representing a potential contraindication
for the elective surgery

Rheumatic disease accompanied by obligatory intake of
immunomodulating therapeutic agents

The Expander-Immunology Trial, registered under ClinicalTrials.gov ID NCT05648929,
implemented the implantation of two distinct tissue expanders, CPX®4 (MENTOR LLC,
Johnson & Johnson Medical GmbH, Germany: from here referred to as SMI 60 µM) and
SmoothSilk® (Motiva Flora®, Establishment Labs, Costa Rica: from here referred to as
SMI 4 µm), characterized by varying surface topographies. Notably, the selection of tissue
expanders for each patient’s left or right breast was randomized.

This study encountered withdrawals and exclusions, with one patient withdrawing
due to a histological breast cancer diagnosis in one mastectomy sample and two patients
being excluded due to postoperative complications. Consequently, seven patients were
included in the evaluation. Informed written consent was obtained from all participants,
covering photo documentation, surgical procedures, sample collection, and the anonymized
evaluation and publication of data.

All donor biological samples (blood, wound bed fluid, capsular tissue, and removed
tissue expander) and associated information were acquired in strict adherence to the
regulations of the Institutional Ethical Committee of the Medical University Innsbruck,
Austria, the Declaration of Helsinki, and The European Union Medical Device Regulation
(§40 Section 3 Medical Devices Act). The analysis encompassed 14 peripheral blood draws,
70 wound bed fluid samples, 28 capsular tissue specimens, and 14 tissue-expander surface
strips and swabs, providing comprehensive insights into the immunological aspects of
the breast reconstruction process. Further details regarding the study population can be
referenced in Schoberleitner et al. [21,30,31].

4.2. Study Design

This monocentric, randomized, double-blind controlled clinical study was approved
by the Institutional Ethical Committee of the Medical University Innsbruck, Austria (proto-
col code 1325/2019, 23 January 2020) and the Austrian Federal Office for Safety in Health
Care (approval number; 13340962). To prevent the detection of device-specific immune
reactions or microbiome compositions and to analyze an SMI topography-dependent host
response and microbial transfer, we opted to implant two tissue expanders, both compris-
ing a poly(dimethyl siloxane) (“PDMS”) elastomer shell, with diverse surface topographies.
We evaluated a total of 7 patients, who received either the routinely used expander Men-
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tor CPX™4 (termed SMI 60 µm) or the novel Motiva SmoothSilk® with reduced surface
topography roughness (termed SMI 4 µm). The allocation to the left or right breast after pro-
phylactic bilateral NSME was randomized, and both patients and laboratory experts were
double-blinded. Matching was conducted intraindividually and interindividually based on
the implanted tissue expander. The inflatable tissue expanders were subsequently replaced
with definitive implants in a second surgery occurring 6 to 8 months post-implantation.
For an extensive study design description, refer to Schoberleitner et al. [21,30,31].

4.3. Biological Sample Collection

The blood draws were conducted concurrently with anesthesia before both the ini-
tial tissue-expander implantation and the subsequent tissue-expander removal/exchange
with a definitive implant. Biological samples of wound bed fluid (referred to as WBF)
were collected daily 24, 48, 72, 96, and 120 h following expander implantation. Wound
drains, integral to the surgical procedure for patients undergoing expander-based recon-
struction, were retained postoperatively. WBF was collected under sterile conditions in
sterile containers at room temperature. For the initial 24 h, no vacuum was applied to
the drains. However, after this period, the drains were maintained with a vacuum until
removal. Flasks containing WBF were removed every 24 h within the timeframe of 24
to 120 h postoperatively, representing the total collection time of 120 h. For microbiome
profiling by NGS, portions of the samples were stabilized with DNA/RNA Shield reagent
stabilization solution (Zymo Research Corp., Irvine, CA, 92614, USA) and aseptically frozen
at −80 ◦C. As a control for sample acquisition from the first surgery (SMI implantation),
we stored swabs of the surgery room airspace, WBF container tubes, and a specimen of the
DNA/RNA stabilization reagent. For primary cultures attempts, aliquots were stored in
RPMI media (Gibco). To isolate proteinaceous fractions from peripheral blood and WBF, we
employed gradient separation of drain fluid using Ficoll-Paque® (Cytivia) to eliminate the
cellular component. The proteinaceous WBF and plasma were subsequently sterilized by
passing it through a 0.1 µm and then a 0.07 µm syringe filter to remove all cells, both human
and microbial. The resulting proteinaceous fraction was frozen at −80 ◦C for subsequent
processing using a TMT-based quantitative proteomic approach and immunoassays.

During reoperation, capsular tissue (approx. 3 × 3 cm) was harvested from both
implants at 2 positions, anterior contact zone with TiLOOP® and posterior (TiLOOP®-
free) contact zone with M. pectoralis. Samples were placed immediately after withdrawal
into sterile boxes stored at 4 ◦C before transport to the research laboratory. Under sterile
conditions, the specimens were stored in (a) DNA/RNA Shield reagent for microbiome
sequencing and (b) RPMI medium for primary microbial culture attempts.

Expander exchange with definite implants was performed during reoperation between
6 and 8 months after initial expander implantation. Removed tissue expanders were
placed immediately after withdrawal into sterile boxes. For microbiome profiling by NGS,
surface swabs were stabilized with DNA/RNA Shield reagent stabilization solution (Zymo
Research). For primary culture attempts, we stored surface swabs in RPMI, as well as SMI
patches excised with a sterile medical biopsy punch (PFM, ø 8 mm). The device was frozen
as well as stored at −80 ◦C before transport to the research laboratory of the Protein Core
Facility for label-free quantitative proteomic analysis.

4.4. The Mass Spectrometry Proteomics Data Source

For detailed descriptions of biological sample preparation, TMT-based quantitative
proteomic approach, and label-free quantitative proteomic analysis, see Schoberleitner
et al., 2023 [13]. The mass spectrometry proteomics data from plasma, wound bed fluid
specimens, and adhesive SMI proteome specimens [13], deposited in the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier PXD039840, were
subjected to the following.
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4.4.1. Identification, Characterization, and Quantification of Differential Common and
Topography-Exclusive Wound Bed Proteome

Obtained data from plasma and wound bed fluid specimens were log2 transformed
and analyzed for sets of proteins either common and exclusive to SMI 4 µm or SMI 60 µm
and associated with both devices in the acute wound as well as interaction with the plasma
proteome by Interactivenn [95].

A proportion of 437 proteins of the 895 common plasma-derived wound proteins
were identified according to their biological role (investigated in UniProt database) as
proteins involved in inflammatory excessive ECM turnover—the inflammatory matrisome.
Depending on their annotated role (Uniprot), we functionally annotated these into steps of
tissue repair after SMI implantation (step 1: clotting; step 2: inflammation; step 3: repair
and fibrogenesis; and step 4: ECM turnover) [21]. Among the 437 inflammatory matri-
some proteins, we identified 65 plasma-derived acute-wound-associated inflammatory
components in the acute wound that are involved in the antimicrobial humoral response.

Identified AMPs from both devices were tested for enriched gene ontology (molecular
function) [96] as well as by the Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING v 11.5) database of physical and functional interactions to analyze the protein–
protein interaction (PPI) of selected proteins [97].

Statistical data analysis of the common and topography-exclusive wound proteome
was carried out with GraphPad Prism (version 10.1.1). Mean values and standard deviations
were calculated for each experimental condition or type of sample. p-values between
samples were calculated by unpaired t-test per protein, with individual variances computed
for each comparison, combined with the two-stage linear step-up procedure of Benjamini,
Krieger, and Yekutieli. Significance was tested with a two-stage set-up method with a false
discovery rate set to 0.01. Proteins were regarded as being differentially expressed when
meeting the criteria l2fc ≥ ±1.5 and adjusted p-value ≤ 0.01. Heatmaps were generated
using the ClustVis [98] tool. Generation of tables was performed with Microsoft Excel 2018
(Microsoft Corporation, Washington, DC, USA).

4.4.2. Identification and Characterization of Common and Topography-Exclusive
Adsorbed Wound Bed Proteome on SMI Surface

Obtained abundances from adhesive SMI proteome specimens were analyzed for a
common and SMI topography-exclusive adsorbed set of proteins adsorbed by both devices
by Interactivenn [95]. Generation of correlation plots was performed using GraphPad
Prism (version 10.1.1). The statistical details of experiments are presented in the relevant
figure legends. A p-value of <0.05 was considered significant. Significance: * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant.

4.5. Microbiome Profiling by Next-Generation DNA Sequencing
4.5.1. Sample Preparation

Samples collected for microbiome profiling were analyzed using the PrecisionBIOME
next-generation DNA sequencing test (Pangea Laboratory, Tustin, CA, USA). Capsular tis-
sue samples preserved in DNA/RNA Shield were processed using the HostZERO Microbial
DNA Kit (Zymo Research) to remove human DNA and improve the detection of microbial
DNA. Briefly, 20–60 mg of capsular tissue was minced using sterile scalpels before transfer
to a ZR BashingBead™ Lysis Tube (2.0 mm). Host depletion was performed following the
manufacturer’s protocol for solid tissues using the FastPrep-24™ (MP Biomedicals) bead
beater. Microbial DNA was extracted from the host-depleted capsular tissue samples and
1 mL of all other samples preserved in DNA/RNA Shield (e.g., WBF, expander swab, and
controls) using the ZymoBIOMICS 96 MagBead DNA Kit (Zymo Research). Sequencing
libraries were prepared using the PrecisionBIOME NGS Library Prep Kit (Zymo Research),
which includes amplification and barcoding of bacterial 16S rRNA V1-V3 and fungal ITS2
regions. Next-generation DNA sequencing was performed using an Illumina platform,
and sequences were analyzed by a proprietary PrecisionBIOME bioinformatics pipeline
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capable of species-level resolution of bacteria and fungi using the PrecisionBIOME reference
sequence database. The input to this pipeline is the raw amplicon (16S or ITS2 region)
sequencing reads, and the output is a read count taxonomy table at the species level. To
monitor the integrity of the assay, from sample extraction through data analysis, the Zymo-
BIOMICS Microbial Community Standard (Zymo Research) was used as a positive control.
Negative controls included negative extraction controls to monitor reagent contamination
as well as those described in Section 4.5.2.

4.5.2. Control Measures for Microbiome Analysis: Normalization of Wound Bed Fluid, SMI
Surface, and Capsular Tissue Data to Multiple Negative Controls

In order to prevent the introduction of microbial particles from the environment and
ensure the accurate detection and comparison of microbiomes both within individuals
and between individuals, we collected several control swabs concurrently with biological
sample collection. WBF, SMI surface, and capsular tissue sample data were normalized to
negative controls (a) not associated with implants (surgery room atmosphere, DNA/RNA
Shield Reagent used for sample stabilization), (b) negative controls exclusive for SMI 60 µm
and SMI 4 µm (WBF drainage container valve, “sterile” implant packing, tissue prep area
under cell culture flow, scalpel for tissue prep), and negative controls for capsular tissue
processing procedure (Host Zero).

4.5.3. Statistical Analyses

Bacterial count data were agglomerated at the species level before normalization
against the negative controls, first using the R package decontam version 1.20.0 [99] using
the “prevalence” method with a threshold of 0.5. Any taxa remaining which were prevalent
in >25% of the combined negative controls were manually removed (an additional 12 taxa).
Microbiome data were explored using the R package phyloseq version 1.44.0 [100] and
visualized using the ggplot2 library version 3.4.4 [101]. Alpha diversity was calculated
using the observed richness method at the family taxonomic level using the phyloseq
‘estimate richness’ function, and statistical differences were explored between the SMI 4 µm
and SMI 60 µm expanders and specimen types by pairwise Wilcoxon signed-rank test using
the R stats package version 4.3.1. Beta diversity was investigated at the family level using
the phyloseq ‘ordinate’ function, with a principal coordinate analysis (PCoA) constructed
from a Bray–Curtis dissimilarity matrix. Permutational multivariate analysis of variance
(PERMANOVA) was calculated using the ‘adonis2’ function from the R package vegan
(version 2.6.4) to assess the impact of the covariate, expander type, on the variability of
bacterial community composition.

Obtained data (cell counts) from wound bed fluid, capsular tissue specimens, and
expander swabs were visualized by principal component analysis with the ClustVis tool [98].
In the latter, unit variance scaling was applied to rows and SVD with imputation was used
to calculate principal components.

The total of all counts in all WBF, expander surface swabs, and capsular tissue samples
accumulated around SMI 60 µm was compared to a total of counts detected around SMI
4 µm. Heatmaps were generated using the ClustVis tool. Original values (read counts) were
ln(x + 1)-transformed. Rows were centered and unit variance scaling was applied to rows.
Both rows and columns were clustered using correlation distance and average linkage.

4.6. Validation of Sequencing Data: Cultivation and MALDI TOF Identification of Skin Swab
Samples from Surgical Incision Sites and Proximal Regions

To validate the sequencing data, we confirmed our results through cultivation and
MALDI TOF identification of skin swab samples collected from the incision site (under
bust), proximity of the incision site (armpit), and, as control, the neck. Sample collection was
performed during regular postoperative controls at our department with swabs stored in
Amies gel during transport (Sarstedt). Swabs of clinical bacterial isolates were cultivated on
SAB agar for 24 h at 37 ◦C and quantified subsequently by MALDI TOF mass spectrometry.
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4.7. Microbial Culture and Biofilm Formation on SMI Surfaces In Vitro
4.7.1. SMI Material and Sterilization

In the in vitro part of our study, we investigated three silicone implants—Smooth
MENTOR® (REF: 350-2254BC; S/N: 9462602-031), SmoothSilk® Motiva Ergonomix® (REF:
M15.00-07.80RE; S/N: SE21010477), and MENTOR® CPX™4 (REF: 354-9123; LOT: 7668141;
SN: 7668141-006), provided and sterilized by Establishment Labs (Costa Rica). Smooth
MENTOR® exhibited an average surface roughness (Ra) of 1 µm [102], referred to as
‘smooth’ henceforth. SmoothSilk® Motiva Ergonomix®, with an average surface roughness
of 4 µm [102–104], was designated as SMI 4 µm, while MENTOR® CPX™4, possessing
a roughness of approximately 60 µm [103,104], was labeled as SMI 60 µm. Patches were
extracted from the silicone implants using an 8.0 mm punch (KAI MEDICAL, REF: BP-80F;
LOT: 10H22) and subsequently placed in 24-well plates (Greiner bio-one CELLSTAR®, Cat.
No. 662-102; LOT: E21043KF).

4.7.2. Biofilm Formation and Bacteria

In this investigation, we studied the biofilm-forming strains Staphylococcus aureus
ATCC 6538 and Staphylococcus epidermidis ATCC 12228. For biofilm development, a bacterial
suspension with a concentration of 5 × 107 CFU/mL in RPMI was prepared using the
McFarland standard for each Staphylococcus strain (Supplementary Figure S5). Subsequently,
700 µL of this solution was added to each well, ensuring complete coverage of the silicone
patches. Negative controls included patches without bacteria in BenchStableTM RPMI +
GlutaMAXTM-I (1X) (Ref. No. A41923-01, Lot. No. 2307202) media and wells with RPMI
only. All samples were incubated for 48 h at 37 ◦C on a shaker set at 300 RPM as previously
described in [82,105].

4.7.3. Biofilm Dissolution and Quantification

To dissolve the biofilm, individual silicone disks underwent three washes with PBS to
remove planktonic and loosely attached cells. The disks were then transferred to separate
2 mL tubes (Safe-Lock Tubes 2.0 mL 500 Eppendorf Tubes®, LOT: H179833O). Following
this, the patches were covered with 700 µL of fresh RPMI and subjected to five minutes of
ultrasound treatment using an ultrasound bath (Elma® Transsonic 570, No. V906738058),
aimed at dissolving any formed biofilm. Following the ultrasound bath, 50 µL from
each tube was plated in triplicates on MHA plates. The freshly plated MHA plates were
incubated for 48 h at 37 ◦C. After incubation, we counted the CFU. The CFUs for each disk
were extrapolated to a concentration in CFU in ml for statistical analysis. A mixed-effects
analysis of variance (ANOVA) was conducted on the differences in the colonization of
the different silicone surfaces using GraphPad Prism 8.0.1 (GraphPad Software, Inc., La
Jolla, CA, USA, 2007). Pairwise comparisons were carried out with the use of Tukey’s
multiple comparisons test; for the comparison of more than two groups a one-way ANOVA
was calculated. The ANOVA included experiment as the random effect, and species and
implant type were treated as fixed effects. Due to indications of an interaction between
species and implant type from interaction plots and tests, the differences for each species
were analyzed independently to explore the interaction further. All experiments were
performed in biological triplicates. Correlations were calculated by Pearson analysis.

4.7.4. Scanning Electron Microscopy

Implant morphology and topography were characterized by scanning electron mi-
croscopy (SEM). To visualize biofilm formation on SMI patches, after incubation with S.
epidermidis and S. aureus, individual silicone patches were washed three times in PBS. Next,
the patches went through a sequence of increasing alcohol concentrations for dehydration,
beginning with 50%, then 70%, 80%, and eventually 99% ethanol. After air-drying for a
minimum of 5 min, the patches were mounted on aluminum pins and sputtered with gold
using an AGAR sputter coater (P5240-012) for 45 s at 30 mA. Representative images of
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each surface were taken using a JSM-6010LV scanning electron microscope, Jeol GmbH,
Freising, Germany.

4.8. Bacterial Biofilm Gene Expression and PBMC Inflammatory Gene Expression Using
Real-Time qPCR
4.8.1. Cell Isolation and In Vitro Culture with Biofilm-Associated SMI Surfaces

PBMC were isolated from whole blood using the Ficoll-Paque™ (VWR) standard
density gradient centrifugation method. An amount of 106 PBMC was seeded on each
surface and cultured in 24-well plates (Greiner bio-one CELLSTAR®, Cat.-No.: 662-102;
LOT: E21043KF) for 24 h in 1000 µL BenchStableTM RPMI + GlutaMAXTM-I (1X) (Ref. No.
A41923-01, Lot. No. 2307202) without antibiotics supplementation at 37 ◦C in 5% CO2. As
control, cells were seeded onto SMI patches without bacterial inoculation or/and directly
onto a tissue culture polystyrene well plate Greiner bio-one CELLSTAR®, Cat.-No.: 662-102;
LOT: E21043KF). After incubation time, supernatant was subjected to RNA isolation for
pro-inflammatory gene expression analysis.

4.8.2. Reverse Transcription Real-Time Quantitative PCR (RT-qPCR)

To test the immunoreactivity potential of biofilm-covered SMI patches in vitro, we
used S. aureus ATCC 25923 and S. epidermidis ATCC 12228 as biofilm-forming strains.
Following the ultrasound bath, 650 µL from each tube was used for RT-qPCR analyses to
evaluate expression levels of genes responsible for biofilm formation on S. epidermidis and
S. aureus biofilm-covered smooth, SMI 4 µm, and SMI 60 µm patches.

To analyze PBMC gene expression of pro-inflammatory and profibrotic markers as a
response to the PBMC cocultivation and exposure to SMI-covered Staphylococcae biofilms,
we used 1000 µL supernatant of cocultivated PBMC and biofilm-covered SMI surfaces.

Briefly, all biological samples were frozen in triplicates at −80 ◦C immediately after
collection and processed for further analysis. Total RNA was extracted using TRI Reagent®

(Sigma Aldrich, Merck KGaA, Darmstadt, Germany) followed by RNA purification with
Monarch RNA Clean up Kit (NEB) and cDNA synthesis with LunaScript RT SuperMix Kit
(NEB). qPCR was performed in triplicate using Luna® Universal qPCR Master Mix (NEB)
with 25 ng cDNA and 0.4 µM of target-specific primers in a Bio-rad CFX instrument (Bio-
Rad, Hercules, CA 94547, USA). Primer sequences are available upon request. For biofilm
gene expression, transcripts were normalized to bacterial 16S rRNA. For PBMC inflam-
matory gene expression, transcripts were normalized to MT-ATP6 and B2M as previously
described in [37]. Transcript levels were expressed relative to patches without bacterial
inoculation, along with NaCl-based cultivation as control. The 2−∆∆Ct values were cal-
culated and statistical analysis was performed by unpaired Student’s t-test (GraphPad
Prism 8.2.1).

4.9. Statistics

Graphing and statistics were performed using GraphPad Prism software v.8.2.1. The
statistical details of the experiments are presented in the relevant figure legends. The level
for statistical significance was set at p ≤ 0.05 for all statistical tests and significant differences
were marked (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns—not significant).

4.10. Ethics Statement

All biological samples from donors, including blood, wound bed fluid, and removed
tissue expanders, were acquired following informed written consent from the participants
(Ethics Committee of the Medical University of Innsbruck, approval number 1325/2019).
The collection and usage of these samples adhered to the guidelines outlined in §40,
Section 3 of the Medical Devices Act, with approval granted by the Austrian Federal Office
for Safety in Health Care (approval number 13340962).
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5. Conclusions

Our study provides a basis for understanding the multifaceted interactions between
SMIs, microbial dynamics, and the antimicrobial immune response, unraveling crucial
aspects that influence clinical outcomes in breast implant-based reconstructions. The
foreign body response to an SMI initiates an inflammatory reaction, forming a complex
interplay between immune cells, antimicrobial substances, and the implant surface. Pro-
teomic investigations revealed a diverse array of proteins associated with the immune
response, inflammatory processes, and wound healing in proximity to SMIs. Reduction
of implant surface roughness to Ra 4 µm emerged as a promising approach to mitigate
detrimental immune reactions and curb excessive fibrosis, as evidenced by the identifica-
tion of specific antimicrobial proteins. Microbiome analysis, by 16S rRNA quantification
as well as cultivation, further emphasized the impact of surface topography on microbial
composition and abundance, with higher microbial diversity observed around rougher
implants. Additionally, in vitro experiments illustrated the significant influence of SMI
surface texture on bacterial adhesion, growth, colonization, and biofilm formation. The
heightened expression of biofilm markers in response to textured surfaces substantiated the
in vivo findings. Notably, our investigation into skin microbiota transfer during surgery
highlighted potential associations between specific microbial species and the surgical site.
While providing valuable insights, this study underscores the need for larger-scale research
to comprehensively understand microbial dynamics and improve procedures to avoid
microbial contamination and their implications for surgical outcomes. Ultimately, our
findings contribute to the ongoing efforts to develop implants with optimized properties to
minimize complications in clinical settings due to infections.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms25063163/s1.

Author Contributions: D.W. and I.S. conceived the project and designed the experiments. D.E. and
C.B. performed the NSME, and D.W. performed tissue-expander-based breast reconstruction. D.W.
and I.S. performed all sample collection experiments together. I.S. prepared the samples for mass
spectrometry, NGS microbiome analysis, immunohistochemistry, and immunofluorescence analysis;
processed all samples for cultivation attempts; and performed the qPCR experiments. W.U. and A.D.
performed all NGS experiments, edited the manuscript, and prepared manuscript Section 4.5. A.D.
performed quality control and statistical data integrity analysis of NGS data and prepared manuscript
Section 2.4. K.F. processed all samples and performed all mass spectrometry experiments. I.S. and
M.L. conceived and M.L. planned and supervised the microbiological experiments. L.B. and L.-M.Z.
performed all in vitro experiments with microbial culture and biofilm formation on SMI surfaces.
Under the supervision of M.L., L.-M.Z. performed culture and MALDI TOF experiments with isolated
WBF, expander, and capsular tissue specimens. D.C.C.-H. supervised and L.B. performed the SEM
analysis. S.W. coordinated skin swab acquisition. I.S. collected patient skin and expander swabs. I.S.
analyzed all the data and is responsible for data curation. I.S. wrote the manuscript and performed
original draft preparation. D.W., M.L., D.C.C.-H. and B.S. reviewed and edited the original manuscript
draft. I.S. visualized all data. T.S. prepared illustrations in Figure 5 and the graphical abstract. I.S.
was responsible for project administration. S.S. ensured clinical compliance and provided clinical
guidance as well as administrative support throughout the study. D.W. acquired funding for the
project, supervised the clinical trial, and was responsible for the acquisition of the participants’
informed consent. All authors have read and agreed to the published version of the manuscript.

Funding: Research on this project was funded by Establishment Labs, Costa Rica (ID D152500-015-
015) to D.W.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Ethics Committee of the Medical University of Innsbruck
(protocol code 1325/2019, approved on 23 January 2020) and the Austrian Federal Office for Safety in
Health Care (approval number; 13340962).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

https://www.mdpi.com/article/10.3390/ijms25063163/s1
https://www.mdpi.com/article/10.3390/ijms25063163/s1


Int. J. Mol. Sci. 2024, 25, 3163 27 of 31

Data Availability Statement: The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner
repository with the dataset identifier PXD039840 and are publicly available. Bacterial read count data
resulting from NGS analysis are available in Supplementary Materials Table S3. The data presented
in this study are available on request from the corresponding author due to data privacy protection.
The trial basic summary results have been deposited within ClinicalTrials.gov (ID: NCT05648929)
registry and are publicly available as of the date of publication.

Acknowledgments: We thank Christine Brunner, Angela Augustin, and Monika Lanthaler for assis-
tance during surgeries and monitoring of appropriate collection of wound bed fluid; Andreas Kuen
for mass spectrometrical analysis assistance and Simon Senfter for proteomic sample preparation;
Karin Langert and Angelika Feichter for photo documentation of all patients; and Giuseppe Cappel-
lano and Georg Wick (Emeriti; Medical University of Innsbruck) for critical reading and suggestions
on the manuscript.

Conflicts of Interest: Author Wendy Ullmer was employed by the company Zymo Research Corpora-
tion (Irvine, CA, USA) and Pangea Laboratory (Tustin, CA, USA). Author Annabelle Damerum was
employed by the company Zymo Research Corporation (Irvine, CA, USA). The remaining authors
declare that the research was conducted in the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest. The authors declare that this study received
funding from Establishment Labs, Costa Rica (ID D152500-015-015). The funder was not involved in
the study design, collection, analysis, interpretation of data, the writing of this article, or the decision
to submit it for publication.

References
1. Ghazal, I.D.; Eleweke, C.; Aladesanwa, F.O.; Onabajo, B.O. Post-mastectomy breast reconstruction: An overview of the state of

the art, challenges, and prospects. Int. Surg. J. 2023, 10, 348–354. [CrossRef]
2. Perry, D.; Frame, J. The history and development of breast implants. Ind. Mark. Manag. 2020, 102, 478–482. [CrossRef]
3. Saini, M.; Singh, Y.; Arora, P.; Arora, V.; Jain, K. Implant biomaterials: A comprehensive review. World J. Clin. Cases WJCC 2015,

3, 52. [CrossRef]
4. Mempin, M.; Hu, H.; Chowdhury, D.; Deva, A.; Vickery, K. The A, B and C’s of silicone breast implants: Anaplastic large cell

lymphoma, biofilm and capsular contracture. Materials 2018, 11, 2393. [CrossRef] [PubMed]
5. Bizjak, M.; Selmi, C.; Praprotnik, S.; Bruck, O.; Perricone, C.; Ehrenfeld, M.; Shoenfeld, Y. Silicone implants and lymphoma: The

role of inflammation. J. Autoimmun. 2015, 65, 64–73. [CrossRef]
6. Wick, G.; Backovic, A.; Rabensteiner, E.; Plank, N.; Schwentner, C.; Sgonc, R. The immunology of fibrosis: Innate and adaptive

responses. Trends Immunol. 2010, 31, 110–119. [CrossRef]
7. Wick, G.; Grundtman, C.; Mayerl, C.; Wimpissinger, T.F.; Feichtinger, J.; Zelger, B.; Sgonc, R.; Wolfram, D. The immunology of

fibrosis. Annu. Rev. Immunol. 2013, 31, 107–135. [CrossRef] [PubMed]
8. Bachour, Y.; Verweij, S.P.; Gibbs, S.; Ket, J.C.; Ritt, M.J.; Niessen, F.B.; Mullender, M.G. The aetiopathogenesis of capsular

contracture: A systematic review of the literature. J. Plast. Reconstr. Aesthetic Surg. 2018, 71, 307–317. [CrossRef]
9. Prantl, L.; Schreml, S.; Fichtner-Feigl, S.; Pöppl, N.; Eisenmann-Klein, M.; Schwarze, H.; Füchtmeier, B. Clinical and morphological

conditions in capsular contracture formed around silicone breast implants. Plast. Reconstr. Surg. 2007, 120, 275–284. [CrossRef]
10. Safran, T.; Nepon, H.; Chu, C.K.; Winocour, S.; Murphy, A.M.; Davison, P.G.; Dionisopolos, T.; Vorstenbosch, J. Healing,

Inflammation, and Fibrosis: Current Concepts in Capsular Contracture: Pathophysiology, Prevention, and Management. Semin.
Plast. Surg. 2021, 35, 189.

11. Siggelkow, W.; Faridi, A.; Spiritus, K.; Klinge, U.; Rath, W.; Klosterhalfen, B. Histological analysis of silicone breast implant
capsules and correlation with capsular contracture. Biomaterials 2003, 24, 1101–1109. [CrossRef] [PubMed]

12. Siggelkow, W.; Gescher, D.; Siggelkow, A.; Klee, D.; Malik, E.; Rath, W.; Faridi, A. In vitro analysis of modified surfaces of silicone
breast implants. Int. J. Artif. Organs 2004, 27, 1100–1108. [CrossRef] [PubMed]

13. Handel, N.; Jensen, J.A.; Black, Q.; Waisman, J.R.; Silverstein, M.J. The fate of breast implants: A critical analysis of complications
and outcomes. Plast. Reconstr. Surg. 1995, 96, 1521–1533. [CrossRef] [PubMed]

14. Wynn, T.A. Cellular and molecular mechanisms of fibrosis. J. Pathol. 2008, 214, 199–210. [CrossRef] [PubMed]
15. Ji, L.; Wang, T.; Tian, L.; Song, H.; Gao, M. Roxatidine inhibits fibrosis by inhibiting NF κB and MAPK signaling in macrophages

sensing breast implant surface materials. Mol. Med. Rep. 2020, 21, 161–172. [CrossRef] [PubMed]
16. Kuehlmann, B.A.; Bonham, C.A.; Gurtner, G.C. Abstract 114. Targeting Wnt Signaling to Reduce Capsular Fibrosis. Plast. Reconstr.

Surg. Glob. Open 2019, 7 (Suppl. S4), 80. [CrossRef]
17. Kuo, Y.-L.; Jou, I.-M.; Jeng, S.-F.; Chu, C.-H.; Huang, J.-S.; Hsu, T.-I.; Chang, L.-R.; Huang, P.-W.; Chen, J.-A.; Chou, T.-M.

Hypoxia-induced epithelial-mesenchymal transition and fibrosis for the development of breast capsular contracture. Sci. Rep.
2019, 9, 10269. [CrossRef]

http://proteomecentral.proteomexchange.org
https://doi.org/10.18203/2349-2902.isj20230283
https://doi.org/10.1308/rcsann.2020.0003
https://doi.org/10.12998/wjcc.v3.i1.52
https://doi.org/10.3390/ma11122393
https://www.ncbi.nlm.nih.gov/pubmed/30486500
https://doi.org/10.1016/j.jaut.2015.08.009
https://doi.org/10.1016/j.it.2009.12.001
https://doi.org/10.1146/annurev-immunol-032712-095937
https://www.ncbi.nlm.nih.gov/pubmed/23516981
https://doi.org/10.1016/j.bjps.2017.12.002
https://doi.org/10.1097/01.prs.0000264398.85652.9a
https://doi.org/10.1016/S0142-9612(02)00429-5
https://www.ncbi.nlm.nih.gov/pubmed/12504533
https://doi.org/10.1177/039139880402701214
https://www.ncbi.nlm.nih.gov/pubmed/15645622
https://doi.org/10.1097/00006534-199512000-00003
https://www.ncbi.nlm.nih.gov/pubmed/7480271
https://doi.org/10.1002/path.2277
https://www.ncbi.nlm.nih.gov/pubmed/18161745
https://doi.org/10.3892/mmr.2019.10815
https://www.ncbi.nlm.nih.gov/pubmed/31746427
https://doi.org/10.1097/01.GOX.0000558388.69103.8d
https://doi.org/10.1038/s41598-019-46439-7


Int. J. Mol. Sci. 2024, 25, 3163 28 of 31

18. Meng, X.-M.; Nikolic-Paterson, D.J.; Lan, H.Y. TGF-β: The master regulator of fibrosis. Nat. Rev. Nephrol. 2016, 12, 325–338.
[CrossRef]

19. Araújo-Gomes, N.; Romero-Gavilán, F.; Sánchez-Pérez, A.M.; Gurruchaga, M.; Azkargorta, M.; Elortza, F.; Martinez-Ibañez, M.;
Iloro, I.; Suay, J.; Goni, I. Characterization of serum proteins attached to distinct sol–gel hybrid surfaces. J. Biomed. Mater. Res. Part
B Appl. Biomater. 2018, 106, 1477–1485. [CrossRef]

20. Backovic, A.; Wolfram, D.; Del-Frari, B.; Piza, H.; Huber, L.A.; Wick, G. Simultaneous analysis of multiple serum proteins
adhering to the surface of medical grade polydimethylsiloxane elastomers. J. Immunol. Methods 2007, 328, 118–127. [CrossRef]

21. Schoberleitner, I.; Faserl, K.; Sarg, B.; Egle, D.; Brunner, C.; Wolfram, D. Quantitative Proteomic Characterization of Foreign Body
Response towards Silicone Breast Implants Identifies Chronological Disease-Relevant Biomarker Dynamics. Biomolecules 2023,
13, 305. [CrossRef]

22. Backovic, A.; Huang, H.-L.; Del Frari, B.; Piza, H.; Huber, L.A.; Wick, G. Identification and dynamics of proteins adhering to the
surface of medical silicones in vivo and in vitro. J. Proteome Res. 2006, 6, 376–381. [CrossRef]

23. Doloff, J.C.; Veiseh, O.; de Mezerville, R.; Sforza, M.; Perry, T.A.; Haupt, J.; Jamiel, M.; Chambers, C.; Nash, A.; Aghlara-Fotovat,
S.; et al. The surface topography of silicone breast implants mediates the foreign body response in mice, rabbits and humans. Nat.
Biomed. Eng. 2021, 5, 1115–1130. [CrossRef] [PubMed]

24. ISO 14607:2018; Non-Active Surgical Implants—Mammary Implants—Particular Requirements. Available online: https://www.
iso.org/standard/63973.html (accessed on 1 March 2024).

25. Jalalabadi, F.; Doval, A.F.; Neese, V.B.; Andrews, E.B.; Spiegel, A.J. Breast Implant Utilization Trends in USA versus Europe and
the Impact of BIA-ALCL Publications. Plast. Reconstr. Surg.-Glob. Open 2021, 9, e3449. [CrossRef]

26. Keech, J.A.; Creech, B.J. Anaplastic t-cell lymphoma in proximity to a saline-filled breast implant. Plast. Reconstr. Surg. 1997, 100,
554–555. [CrossRef] [PubMed]

27. Tevis, S.E.; Hunt, K.K.; Miranda, R.N.; Lange, C.; Pinnix, C.C.; Iyer, S.; Butler, C.E.; Clemens, M.W. Breast Implant-associated
Anaplastic Large Cell Lymphoma: A Prospective Series of 52 Patients. Ann. Surg. 2022, 275, E245–E249. [CrossRef] [PubMed]

28. 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]

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

30. Schoberleitner, I.; Faserl, K.; Tripp, C.H.; Pechriggl, E.J.; Sigl, S.; Brunner, A.; Hermann-Kleiter, N.; Baier, L.; Steinkellner, T.; Sarg,
B.; et al. Silicone implant surface microtopography modulates inflammation and tissue repair in capsular fibrosis. Front. Immunol.
2024, 15. [CrossRef]

31. Schoberleitner, I.; Augustin, A.; Egle, D.; Brunner, C.; Amort, B.; Zelger, B.; Brunner, A.; Wolfram, D. Is It All about Surface
Topography? An Intra-Individual Clinical Outcome Analysis of Two Different Implant Surfaces in Breast Reconstruction. J. Clin.
Med. 2023, 12, 1315. [CrossRef]

32. Mohapatra, S. Sterilization and Disinfection. Essent. Neuroanesthesia 2017, 929. Available online: https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC7158362/ (accessed on 1 March 2024).

33. Belay, E.D.; Schonberger, L.B.; Brown, P.; Priola, S.A.; Chesebro, B.; Will, R.G.; Asher, D.M. Disinfection and Sterilization of
Prion-Contaminated Medical Instruments. Infect. Control Hosp. Epidemiol. 2010, 31, 1304–1306. [CrossRef]

34. Rutala, W.A.; Weber, D.J. Guideline for Disinfection and Sterilization of Prion-Contaminated Medical Instruments. Infect. Control
Hosp. Epidemiol. 2010, 31, 107–117. [CrossRef]

35. Dapunt, U.; Prior, B.; Kretzer, J.P.; Giese, T.; Zhao, Y. Bacterial Biofilm Components Induce an Enhanced Inflammatory Response
Against Metal Wear Particles. Ther. Clin. Risk Manag. 2020, ume 16, 1203–1212. [CrossRef]

36. Marcinkiewicz, J.; Strus, M.; Pasich, E. Antibiotic resistance: A “dark side” of biofilm-associated chronic infections. Pol. Arch.
Med. Wewn. 2013, 123, 309–313. [CrossRef]

37. Carvajal, J.; Carvajal, M.; Hernández, G. Back to Basics: Could the Preoperative Skin Antiseptic Agent Help Prevent Biofilm-
Related Capsular Contracture? Aesthetic Surg. J. 2019, 39, 848–859. [CrossRef]

38. Donlan, R.M. Biofilms: Microbial Life on Surfaces. Emerg. Infect. Dis. 2002, 8, 881. [CrossRef] [PubMed]
39. Costerton, J.W.; Stewart, P.S.; Greenberg, E.P. Bacterial biofilms: A common cause of persistent infections. Science 1999, 284,

1318–1322. [CrossRef] [PubMed]
40. Rieger, U.M.; Mesina, J.; Kalbermatten, D.F.; Haug, M.; Frey, H.P.; Pico, R.; Frei, R.; Pierer, G.; Lüscher, N.J.; Trampuz, A. Bacterial

biofilms and capsular contracture in patients with breast implants. Br. J. Surg. 2013, 100, 768–774. [CrossRef] [PubMed]
41. Ajdic, D.; Zoghbi, Y.; Gerth, D.; Panthaki, Z.J.; Thaller, S. The relationship of bacterial biofilms and capsular contracture in breast

implants. Aesthetic Surg. J. 2016, 36, 297–309. [CrossRef] [PubMed]
42. Høiby, N.; Ciofu, O.; Johansen, H.K.; Song, Z.-J.; Moser, C.; Jensen, P.Ø.; Molin, S.; Givskov, M.; Tolker-Nielsen, T.; Bjarnsholt, T.

The clinical impact of bacterial biofilms. Int. J. Oral Sci. 2011, 3, 55–65. [CrossRef]
43. Deva, A.K.; Adams, W.P., Jr.; Vickery, K. The role of bacterial biofilms in device-associated infection. Plast. Reconstr. Surg. 2013,

132, 1319–1328. [CrossRef]

https://doi.org/10.1038/nrneph.2016.48
https://doi.org/10.1002/jbm.b.33954
https://doi.org/10.1016/j.jim.2007.08.016
https://doi.org/10.3390/biom13020305
https://doi.org/10.1021/pr0603755
https://doi.org/10.1038/s41551-021-00739-4
https://www.ncbi.nlm.nih.gov/pubmed/34155355
https://www.iso.org/standard/63973.html
https://www.iso.org/standard/63973.html
https://doi.org/10.1097/GOX.0000000000003449
https://doi.org/10.1097/00006534-199708000-00065
https://www.ncbi.nlm.nih.gov/pubmed/9252643
https://doi.org/10.1097/SLA.0000000000004035
https://www.ncbi.nlm.nih.gov/pubmed/32568749
https://doi.org/10.1097/01.prs.0000218184.47372.d5
https://doi.org/10.1371/journal.pone.0192108
https://doi.org/10.3389/fimmu.2024.1342895
https://doi.org/10.3390/jcm12041315
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7158362/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7158362/
https://doi.org/10.1086/657579
https://doi.org/10.1086/650197
https://doi.org/10.2147/TCRM.S280042
https://doi.org/10.20452/pamw.1780
https://doi.org/10.1093/asj/sjy216
https://doi.org/10.3201/eid0809.020063
https://www.ncbi.nlm.nih.gov/pubmed/12194761
https://doi.org/10.1126/science.284.5418.1318
https://www.ncbi.nlm.nih.gov/pubmed/10334980
https://doi.org/10.1002/bjs.9084
https://www.ncbi.nlm.nih.gov/pubmed/23468161
https://doi.org/10.1093/asj/sjv177
https://www.ncbi.nlm.nih.gov/pubmed/26843099
https://doi.org/10.4248/IJOS11026
https://doi.org/10.1097/PRS.0b013e3182a3c105


Int. J. Mol. Sci. 2024, 25, 3163 29 of 31

44. del Pozo, J.L.; Auba, C. Role of biofilms in breast implant associated infections and capsular contracture. Adv. Exp. Med. Biol.
2015, 831, 53–67. [PubMed]

45. 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]

46. Adams, W.P.; Culbertson, E.J.; Deva, A.K.; Magnusson, M.R.; Layt, C.; Jewell, M.L.; Mallucci, P.; Hedén, P. Macrotextured breast
implants with defined steps to minimize bacterial contamination around the device: Experience in 42,000 implants. Plast. Reconstr.
Surg. 2017, 140, 427–431. [CrossRef] [PubMed]

47. Gofstein-Hayuth, D.; Fliss, E.; Barnea, Y.; Legarda, C.; Bracha, G.; Lerner, A.; Lellouche, J.; Carmeli, Y.; Shani, N.; Arad, E.
Comparing the efficacy of antimicrobial pocket-irrigation protocols in an in vivo breast implant infection model. J. Plast. Reconstr.
Aesthetic Surg. 2023, 85, 165–173. [CrossRef] [PubMed]

48. Fernández-Ibarburu, B.; Díaz-Navarro, M.; Ibarra, G.; Rivera, A.; Hafian, R.; Irigoyen, Ã; Carrillo, R.; Pérez-Cano, R.; Muñoz,
P.; García-Ruano, Á.; et al. Efficacy of Povidone Iodine Against Microbial Biofilms in Breast Implants With Different Textures:
Results From an in vitro Study. Front. Microbiol. 2022, 13, 868347. [CrossRef]

49. Cometta, S.; Bock, N.; Suresh, S.; Dargaville, T.R.; Hutmacher, D.W. Antibacterial Albumin-Tannic Acid Coatings for Scaffold-
Guided Breast Reconstruction. Front. Bioeng. Biotechnol. 2021, 9, 638577. [CrossRef]

50. Lam, M.; Migonney, V.; Falentin-Daudre, C. Review of silicone surface modification techniques and coatings for antibacte-
rial/antimicrobial applications to improve breast implant surfaces. Acta Biomater. 2020, 121, 68–88. [CrossRef]

51. Panczel, G.; Munhoz, A.M. A Simple and Low-cost Method of Sleeve to Insert Silicone Gel Breast Implants. Plast. Reconstr.
Surg.-Glob. Open 2019, 7, e2389. [CrossRef]

52. Burkhardt, B.R.; Fried, M.; Schnur, P.L.; Tofield, J.J. Capsules, infection, and intraluminal antibiotics. Plast Reconstr. Surg. 1981, 68,
43–47. [CrossRef] [PubMed]

53. Shah, Z.; Lehman, J.A.; Tan, J. Does infection play a role in breast capsular contracture? Plast Reconstr. Surg. 1981, 68, 34–38.
[CrossRef] [PubMed]

54. Moon, D.J.; Deva, A.K. Adverse Events Associated with Breast Implants: The Role of Bacterial Infection and Biofilm. Clin. Plast.
Surg. 2021, 48, 101–108. [CrossRef] [PubMed]

55. Virden, C.P.; Dobke, M.K.; Stein, P.; Parsons, C.L.; Frank, D.H. Subclinical Infection of the Silicone Breast Implant Surface as a
Possible Cause of Capsular Contracture. Aesthetic Plast. Surg. 2020, 44, 1141–1147. [CrossRef] [PubMed]

56. Deva, A.; Chang, L. Bacterial biofilms: A cause for accelerated capsular contracture? Aesthetic Surg. J. 1999, 19, 130–133. [CrossRef]
57. Fey, P.D.; Olson, M.E. Current concepts in biofilm formation of Staphylococcus epidermidis. Futur. Microbiol. 2010, 5, 917–933.

[CrossRef] [PubMed]
58. Moris, V.; Lam, M.; Amoureux, L.; Magallon, A.; Guilloteau, A.; Maldiney, T.; Zwetyenga, N.; Falentin-Daudre, C.; Neuwirth,

C. What is the best technic to dislodge Staphylococcus epidermidis biofilm on medical implants? BMC Microbiol. 2022, 22, 192.
[CrossRef] [PubMed]

59. Rezende-Pereira, G.; Albuquerque, J.P.; Souza, M.C.; A Nogueira, B.; Silva, M.G.; Hirata, R.; Mattos-Guaraldi, A.L.; Duarte, R.S.;
Neves, F.P.G. Biofilm Formation on Breast Implant Surfaces by Major Gram-Positive Bacterial Pathogens. Aesthetic Surg. J. 2020,
41, 1144–1151. [CrossRef]

60. Mu, M.; Liu, S.; DeFlorio, W.; Hao, L.; Wang, X.; Salazar, K.S.; Taylor, M.; Castillo, A.; Cisneros-Zevallos, L.; Oh, J.K.; et al.
Influence of Surface Roughness, Nanostructure, and Wetting on Bacterial Adhesion. Langmuir 2023, 39, 5426–5439. [CrossRef]

61. Brauman, D. Rough Textured Silicone Implants, Bacterial Biofilms, and Capsular Contracture. Plast. Reconstr. Surg. 2019, 144,
322e–323e. [CrossRef]

62. James, G.A.; Boegli, L.; Hancock, J.; Bowersock, L.; Parker, A.; Kinney, B.M. Bacterial Adhesion and Biofilm Formation on Textured
Breast Implant Shell Materials. Aesthetic Plast. Surg. 2018, 43, 490–497. [CrossRef] [PubMed]

63. Encinas, N.; Yang, C.-Y.; Geyer, F.; Kaltbeitzel, A.; Baumli, P.; Reinholz, J.; Mailänder, V.; Butt, H.-J.; Vollmer, D. Submicrometer-
Sized Roughness Suppresses Bacteria Adhesion. ACS Appl. Mater. Interfaces 2020, 12, 21192–21200. [CrossRef] [PubMed]

64. Yoda, I.; Koseki, H.; Tomita, M.; Shida, T.; Horiuchi, H.; Sakoda, H.; Osaki, M. Effect of surface roughness of biomaterials on
Staphylococcus epidermidis adhesion. BMC Microbiol. 2014, 14, 234. [CrossRef] [PubMed]

65. Alessandri-Bonetti, M.; Jeong, T.; Vaienti, L.; De La Cruz, C.; Gimbel, M.L.; Nguyen, V.T.; Egro, F.M. The Role of Microorganisms
in the Development of Breast Implant-Associated Anaplastic Large Cell Lymphoma. Pathogens 2023, 12, 313. [CrossRef] [PubMed]

66. Szklarczyk, D.; Kirsch, R.; Koutrouli, M.; Nastou, K.; Mehryary, F.; Hachilif, R.; Gable, A.L.; Fang, T.; Doncheva, N.T.; Pyysalo, S.;
et al. The STRING database in 2023: Protein–protein association networks and functional enrichment analyses for any sequenced
genome of interest. Nucleic Acids Res. 2022, 51, D638–D646. [CrossRef]

67. Seykora, J.; Dentchev, T.; Margolis, D.J. Filaggrin-2 barrier protein inversely varies with skin inflammation. Exp. Dermatol. 2015,
24, 720–722. [CrossRef] [PubMed]

68. Hansmann, B.; Schröder, J.-M.; Gerstel, U. Skin-Derived C-Terminal Filaggrin-2 Fragments Are Pseudomonas aeruginosa-Directed
Antimicrobials Targeting Bacterial Replication. PLoS Pathog. 2015, 11, e1005159. [CrossRef]

69. Wu, Z.; Hansmann, B.; Meyer-Hoffert, U.; Gläser, R.; Schröder, J.-M. Molecular identification and expression analysis of
Filaggrin-2, a member of the S100 fused-type protein family. PLoS ONE 2009, 4, e5227. [CrossRef]

70. Hansmann, B.; Ahrens, K.; Wu, Z.; Proksch, E.; Meyer-Hoffert, U.; Schröder, J. Murine filaggrin-2 is involved in epithelial barrier
function and down-regulated in metabolically induced skin barrier dysfunction. Exp. Dermatol. 2012, 21, 271–276. [CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/25384663
https://doi.org/10.1097/01.PRS.0000054768.14922.44
https://doi.org/10.1097/PRS.0000000000003575
https://www.ncbi.nlm.nih.gov/pubmed/28841597
https://doi.org/10.1016/j.bjps.2023.06.062
https://www.ncbi.nlm.nih.gov/pubmed/37499557
https://doi.org/10.3389/fmicb.2022.868347
https://doi.org/10.3389/fbioe.2021.638577
https://doi.org/10.1016/j.actbio.2020.11.020
https://doi.org/10.1097/GOX.0000000000002389
https://doi.org/10.1097/00006534-198107000-00010
https://www.ncbi.nlm.nih.gov/pubmed/7243999
https://doi.org/10.1097/00006534-198107000-00007
https://www.ncbi.nlm.nih.gov/pubmed/7243998
https://doi.org/10.1016/j.cps.2020.09.009
https://www.ncbi.nlm.nih.gov/pubmed/33220897
https://doi.org/10.1007/s00266-020-01816-w
https://www.ncbi.nlm.nih.gov/pubmed/32766914
https://doi.org/10.1053/aq.1999.v19.97038
https://doi.org/10.2217/fmb.10.56
https://www.ncbi.nlm.nih.gov/pubmed/20521936
https://doi.org/10.1186/s12866-022-02606-x
https://www.ncbi.nlm.nih.gov/pubmed/35933363
https://doi.org/10.1093/asj/sjaa416
https://doi.org/10.1021/acs.langmuir.3c00091
https://doi.org/10.1097/PRS.0000000000005816
https://doi.org/10.1007/s00266-018-1234-7
https://www.ncbi.nlm.nih.gov/pubmed/30276456
https://doi.org/10.1021/acsami.9b22621
https://www.ncbi.nlm.nih.gov/pubmed/32142252
https://doi.org/10.1186/s12866-014-0234-2
https://www.ncbi.nlm.nih.gov/pubmed/25179448
https://doi.org/10.3390/pathogens12020313
https://www.ncbi.nlm.nih.gov/pubmed/36839585
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.1111/exd.12749
https://www.ncbi.nlm.nih.gov/pubmed/25952035
https://doi.org/10.1371/journal.ppat.1005159
https://doi.org/10.1371/journal.pone.0005227
https://doi.org/10.1111/j.1600-0625.2012.01449.x


Int. J. Mol. Sci. 2024, 25, 3163 30 of 31

71. Bay, L.; Barnes, C.J.; Fritz, B.G.; Thorsen, J.; Restrup, M.E.M.; Rasmussen, L.; Sørensen, J.K.; Hesselvig, A.B.; Odgaard, A.; Hansen,
A.J.; et al. Universal dermal microbiome in human skin. mBio 2020, 11, 10–1128. [CrossRef]

72. Ryan, M.P.; Adley, C.C. Ralstonia spp.: Emerging global opportunistic pathogens. Eur. J. Clin. Microbiol. Infect. Dis. 2014, 33,
291–304. [CrossRef] [PubMed]

73. Park, J.Y.; Seo, K.S. Staphylococcus aureus Infection. Food Microbiol. Fundam. Front. 2023, 555–584. Available online: https:
//www.ncbi.nlm.nih.gov/books/NBK441868/ (accessed on 1 March 2024).

74. Andrey, D.O.; Jousselin, A.; Villanueva, M.; Renzoni, A.; Monod, A.; Barras, C.; Rodriguez, N.; Kelley, W.L. Impact of the
Regulators SigB, Rot, SarA and sarS on the Toxic Shock Tst Promoter and TSST-1 Expression in Staphylococcus aureus. PLoS ONE
2015, 10, e0135579. [CrossRef] [PubMed]

75. Arciola, C.R.; Baldassarri, L.; Montanaro, L. In catheter infections by Staphylococcus epidermidis the intercellular adhesion (ica)
locus is a molecular marker of the virulent slime-producing strains. J. Biomed. Mater. Res. 2001, 59, 557–562. [CrossRef] [PubMed]

76. Arciola, C.R.; Campoccia, D.; Ravaioli, S.; Montanaro, L. Polysaccharide intercellular adhesin in biofilm: Structural and regulatory
aspects. Front. Cell. Infect. Microbiol. 2015, 5, 7. [CrossRef] [PubMed]

77. Ballal, A.; Manna, A.C. Regulation of Superoxide Dismutase (sod) Genes by SarA in Staphylococcus aureus. J. Bacteriol. 2009, 191,
3301–3310. [CrossRef] [PubMed]

78. Shtrichman, R.; E Samuel, C. The role of gamma interferon in antimicrobial immunity. Curr. Opin. Microbiol. 2001, 4, 251–259.
[CrossRef]

79. Zganiacz, A.; Santosuosso, M.; Wang, J.; Yang, T.; Chen, L.; Anzulovic, M.; Alexander, S.; Gicquel, B.; Wan, Y.; Bramson, J.; et al.
TNF-α is a critical negative regulator of type 1 immune activation during intracellular bacterial infection. J. Clin. Investig. 2004,
113, 401–413. [CrossRef]

80. Jayaraman, P.; Sada-Ovalle, I.; Nishimura, T.; Anderson, A.C.; Kuchroo, V.K.; Remold, H.G.; Behar, S.M. IL-1β Promotes
Antimicrobial Immunity in Macrophages by Regulating TNFR Signaling and caspase-3 activation. J. Immunol. 2013, 190,
4196–4204. [CrossRef]

81. Cooper, A.M. IL-17 and anti-bacterial immunity: Protection versus tissue damage. Eur. J. Immunol. 2009, 39, 649. [CrossRef]
82. Spiegel, C.; Nogler, M.; Coraça-Huber, D.C. Sterilization Procedures for Titanium Alloy Surfaces Leads to Higher Expression of

Biofilm-Related Staphylococcus aureus Genes. Antibiotics 2022, 11, 1647. [CrossRef]
83. Anderson, J.M. Biocompatibility and Bioresponse to Biomaterials. In Principles of Regenerative Medicine; Academic Press: Cam-

bridge, MA, USA, 2008; pp. 704–723.
84. Anderson, J.M.; Rodriguez, A.; Chang, D.T. Foreign body reaction to biomaterials. In Seminars in Immunology; Academic Press:

Cambridge, MA, USA, 2008; Volume 20, pp. 86–100.
85. Rutala, W.A.; Weber, D.J. New disinfection and sterilization methods. Emerg. Infect. Dis. 2001, 7, 348–353. [CrossRef] [PubMed]
86. Zeitvogel, J.; Jokmin, N.; Rieker, S.; Klug, I.; Brandenberger, C.; Werfel, T. GATA3 regulates FLG and FLG2 expression in human

primary keratinocytes. Sci. Rep. 2017, 7, 11847. [CrossRef]
87. Mlitz, V.; Hussain, T.; Tschachler, E.; Eckhart, L. Filaggrin has evolved from an “S100 fused-type protein” (SFTP) gene present in a

common ancestor of amphibians and mammals. Exp. Dermatol. 2017, 26, 955–957. [CrossRef] [PubMed]
88. Lee, J.H.; Ryu, J.Y.; Lee, J.S.; Choi, K.Y.; Chung, H.Y.; Cho, B.C.; Kim, K.; Lee, Y.J.; Jin, H.K.; Bae, J.-S.; et al. Effect of Breast Silicone

Implant Topography on Bacterial Attachment and Growth: An In Vitro Study. In Vivo 2022, 36, 1703–1709. [CrossRef]
89. 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]
90. Cohen, J.B.; Carroll, C.; Tenenbaum, M.M.; Myckatyn, T.M. Breast implant-associated infections: The role of the national surgical

quality improvement program and the local microbiome. Plast. Reconstr. Surg. 2015, 136, 921–929. [CrossRef] [PubMed]
91. Palubicka, A.; Jaworski, R.; Wekwejt, M.; Swieczko-Zurek, B.; Pikula, M.; Jaskiewicz, J.; Zielinski, J. surgical site infection after

breast surgery: A retrospective analysis of 5-year postoperative data from a single center in Poland. Medicina 2019, 55, 512.
[CrossRef]

92. Prantl, L.; Momeni, A.; Brebant, V.; Kuehlmann, B.; Heine, N.; Biermann, N.; Brix, E. Recommendations for the Use of Antibiotics
in Primary and Secondary Esthetic Breast Surgery. Plast. Reconstr. Surg.-Glob. Open 2020, 8, e2590. [CrossRef]

93. Federica, G.; Tommaso, F.; Alessia, C.; Agostino, C.; Florian, B.; Antonio, G.; Nicola, M.D.; Abdallah, R.; Carmela, S.; Lorenzo,
S.; et al. Use of Antimicrobial Irrigation and Incidence of Capsular Contracture in Breast Augmentation and Immediate
Implant-Based Breast Reconstruction. Aesthetic Plast. Surg. 2023, 47, 2345–2350. [CrossRef]

94. Zhang, H.; Wang, Y.; Yang, S.; Zhang, Y. Peri-operative antibiotic prophylaxis does not reduce surgical site infection in breast
cancer. Surg. Infect. 2020, 21, 268–274. [CrossRef]

95. Heberle, H.; Meirelles, G.V.; Da Silva, F.R.; Telles, G.P.; Minghim, R. InteractiVenn: A web-based tool for the analysis of sets
through venn diagrams. BMC Bioinform. 2015, 16, 169. [CrossRef]

96. Ge, S.X.; Jung, D.; Yao, R. ShinyGO: A graphical gene-set enrichment tool for animals and plants. Bioinformatics 2020, 36, 2628–2629.
[CrossRef]

97. von Mering, C.; Huynen, M.; Jaeggi, D.; Schmidt, S.; Bork, P.; Snel, B. STRING: A database of predicted functional associations
between proteins. Nucleic Acids Res. 2003, 31, 258–261. [CrossRef]

98. Metsalu, T.; Vilo, J. ClustVis: A web tool for visualizing clustering of multivariate data using Principal Component Analysis and
heatmap. Nucleic Acids Res. 2015, 43, W566–W570. [CrossRef] [PubMed]

https://doi.org/10.1128/mBio.02945-19
https://doi.org/10.1007/s10096-013-1975-9
https://www.ncbi.nlm.nih.gov/pubmed/24057141
https://www.ncbi.nlm.nih.gov/books/NBK441868/
https://www.ncbi.nlm.nih.gov/books/NBK441868/
https://doi.org/10.1371/journal.pone.0135579
https://www.ncbi.nlm.nih.gov/pubmed/26275216
https://doi.org/10.1002/jbm.10006
https://www.ncbi.nlm.nih.gov/pubmed/11774314
https://doi.org/10.3389/fcimb.2015.00007
https://www.ncbi.nlm.nih.gov/pubmed/25713785
https://doi.org/10.1128/JB.01496-08
https://www.ncbi.nlm.nih.gov/pubmed/19286803
https://doi.org/10.1016/S1369-5274(00)00199-5
https://doi.org/10.1172/JCI18991
https://doi.org/10.4049/jimmunol.1202688
https://doi.org/10.1002/eji.200839090
https://doi.org/10.3390/antibiotics11111647
https://doi.org/10.3201/eid0702.010241
https://www.ncbi.nlm.nih.gov/pubmed/11294738
https://doi.org/10.1038/s41598-017-10252-x
https://doi.org/10.1111/exd.13317
https://www.ncbi.nlm.nih.gov/pubmed/28191671
https://doi.org/10.21873/invivo.12882
https://doi.org/10.4236/jbnb.2021.123003
https://doi.org/10.1097/PRS.0000000000001682
https://www.ncbi.nlm.nih.gov/pubmed/26505698
https://doi.org/10.3390/medicina55090512
https://doi.org/10.1097/GOX.0000000000002590
https://doi.org/10.1007/s00266-023-03453-5
https://doi.org/10.1089/sur.2019.116
https://doi.org/10.1186/s12859-015-0611-3
https://doi.org/10.1093/bioinformatics/btz931
https://doi.org/10.1093/nar/gkg034
https://doi.org/10.1093/nar/gkv468
https://www.ncbi.nlm.nih.gov/pubmed/25969447


Int. J. Mol. Sci. 2024, 25, 3163 31 of 31

99. Davis, N.M.; Proctor, D.M.; Holmes, S.P.; Relman, D.A.; Callahan, B.J. Simple statistical identification and removal of contaminant
sequences in marker-gene and metagenomics data. Microbiome 2018, 6, 226. [CrossRef] [PubMed]

100. McMurdie, P.J.; Holmes, S. phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census
Data. PLoS ONE 2013, 8, e61217. [CrossRef]

101. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016; ISBN 978-3-319-24277-4. Available
online: https://ggplot2.tidyverse.org (accessed on 1 March 2024).

102. Barr, S.; Hill, E.; Bayat, A. Functional biocompatibility testing of silicone breast implants and a novel classification system based
on surface roughness. J. Mech. Behav. Biomed. Mater. 2017, 75, 75–81. [CrossRef] [PubMed]

103. Atlan, M.; Kinney, B.M.; Perry, T.A. Intra- and Inter-Shell Roughness Variability of Breast Implant Surfaces. Aesthetic Surg. J. 2020,
40, NP324–NP326. [CrossRef] [PubMed]

104. Atlan, M.; Bigerelle, M.; Larreta-Garde, V.; Hindié, M.; Hedén, P. Characterization of Breast Implant Surfaces, Shapes, and
Biomechanics: A Comparison of High Cohesive Anatomically Shaped Textured Silicone, Breast Implants from Three Different
Manufacturers. Aesthetic Plast. Surg. 2016, 40, 89–97. [CrossRef] [PubMed]

105. Grimus, V.; Coraça-Huber, D.C.; Steixner, S.J.M.; Nagl, M. Activity of N-Chlorotaurine against Long-Term Biofilms of Bacteria
and Yeasts. Antibiotics 2021, 10, 891. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/s40168-018-0605-2
https://www.ncbi.nlm.nih.gov/pubmed/30558668
https://doi.org/10.1371/journal.pone.0061217
https://ggplot2.tidyverse.org
https://doi.org/10.1016/j.jmbbm.2017.06.030
https://www.ncbi.nlm.nih.gov/pubmed/28697402
https://doi.org/10.1093/asj/sjz369
https://www.ncbi.nlm.nih.gov/pubmed/32167136
https://doi.org/10.1007/s00266-015-0603-8
https://www.ncbi.nlm.nih.gov/pubmed/26746882
https://doi.org/10.3390/antibiotics10080891
https://www.ncbi.nlm.nih.gov/pubmed/34438941

	Introduction 
	Results 
	Impact of Surface Roughness on Antimicrobial Response and Wound Proteome Adhesion on SMI Surface 
	Quantification and Data Integrity of Intraindividual Comparative Microbiome Profiling in Wound Bed Fluid, Capsular Tissue, and SMI-Adhesive Microbiome 
	Microbial Dynamics in the Peri-Implant Environment: A Comprehensive Analysis of Skin Microbiome Transfer and Biofilm Formation during Implant-Based Breast Reconstruction 
	Staphylococcal Transmission in Surgery: Skin Microbiota Transfer, Biofilm Formation, and Chronic Inflammation Leading to Implant Encapsulation 
	In Vitro Evaluation of Silicone SMI Surface Topography Impact on Staphylococci Adhesion, Growth, Colonization, and Biofilm Formation 
	Immunoreactivity of Staphylococci Biofilms on Silicone Implant Surfaces In Vitro 

	Discussion 
	Materials and Methods 
	Study Population 
	Study Design 
	Biological Sample Collection 
	The Mass Spectrometry Proteomics Data Source 
	Identification, Characterization, and Quantification of Differential Common and Topography-Exclusive Wound Bed Proteome 
	Identification and Characterization of Common and Topography-Exclusive Adsorbed Wound Bed Proteome on SMI Surface 

	Microbiome Profiling by Next-Generation DNA Sequencing 
	Sample Preparation 
	Control Measures for Microbiome Analysis: Normalization of Wound Bed Fluid, SMI Surface, and Capsular Tissue Data to Multiple Negative Controls 
	Statistical Analyses 

	Validation of Sequencing Data: Cultivation and MALDI TOF Identification of Skin Swab Samples from Surgical Incision Sites and Proximal Regions 
	Microbial Culture and Biofilm Formation on SMI Surfaces In Vitro 
	SMI Material and Sterilization 
	Biofilm Formation and Bacteria 
	Biofilm Dissolution and Quantification 
	Scanning Electron Microscopy 

	Bacterial Biofilm Gene Expression and PBMC Inflammatory Gene Expression Using Real-Time qPCR 
	Cell Isolation and In Vitro Culture with Biofilm-Associated SMI Surfaces 
	Reverse Transcription Real-Time Quantitative PCR (RT-qPCR) 

	Statistics 
	Ethics Statement 

	Conclusions 
	References

