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Abstract

Background Capsular contracture is a critical complication of silicone implantation caused by fibrotic tissue forma-
tion from excessive foreign body responses. Various approaches have been applied, but targeting the mechanisms of
capsule formation has not been completely solved. Myofibroblast differentiation through the transforming growth
factor beta (TGF-()/p-SMADs signaling is one of the key factors for capsular contracture development. In addition,
biofilm formation on implants may result chronic inflammation promoting capsular fibrosis formation with subse-
quent contraction. To date, there have been no approaches targeting multi-facted mechanisms of capsular contrac-
ture development.

Methods In this study, we developed a multi-targeting nitric oxide (NO) releasing bionanomatrix coating to reduce
capsular contracture formation by targeting myofibroblast differentiation, inflammatory responses, and infections.
First, we characterized the bionanomatrix coating on silicon implants by conducting rheology test, scanning electron
microcsopy analysis, nanoindentation analysis, and NO release kinetics evaluation. In addition, differentiated mono-
cyte adhesion and S. epidermidis biofilm formation on bionanomatrix coated silicone implants were evaluated in vitro.
Bionanomatrix coated silicone and uncoated silicone groups were subcutaneously implanted into a mouse model for
evaluation of capsular contracture development for a month. Fibrosis formation, capsule thickness, TGF-3/SMAD 2/3
signaling cascade, NO production, and inflammatory cytokine production were evaluated using histology, immuno-
fluorescent imaging analysis, and gene and protein expression assays.

Results The bionanomatrix coating maintained a uniform and smooth surface on the silicone even after mechanical
stress conditions. In addition, the bionanomatrix coating showed sustained NO release for at least one month and
reduction of differentiated monocyte adhesion and S. epidermidis biofilm formation on the silicone implants in vitro.
In in vivo implantation studies, the bionanomatrix coated groups demonstrated significant reduction of capsule thick-
ness surrounding the implants. This result was due to a decrease of myofibroblast differentiation and fibrous extracel-
lular matrix production through inhibition of the TGF-3/p-SMADs signaling. Also, the bionanomatrix coated groups

tpatrick Hwang and Chung Min Shin contributed equally to this work.

*Correspondence:

Dong Woon Kim

visnu528@cnu.ac.kr

Ho-Wook Jun

hwjun@uab.edu

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40824-023-00378-7&domain=pdf
http://orcid.org/0000-0001-9150-7189

Hwang et al. Biomaterials Research (2023) 27:34

Page 2 of 21

inflalmmation.

Bionanomatrix
Graphical Abstract

subcutaneous mouse models for a month.

Uncoated

TGF-B/pSMAD 2&3
signaling

[

| Capsule
| Thickness

reduced gene expression of M1 macrophage markers and promoted M2 macrophage markers which indicated the
bionanomatrix could reduce inflammation but promote healing process.

Conclusions In conclusion, the bionanomatrix coating significantly reduced capsular contracture formation and
promoted healing process on silicone implants by reducing myfibroblast differentiation, fibrotic tissue formation, and
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A multi-targeting nitric oxide releasing bionanomatrix coating for silicone implant can reduce capsular contracture

and improve healing process. The bionanomatrix coating reduces capsule thickness, a-smooth muscle actin and
collagen synthesis, and myofibroblast differentiation through inhibition of TGF-B/SMADs signaling cascades in the
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Background

Reconstructive surgeries are commonly conducted using
silicone implants for breast reconstruction and are also
used in various other locations including the face and hip.
A major complication of reconstruction surgeries is cap-
sular contracture caused by the formation of fibrotic tis-
sue [1]. Capsular contracture can be painful and typically
results in the implanted areas becoming asymmetrically
displaced or otherwise deformed [1]. Capsular contrac-
ture results from an excessive fibrotic foreign body reac-
tion which may occur after implantation [2, 3]. Clinical
risk factors for capsular contracture include surgical posi-
tion of the implant, site of the implant incision, skin or
biofilm infection, hematoma formation post-operatively,
and the tendency for development of hypertrophic scar
formation [4, 5]. Subclinical infection resulting from the
implantation procedure and hematoma formation, with
biofilm formation, plays an important role in contracture
development [6-9]. In fact, the removal of implants that
have induced severe capsular contracture demonstrate
the presence of biofilms. Recent studies have reported

that biofilms on implants may also promote chronic
inflammation leading to the formation of severe capsu-
lar fibrosis with subsequent contraction [10, 11]. All the
above clinical risk factors may promote the development
of capsular contracture by stimulating inflammatory
responses and fibrotic tissue formation.

Fibroblasts, macrophages, and lymphocytes are
reported to be the predominant cell types within capsu-
lar contracture [12-14]. Fibroblasts accumulate at the
‘contact zone’ between the implant and the capsule and
produce collagen initiating formation of the capsule [1].
As the severity of capsular contracture increases, col-
lagen fibers become thicker and resemble cable-like
bundles surrounding the implant [2, 15, 16]. Transform-
ing growth factor beta (TGF-f3), mostly produced from
fibroblasts, has been widely considered a ‘master switch;,
which is critical for promoting capsular contracture by
activating fibroblast differentiation into myofibroblasts,
as well as stimulating extracellular matrix (ECM) produc-
tion through its TGF-f/phosphorylated-small mothers
against decapentaplegics (p-SMADs) signaling cascades
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[17-19]. Myofibroblasts are contractile fibroblasts which
provide contractile force and have been found on the
outer layer of capsules constituting, on average, 27% of
the capsular thickness. Thus, myofibroblasts may play a
key role in the development of capsular contracture [20,
21]. In addition, macrophages and mast cells have been
investigated for their involvement in the process of cap-
sular contracture formation by promoting foreign body
reaction through the production of pro-inflammatory
and pro-fibrotic cytokines, such as tumor necrosis factor
alpha (TNF-a), histamine, and TFG-f [13, 15].

Once capsular contracture forms, the gold standard
treatment is complete resection of the fibrotic tissue
and implant, resulting in additional risks to the patient
including increased chance of infection, scar tissue for-
mation and recurrence of capsular contracture, as well as
prolonged recovery time [1, 22, 23]. Therefore, alterna-
tive preventative strategies are needed to reduce the risk
of capsular contracture development and, as a result, the
need for future surgical intervention. Medical treatment
can also be considered to prevent capsular contracture
formation including leukotriene inhibitors, antibiotics,
or botulinum toxin which target reduced inflammation,
infection, or fibrotic tissue formation, respectively [24—
28]. However, these medications may require repeated
treatments and have unwanted side effects, such as
hepatic dysfunction and flu-like symptoms [24-26].
There have been several alternative preventative strate-
gies that have been developed to combat capsular con-
tracture development. One such strategy that has been
shown to reduce capsular contracture is topographical
modification [29, 30]. Recently, textured implants such as
macrotexture and nanotexture type implants have been
developed to overcome the shortcomings of the widely
used smooth type surface implants. However, concerns
have been raised about both topographical modifications;
nanotexture surface implants shift from the implant loca-
tion whereas macrotexture implants promote frequent
inflammatory responses [30]. Moreover, it has been
reported by the US Food and Drug Administration (FDA)
that textured surface implants increase the risk of breast
implant-associated lymphoma (BIA-ALCL) [31, 32].

Additionally, various coating strategies have been
explored to reduce contracture development. Polyure-
thane-coated implants have been shown to reduce the
risk of contracture development; however, the degrada-
tion byproducts could be toxic [33]. Furthermore, the
coating can produce future complications such as cap-
sular contracture and hematoma [33, 34]. Anti-bacterial
coatings have been developed to reduce chronic inflam-
mation at the implantation site. Several studies have been
done on the efficacy of plasma activation of the implant
surface to reduce biofilm formation [35, 36]. Although

Page 3 of 21

it has been shown to reduce capsular contracture, the
coating has been shown to be only effective against
early bacterial infection, leaving the site susceptible to
delayed infection or capsular contracture [36]. Various
anti-adhesive coatings have been explored to avoid for-
eign body responses [37-39]. Zwitterionic polydopa-
mine coatings exhibit anti-fouling properties by forming
a hydration layer on implants [37]. Additionally, antiad-
hesive barrier solutions (AABS) such as Guardix-SG and
hyaluronic acid applied on implants have been shown
to reduce inflammation [38, 39]. To date, there have
been no approaches designed to target the multi-faceted
mechanisms that lead to capsular contracture including
myofibroblast differentiation, fibrotic tissue formation,
inflammation, and biofilm formation.

In this study, the bionanomatrix coating was applied to
the silicone implants targeting multiple mechanisms of
capsular contracture formation to overcome the limita-
tions of other approaches (Scheme 1). Our bionanoma-
trix coating provides sustained NO release, which reduces
myofibroblast differentiation by inhibition of TGF-p
signaling, inflammatory responses, infection, and fibrotic
tissue formation [40—43]. The highly biocompatible bion-
anomatrix is composed of two peptide amphiphiles (PAs)
which comprise hydrophobic alkyl tail (palmitic acid)
attached to the hydrophilic bioactive functional peptides:
PA-YIGSR [CH;(CH2);,CONH-GTAGLIGQ-YIGSR] and
PA-KKKKK [CH;(CH,);,CONH-GTAGLIGQ-KKKKK]
[40, 42]. This amphiphilic property allows self-assembly of
PAs into cylindrical micelle nanofibers and these nanofib-
ers form bionanomatrix [44, 45]. The PAs contain an
enzyme-mediated degradation sequence (GTAGLIGQ)
connected to either a cell adhesive ligand (YIGSR) or a
NO producing donor sequence (KKKKK) [40-42]. The
self-assembled bionanomatrix can be coated onto sili-
cone implants using an ultrasonic spray coating approach,
which avoids using toxic solvents thereby minimizing the
risk of inflammation [42]. NO release kinetics from the
bionanomatrix coating are controlled by the functional
groups (GTAGLIGQ) and the structure of bionanoma-
trix. NO is released by dissociation from the surface of
the coating, and then gradual biodegradation of the bio-
nanomatrix, which exposes layers of the bionanomatrix
[40, 42, 46]. Our previous results demonstrated that the
bionanomatrix provided sustained release of NO at least
over a month period and did not produce any foreign
body response or negative effects on cells or tissues [40,
42, 46]. NO has been shown to inhibit bacterial infection
or biofilm formation, reduce inflammatory responses, and
importantly NO prevents myofibroblast differentiation
and fibrotic tissue formation through inhibiting TGE-
B/p-SMADs signaling [43, 47—51]. Thus, we hypothesized
that the bionanomatrix coating for silicone implants will
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Scheme 1 Application of bionanomatrix coating to reduce capsular contracture formation on either bionanomatrix coated or uncoated silicone

implants

provide sustained NO release and prevent the capsular
contracture formation by targeting the key mechanisms
described above.

First, we characterized the NO releasing bionanoma-
trix coating on silicone implants in vitro. Then, we sub-
cutaneously implanted the bionanomatrix coated silicone
implants into mice for 30 days to evaluate capsular con-
tracture in vivo. Here, our multi-targeting bionanomatrix
demonstrates a great potential to overcome current limi-
tations for prevention of capsular contracture by reduc-
ing unwanted side effects and the need for additional
reconstructive surgery. These outcomes can be applied
to various medical devices and implants including pros-
thetic implants, cardiac implantable electronic devices,
grafts, and mechanical circulatory devices.

Methods

Bionanomatrix synthesis

F-moc chemistry was used to synthesize peptides using
an Apex 396 peptide synthesizer using solid-peptide
synthesis method with successive addition of protected
amino acids to a growing peptide chain immobilized
on a solid phase; which was previously described to

synthesize the peptide sequence GTAGLIGQ-YIGSR
and GTAGLIGQ-KKKKK [40, 46, 52, 53]. The synthe-
sized peptide sequences were alkylated with palmitic
acid (CH3(CH,),;,COOH) to create the peptide amphi-
philes (PAs) using a manual coupling reaction. This
reaction was conducted in a solution mixture consist-
ing of hexafluorophosphate (HBTU), N,N-diisopropyl-
ethylamine (DIEA), and dimethylformamide (DMF) for
24 h at room temperature [54]. The resulting alkylated
PAs were then cleaved from the resin in a solution
containing trifluoroacetic acid (TFA), triisopropylsi-
lane (TIPS), deionized water, and anisole (My 40:1:1:1)
for 2 h at room temperature; the excess TFA was then
removed via rotary evaporation [54]. The resulting pro-
cess created PA-YIGSR and PA-KKKKK. PA-YIGSR
and PA-KKKKK (9:1 ratio) was reacted with NO gas
passed through 5 M potassium hydroxide (to remove
impurities such as higher oxide species) under Argon
gas atmosphere overnight at room temperature to cre-
ate PA-YK-NO [40, 46]. The PA-YK-NO layered deposi-
tion during coating application to the silicone surface
using an ultrasonic spray coating machine (Exactacoat,
Sonotek Corporation) forms the bionanomatrix.
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Bionanomatrix coating on silicone implants

An ultrasonic spray coating machine (Exactacoat,
Sonotek Corporation) was used to apply the bionanoma-
trix coating to the surface of silicone implants [42]. The
silicone surface was coated using a wide-spray Impact
nozzle in a back-and-forth pattern (flow rate: 0.75, speed:
50 mm/sec, shaping air: 1.5 PSI, drying time: 90 secs),
and each layer was allowed to completely dry before
application of another [42]. Silicone implants were coated
with 30-, and 60-layer thicknesses for in vitro coating
characterization.

Rheology test

The contact shear stress experiment was performed
on the bionanomatrix coated silicone implants using
an AR-2000 rheometer to analyze coating stability (TA
Instruments) [55]. The samples were placed on a paral-
lel plate/plate configuration on the rheometer followed
by the application of different stress ranges, more spe-
cifically 30-100 Pa (typical silicone implant contact
shear stress after breast implantation) and 300-500 Pa
(potential increase of contact shear stress based on sili-
cone implant designs) [56, 57]. After the subjection of the
shear stresses, samples were removed from the parallel
plate and used for further experiments such as scanning
electron microscopy to assess the stability of the coating.

Coating characterization

Scanning electron microscope (SEM) analysis

A SEM (Quanta 650 FEG, FEI) was used to characterize
the bionanomatrix coating on the silicone implants [42,
58]. The bionanomatrix coated samples were loaded on
the stubs through contact with conductive SEM adhe-
sive tape. The samples were loaded in the machine and
imaged at an accelerating voltage of 10 kV with second-
ary electrons (SE) mode to examine detailed coating sur-
face information.

X-ray photoelectron spectroscopy (XPS) analysis

The XPS surface analysis was carried out using a Phi 5000
Versaprobe from Phi Electronics, Inc [59]. The source of
the X-ray used was a monochromatic Al K- alpha source
(E=1486.6 eV) at 25 W with a 100 pm spot size. The Mg
anode (A\=1253.6 eV) was used at 300 W and a barium
oxide neutralizer eliminated charging. The survey scans
(8 scans averaged per analysis) were obtained using pass
energy of 187.5 eV with a step size of 0.5 eV. The high-
resolution scans (16 scans average per analysis) were
obtained with pass energy of 23.5 eV and a step size of
0.1 eV [59].
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Nanoindentation analysis

Hardness and Young’s modulus of the bionanomatrix
coated and uncoated control silicone implants were
measured using an MTS Nanolndenter XP instrument
with a Berkovich diamond tip (nominal radius of 50 nm)
[59]. Tip calibration was performed on the fused silica
standard (an accepted Young’s modulus of 72 GPa) before
and after testing all silicone implants [59]. The measured
Young’s modulus and hardness values were determined
at the maximum load. An indentation depth of 1000 nm
was used for all the measurements.

NO release kinetics

The bionanomatrix coated silicone implants were placed
in 48 well plates with 1 wt. % agarose gel to mimic NO
release in subcutaneous tissue [60—-62]. The gels were col-
lected at day 1 and at 3 to 4- day intervals up to 1 month.
Each silicone sample was replaced on fresh gel after col-
lection. Released NO was collected then and measured
using a Total NO Kit (Thermo Fisher) [42]. The kit con-
tains nitrate reductase, which converts nitrate to nitrite.
The converted nitrite is combined with Griess reagents
(sulfanilamide and  N-(1-naphthyl)-ethylenediamine
dihydrochloride) to create an azo compound for col-
orimetric analysis [55]. Absorbance was measured in a
microplate reader at 540 nm.

Differentiated monocyte adhesion Test

In a 24 well plate, U937 cells (10° cells/well) were seeded
on top of the bionanomatrix coated and uncoated con-
trol silicone implants. Cells were differentiated with
phorbol 12-myristate 13-acetate (PMA; 20 ng/mL, Mil-
lipore Sigma) and TNF-a (20 ng/mL, Millipore Sigma)
[63]. Evaluation of differentiated monocytes adhesion
was measured at 48 h and 7 days by Calcein AM staining
(4 uM, Thermo Fisher) under observation with a Nikon
TE2000-S fluorescence microscope [42]. For viable cell
image analysis, five areas were selected (center and four
each corners) in each silicon sample to count adhered
cells and average the counted cell numbers. Then, these
values from more than four samples in each group were
averaged again for comparison among groups.

In addition, DNA contents of adhered cells were quan-
tified using CyQUANT assay (Invitrogen). After 48 h and
7 days of culture, the cell seeded silicone implant samples
were frozen at — 70 °C. Then, the samples were thawed
and the CyQUANT fluorescence GR dye/Cell lysis buffer
was added to the samples. The fluorescence intensity was
measured using the microplate reader (Ex: 480 & Em:
520 nm, BioTek).
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Biofilm formation assay

Biofilm formation on the bionanomatrix coated and
uncoated control silicone implants was assessed using
a biofilm formation assay previously described [37, 64].
Briefly, overnight cultures of S. epidermidis were added
to 0.1 mL tryptic soy broth (TSB) and adjusted to an
ODgy of 0.1 and added to a 12-well plate containing
coated and uncoated silicone implants. The plates were
then incubated at 37 °C for 48 h. After incubation, the
silicone substrates were washed 3 times with phosphate
buffered saline (PBS) and stained using crystal violet
(0.1% wt/vol, Sigma-Aldrich). Silicone substrates were
then washed 3 times with PBS, air-dried at room tem-
perature and the stained biofilm was eluted with 30% ace-
tic acid. The eluate was then quantified on a microplate
reader at ODg [37]. For SEM analysis of biofilm forma-
tion was performed with minor modification, as reported
[65]. Following 48 h-incubation, silicone substrates were
also fixed with 4% paraformaldehyde (HanLab) for 2 h.
Each sample was rinsed three times with PBS. Samples
were then dehydrated in ethanol —water mixtures, with
increasing ethanol concentration gradients (60, 70, 80,
90, and 100%), and finally air-dried. Samples were coated
using an ion sputter coater (GSEM, G10) for 40 s and
imaged using a SEM (COXEM, EM-30) with the voltage
set to 10 kV. The biofilm formation was analyzed on three
separate occasions and five replicates for each sample
were used.

Colony Forming Unit (CFU) on Silicone

S. epidermidis was cultured in TSB at 37 °C. Overnight
cultures were added to 0.1 mL TSB and adjusted to an
ODg of 0.1, added to a 12-well plate containing either
coated or uncoated silicone implants, and then placed
in a non-shaking incubator for 48 h at 37 °C. Following
incubation, planktonic cells were extracted from the cul-
tures and every silicone substrate was rinsed three times
with PBS. Silicones were transferred to 12-well flat-bot-
tom microplates containing 1 ml PBS and sonicated in
water bath sonicator at 40 kHz for 5 min. Bacterial cells
were plated onto tryptic soy agar (TSA) with serial dilu-
tion. The number of viable colonies were counted and the
CFU/ml values were calculated as follows: (No. of colo-
nies X Total dilution factor) / Volume of culture plated
in ml.

Implantation of bionanomatrix coated silicone implants

Six-week-old male C57BL/6 mice (Samtako Bio Korea,
Osan, Korea) were used for silicone implantation in
accordance with the Guidelines for the Care and Use of
Laboratory Animals and approved by Institutional Ani-
mal Care and Use Committee of Chungnam National
University (CNUH-018-A0034). The animal protocol
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also followed the ethical guidelines of the National
Institutes of Health and International Association for
the Study of Pain. Smooth silicone implants (10 mm X
10 mm X 1 mm) coated with PA-YK-NO solution were
sterilized using ethylene oxide gas, and implanted into
the dorsum [37, 66]. A 1 cm incision was created, and a
1.5 cm pocket was made to insert the silicone implants.
Uncoated silicone implants were used as the control
group. The skin incision was closed, and the mice were
monitored for 30 days. The animals were then sacrificed,
and the implant and surrounding tissues were harvested
for immunohistochemistry, fluorescent microscopy, and
qRT-PCR.

Histological analysis

The tissue surrounding both the uncoated and coated
silicone implants was fixed using 10% neutral buffered
formalin for three days and embedded in paraffin, dehy-
drated in a series of % alcohol solutions, and embedded
in paraffin. The paraffin was then cut into 4 um thick sec-
tions, stained with hematoxylin and eosin, Masson’s tri-
chrome staining, and visualized under a light microscope
and Pannoramic MIDI II (3DHISTECH Ltd, Budapest,
Hungary). Thickness of each capsule was measured as
previously described and the mean thickness was calcu-
lated [37, 66].

Immunofluorescence microscopy

Additional sections were dewaxed, rehydrated and
incubated with anti-a-smooth-muscle-actin antibod-
ies (a-SMA, 1:400, A5228; Sigma-Aldrich), p-SMAD2
(1:100, #Ab3101, Abcam), and p-SMAD3 (1:500,
#Ab9520, Abcam) at 4 °C overnight. The sections were
then incubated with anti-mouse IgG secondary antibody
(1:400, BA-2000; Vector Labs) for 1 h at room tempera-
ture as previously described [37]. For immunofluorescent
imaging, the sections were additionally incubated with
Cy3-streptavidin secondary antibody (1:400, PA43001;
GE Healthcare for 2 h at room temperature. Hoechst
33,342 (H3570; Invitrogen) stain was used to stain nuclei,
and an Leica DM2500 microscope (Leica, Wetzlar, Ger-
many) was used to visualize the sections.

Reverse transcription PCR analysis of cytokine expression

Growth factor expression involved with capsule forma-
tion around the silicone implants was analyzed by RNA
expression of markers for fibrosis formation (TGF-S1, col-
lagen type Io, lall, CTGF), NO production (eNOS, iNOS)
and inflammatory related cytokines (TNF-a, IL-6, IL-1B,
CD80, CD86, MMP12, IL-10, CD206, and CD68). Trizol
reagent was used to extract the total RNA from the cap-
sule tissues surrounding the implant. cDNA synthesis was
then performed in a 20 pl reaction mixture using TOPscript
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RT DryMix (Enzynomics, Daejeon, South Korea). Quan-
titative real-time polymerase chain reaction (qQPCR) was
performed in a 10 pl reaction mixture (10 pM primer, 4 pl
¢DNA, and 5 pl SYBR Green 2 x mixture) under the fol-
lowing conditions: 95 °C for 10 min and then 40 cycles at
95 °C for 15 s and 60 °C for 1 min using a CFX Real-Time
PCR System (Bio-Rad, Hercules, CA, USA). The primer
sequences (Cosmo Genetech, Daejeon, South Korea) used
for qPCR were as follows: TGF-31 (NM_011577.2), forward:
5'-CCCTATATTTGGAGCCTGGA-3/, reverse: 5-CTT
GCGACCCACGTAGTAGA-3/, TNF-a (NM_013693.3),
forward:5-ATG AGA AGT TCC CAA ATG GCC T-3
reverse: 5-TCC ACT TGG TGG TTT GCT ACG-3; COL
Inl (NM_007742.4), forward:5-GCACGAGTCACACCG
GAACT-3, reverse: 5-AAGGGAGCCACATCGATG
AT-3; Col Iall (NM_007743), forward:5-AGC TTT GTG
GAT ACG CGG AC-3; reverse: 5-TAG GCA CGA AGT
TAC TGC AAG-3; CTGF (NM_010217), forward:5-GAC
CCA ACT ATG ATG CGA GCC-3; reverse: 5-TCC CAC
AGG TCT TAG AAC AGG-3, eNOS (NM._008713.4),
forward:5-ACC CAG GTT TCC TCG AGT AA-3
reverse: 5-GGC TCT GTA ACT TCCT TGG A-3; iNOS
(NM_001313922.1), forward: 5-CAGAGGACCCAGAGA
CAAGC-3; reverse: 5-TGCTGAAACATTTCCTGTGC-3,
CD86 (BC013807.1), forward: 5-TCT CCA CGG AAA
CAG CAT CT-3;] reverse: 5-CTT ACG GAA GCA CCC
ATG AT-3] IL-18 (NM_008361.4), forward: 5-TTG TGG
CTG TGG AGA AGC TGT-3; reverse: 5-AAC GTC ACA
CAC CAG CAG GTT-3; MMP12 (NM_001320077.1), for-
ward: 5-TGA GGC AGG AGC TCA TGG A-3] reverse:
5-AGG CTT GAT TCC TGG GAA GTG T-3; CD206
(NM_008625.2), forward: 5-CAG GTG TGG GCT CAG
GTA GT-3; reverse: 5-TGT GGT GAG CTG AAA GGT
GA-3, CD68 (NM_001291058), forward: 5-ACT TCG GGC
CAT GTT TCT CT-3; reverse: 5-GCT GGT AGG TTG
ATT GTC GT-3; IL10 (NM_010548.2), forward: 5-GCT
CTT ACT GAC TGG CAT GAG-3; reverse: 5-CGC AGC
TCT AGG AGC ATG TG-3! The mRNA levels of each
target gene were normalized to that of 18S rRNA (Rni8s,
NR_003278, forward: 5-GCA ATT ATT CCC CAT GAA
CG-3;} reverse: 5-GGC CTC ACT AAA CCA TCC AA-3).
Relative expressions of the target genes were calculated
using a comparative CT method, the relative transcription
of the target genes are reported as the n-fold difference rela-
tive transcription of the house keeping genes (185 rRNA)
and compared to the coated silicone group as a control sam-
ple. The fold-changes of the mRNA levels were calculated
using the 2 — AACt method, as described previously [67].

Western blot analysis
Capsular tissues were dissected and homogenized in
cold RIPA buffer. Homogenized tissue samples were
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centrifuged at 15,000 RPM for 30 min, and the super-
natant was used for quantitation with Bradford assay
(Bio-Rad, Hercules, CA, USA). 35 ug of each lysate was
separated on 8 or 10% SDS—polyacrylamide gels and
transferred on polyvinylidene fluoride (PVDF) mem-
branes (Millipore). The blotted membrane was incubated
overnight at 4 °C with the appropriate primary antibod-
ies against a-SMA (1: 2000, #ab5694, Abcam), TGEF-
bl (1:2000, sc-130348, Santa Cruz), GAPDH (1:5000,
sc-32233, Santa Cruz), coll Ial (1:1000, sc-59772, Santa
Cruz), eNOS (1:1000, SC-376751 Santa Cruz), iNOS
(1:1000, sc-7271, Santa Cruz), p-SMAD2/3 (1:1000,
#PA5-110,155, Invitrogen), and SMAD2/3 (1:1000, #PA5-
36,125, Invitrogen). Following incubation, signals were
detected using the ChemiDoc Touch imaging system
(Bio-Rad) with an enhanced chemiluminescence solution
(Bio-Rad, 170-5061). The level of expression was nor-
malized to those of beta-actin using Image] software.

Statistical analysis

The data are expressed as mean = standard error of mean
(SEM). The statistical significance of the differences
between two groups or multiple groups was compared by
unpaired Student’s t-test or one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc multiple com-
parison test, respectively. P-Values < 0.05, 0.01, 0.001, and
0.0001 were considered statistically significant. All statis-
tical analyses were performed using Prism 9 (GraphPad
Software, La Jolla, CA, USA).

Results

Bionanomatrix coating characterization

The self-assembled bionanomatrix composed of PA-
YK-NO (1 wt.%) was coated on smooth surface sili-
cone implants (10 mm X 10 mm X 1 mm) using an
ultrasonic spray coating system (Exactacoat, Sonotek
Corporation, NY). With this coating system, we con-
trolled and set up coating pattern, thickness, and time
by changing several parameters including flow rate,
nozzle movement speed, shaping air, and dwell time
[42]. One layer of bionanomatrix coating was applied
by one pass of ultrasonic spray. 30 layers of bionano-
matrix coating has successfully demonstrated bioac-
tivity in vitro and in vivo on reducing inflammatory
responses and enhancing endothelialization in our
previous study [42]. Thus, in this study, we character-
ized 30 layers of bionanomatrix coating on the sili-
cone implants and evaluated its bioactivity on capsular
contracture development through in vitro and in vivo
analyses. Additionally, higher layers (two times; 60 lay-
ers) of bionanomatrix coating on the silicone implants
was also evaluated to examine the effects of increased
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coating layers and NO capacity on capsular contracture
development.

Coating surface and uniformity of uncoated, 30, and
60 layers of bionanomatrix coated silicone implants
were characterized using scanning electron microscope
(SEM). Both 30 and 60 layers of bionanomatrix coatings
demonstrated a uniform and smooth surface on the sili-
cone implants (Fig. 1A, D, G, and J; the uncoated silicone
surface images are shown in Supplementary Fig. S1).

After breast implantation, silicone implant contact
shear stress as a function of geometry and relative size

No Stress

30-100 Pa
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is usually around 100 Pa on the smooth surface sili-
cone implants [56]. At this stress level, epithelial cells
can produce pro-inflammatory cytokines and undergo
apoptosis [56, 57]. In addition, based on the implant
designs, contact shear stress may reach as high as 300-
500 Pa range [56]. We tested the coating stability of
30 and 60 layers of bionanomatrix coatings to confirm
whether the bionanomatrix coating can be maintained
on the silicone implants under these stress conditions.
Based on SEM observation, both 30 and 60 layers of
bionanomatrix coatings under the stress conditions

300-500 Pa

Fig. 1 Surface images of 30 and 60 layers of bionanomatrix coated silicone implants mimicking contact shear stress conditions after implantation
in the breast by SEM analysis. A-F 30 layers of bionanomatrix coating under 0, 30-100 Pa, and 300-500 Pa ranges of contact shear stress. G-L 60
layers of bionanomatrix coating under 0, 30-100 Pa, and 300-500 Pa ranges of contact shear stress. NO-30: 30 layers of bionanomatrix coated

silicone, NO-60: 60 layers of bionanomatrix coated silicone



Hwang et al. Biomaterials Research (2023) 27:34

(30-100 Pa and 300-500 Pa ranges) still demonstrated
smoothness and uniformity compared to control
groups without stress (Fig. 1). In addition, nanoinden-
tation tests were conducted to assess the changes in
properties of bionanomatrix coatings (30 and 60 layers)
under stress conditions (300-500 Pa ranges). Before
and after shear stress application, the surface modulus
and hardness did not show significant changes in all
groups (uncoated, 30, and 60 layers of bionanomatrix
coatings) (Table 1).

The X-ray photoelectron spectroscopy (XPS) was uti-
lized to get information on the different surface elements
present on the surface of silicone implants. The XPS
spectra showed that both 30 and 60 layers of bionanoma-
trix coated groups presented nitrogen on the surface of
the silicone implants, but the nitrogen component was
not found in the uncoated control group (Fig. 2A-C). This
demonstrated the presence of peptide-based bionano-
matrix coating on the silicone implants. In addition, we
recorded the high-resolution nitrogen spectra, which
showed a binding energy peak at 404 eV for nitrogen
(Fig. 2D). This peak was reported to be the characteris-
tic band for NO [68, 69]. This clearly shows the presence
of NO on the surface of silicone implants. Additionally,
based on the peak intensity, the 60 layers of bionanoma-
trix coating showed twice as much NO signal compared
to the 30 layers.

Next, contact angle measurement was performed on
the bionanomatrix coated silicone implants to evaluate
whether the bionanomatrix coating increased the wet-
tability of the hydrophobic silicone surface. The 30 and
60 layers of coated silicone implants showed decrease
of contact angle values (71.977+1.80 & 53.075+1.50,
respectively) compared to the control silicone implants
with a contact angle of 93.356 £ 2.30 (Supplementary Fig.
S2). The results indicated that the presence of the biona-
nomatrix increased surface wettability due the hydrophi-
licity of peptide components in the coating. Additionally,
increase of coating layers promoted wettability since the
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60 layers of coating showed reduced contact angle com-
pared to the 30 layers of coating.

Nitric oxide (NO) release into a subcutaneous-mim-
icking hydrogel was evaluated using the Total NO assay
[60-62]. The results showed an initial burst release of
NO within three days and followed by a sustained release
of NO up to one month in both 30 and 60 layers of bio-
nanomatrix coated silicone implants (Fig. 2E). The total
release of NO from 60 layers of bionanomatrix coating
was about two times greater than the 30 layers of bio-
nanomatrix coating, but the release trend was similar in
both groups. Our NO release kinetics and XPS results
both demonstrated that increased thickness of bionano-
matrix coating is correlated with NO loading capacity. In
addition, the NO release kinetics results indicate that the
bionanomatrix coated silicone implants are expected to
provide NO for at least one month to prevent capsular
contracture formation.

Differentiated monocyte adhesion test

on the bionanomatrix coated silicone implants

To evaluate the effects of the bionanomatrix coating on
inflammatory cells, adhesion of differentiated mono-
cytes (U937 cells; human monocyte cell-line) on silicone
implants was evaluated. PMA (20 ng/ml) differentiated
U937 cells with TNF-a (20 ng/ml) were seeded on sili-
cone implants (uncoated, 30, and 60 layers bionanoma-
trix coated groups) and incubated for 48 h and 7 days.
Cell adhesion was analyzed by Calcein staining for live
cell visualization and DNA content was quantified using
CyQUANT assay. Cell adhesion was significantly reduced
on both coated groups compared to the uncoated group
at 48 h and 7 days (Fig. 3). There was no significant differ-
ence in reduction of cell adhesion between both coated
groups. Both time periods (48 h and 7 days) showed simi-
lar cell adhesion results. Cell proliferation did not occur,
and cell morphology was also maintained after monocyte
differentiation, which was consistent with the previous
studies [70, 71].

Table 1 Nanoindentation analysis of bionanomatrix coated silicone implants

Cont NO-30 NO-60

Modulus at Max Load (GPa) 0.069+0.002 0.073+0.004 0.071+0.002
(Before Shear Stress of 300-500 Pa)

Modulus at Max Load (GPa) 0.070£0.007 0.077 £0.002 0.071£0.002
(After Shear Stress of 300-500 Pa)

Hardness at Max Load (GPa) 0.020+0.002 0.019+0.003 0.021+0.001
(Before Shear Stress of 300-500 Pa)

Hardness at Max Load (GPa) 0.02040.002 0.018+0.001 0.021£0.001

(After Shear Stress of 300-500 Pa)

Surface modulus and hardness of uncoated, 30, and 60 layers of bionanomatrix coated silicone implants before and after shear stress application (300-500 Pa) by

nanoindentation analysis
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Biofilm formation assay on the bionanomatrix coated
silicone implants

To evaluate the effects of bionanomatrix coating on
biofilm formation, S. epidermidis, commonly found
on infected silicone implants, was cultured with the
bionanomatrix coated (30 and 60 layers of coating)
or uncoated silicone implants for 48 h in the 12-well
cell culture plate [8, 37, 64]. After incubation, the bio-
film was stained with crystal violet and quantified by
assessing the absorbance at 600 nm. Colony forming
unit (CFU) assay and SEM image analysis were also
conducted to assess biofilm formation and viability.
The biofilm formation was significantly reduced on
both bionanomatrix coated groups compared to the
uncoated control group (Fig. 4A). The 60-layered group
also showed further reduction of biofilm formation
compared to the 30-layered group. The CFU counts
and SEM results also showed the same trend with the
reduction of biofilm formation on both coated groups
compared to the uncoated control group (Fig. 4B-C).
The results demonstrated that the NO releasing biona-
nomatrix coating has antibacterial properties for inhib-
iting biofilm formation from S. epidermidis.

Effects of bionanomatrix coated silicone on capsule
formation

Since NO has been shown to prevent myofibroblast
differentiation and fibrotic tissue formation, reduce
inflammatory responses, and inhibit bacterial infec-
tion or biofilm formation, we hypothesized that the
NO releasing bionanomatrix coating would prevent
capsular contracture formation by targeting the above
multiple factors. To demonstrate this hypothesis, we
implanted the bionanomatrix coated silicone implants
(30 and 60 layers of coating) subcutaneously in mice for
one month (Fig. 5A). After mice sacrifice, histological
analyses including hematoxylin and eosin (H&E) stain-
ing and Masson’s trichrome staining were conducted
to evaluate the development of capsular contracture
in the tissues surrounding the implants (Fig. 5B). The
capsules in the bionanomatrix coated groups (capsule
thickness of 30 and 60 layers: 39.70£8.52 um and
50.98 +8.98 um, respectively) were significantly thin-
ner compared to the uncoated control group (capsule
thickness: 98.08 £11.75 um) (Fig. 5 C and D). Between
the coated groups, the 30-layer group showed slightly

(See figure on next page.)
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thinner capsule thickness than the 60-layer group. This
result demonstrated that capsule formation was signifi-
cantly inhibited by the bionanomatrix coating. We also
did not observe any foreign body response or serious
inflammation in both coated groups. In addition, we
evaluated the number of a-smooth muscle actin (SMA)
positive cells by immunohistochemistry (IHC) analy-
sis, which represented the myofibroblast content in the
capsules (Fig. 5E and F) [37]. a-SMA positive cells in
the capsules were significantly lower in the bionano-
matrix coated groups compared to the uncoated group.
The 30-layer group also had slightly lower a-SMA posi-
tive cells compared to the 60-layer group. The result
indicated that the bionanomatrix coating suppressed
the differentiation of fibroblasts into myofibroblasts,
which plays an important role in capsular contracture
formation [37]; this data is also consistent with the
result of capsule thickness reduction.

Transforming growth factor beta (TGEF-B) is a key
fibrogenic regulatory cytokine for promoting capsular
contracture by stimulating fibroblast-to-myofibroblast
differentiation and extracellular (ECM) synthesis through
TGEF-B/p-SMADs signaling cascades [17-19, 72]. To
evaluate the effects of bionanomatrix coating on the
TGE-f signaling, we analyzed mRNA expression of TGF-
B1, collagen type la (COLL Ia) chains, and connective tis-
sue growth factor (CTGF; mediating stimulatory actions
of TGE-p ECM synthesis), in the collected tissues from
the capsules using qRT-PCR (73, 74]. TGF-1, COLL Ial,
and CTGF were significantly reduced in both bionano-
matrix treated groups compared to the uncoated control
group (Fig. 6A). COLL Iail was not significantly differ-
ent among all groups. In addition, we confirmed expres-
sion of TGF-B1, a-SMA, and COLL Ia at the protein
level using western blot analysis. TGF-f1 and a-SMA
were significantly decreased in both the bionanomatrix
coated groups compared to the uncoated control group
(Fig. 6B). COLL Ia was not significantly changed, but
both coated groups showed the reduced trend compared
to the uncoated group. Furthermore, positive cells for
p-SMAD?2 and 3 (downstream mediators of the TGF-3/p-
SMAD:s signaling cascades) in the capsules were assessed
using IHC. Both coated groups showed significant reduc-
tion of p-SMAD2 and 3 positive cells compared to the
uncoated group (Fig. 6C). There was no significant dif-
ference between both coating groups (30 and 60 layers).

Fig. 3 A-F Differentiated monocyte adhesion on uncoated, 30, and 60 layers of bionanomatrix coated silicone implants for 48 h and 7 days
analyzed by Calcein fluorescent staining. G-H Quantification of fluorescent cell number for each group. I-J Quantification of DNA contents of
adhered differentiated monocytes on uncoated, 30, and 60 layers of bionanomatrix coated silicone implants for 48 h and 7 days analyzed by
CyQUANT assay. Cont: Uncoated silicone, NO-30: 30 layers of bionanomatrix coated silicone, and NO-60: 60 layers of bionanomatrix coated silicone.
White scale bar: 100 um. *p < 0.05, ***p <0.01, and ***p < 0.001 vs. uncoated silicone
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Fig. 4 Growth of S. epidermidis on bionanomatrix coated silicone implants. S. epidermidis were cultured with uncoated, 30, and €0 layers of
bionanomatrix coated silicone implants for 48 h. a Quantification of biofilm on bionanomatrix coated silicone implants analyzed by measuring

the absorbance at 600 nm. b CFU analysis of S. epidermidis on bionanomatrix coated silicone implants. ¢ SEM analysis of biofilm on bionanomatrix
coated silicone implants. Cont: Uncoated silicone, NO-30: 30 layers of bionanomatrix coated silicone, and NO-60: 60 layers of bionanomatrix coated
silicone. White scale bars: 10 um. **p <0.01, ***p <0.001 between two groups

The result was also confirmed with western blot analysis
of p-SMAD?2/3 expression. This expression was signifi-
cantly reduced in both coated groups compared to the
uncoated groups (Fig. 6D), which was also consistent
with the results obtained using IHC analysis. Therefore,
our in vivo studies demonstrated that the NO releasing
bionanomatrix coating significantly inhibited capsular
contracture formation by reducing fibroblast to myofi-
broblast differentiation and fibrous ECM production.

Effects of bionanomatrix coated silicone on intrinsic

NO production

To analyze the effects of NO releasing bionanomatrix
coating on endogenous NO production from the tis-
sues surrounding the implant, we examined the expres-
sion of endothelial and inducible nitric oxide synthases
(eNOS and iNOS) using qRT-PCR and western blot

(See figure on next page.)

analyses. eNOS is typically found in endothelium and
related with angiogenesis during healing process [75].
There was no significant difference in mRNA expres-
sion of eNOS between the three groups, but both bio-
nanomatrix coated groups (30 and 60 layers) showed a
significant reduction of eNOS at the protein level com-
pared to the uncoated control group (Fig. 7A and C).
iNOS is an important mediator of inflammation in the
foreign body response [76, 77]. The 30 layers of bio-
nanomatrix coated group showed a significant reduc-
tion of iINOS expression at mRNA and protein levels
compared to the uncoated control group. The 60-layer
coated group also showed the reduced trend of iNOS
expression, but it was not significant (Fig. 7 B and D.
These results indicated that external NO delivery may
reduce endogenous NO production from the tissues
surrounding the implants.

Fig.5 A Subcutaneous implantation of bionanomatrix coated silicone implants into the mouse model for a month. B Histological analysis of
tissues surrounding the implants. Scale bar of left H&E image: 1,000 um. Scale bar of right H&E image: 100 um. C Analysis of capsule thickness
surrounding the implants evaluated by H&E and Masson’s trichrome staining. Scale bar: 100 um. D Quantification of capsule thickness for each
group. ****p <0.0001 between two groups. E Evaluation of a-SMA positive cells in the capsules by IHC analysis. Scale bar: 100 um. F Quantification
of a-SMA positive cells for each group. **p <0.01, ***p <0.001 between two groups. Sham: no implantation (negative control), Cont: Uncoated
silicone, NO-30: 30 layers of bionanomatrix coated silicone, and NO-60: 60 layers of bionanomatrix coated silicone
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Effects of bionanomatrix coated silicone on inflammation

In order to evaluate the effect of the NO releasing bio-
nanomatrix on inflammation, several markers commonly
associated with macrophage polarization and activity
were assessed 30 days post-implantation using qRT-PCR.
CD86, a cell surface marker commonly expressed on
pro-inflammatory (M1) macrophages, was significantly
reduced on both of the bionanomatrix coated groups
compared to uncoated silicone implants (Fig. 8A) [78,
79]. Interleukin (IL)-1f, a pro-inflammatory cytokine [78,
79], did not show any significant difference between all
the groups (Fig. 8B). However, matrix metalloproteinase
(MMP)-12, a pro-inflammatory marker as well as a regu-
lator of macrophage infiltration and inflammation [80],
was significantly reduced for both the bionanomatrix
coated groups (Fig. 8C). These results indicate that the
NO releasing bionanomatrix reduces M1 macrophage
polarization; however, after 30 days implantation, the
activity may be low at this point in the healing process.
The presence of anti-inflammatory (M2) macrophages
was also assessed. Notably, CD206 and CD68, surface
markers commonly expressed on M2 macrophages [78,
79, 81], were significantly increased for both the bionano-
matrix coated groups (Fig. 8 D and E). Additionally, anti-
inflammatory cytokine, IL10 [78, 79], was significantly
increased for the bionanomatrix coated groups (Fig. 8F).

Discussion
Capsular contracture is a serious complication of silicone
implantation mostly caused by an excessive foreign body
reaction. This results in fibrotic tissue formation on the
implant which may lead to implant deformation. Cur-
rently, a target mechanism for capsule formation has not
been clearly identified. Myofibroblast differentiation and
ECM production through the TGF-B/SMADs signaling
cascades are considered a crucial factor for the devel-
opment of capsular contracture. Biofilm formation and
chronic inflammation on silicone implants may also pro-
mote fibrotic capsule formation. Although various treat-
ments including surgical intervention and medication
have been used for capsular contracture therapy, there
are no approaches to target the multi-faceted mecha-
nisms for inhibiting capsular contracture formation.

Our multi-targeting NO releasing bionanomatrix coat-
ing may provide a new therapeutic approach to reduce

(See figure on next page.)
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the development of capsular contracture by targeting
myofibroblast differentiation, inflammatory responses,
and infections. NO has been known to reduce myofi-
broblast differentiation, inflammatory responses, biofilm
formation, and fibrotic tissue formation. The self-assem-
bled PA based bionanomatrix coating enables a sustained
delivery of NO by utilizing bioactive peptide sequences
including NO producing donor and enzyme-mediated
degradation site. In this study, the bionanomatrix coat-
ing was uniformly and smoothly applied to the silicone
implants, and the coating demonstrated mechanical sta-
bility under shear stress conditions, which was in the
range of increased contact shear stress based on typical
silicone implant environmental conditions [56, 57]. These
results indicated that our bionanomatrix coating can still
be stable without cracking or detachment after implan-
tation. In addition, the bionanomatrix coating showed a
sustained release of NO to the subcutaneous-mimick-
ing hydrogel model for at least over a month. This early
period is critical since capsular contracture formation
is mostly caused by an excessive foreign body reaction
that is predominant 4 weeks after implantation until the
implants are settled during the healing process [82, 83].
Thus, we expect the bionanomatrix coating will effec-
tively inhibit capsular contracture formation by delivery
of NO.

Also, we tested adhesion of differentiated monocytes
on the bionanomatrix coated silicone implants in vitro,
and cell adhesion was significantly reduced on the bio-
nanomatrix coated group compared to the uncoated
group. This indicates that the bionanomatrix coating may
reduce inflammatory responses on the silicone implants
since macrophages play an important role in the foreign
body responses leading to capsular contracture [13, 15].
Furthermore, the bionanomatrix coated silicone implants
showed a significant reduction of biofilm formation of
S. epidermidis, a commonly found bacteria on infected
silicone implants, in vitro. The antibacterial properties
of bionanomatrix have also been demonstrated in our
previous results where the NO releasing bionanoma-
trix inhibited bacterial growth and biofilm formation of
endodontic microorganisms including E. faecalis, T. den-
ticola, and clinical samples [43].

We then evaluated the hypothesis whether the NO
releasing bionanomatrix coating reduced capsular

Fig.6 A gRT-PCR analysis of TGF-31, COLL la, COLL lall, and CTGF expressions from the capsule tissues. *p <0.05 and **p <0.01 between two
groups. B Western blot analysis of TGF-31, a-SMA, and COLL la expressions from the capsule tissues. *p < 0.05, **p <0.01, ***p <0.001, and

**¥%p <0.0001 between two groups. C IHC analysis of p-SMAD2 and 3 from the capsule tissues. Scale bar: 100 ym. **p <0.01 and ****p <0.0001
between two groups. D Western blot analysis of p-SMAD2/3 expressions from the capsule tissues. **p <0.01 between two groups. Sham: no
implantation (negative control), Cont: Uncoated silicone, NO-30: 30 layers of bionanomatrix coated silicone, and NO-60: 60 layers of bionanomatrix

coated silicone
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Fig. 7 gRT-PCR analysis of (A). eNOS and (B). iNOS expressions from the capsule tissues. *p <0.05 between two groups. Western blot analysis of (C).
eNOS and (D). INOS expressions from the capsule tissues. *p <0.05 between two groups. Sham: no implantation (negative control), Cont: Uncoated
silicone, NO-30: 30 layers of bionanomatrix coated silicone, and NO-60: 60 layers of bionanomatrix coated silicone

contracture formation on silicone implants using a sub-
cutaneous mouse model. The bionanomatrix coated sil-
icone implant groups showed a significant reduction of
capsule thickness and expression of myofibroblast dif-
ferentiation marker, a-SMA compared to the uncoated
group after one month subcutaneous implantation.
Additionally, no foreign body response or any serious
inflammation was observed. The bionanomatrix coated
group also showed a reduction in the expressions of
mediators of TGF-B/p-SMADs signaling cascade which
is important for promoting fibroblast to myofibro-
blast differentiation and ECM production. Therefore,
the bionanomatrix coating demonstrated a significant
reduction in capsular contracture formation on silicone
implants by decreasing fibroblast to myofibroblast dif-
ferentiation and fibrous ECM production. This can be
associated with the NO effects on the TGF-B/SMADs

signaling cascades. Our results are also consistent
with the previous studies that NO reduced fibroblast
to myofibroblast differentiation and collagen synthesis
through TGEF-p signaling [49, 50, 84].

We also analyzed the expression of eNOS and iNOS
to examine the effects of NO releasing bionanomatrix
coating on endogenous NO production from the tis-
sues surrounding the implant. Our results showed an
external NO delivery may reduce endogenous NO pro-
duction. This may be attributed to the fact that delivery
of NO might promote the healing process and this early
adaptation could reduce the foreign body reaction and
intrinsic NO production. These findings require fur-
ther investigation. In addition, the bionanomatrix coat-
ing reduced the expressions of some pro-inflammatory
macrophage polarization (M1) markers but increased
anti-inflammatory markers (M2) in the implant
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bionanomatrix coated silicone

surrounding tissues. These results suggest that the NO
releasing bionanomatrix may promote M2 macrophage
polarization and activity which may enhance healing,
reduce inflammation, and thereby inhibit capsular con-
tracture development.

Overall, our in vitro and in vivo studies demonstrated
the feasibility that the NO releasing bionanomatrix coating
significantly inhibits capsular contracture development on
silicone implants by multi-targeted strategy. The applica-
tion of this bionanomatrix coating can also be achieved to
various implantable biomedical devices to reduce fibrotic
tissue formation as well as to promote biocompatibility

and healing process after implantation. Since the presence
of undetected subclinical infection may increase the risks
of capsular contracture, we may further investigate the
treatment of bionanomatrix coated silicone implants in
infected animal models to examine the effects bionanoma-
trix coating on infection and the development of capsular
contracture over a longer-time period as a future study.

Conclusions

In summary, we characterized the multi-targeting
NO releasing bionanomatrix coating on the silicone
implants and successfully demonstrated the reduction
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of capsular contracture formation in vitro and in vivo.
We tested the 30 and 60 layers of bionanomatrix coat-
ings to evaluate the effects of increased NO capacity
by increased coating layers. First, both layers of bio-
nanomatrix were uniformly and smoothly coated on
the silicone implants and showed mechanical stabil-
ity up to 500 Pa of contact shear stress which mimics
the environment of high levels of shear stress after
implantation in the breast. In addition, both bionano-
matrix coatings presented a sustained release of NO
to the subcutaneous-mimicking hydrogel model for
over one month. Bionanomatrix coatings also dem-
onstrated the reduction of differentiated monocytes
and S. epidermidis biofilm formation on the surface of
coated silicones in vitro. Both bionanomatrix coated
silicone implant groups were applied to the subcuta-
neous mouse model for a month in vivo. Both coated
groups significantly reduced capsule thickness sur-
rounding the implants by reducing fibroblast to myofi-
broblast differentiation and fibrous ECM production
through the TGF-B/SMADs signaling cascades. There
was no significant difference in reduction of capsule
thickness and myofibroblast differentiation between
both coating groups, indicating that the 30 layers of
bionanomatrix coating was sufficient in reducing cap-
sular contracture formation. Also, both coated groups
demonstrated biocompatibility and advanced the heal-
ing process by promoting M2 macrophage polariza-
tion. Therefore, based on the results from this study,
the NO releasing bionanomatrix coating may provide
great potential to reduce capsular contracture forma-
tion on the silicone implants as well as other various
implantable devices without significantly modifying
the implant itself.
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