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Capsular contracture is a common complication associated with breast implants following

reconstructive or aesthetic surgery in which a tight or constricting scar tissue capsule

forms around the implant, often distorting the breast shape and resulting in chronic pain.

Capsulectomy (involving full removal of the capsule surrounding the implant) and cap-

sulotomy (where the capsule is released and/or partly removed to create more space for the

implant) are the most common surgical procedures used to treat capsular contracture.

Various structural modifications of the implant device (including use of textured implants,

submuscular placement of the implant, and the use of polyurethane-coated implants) and

surgical strategies (including pre-operative skin washing and irrigation of the implant

pocket with antibiotics) have been and/or are currently used to help reduce the incidence

of capsular contracture. In this article, we review the pharmacological approachesdboth

commonly practiced in the clinic and experimentaldreported in the scientific and clinical

literature aimed at either preventing or treating capsular contracture, including (i) pre- and

post-operative intravenous administration of drug substances, (ii) systemic (usually oral)

administration of drugs before and after surgery, (iii) modification of the implant surface

with grafted drug substances, (iv) irrigation of the implant or peri-implant tissue with

drugs prior to implantation, and (v) incorporation of drugs into the implant shell or filler

prior to surgery followed by drug release in situ after implantation.

ª 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
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augmentation procedures,4 and various advancements in

implant technologies5-8 will likely drive increased future

demand for breast implants. According to a global survey

conducted by the International Society of Aesthetic Plastic

Surgery, w1.8 million surgical procedures for breast

augmentation (16% of all procedures conducted by plastic

surgeons) were performed globally in 2019, a decrease of 3.6%

over the previous year but a 21% increase over 2015.9 In the

United States, the biggest market for breast implants,

w300,000 women underwent breast augmentation cosmetic

surgery in 2019, an increase ofw45% compared to the number

of procedures at the beginning of the millennium, while

w136,000 women underwent breast reconstruction surgery,

representing an increase of w75% since 2000.10-12

As with all foreign devices implanted in the body, breast

implants induce an immune response that can lead to rejec-

tion of the device.12 Over a typical 15-y period, w50% women

who undergo breast augmentation or reconstruction surgery

will experience complications or implant failure, including

asymmetric appearance of the implant, pain, and capsular

contracture (CC), withw10% of these complications occurring

within two to 4 y following surgery.13-15 CC is defined as the

formation of scar tissuedknown as a fibrous capsuledaround

the breast implant during a heightened inflammatory

response following surgery and is the second most common

reason for follow-on operations.14,16,17 Although a detailed

understanding of the causes leading to CC is still lacking,

bacterial infection and development of microbial biofilms on

the surface of implants are thought to be involved. Upon im-

plantation of any medical device into the body, a “race for the

surface” occurs in which host cells (including macrophages,

fibroblasts and platelets) compete with bacteria for real estate

on the implant surface.18-21 In addition to the host inflam-

matory response directed toward the implant, the gradual

colonization of its surface by bacterial biofilms occurs over

time, often leading to problems.

Various structural modifications of the implant device

(including use of textured and polyurethane-coated implants)

and surgical strategies (such as pre-operative skin washing, irri-

gation of the implant pocket with antibiotics, and submuscular

placement of the implant) have beenor are currently usedas part

of efforts to help reduce the incidence of CC. In this article, our

primary goal is to describe themyriad of pharmacological (drug-

based) strategiesdincluding existing strategies used before, dur-

ing or following surgery, and newer experimental strategies re-

ported in the medical and scientific literaturedfor preventing or

reducingthe incidenceofCC.However, tobetterplace this topic in

its wider context, we also provide summary descriptions of

related background topics. Specifically, we provide: (i) an over-

view of breast implants and their manufacture (Breast implants

and their manufacture), (ii) an overview of CC (Capsular

contracture), a review of nonpharmacological strategies to pre-

vent CC (Non-pharmacological strategies to prevent capsular

contracture), and an extensive review of pharmacological strat-

egiesdboth commonly practiced in the clinic and exper-

imentaldreported in thescientificandclinical literatureaimedat

either preventing or treating CC (Pharmacological approaches to

reducing capsular contracture), including: a review of the

different types of drugs (Types of drugs); pre- and post-operative

intravenous administration of drug substances (Pre-operative
intravenous administration of antibiotics and Post-operative

administration of antibiotics); systemic (oral) administration of

drugs before and after surgery (Oral drug administration); modi-

fication of the implant surface with grafted drug substances

(Modification of implant surface with grafted drug substances);

irrigationof the implant or peri-implant tissuewithdrugsprior to

implantation (Irrigation of implant/peri-implant tissue prior to

implantation); incorporation of drugs into the implant shell or

filler prior to surgery followed by drug release in situ release after

implantation (Incorporation of drugs into the implant shell and

Incorporation of drugs into the filler).
Breast Implants and their Manufacture

The first reported breast augmentation surgery was per-

formed in Germany in 1895 by renowned surgeon Vincenz

Czerny.22 He replaced the tumor found in the left breast of a

41-y-old womanwith an apple-sized tumor found in her back.

Although using one tumor to replace another does not make

sense from the perspective of current knowledge, it was then

pioneering to use a graft of autologous tissue. At the time,

surgeons were using a diverse range of common materials to

replace breast tissue, including paraffin, ivory, wool, sponges,

ox cartilage, glycerin and even snake venom. However, use of

these materials often led to infection, severe scarring, skin

necrosis, pulmonary embolisms, and ultimately death.22-25

Silicones (also known as polysiloxanes, which are syn-

thetic polymers with a silicon-oxygen backbone) were devel-

oped in the 1930s and first considered for plastic surgery

applications in the late 1940s. Although initially used as

wound dressings due to their water-repellent characteristics,

they quickly became the biomaterial of choice for intravenous

tubing, catheters, pacemakers and artificial heart valves.26 In

the early 1960s, Cronin and Gerow described the first breast

implants comprising silicone elastomer (also referred to as

silicone rubber) shells and silicone gel fillers.26,27 During the

mid-to-late 1960s, drug delivery scientistswere also beginning

to exploit silicone elastomer materials for controlled release

drug delivery applications, leading to the marketing of the

drug-releasing contraceptive subdermal implant (Norplant)

and development of various steroid-releasing contraceptive

vaginal rings.

Many different types of breast implants have been and are

currently used, having different designs, surface textures

(smooth, microtextured, macrotextured), shapes (round,

teardrop) and filler materials.8,22,28,29 However, common to all

modern implants is a multi-layered silicone elastomer shell

filled with either a saline solution or a silicone gel. Silicone gel

implants are currently the preferred option (used in 85% of

surgeries in 2019), since they are reported to lookmore natural

and are less likely to wrinkle than the saline implants.11

However, when early-generation silicone-filled implants

ruptured, the filler leaked from the implant and spread,

creating lumps in the surrounding tissues. By comparison,

with saline-filled implants, any saline leaked from the implant

is safely absorbed by the body. However, fewer problems have

been reported with later generation so-called ‘gummy bear’

breast implants in which the silicone gel filler is chemically

https://doi.org/10.1016/j.jss.2022.06.073
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crosslinked such that it ismore cohesive and less likely to leak

when the shell ruptures.30

Breast implants having textured surfaces were introduced

in the 1980s as part of efforts to reduce the formation of scar

tissue around the implants and the onset of serious CC.31 The

pore size at the surface is known to influence tissue adherence

to the implant, which in turn impacts its stability.32 Despite

macrotextured implants having been shown to reduce for-

mation of fibrous capsules around the implants and decrease

the incidence of implant rejection,32,33 they also increase the

risk of breast implant-associated anaplastic large cell lym-

phoma (BIA-ALCL; a very rare type of blood cancer) compared

to smooth and microtextured implants, causing withdrawal

and recall of some macrotextured devices from certain mar-

kets. A thorough understanding of the mechanistic aspects

around onset of BIA-ALCL has yet to be elucidated.34,35

Surgeons choose to place breast implants either in a sub-

glandular position (under the breast glands) or in a sub-

pectoral position (under the pectoral muscle). As with

implant texture and shape, the position of implant placement

also impacts on the incidence and formation of a fibrous

capsule; subglandular placement may increase the implant

encapsulation incidence by as much as 50% compared to

submuscular placement.36-38 In recent years, off-label use of

acellular dermal matricesdsurgical meshes derived from

human or animal skin in which the cells are removed and the

supportive reinforcing scaffold is left in placedhas signifi-

cantly increased for implant-based breast reconstruction.

Where the implant is wrapped with an acellular dermal ma-

trix, pre-pectoral reconstruction is preferred, since the pec-

toralis muscle is maintained in its natural position, leading to

less surgical pain and avoidance of animation deformity (also

known as dynamic breast deformity).

Composition

Generally, modern breast implants contain two main con-

stituent partsda multi-layer silicone elastomer shell and a

filler material. Additionally, silicone-filled breast implants

have a smalldusually circulardsilicone elastomer seal at the

back of the implant through which the cohesive silicone

(polydimethylsiloxane) filler is injected; the implant shell is

then pre-filled during themanufacturing process.With saline-

filled implants, the sterile saline (0.15 M; pH 7.2-7.4) is only

injected into the shell after surgical placement of the implant

in the breast pocket, via one or more ports/valves located on

either the top or bottom of the shell. Globally, most implants

contain silicone gel as the filler material, although saline so-

lutions are also still widely used.39 Some multi-lumen im-

plants contain both a silicone gel and saline filler.

Manufacture of breast implants

Breast implant manufacture involves three basic steps:

(i) fabrication of the multi-layered silicone elastomer shell,

(ii) sealing of the implant shell, and (iii) filling of the implant

shell. Each step is briefly discussed here. An understanding of

these manufacturing steps is particularly useful when

considering options for incorporating drug substances

directly into implants for sustained/controlled drug release
following implantation, as a mean of preventing/reducing

infection and CC.

Fabrication of the implant shell
Modern multi-layered breast implant shells are made exclu-

sively from silicone elastomer formulations commonly

referred to as ‘silicone dispersions’, since the components of

the silicone elastomer formulation are suspended or dissolved

in a solvent carrier. The components comprise (i) various vinyl

and hydride-functionalized polysiloxanes for gel-filled im-

plants or acyloxy-functionalized polysiloxane molecules for

saline-filled devices, (ii) a silica-based reinforcing filler, and

(iii) an organometallic catalyst based on platinum to initiate

the curing reaction; these components are dispersed in a

volatile organic solvent.

Each elastomeric layer of the implant device is produced by

a chemical crosslinking reaction, either a platinum-catalyzed

addition-cure reaction between the vinyl and hydride-

functionalized polysiloxane molecules (referred to as ‘hydro-

silylation’ reaction) or a moisture-initiated hydrolysis and

condensation reaction. For gel-filled implants, the poly-

siloxane molecules comprise mostly dimethylsiloxane

[eSi(Me2)eOe] units (Me ¼ methyl group; typically 85%-95%

mole percent) and a smaller fraction of diphenylsiloxane

[eSi(Ph2)eOe] units (Ph ¼ phenyl group; typically 5%-15%

mole percent). Elastomeric layers containing higher concen-

trations of diphenylsiloxane units provide greater barrier

properties than elastomers fabricated solely from dime-

thylsiloxane units, thereby reducing silicone gel bleed through

the intact shell.40

A reinforcing filler materialdin the form of an amorphous

silicon dioxide with particle size in the low nanometre range

(also known as silica aerogel, fumed silica or precipitated sil-

ica)dis added to the elastomer (typically 21%-27% w/w) to

improve its strength, as is common with all silicone elasto-

mers. There can be some confusion with different uses of the

term ‘filler’ here: the silica-based reinforcing filler used for

fabrication of the elastomeric shell layers is quite distinct

from the lightly crosslinked silicone gel or saline filler that is

used to fill the implants; the two should not be confused.

Unlike most other silicone elastomer medical and drug

delivery devicesdwhich are commonly manufactured from

nonsolventbased high temperature vulcanized, room tem-

perature vulcanized or liquid silicone rubbers (rather than

solvent-based silicone dispersions) via automated or semi-

automated extrusion or injection molding techniquesdthe

shells of silicone breast implants are often preparedmanually

by trained operators using a dip-coating process (Fig. 1). The

fabrication process differs depending upon the final surface

texture required, but generally involves the following steps: (i)

dipping of a plastic or coated metal breast-shaped mold (also

known as a ‘mandrel’) into a de-aired low viscosity silicone

elastomer dispersion formulation:this formulation most

commonly comprises a two-part silicone dispersion formu-

lation suspended or dissolved in a relatively volatile organic

solvent (such as xylene), (ii) placement of the silicone-coated

mandrel into a chamber for controlled evaporation of the

organic solvent; (iii) multiple repetitions of the dipping and

devolatilization steps to add further layers to the silicone

shell, and (iv) curing of the elastomer at elevated

https://doi.org/10.1016/j.jss.2022.06.073
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Fig. 1 e The dip-coating process for the manufacture of the breast implant shell. A mandrel (A) of the desired shape and

volume is selected, dipped into a silicone elastomer dispersion formulation (B), and then placed in a laminar flow over to

cure and allow the solvent to evaporate, producing a single elastomer layer on the mandrel (C). The process is repeated to

produce a shell having multiple layers.
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temperatures in the case of hydrosilylation crosslinked elas-

tomers, or in controlled humidity chambers for hydrolysis and

condensation crosslinked elastomers. Finished implant shells

typically contain up to eight layers, each layer having a

thickness of between 50 and 150 mm, and with a final shell

thickness in the range 0.3-1.0 mm.41,42

Additional steps may also be included as part of the

fabrication process. For example, to produce silicone elas-

tomer shells having a textured surface, the mandrel can be

dipped into salt or sugar granules (of well-defined particle

size) immediately or shortly after applying the final layer of

silicone. After curing, the salt/sugar particles are then either

removed by washing with water leaving behind a surface

pitted with indentations, or brushed from the shell surface to

produce an ‘intermediate texture’ surface. Alternative tech-

niques not involving a salt-loss process can also be used to

generate surfaces of varying textures.5,8 Also, for implant

shells destined to be filled with a silicone gel, at least one of

the layers is commonly fabricated from amore highly phenyl-

substituted silicone elastomer, which acts as an effective

barrier to permeation of the gel components through the shell.

Further details of the various fabrication techniques are

described in the excellent 2011 review article by Barr et al.43

To those with knowledge and expertise in developing

polymeric devices for sustained or controlled release drug

administration, it will be apparent that the multi-layer sili-

cone elastomer shell of a breast implant affords opportunities

for incorporating and releasing drug substances. Multi-layer

or multi-component silicone elastomer devices are currently

marketed (or have previously beenmarketed) for drug delivery

applications, including various reservoir-type drug-releasing

vaginal rings (e.g., Estring, Femring, Annovera),44,45 subdermal

implants (Norplant, Jadelle),46 and intrauterine devices (e.g.,

Mirena, Skyla, Liletta).47 One such approach would be to

disperse or dissolve one or more solid drug substances in the

supplied silicone elastomer dispersion formulations, such

that, after dipping and curing, the drug(s) would be contained
in one or more of the cured silicone elastomer layers of

the shell. The concentration of the drug substance(s) in the

dispersion formulations (which would determinewhether the

drug was present in the elastomer layer in the dissolved or

solid crystalline state) and the placement of the drug with the

multi-layer structure would ultimately impact the rate and

duration of drug release. Alternatively, adopting a strategy

similar to that used for producing a textured surface on breast

implants, powdered drug substance(s) of defined particle size

characteristics could be incorporated into the final silicone

layer of the implant via dipping, except omitting the final

washing step. In this way, the implanted device would release

drug from its surface for a period of time in vivo, and simul-

taneously develop the textured surface as drug release

continued.

Sealing of the implant shell
Once the silicone elastomer shell is fully fabricated, it is

removed from the mandrel and inspected for quality,

including for visual appearance, leak testing, and shell thick-

ness. The large hole in the shell introduced to allow removal

from the mandrel (Fig. 1) is then sealed with a pre-prepared

silicone elastomer patchdoften prepared from a condensa-

tion cure silicone elastomer40dand a small channel or port

created to permit filling of the shell,41 which is later sealed

often using a condensation cure elastomer.40

Filling of the implant shell
The process of filling the shell varies depending upon the type

of filler. Single-lumen implants aremost common and are filled

with either silicone gel or saline. Saline-filled implants

are inserted empty into the breast pocket during surgery and

then filled with sterile salt water once they are in place. By

comparison, silicone gel implants are pre-filled with a lightly

crosslinked silicone elastomer gel that is usually dispersed/

swollen in a silicone oil. Once filled to the correct weight, the fill

channel is then sealed, and the fully constructed implant

https://doi.org/10.1016/j.jss.2022.06.073
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placed in an oven for several hours for a final cure process. Of

course, the exact details of the fabrication method can vary

significantly between manufacturers. Double-lumen

implantsdwhich are now exceptionally raredhave two

shells, either connected or patched together, or floating freely

one in the other. Double-lumen implants may have a silicone-

filled core enclosed in saline filler to reduce the movement of

the silicone from the inner layer and that can also act as a drug

delivery device. Saline-filled cores in silicone lumens can also

be found but are more rare.41,43,48 Less than 1 % of breast im-

plants are of the triple-lumen variety, and are mainly used in

reconstructive surgeries rather than cosmetic ones. These im-

plants have a slightly overfilled silicone inner lumen, a slightly

underfilled silicone middle lumen, and a saline outer lumen.49

From a drug delivery perspective, there is potential to

include dispersed or dissolved drug substances in the filler

material prior to filling the shell with a view to releasing the

drug slowly from the breast implant following implantation.

According to well understood drug permeation mechanisms,

drug release from such an implant can be considered as three

discrete steps: (i) drug molecules dissolved in the filler would

diffuse to and partition into the hydrophobic silicone elas-

tomer shell, (ii) the drug molecules would then transfer

through the shell layers by molecular diffusion, and (iii)

arriving at the implant surface, the dissolved drug molecules

would then partition into and diffuse throughout the sur-

rounding tissue. This entire process is driven by the drug

concentration gradient established between the filler and the

tissue, in accordance with Fick’s laws of diffusion.50 Although

hydrophilic drugs would have relatively good solubility in

saline solutions, they would have relatively poor solubility in

the highly hydrophobic silicone elastomer shells, such that

the rate of drug permeation through the shell would likely be

limited. Silicone-type fillers would lend themselves better to

incorporation of hydrophobic drug substances. Either way, a

major challenge with this strategy of incorporating drug(s) in

the filler is the relatively large drug amounts required to

obtain drug concentrations in the filler sufficient to drive the

permeation process across the shell, since, according to Fick’s

first law of diffusion, the rate of permeation (or flux) of drug

across a membrane is proportional to its concentration

gradient across the membrane. With breast implants having

fill volumes in the range 100-800 mL, multi-gram quantities of

drugs per implant might be necessary.

Silicone elastomer dispersions

Different types of silicone elastomer dispersions are available

for fabrication of the shells of silicone breast implants. These

low viscosity dispersions are complex formulations. Consisting

primarilyof amixtureof various typesandmolecularweightsof

silicone polymers (also known as polysiloxanes; including

dimethyl, dimethyl diphenyl copolymer, fluoro homopolymer

orcopolymer), reinforcingfillers, catalystsandsolvents, theyare

specially formulated for ease and practicality of the dip-coating

process (Fig. 1). The polysiloxane components of the dispersion

formulations are usually based on so-called ‘two-part addition

cure’ systems, whereby vinyl-substituted polysiloxanes in one

part of the silicone elastomer system (Part A) react via a

platinum-catalyzed hydrosilylation reaction with hydride-
substituted polysiloxanes in the second part (Part B) (Fig. 2).

These addition cure systems do not produce any by-products

during their curing reaction. By judicious selection of the

formulation components, the final dispersions can vary

considerably in (i) viscosity (typically 60e3000 cP), (ii) solids-to-

solvent ratio (20%-40% solid content is typical), (iii) solvent type

(e.g., xylene, acetone, hexane), and (iv) post-cure mechanical

properties (durometer hardness value typically ranges from

w25 Type 00 through tow40 Type A).
Capsular Contracture

As with any implanted foreign body, breast implants induce a

fibrous reaction in the surrounding tissue (Figs. 3 and 4). This

fibrous capsule may contract with time, distorting the

appearance of the implanted breast and causing pain. While

inflammatory responses are common with all implanted de-

vices, the term ’capsular contracture’ is reserved to describe

contracture phenomena associated with breast implants. Of

course, complications caused by fibrous tissue growth are not

unique to breast implants, and efforts have focused on

addressing similar complication associated with other types

of implantable medical devices.51

Assessment of the extent of CC by surgeons is most

commonly performed using the Baker classification system

(BCS), which rates the firmness, thickness and visual impact

of the newly formed capsule according to a four-point scale. A

grade I breast looks and feels natural, while grade II breasts

show minimal contracture and no clinical symptoms. Grades

III and IV are clinically significant and symptomatic; grade III

is associated withmoderate contracture and some firmness is

felt by the patient; with grade IV, severe contracture is

observed and obvious symptoms experienced by the patient.52

Around 10% of cases classified as grade III and IV are identified

as being due to CC, leading to further surgery for w300,000

women every year and making CC the second highest reason

for follow-on operations.14,16,17 However, identification and

classification of CC using the Baker system is highly subjec-

tive, variable and unreliable, since it is dependent on the

examiner.53 Use of durometers and other techniques (such as

ultrasound elastography) can provide more objective and

quantitative measurements of CC.54,55

The foreign body reaction

Biomaterials used to fabricate implantable medical devices are

intended to exist in contact with tissues of the human body

without eliciting harm. Traditionally, the term ‘biocompatible’

refers to the material being nonirritant, nontoxic, non-

thrombogenic, noncarcinogenic, etc.;56 essentially, the material

was required to be ‘bio-inert’. However, more recent thinking

aroundbiomaterial performance places greater emphasis on bio-

integration, tissue regeneration, or the desired modulation of

biological processes. This introduces the concept of a dynamic

host-material interaction within the microenvironment of the

implant. Therefore, an ideal biomaterial would be able to repro-

duce the functionality of the natural extracellular matrix,

providing an environment for the desired adhesion of an appro-

priate cell type and for the desired cellular function.56,57 A new

https://doi.org/10.1016/j.jss.2022.06.073
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Fig. 2 e (A) Typical compositions of the Part A and B components of an addition-cure silicone elastomer dispersion

formulation used to prepare the shell layers of a breast implant. Following mixing of the Parts A and B (B), the hydride and

vinyl components of the silicone system cure via a platinum-catalyzed hydrosilylation reaction (C).

Fig. 3 e Representation of the initiation of the foreign body reaction and creation of a fibrous capsule around a breast

implant after implantation. During the first step of the foreign body reaction, neutrophils are attracted to the surface of the

implant and proteins are adsorbed onto its surface (A). This protein layer will then attract macrophages and monocytes

which will start depositing a matrix layer around the implant (B) before merging into foreign body giant cells and attracting

fibroblasts which will produce collagen I and III to encapsulate the implant (C).
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Fig. 4 e Bacteria and biofilm formation on the surface of breast implants can lead to development of capsular contracture.

During breast cosmetic or reconstructive surgery, bacteria such as Propionibacterium, Corynebacterium or Staphylococci

may be found on the implant (A), leading to the development of a bacterial biofilm on the surface of the implant (B) that may

enhance the formation of the fibrotic capsule around the implant leading to the hardening of the tissue and the deformation

of the implant (C). Various pharmacological strategies are being evaluated to potentially prevent excessive fibrosis and

reduce incidence of capsular contracture (D).
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definition of biocompatibilityd“the ability of amaterial to locally

trigger and guide nonfibrotic wound healing, reconstruction and

tissue integration”d has been proposed, whereas previous

thinking on biocompatibility would be best considered as “bio-

tolerability”, defined as “the ability of a material to reside in the

body for long periods of time with only low degrees of inflam-

matory reaction”.57

A major factor in determining the biocompatibility (or

biotolerability) of an implanted biomaterial is its propensity to

evoke an immunological and inflammatory reaction,

commonly referred to as the foreign body response (FBR). The

FBR describes the dynamic cascade of molecular and cellular

events occurring after material implantation (Fig. 3). Inflam-

matory cells, such as macrophages, migrate to the peri-

implant area, adhere to the biomaterial surface, and fuse to

form foreign body giant cells (FBGCs).58,59 It is the presence of

these large, multinucleated FBGCs that is the hallmark of the

FBR.60 FBGCs express an armoury of potent enzymes and

reactive oxygen species (ROS) that are released at the bioma-

terial/tissue interface during a process described as ‘frustrated

phagocytosis’, and can result in considerable damage to both

the structural and functional integrity of the implant.59,61,62

Chemokines such as interleukin-1 (IL-1) are also expressed,
Fig. 5 e Timeline highlighting opportunities for pharmacologica

with breast implants.
attracting fibroblasts to the implant site and culminating in

the laying down of a fibrous avascular capsule surrounding

the implant and isolating it from neighboring tissues.63 While

the pathogenesis remains unclear, CC of breast implants is

thought to be the result of an excessive foreign body response

toward the implant.64 While this fibrotic reaction does serve

some purpose in keeping the implant in the correct anatom-

ical position, excessive reaction can lead to pain and defor-

mity of the breast.64,65 Histological examination of capsule

composition suggests that the number of fibroblasts found at

the implant-tissue interface correlates positively with the

severity of capsule contracture.64,66 These fibroblasts produce

the collagen that forms the capsule, while activated contrac-

tile fibroblasts, known asmyofibroblasts, provide a contractile

force whilst the collagen matrix remodels and stabilizes.

Interestingly, myofibroblasts have been found to express es-

trogen receptors, with contractile forces increasing in

response to circulating 17-b-estradiol concentrations.64,67

Incidence of bacteria and biofilms

Following implantation of a breast implant, a “race for the

surface” occurs in which host cells (including macrophages,
l intervention to reduce capsular contracture associated
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fibroblasts and platelets) compete with bacteria for real estate

on the implant surface.18 In addition to the host inflammatory

response toward foreign implanted materials, the coloniza-

tion of the implant surface by bacterial biofilms is often

problematic; bacterial biofilms serve as a reservoir of bacteria

and are the source of chronic and/or sub-clinical infections.68

A possible etiological link between biofilm and CC has also

been postulated.

Upon approaching the implant, bacteria experience Van

der Waals, electrostatic and hydrophobic interactions with

its surface, leading to initial adherence.19,69 This is followed

by more permanent site-specific interactions when pili and

fimbriae present on the bacterial cell begin to form attach-

ments with the underlying biomaterial surface or its con-

ditioning film.20 At this stage, the bacteria have transformed

from their planktonic state to a sessile state. Biofilm for-

mation proceeds with rapid proliferation, production of

extracellular polymeric substances (EPS), and a shift in

phenotype that contributes to the resilient nature of the

biofilm mode of growth.21 Bacteria within the biofilm can

communicate via a process known as quorum sensing,

releasing signaling molecules to coordinate gene expres-

sion.70 It is also possible for biofilm bacteria to detach and

revert back to their planktonic state, dispersing to colonize a

new substratum.71 With breast implants, this could be

another location on the implant surface or other tissues and

regions of the body.

Many bacterial species produce binding proteins that are

specific to collagen and fibronectin that form the fibrous

capsule laid down around the breast implant.72,73 This may

facilitate bacterial attachment and adherence to the capsule,

followed by proliferation to form biofilms. Indeed, increased

numbers of fibroblasts correlate with incidence of CC. Like-

wise, increased numbers of bacteria have been detected on

contracted capsules compared to non-contracted capsules.74

A porcine model, devised by Tamboto et al., has highlighted

that biofilm formation on and around breast implants is

associated with a fourfold increased risk of developing CC.75

The most common bacterial species detected on con-

tracted breast implants are Staphylococcus spp., especially

Staphylococcus epidermidis.76 These species are normal

commensurate flora of the skin, suggesting contamination of

the implant or the implant site during surgery (Fig. 4). Sur-

geonsmay use a “no-touch” aseptic technique to mitigate this

potential source of bacterial infection.77 However, there is

evidence to suggest that late CC (occurring months to years

after surgery) may result from remote infection occurring in a

distant region of the bodywith transient bacteraemia allowing

for translocation of bacteria. Miller et al. have reported that, in

a rat model, haematogenous spread of Staphylococcus aureus

from a remote infection resulted in increased capsule thick-

ness, increased numbers of myofibroblasts and collagen

density around implanted silicone blocks.78

While there appears to be a link between the presence of

bacteria and CC,79 bacteria have also been isolated on clini-

cally benign, uncomplicated implants. This leads to the

question of what mechanism triggers the conversion from a

benign to a pathogenic state. It is possible that the degree of

bacterial bioburden at the implant site may be a factor.
Studies that have investigated the presence of bacteria in CC

have consistently detected more bacteria on pathogenic im-

plants than benign.74,80-82
Non-pharmacological strategies to prevent
capsular contracture

As previously discussed, the fibrotic response around

implanted biomaterialsdreferred to as CC in the case of

breast implantsdis one of the most widely reported causes of

follow-on operation after a breast augmentation or recon-

struction.13,14 Despite attempts by researchers to understand

the mechanisms underlying CC, it is still not fully understood

why inflammatory responses are sometimes so high despite

the hydrophobicity of the implant surface, although the

presence of biofilm is suspected.65,80,83-86 Also, inflammatory

responses are known to be greater on hydrophobic surfaces

due to the strong denaturing effect the surface exerts on

adsorbed proteins; this occurs via hydrophobic interaction

and is irreversible.87

Various promising strategies to modify breast implants

have been reported, including physicalmodification, chemical

modification or incorporation and release of pharmacological

agents.12 In this section, and to provide context for the forth-

coming section reviewing the pharmacological strategies, we

briefly review the various non-pharmacological strategies that

have previously been used, are currently used in the clinic, or

newer experimental methods reported in the literature.

Physical modifications to the breast implant

Polyurethane foam coatings
Historically, the surface characteristics of breast implants have

been modified as part of efforts to disrupt the formation of

scarring tissue around the devices.12,38 The firstmodified breast

implants were coated with a polyurethane foam. Although this

strategy resulted in fewer cases of CC, the coated implantswere

quickly removed fromtheUSmarketwhen itwasdemonstrated

that physical and chemical degradation of the polyurethane

foam occurred under physiologic conditions to produce both

foam fragments inwomenand 2,4-toluenediamineda probable

genotoxic carcinogendin mice. However, this molecule was

never demonstrated to be carcinogenic in humans.88 Currently,

a new generation of polyurethane-covered breast implants is

approved for use in many countries. Studies are underway to

assess their effectiveness in preventing CC relative to other

textured implants.89

Breast implants with textured surfaces
In the 1980s, manufacturers and researchers focused on im-

plants with textured surfaces, produced by various methods:

(i) dipping the silicone-coatedmandrel (Fig. 1) into a powdered

salt or sugar material and then removing the salt/sugar par-

ticles after cure (the ’salt-loss’ technique) by dissolution in

water, (ii) brushing salt onto the pre-cured silicone surface

with subsequent washing to remove the particles after cure,

and (iii) negative-contact imprinting with a polyurethane

foam.43 Shells were initially produced with various pore sizes,
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and pore sizewas deemed critical for good tissue adherence to

the implant.32 However, there was no evidence of correlation

between pore size and incidence of CC. Later, it was observed

that macrotextured implants could decrease the risk of for-

mation of the fibrous capsule around the implant, and, in turn,

reduce the incidence of CC.31,34 However, macrotextured im-

plants are no longer widely marketed following studies

showing that they increase the risk of BIA-ALCL compared to

smooth and microtextured implants; the mechanism behind

this reaction is not yet known.35,90

Biological matrices
Various surgical scaffold materialsdincluding synthetic ma-

terials (adsorbable polymeric meshes) and acellular dermal

matrices (ADMs; biological meshes)dare now routinely used

in breast reconstruction/augmentation to help provide tissue

support.91 While these meshes are not direct adaptions of the

breast implants themselves, their placement around the

implant is intended to increase biocompatibility, encourage

rapid host revascularisation and cell repopulation, and limit

the extent of interactions between the silicone and the host

tissues, thereby facilitating improved surgical outcomes.92

In some cases, surgeons use autologous fat as filler for the

breast. Two different techniques are commonly used: lipo-

filling, involving taking fat from one part of the body and

injecting it into the implantation site; and fat grafts placed

around a half-sized implant during the initial surgery. Out-

comes appear to be favourable with both strategies. Indeed,

when such techniques were previously used, no major com-

plications were observed, and only grade I CC could be found

after a follow-up period of 17mo.93,94 Other investigators have

studied the influence of decellularized porcine matrices

placed around the implants to reduce the incidence of CC.

After 1 y, the results were promising, showing a decrease in

incidence of Class III and IV CC.95,96

Although these techniques appear promising, long-term

studies are required to determine whether the addition of

matrices around the implants prevents CC or simply delays its

occurrence.

Synthetic meshes
As with biological meshes, polymeric adsorbable synthetic

meshesdsuch as those constructed from Vicryl (a lactide/

glycolide copolymer) and TIGR matrix surgical mesh

(comprising two polymeric fibers, one produced from a

copolymer of glycolide lactide and trimethylene carbonate,

and the second from a copolymer of lactide and trimethylene

carbonate)dare intended to degrade slowly by bulk hydrolysis

following implantation. Nonabsorbable meshes are also used,

such as the titanium-coated polypropylene mesh (TiLOOP).

Thesemeshesmay be associatedwith lower rates of infection,

skin necrosis and explantation.92

In an effort to add a pharmacological function to synthetic

meshes, Huh et al. described the wrapping of silicone breast

implants in drug-loaded polyurethane nets to provide sus-

tained release of the glucocorticoid triamcinolone to prevent

fibrosis.97 The highly elastic drug-loaded mesh was prepared

via electrospinning. Sustained release of triamcinolone

occurred over 4 wk and exhibited a significant anti-fibrotic

effect when implanted in rats.
Other meshes have been prepared from spider silk in a bid

to increase the biocompatibility of implants, and have been

reported to significantly reduce the agglutination of collagen

and the formation of capsules around breast implants by

acting like a shield around the implants preventing the

adsorption of unspecific proteins.98 Zeplin et al. reported that

breast implants homogeneously coated with a micrometer

thin layer of eADF4(C16)da recombinant spider silk protein of

the European garden spider Araneus diadematusdinhibited

fibroblast proliferation, collagen I synthesis, and significantly

reduced both post-operative inflammation and capsule

thickness.98

However, in the context of CC, the biocompatibility of the

implant is not the only issue that needs to be addressed; the

presence of bacteria on the implant also undoubtedly induces

strong inflammatory responses.65,75,80,83-86 Use of poly-

propylene meshes impregnated with the antibiotics minocy-

cline and rifampicin drastically reduced in vivo the appearance

of grade III and IV CC, even when S epidermidis was inoculated

next to the implants.99

Thus, the addition of meshes and matrices around the

breast implants is now a routine strategy approach to reduce

the incidence of CC, although it does require an additional

component to be fitted to the implant before or during surgery.

Zwitterionic polymers
Zwitterionic polymers are molecules possessing an equal

number of cationic and anionic moieties while maintaining a

global neutral charge. Their potential as biomaterials with

promising biocompatibility has been realized within the last

decade, as studies have highlighted their ability to modulate

the FBR. The superior hydrophilicity of these polymers means

they are able to resist fouling and the adsorption of proteins

and inflammatory cells.100-102 Zwitterionic hydrogels have

been shown to prevent the FBR and fibrous capsule formation

for at least 3 mo in mice.103

The conjugation of phosphoserine, an immune-signalling

molecule, to uricase has been shown to actively modulate

and reduce any unwanted immune response; these results

could also be applied to trimethylamine N-oxide derived

zwitterionic polymers and poly(carboxybetaine methacrylate)

which also promoted angiogenesis in surrounding tissues.102-

104 Consequently, the addition of such hydrogels to the im-

plants could possibly lead to a reduced FBR and incidence

of CC.

Surgical techniques and practices

It is now accepted by most plastic surgeons that subpectoral

placement of breast implants leads to a reduced incidence of

CC compared with subglandular placement (grade III/IV CC

occurred in 2.8% and 8.6% of implantation cases, respec-

tively).36-38,105 However, manipulation of the implants and the

surgical procedures employed may also lead to variations in

the incidence of CC. Indeed, the use of the areolar rather than

the inframammary route is associated with a fivefold increase

in grade III and IV of CC.106 Bacterial parenchyma contami-

nation of the implantsdprincipally with S. epidermidis,

coagulase-negative staphylococci and Propionibacterium

acnesdshows the importance of limiting the contact between
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the implant and the skin of the patient. To this end, new “no

touch” techniques have been widely introduced combining

best clinical practice and use of insertion funnels (e.g., Keller

funnels) to minimize bacterial contact once the implant is

removed from the sterile packaging.64,75,80,107
Pharmacological Approaches to Reducing
Capsular Contracture

The ’exogenous hypothesis’ postulates that CC is caused by

bacterial contamination during surgery, and therefore seeks to

reduce incidence of CC by promoting surgical practicemethods

aimed at minimising bacterial contamination around the

implant.108-110

With physical modifications to breast implants offering

few practical and reliable advantages, attention is now

turning to pharmacological approaches (where drugs are

administered either directly to the implant site during surgery

or incorporated and released from the implant itself; Fig. 5)

and other surgical techniques. Results of a 2016 online survey

studying attitudes and practices in breast augmentation

among members of the American Society of Plastic Surgeons

indicated that 3.5% of the 1067 surgeons who responded al-

ways used pharmacological agents for CC, 35.6% upon first

onset, and 8.4% as a first option in treating established CC;

52.3% of surgeons never used pharmacological agents.111 This

divergence of practice is clearly due to differences in opinion

as to the efficacy of pharmacological strategiesdonly 9.3%

opined that pharmacological approaches were always effec-

tive, 14.3% if started early, 47.5% were unsure, and 29.1%

considered such approaches to be ineffective. When asked to

identify specific non-surgical methods effective for treating

capsular contracture, only three of the nine responses

reported were pharmacological strategiesdleukotriene in-

hibitors (39%), papaverine (1.5%) and Cox-2 inhibitors (6.1%);

the largest response was for massage (54.9%).

Here, we briefly outline the different classes and types of

drugs that are either commonly used or have been investi-

gated for potential use in preventing or treating CC, before

then reviewing the evidence reported in the scientific

literature for the different methods of drug administration,

including intravenous prophylaxis, oral administration,

modification of implant surface with grafted drug substances,

irrigation of implant/peri-implant tissue prior to implanta-

tion, and incorporation of drugs into either the implant shell

of the filler.

Types of drugs

Various types of drug moleculesdadministered at different

times before, during or after implantation surgery (Fig. 5)d

have potential application in reducing the incidence of CC and

other post-surgery complications. Given the non-infectious

and infectious mechanisms commonly proposed to account

for CC,112 it is not surprising that pharmacological approaches

have focused on targeting anti-inflammatory, anti-fibrotic

and antibacterial mechanisms. Many of the reported drugs

exhibit a combination of activities.
Anti-inflammatory/immune modulating drugs
Although a detailed understanding of the pathogenesis of CC

remains elusive, it is widely considered to be a multifactorial

process involving an initial inflammatory response followed by

a fibrotic reaction in the tissue surrounding the implant.64,105

Therefore, a rational strategy to reduce the incidence of CC is

to target the inflammatory response using anti-inflammatory

drugs. Various classes of anti-inflammatory drugs are used

clinically, including glucocorticoids, antihistamines, amino-

salicylates, disease-modifying anti-rheumatic drugs (DMARDs),

non-steroidal anti-inflammatory drugs (NSAIDs), and leuko-

triene receptor agonists (LTRAs).

Glucocorticoids, a sub-type of corticosteroids, bind to the

glucocorticoid receptors present in the immune cells

commonly associated with the foreign body response,

including macrophages, neutrophils, and lymphocytes. As

such, they decrease the production of both pro-inflammatory

cytokines and collagen, and boost the production of anti-

inflammatory cytokines.113,114 Dexamethasone, a common

potent glucocorticoid drug, has previously been reported to

significantly reduce fibrous tissue growth when incorporated

into the silicone elastomer of the electrode arrays of a

cochlear implant.51 The drug has also been administered

intravenously during breast implant surgery to reduce scar

formation.115 More recently, perioperative administration of

dexamethasonedeither via single intravenous injection only

or single intravenous injection plus 10-d intraperitoneal

administration post-surgerydin mice implanted with silicone

implants demonstrated the role of toll-like receptor (TLR)

activation on CC and indicates that dexamethasone may be

useful in preventing or minimising CC.116 Another glucocor-

ticoid, triamcinolone acetonide, has been incorporated into an

elastic drug delivery nanofiber net.97

The LTRAs zafirlukast and montelukast (Table) have been

used to treat asthma since the 1990s.149 Their mechanism of

action involves inhibition of cysteinyl leukotrienesdpotent

inflammatory mediators derived from arachidonic acid and

synthesized by a variety of cells, including mast cells, eosin-

ophils, basophils, and macrophages150dand inhibition of the

contractile activity of smooth muscle. Studies have also

investigated LTRAs as a treatment strategy for CC where the

effect is likely mediated through the suppression myofibro-

blast contraction.141-146 Significantly increased levels of

leukotriene receptor activity have been seen in patients with

severe CC compared with controls where no capsule was

present.147 These findings support the role for LTRAs in the

treatment and prevention of CC. It should be noted that

zafirlukast antagonises the effects of three different leukotri-

enes (C4, D4, and E4), whereas montelukast inhibits only D4. It

is yet unclear if C4 and D4 are important mediators in the

pathogenesis of CC, and thereforemore research is required to

characterize any differences in potency between these two

LTRAs.147

NSAIDs are among themost frequently prescribed drugs in

modern medicine. Their primary effect is to inhibit the

enzyme cyclooxygenase (COX), of which there exists two

isozymes, COX-1 and COX-2. Both isozymes are membrane

bound proteins that act in the biotransformation of arach-

idonic acid to prostaglandins, lipid compounds that are
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Table e Chemical structure and targeted pharmacological action of drug substances reported in the literature for use in the
prevention of capsular contracture.

Drug name Chemical structure Comments References

Bacitracin Topical antibiotic containing mixture of

related cyclic peptides

115,117-119

Botulinum

neurotoxin

type A

Block TGF-b1 signaling and interrupts

differentiation of fibroblasts to myofibroblasts

120

Cefalotin

(cephalothin)

Cephalosporin antibiotic 79,117,121

Cefazolin Cephalosporin antibiotic 117,121

Chloramphenicol Broad-spectrum antibiotic 122

Chlorhexidine

gluconate

Antiseptic agent with topical antibacterial

activity

123

Doxycycline Broad-spectrum tetracycline-class antibiotic 119

(continued)

g u i m i e r e t a l � p r e v e n t i o n o f c a p s u l a r c on t r a c t u r e 139

https://doi.org/10.1016/j.jss.2022.06.073
https://doi.org/10.1016/j.jss.2022.06.073


Table e (continued )

Drug name Chemical structure Comments References

Fusidic acid Antibiotic; bacterial protein synthesis inhibitor 124

Gentamicin Broad-spectrum aminoglycoside antibiotic 117,121

Halofuginone Veterinary drug; inhibits type I collagen

synthesis

125-128

Montelukast Leukotriene receptor antagonist 129

Oxytetracycline Broad-spectrum tetracycline antibiotic 122,124

Pirfenidone Antifibrotic and anti-inflammatory 130-133

Rifampin

(rifampicin)

Macrocyclic antibiotic 117,134

Roxatidine Histamine H2 receptor antagonist 135

(continued)
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Table e (continued )

Drug name Chemical structure Comments References

Silver

sulfadiazine

Antibiotic 122

Simvastatin HMG CoA reductase inhibitors (statin) 136-138

Triamcinolone

acetonide

Glucocorticosteroid 97,139,140

Zafirlukast Leukotriene receptor antagonist 141-148
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involved in many inflammatory processes.151 The NSAID drug

diclofenac, a COX-2 inhibitor, has been demonstrated to

reduce the severity of CC in 86% of patients presenting with

grade II to grade IV CC. However, this was a small study

involving only 19 women.152

Anti-fibrotic drugs
Fibrosis is a major cause of CC; an abundance of fibroblasts is

positively correlated with the severity of CC.66 Therefore, an

obvious pharmacological approach is to administer anti-

fibrotic drugs that target transforming growth factor (TGF)-b,

tyrosine kinases, and peroxisome proliferator-activated re-

ceptors (PPARs). TGF-b plays a major role in activating fibro-

blasts; tyrosine kinases are a group of “molecular switches”

that can trigger or suppress biological responses; and PPARs

are a family of receptors that act directly on DNA to suppress

the gene encoding molecules that promote fibrosis. Some

anti-fibrotic therapies target immune systemmolecules, such

as interleukin-6 (IL-6) and interleukin-1 (IL-1) as well as im-

mune system cells such as B and T-cells. Anti-fibrotic drugs

that have previously been considered for prevention/treat-

ment of CC include pirfenidone130 and halofuginone125

(Table).
Pirfenidone (Table), a drug used for the treatment of

idiopathic pulmonary fibrosis, has well-established anti-

inflammatory and antifibrotic properties,131,132 although the

exact mechanism of action remains unknown. It has been

shown to reduce production of inflammatory mediators in

both cultured cells and isolated human peripheral blood

mononuclear cells.133 Oral administration of pirfenidone for

8 wk in rats following submammary implantation with sili-

cone gel implants significantly reduced capsule thickness,

proliferation of fibroblasts, and recruitment of inflammatory

cells,130 and may therefore be useful in in human mammary

implantation surgery.

Halofuginone is traditionally an antiprotozoal agent used

for treatment and prevention of coccidiosis in veterinary

medicine (Table). It is known to exhibit antifibrotic activity via

inhibitor of collagen type I synthesis.126-128 It also inhibits the

development of T helper 17 cells, immune cells that play an

important role in autoimmune disease, but does not affect the

other types of T cells involved in normal immune function.

When chemically grafted to the surface of a silicone implant

via a silane-coupling reaction and submusculary embedded in

rats, significant decreases in foreign body responses and

capsular thickness were observed after 3 mo implantation.125
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Antibacterial drugs
Surgical site infections associated with breast implants sur-

gery are mostly due to staphylococcal species associated with

the skin flora. However, other gram-positive cocci,

gram-negative species, and anaerobes may also be involved;

several studies have reported that up to 25% of implant-

related infections involve gram negative bacteria. The

incidence of methicillin resistant staph aureus is increasing,

and many infections may be polymicrobial. Fungal and

mycobacterial infections are rare but increasing in incidence.

Various anti-bacterial drugs targeting these microorganisms

have been previously reported for use in breast implant

surgery, including cephalexin, cephalotin, povidone iodine,

cefazolin or gentamicin (Table), administered either orally,

intravenously, or for irrigation of the implant or the surgical

site.121,117 The administration of antibacterial drugs is

discussed further below.

Miscellaneous drugs
Roxatidine is a histamine H2 receptor antagonist (Table) used

in the treatment of gastric disorders, including ulcers, acid

reflux and gastritis. It inhibited production of pro-inflamma-

tory cytokines in macrophage and fibroblast culture media

stimulated with silicone implant samples, and reduced both

serum concentrations of transforming growth factor-b and

the number of fibroblasts around the implant in implant-

bearing mice administered roxatidine orally.135

Simvastatin (Table) belongs to a class of drugs known as

hydroxy-methylglutaryl coenzyme A (HMG CoA) reductase

inhibitors, better known as statins. As with other statin drugs,

simvastatin is primarily used as a cholesterol-lowering agent

by catalysing the rate-limiting step of the cholesterol syn-

thesis pathway in liver and other tissues, and thereby

reducing cholesterol levels and improving serum lipid profiles,

However, simvastatin also exhibits other pleiotropic effects,

including anti-inflammatory and anti-oxidative activ-

ity.136,153,154 Although previous studies in rats have shown

simvastatin able to induce heme oxygenase-1 (HO-1) expres-

sion in the periprosthetic capsule surrounding a silicone shell

implant (which could explain its antioxidant and anti-

inflammatory activity), oral administration (2 mg/kg/d) in

rats failed to reduce commonmarkers of inflammation.137 In a

later study testing higher oral doses of simvastatin in rats

(15 mg/kg/d), radiation-induced capsular fibrosis around sili-

cone implants was significantly reduced compared with a

control group.138
Pre-operative intravenous administration of antibiotics

Patients undergoing implant-based breast reconstruction

now commonly receive preoperative prophylactic systemic

administration of antibiotics targeted at those microorgan-

isms most likely to cause infection, typically a first or

second-generation cephalosporin (such as cefazolin) tar-

geted at susceptible staphylococci or vancomicin/genta-

micin for patients allergic to penicillins.117,155,156 According

to a study by Ballard et al. assessing trends and changes in

breast augmentation surgery, administration of preopera-

tive antibiotics increased dramatically between 2011 (3.8%)
and 2015 (98.7%).4 In many instances, the intention here is

to prevent immediate post-operative wound infection.

Generally, a single dose administered immediately prior to

surgery is sufficient, although a second dose is often given

for prolonged procedures or in the event of significant blood

loss. In patients undergoing implant-based breast re-

constructions, Townley et al. reported that a single pre-

operative dose of intravenous antibiotic (1 g cefazoline or

600 mg clindamycin) was as effective as the same regimen

coupled with continued post-operative oral administration

of cefalexin (500 mg three times daily until drain removal) in

preventing immediate infection.157 The authors were care-

ful to note that the antibiotic regimens used in the study

were too short to allow evaluation of CC formation caused

by subclinical infection.
Post-operative administration of antibiotics

There is currently no consensus among surgeons around use

of post-operative antibiotics for preventing infection

following breast implant surgery.157 Some studies have re-

ported significant increases in surgical site infection following

policy changes to preclude post-operative administration of

antibiotics,158 while others have concluded that no benefit in

post-operative antibiotics beyond 24 h.159 The current lack of

supporting evidence, coupled with concerns over cost, hy-

persensitivity reactions and antibiotic resistance, means that

continuation of antibiotics after surgery is generally discour-

aged unless there is a strong clinical rationale.160
Oral drug administration

Oral administration of drugs is the most common route for

drug delivery in modern medicine. It is often preferred due to

its convenience, non-invasiveness, and patient compliance.

Many of the drugs discussed previously are administered

orally for the treatment or prevention of CC. Notable examples

are the oral tablet formulations of zafirlukast (Accolade) and

montelukast (Singulair).148,129 Likewise, many NSAID drugs

and simvastatin are routinely administered by the oral route.

While the oral route is convenient, various factors limit the

use of oral administration for certain drugs, including poor

solubility and mucosal permeability, poor stability in the

gastrointestinal tract, first-pass metabolism and low bioavail-

ability, and systemic side effects. For this reason, targeted site-

specific drug delivery strategies could prove useful, particu-

larly for a localized pathology such as CC. Examples of such

strategies are discussed in the following sections.
Modification of implant surface with grafted drug
substances

The ‘endogenous hypothesis’ postulates that CC is caused by

an exaggerated foreign body response resulting from

contamination of the implant surface with the normal flora of

the external breast and nipple tissues.108,109,161,162 Although

there only limited clinical evidence to support the endogenous

hypothesis,161 methods to modify the physical or chemical

characteristics of the breast implant surface so as to increase
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its biocompatibility/hydrophilicity and reduce protein

adsorption have been widely reported.163

Although grafting of various moietiesdincluding zwitter-

ionic molecules164donto the surface of implants has been

widely explored, there have been relatively few articles

reporting the grafting of pharmacological agents. Zeplin et al.

described surface modification of miniature textured silicone

implants via preactivation of the silicone using a reactive

silane followed by dipping the preactivated implants into a

saturated aqueous solution of with halofuginone lactate (a

type I collagen synthesis inhibitor that interferes with the

TGF-b signaling pathway.125 In this manner, the halofuginone

is permanently bonded to the silicone surface.

Copper ions are known to have antibacterial properties and

various articles have described their use in medical de-

vices.165,166 Model silicone elastomer breast implantsdhaving

their surface chemistry modified by the grafting of multiple

chitosan layers and then immersed in aqueous solutions of

copper acetate (containing Cu2þ ions)dhave been shown

in vitro to (i) provide controlled release of copper ions over

8 wk, (ii) reduce initial adherence of Staphylococcus epidermis to

the implants (the first step in biofilm formation), and (iii) have

a direct antibacterial effect167; S. epidermis is widely implicated

in post-operative infections and CC.75,76,82,84,99 While this

strategy is interesting and warrants further research, it would

be complex, costly and impractical to implement from a

commercial manufacturing perspective given the need to

chemically modify the silicone elastomer surface and incor-

porate the copper ions.

Recognising that the hydrophobic surface of silicone elas-

tomer breast implants encourages absorption of proteins and

bacterial adhesion, Joo et al. described a method to introduce

surface hydrophilicity by chemical modification using a

crosslinked hydrogel containing hyaluronic acid and

gelatin.168 As with any surface-grafting strategy, introduction

of such a method into an industrial manufacturing process

would be complex and lead to increased costs, at least

compared to current manufacturing methods; the surface

modification step would need to be completed after manu-

facture of the breast implant shell, and would involve

exposing the shell to oxygen plasma treatment, reaction of the

resulting silanol groups with a silane, and then final conju-

gation of the hydrogel system. Nonetheless, the data indicate

that the method is useful in improving hydrophilicity and

biocompatibility, effective in reducing bacterial adhesion

following implantation in mice, but only moderately effective

at reducing capsule thickness.

Kang et al. reported a method for modifying the surface of

silicone elastomers by immersing the implant for 1 min in a

solution (containing the monomer 2-methacryloyloxyethyl

phosphorylcholine, a crosslinking agent and a free-radical

initiator), followed by UV (15 min) or heat-induced (16 h,

70�C) polymerisation in situ.164 A signficantly thicker andmore

effective MPC-grafted surface was achieved using the heat-

induced method, although both methods resulted in sign-

ficant increases in surface hydrophilicity. Following 24-wk

implantation in pigs, the heat-induced implants also showed

significant reduction in capsular thickness and inflammatory

markers in surrounding tissues compared to non-grafted im-

plants. Moving forward, issues that will need addressed
include removing residual peroxides, and long-term me-

chanical integrity and safety of the grafted polymer coating.
Irrigation of implant/peri-implant tissue prior to
implantation

Irrigation of the breast implant pocket, and/or the implants

themselves, with various sterile or drug solutions is both widely

reported and practised as part of efforts to reduce the rate of CC

and for mitigating the risk of BIA-ALCL.117,164,118,169-172

Commonly administered solutions include sterile saline,115,173

a triple antibiotic solutions (such as bacitracin, neomycin and

polymyxin b),115 and triamcinolone acetonide (Table).139 The

results to date have been mixed. Results of several studies sup-

port the use of a triple antibiotic solution,117while others caution

against its use pending more robust evidence of efficacy.174

In other circumstances, such as during a mastectomy,

surgeons may use compounds like methylene blue to detect

sentinel lymph nodes for the diagnosis of early stages of BIA-

ALCL. However, studies show that the use of this compound

before the placement of an implant increased the risk of CC by

75%, regardless of the concentration used.175

Treatment of the implantation site with a local application

of drugs has proven to also impact the occurrence of CC. For

example, irrigating the area with antiseptics such as

Povidone-iodine has proven to reduce the occurrence of grade

III/IV CC, with an increased effect when antibiotics such as

cefuroxime and gentamicin are also administered intrave-

nously.121,176 A topical application of antibiotics only (e.g.,

cephalotin, cefazolin, gentamicin and/or bacitracin) halved

the risks of infection and seroma but did not significantly

modify the risks of CC occurrence.169,177 These results show

that irrigating the pocket with antibiotics and antiseptics is

important to reduce the risks of CC but not mandatory.

In a 55-patient prospective cohort study limited to just two

surgeons, a comparison of pocket/implant irrigation with tri-

ple antibiotic solution versus saline showed no significant

difference in the incidence or severity of CC.115

In a prospective cohort study involving 335 patients and a

single surgeon, a triple antibiotic irrigation solution

(comprising bacitracin þ gentamicin þ cephalexin) was

associated with a relatively low incidence of CC, compared to

previously reported data.117 The authors acknowledged that

the lack of a prospective, double-blind, randomized trial

design was a weakness of the study, and highlighted the po-

tential of future implants containing antibiotics impregnated

within their shell for optimal control of the bacteria.

Nguyen et al. reported no signficant differences in surgical

site infection with post-mastectomy pocket irrigation

comparing triple antibiotic solution to 0.05% chlorhexidine

gluconate in 85 patients undergoing bilateral immediate

breast reconstruction.123

Ngaage et al. assessed in vitro the ability of different anti-

microbial irrigation solutions (10% povidone-iodine, Clorpac-

tin, Prontosan, triple-antibiotic solution, and normal saline) to

reduce bacterial adherence/load of methicillin-resistant S

aureus and S epidermidis with silicone implant discs.178

Povidone-iodine was the most efficacious of the irrigation

solutions.

https://doi.org/10.1016/j.jss.2022.06.073
https://doi.org/10.1016/j.jss.2022.06.073


144 j o u rn a l o f s u r g i c a l r e s e a r c h � d e c em b e r 2 0 2 2 ( 2 8 0 ) 1 2 9e1 5 0
Jeon et al. described spray coating of model silicone im-

plants with low and high dose acetone solutions of the syn-

thetic corticosteroid drug triamcinolone acetonide as part of

efforts to develop implants providing local sustained drug

release for the prevention of fibrosis.140 In vitro drug release

testing was performed into 5 mL pH 7.4 PBS (shaking incu-

bator, 37�C, 125 rpm), with periodic sampling and complete

replacement of the release medium. Since acetone is known

to permeate into and swell silicone elastomers, it is assumed

that the triamcinolone acetonide penetrated beneath the

surface of the implants, helping to sustain release overw30 d;

drug release beyond this time was negligible.

Baker et al., demonstrated that model silicone breast im-

plants pretreated with a solution of doxycycline

(a tetracycline-type antibiotic drug) in ethanol significantly

reduced bacterial colonization of the implants with

methicillin-resistant S aureus and Pseudomonas aeruginosa

(both administered into the implant pocket before closure)

following subcutaneous implantation in mice, compared to

implants treated only with ethanol, doxycycline administered

intraperitoneally, and irrigation of the pocket with a triple-

antibacterial wash.119 The implants were dipped into the

doxycycline solution at a rate of 2 mm/s. However, the dura-

tion of immersion and the final amount of doxycycline in the

implants were not reported. Instead, doxycycline was

confirmed present on the surface of the implants by infrared

spectroscopy, mass increase of the implants was noted, and

doxycycline concentrations were measured via a zone of in-

hibition assay method. In line with expectations for applying

drugs to implants via simple coating methods, the doxycy-

cline appears to be exhausted from the implants with w48 h,

such that release is not sustained for longer periods of time.

Silicone implants inserted in rats showed significantly

decreased capsule thickness and number of inflammatory

cells after 12 wk compared to controls when the implant

pocket was inoculated with rifampin (an antibacterial drug)

and S epidermidis prior to implant insertion.134

In an in vitro study evaluating the activity of various mar-

keted antimicrobial ointment/cream products against biofilm

formation by S. epidermidis following their application to the

surface of punch biopsies taken from smooth and textured

silicone breast implants, Van Heerden et al. reported that

many of the products showed a significant antibacterial and

anti-biofilm effects, with Fucidin (fusidic acid), Terramycin

(oxytetracycline), and Chloramex (chloramphenicol) oint-

ments performing particularly well.122 This localised strategy

is similar to that of Betadine (povidone-iodine), which was

previously restricted by the FDA for use with breast implants

due to concerns that it could degrade the silicone elastomer

shell.124 These localised approaches may offer a simple

alternative to systemic administration of antibiotics or anti-

septic washing of the implant/pocket. It is likely that the

product type (creams are emulsion-based formulation having

approximately equal proportions of oil and water, while

ointments have much greater oil concentrations), the physi-

cochemical properties of the active agent (e.g., molecular

volume, lipophilicity, aqueous solubility, etc.) and the rheo-

logical characteristics of the product would effect retention of

the product on the implant and the extent of absorption of the

antimicrobial substance into the implant. It should also be
noted that products having high oil content can be detri-

mental to silicone elastomers.

Most of the pharmacological strategies directed toward

reducing or preventing CC involve use of lowmolecularweight

drug molecules, typically less than 1000 Da (Table). However,

many of the recent advances in drug therapies have been

driven by developments in large molecular weight bio-

molecules, such as proteins, nucleic acids (e.g., DNA and RNA),

and carbohydrates. Lee et al. have reported that botulinum

neurotoxinAdaneurotoxicproteinproducedby thebacterium

Clostridium botulinumdsignificantly reduces capsular thick-

ness around silicone devices subcutaneously implanted in

mice 30 d when instilled into the implant pocket.120 Based on

data obtained from supporting in vitro studies to help elucidate

the mechanism of action, the authors concluded that the bot-

ulinumneurotoxin interrupts the differentiation of fibroblasts

to myofibroblasts, most likely by blocking the TGF- b 1

signaling.

Incorporation of drugs into the implant shell

Despite the ease and prevalence of incorporating solid crys-

talline drugs into other types of silicone elastomer drug de-

livery systems during the manufacturing process (e.g.,

subdermal implants, vaginal rings, intrauterine devices) and

the potential clinical benefits in reducing the incidence of CC,

there have been no reports describing this strategy as part of

the manufacture of drug-releasing breast implants.179,180 This

ismost likelydue tovery significant challengesassociatedwith

integrating drug handling capacity into current breast implant

manufacturing protocols, the impact of drug incorporation on

the performance of the breast implants, and additional regu-

latoryhurdles. However, some researchers have consideredan

alternative strategy, involving the incorporation of drug sub-

stances into the silicone elastomer shell (and presumably also

the filler material) via a molecular permeation method.

Although details of the ’impregnation’ method are lacking in

the article, Darouiche et al. describe incorporation of the anti-

bacterialdrugsminocyclineandrifampin into thesiliconeshell

of custom miniature saline-filled implants for testing in rab-

bits.181 Since silicone elastomers are relatively permeable to

low molecular weight hydrophobic drug molecules,179 place-

ment of the preformed implants into a concentrated solution

containing the two drugs would certainly permit some degree

of drug ingress. However, an obvious disadvantage of this

approach is that only relatively small quantities of the drugs

could be incorporated, since these hydrophobic drugs would

have relatively low solubilities in both the silicone elastomer

shell and the saline filler. With relatively low drug loadings,

durationof releasemight be expected to be limited to just a few

days post implantation, although zone of inhibition studies

with implants removed from rabbits showed similar antibac-

terial activity out to 4 wk.

Nonetheless, it may be feasible to dissolve one or more

hydrophobic drugs in one or both parts of, for example, a

xylene-based silicone elastomer dispersion formulation, and

then dip-coat and cure the shell layer in the usual fashion.

Depending upon their solubility characteristics in the cured

silicone elastomer, it is possible that the drug(s) would pre-

cipitate to form small particle size crystals in the silicone layer
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after evaporation of the solvent. The presence of these solid

drug crystals would provide much higher drug loadings and

offer sustained release over prolonged time periods; different

drugs could even be incorporated into different shell layers,

providing additional control over drug release kinetics. How-

ever, a disadvantage with this strategy is that the presence of

drug(s) in the shell layers would cause the implant to be

opaque white in appearance rather than translucent.

Incorporation of drugs into the filler

To date, only one study has reported the incorporation of

drugs directly into the gel component of breast implants. So-

lutions of Keflin (active agent cefalotin, Table) or Garamycin

(active agent gentamicin, Table) were instilled into the gel of

silicone breast implants and their release over time was

shown to be effective against the development of fibrous

capsules around the implants.79 Unfortunately, no further

studies have been reported. Instead the surgeons in charge of

the experiment selected to apply a Betadine irrigation around

the breast implant during surgery.182

Conclusions

Here, we have highlighted the various pharmacological ap-

proaches that are already being used before, during, and after

surgery to prevent/treat CC, and various new experimental

pharmacological strategies that have been reported in the

literature. It is clear that existing pharmacological approaches

are not widespread among surgeons and that robust sup-

porting evidence for their efficacy is still lacking. Nonetheless,

given the extent of infections and clinical complications

associated with breast implants, the development of newer

and more effective strategies is both timely and necessary.

The last 50 y have witnessed an explosion of knowledge

around the incorporation and sustained/controlled release of

drugs from polymeric materials, and silicone elastomer drug

delivery devices have often been at the forefront of these de-

velopments, with numerous products having reachedmarket.

Many of the newer pharmacological strategies discussed here

for preventing CC associated with breast implants leverage

established knowledge derived from the drug delivery field.

This cross-fertilisation of concepts and ideas is to be encour-

aged as we seek to develop the next generation of breast

implants.
Author Contributions

EG, LC and RKM conceived the topic of the review article and.

EG, LC, BD, JML, EH and RKM contributed significantly to

writing different sections of the manuscript. EG, LC, BD, JML,

EH and RKM contributed to reviewing and editing the manu-

script. All authors approved the final version of the manu-

script for submission.
Declaration of Interest

None to declare.
Funding

EG received studentship funding from NuSil Technology to

support her doctoral studies.
r e f e r e n c e s

1. Sharma R. Breast cancer incidence, mortality and mortality-
to-incidence ratio (MIR) are associated with human
development, 1990e2016: evidence from Global Burden of
Disease Study 2016. Breast Cancer. 2019;26:428e445.

2. Heer E, Harper A, Escandor N, Sung H, McCormack V, Fidler-
Benaoudia MM. Global burden and trends in premenopausal
and postmenopausal breast cancer: a population-based
study. Lancet Glob Heal. 2020;8:e1027ee1037.

3. Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020:
GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J Clin.
2021;71:209e249.

4. Ballard TNS, Hill S, Nghiem BT, et al. Current trends in breast
augmentation: analysis of 2011-2015 maintenance of
certification (MOC) tracer data. Aesthet Surg J.
2019;39:615e623.

5. Mendonça Munhoz A, Santanelli di Pompeo F, De
Mezerville R. Nanotechnology, nanosurfaces and silicone gel
breast implants: current aspects. Case Rep Plast Surg Hand
Surg. 2017;4:99e113.

6. Kaoutzanis C, Winocour J, Unger J, Gabriel A, Maxwell GP.
The evolution of breast implants. Semin Plast Surg.
2019;33:217e223.

7. Mallucci P, Bistoni G. The use of anatomic implants in
aesthetic breast surgery. Clin Plast Surg. 2021;48:141e156.

8. Munhoz AM, Clemens MW, Nahabedian MY. Breast implant
surfaces and theirimpact on current practices: where we are
now and where are we going? Plast Reconstr Surg Glob Open.
2019;7:e2466.

9. International Society of Aesthetic Plastic Surgery. ISAPS
international survey on aesthetic/cosmetic surgery.
Available at: https://www.isaps.org/wp-content/uploads/
2020/12/Global-Survey-2019.pdf. Accessed August 16, 2021.

10. American Society of Plastic Surgeons. Plastic surgery
statistics report. 2018. Available at: https://www.
plasticsurgery.org/documents/News/Statistics/2018/plastic-
surgery-statistics-full-report-2018.pdf. Accessed August 16,
2021.

11. Surgeons AS of P. American society of plastic surgeons. 2020
plastic surgery statistics report. Available at: https://www.
plasticsurgery.org/documents/News/Statistics/2020/plastic-
surgery-statistics-full-report-2020.pdf. Accessed August 16,
2021.

12. Shin BH, Kim BH, Kim S, Lee K, Choy Y Bin, Heo CY. Silicone
breast implant modification review: Overcoming capsular
contracture. Biomater Res. 2018;22:1e9.

13. Food and Drug Administration. Breast implants: risks and
complications. Available at: https://www.fda.gov/medical-
devices/breast-implants/risks-and-complications-breast-
implants. Accessed August 16, 2021.

14. Van Slyke AC, Carr M, Carr NJ. Not all breast implants are
equal: a 13-year review of implant longevity and reasons for
explantation. Plast Reconstr Surg. 2018;142:281Ee289E.

15. Khanna J, Mosher M, Whidden P, Nguyen S, Garzon D,
Bhogal M. Reoperation rate after primary augmentation with
smooth, textured, high fill, cohesive, round breast implants
(RANBI-I Study). Aesthet Surg J. 2019;39:1342e1349.

http://refhub.elsevier.com/S0022-4804(22)00458-9/sref1
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref1
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref1
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref1
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref1
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref1
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref2
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref2
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref2
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref2
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref2
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref3
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref3
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref3
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref3
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref3
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref4
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref4
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref4
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref4
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref4
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref5
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref5
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref5
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref5
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref5
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref6
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref6
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref6
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref6
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref7
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref7
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref7
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref8
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref8
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref8
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref8
https://www.isaps.org/wp-content/uploads/2020/12/Global-Survey-2019.pdf
https://www.isaps.org/wp-content/uploads/2020/12/Global-Survey-2019.pdf
https://www.plasticsurgery.org/documents/News/Statistics/2018/plastic-surgery-statistics-full-report-2018.pdf
https://www.plasticsurgery.org/documents/News/Statistics/2018/plastic-surgery-statistics-full-report-2018.pdf
https://www.plasticsurgery.org/documents/News/Statistics/2018/plastic-surgery-statistics-full-report-2018.pdf
https://www.plasticsurgery.org/documents/News/Statistics/2020/plastic-surgery-statistics-full-report-2020.pdf
https://www.plasticsurgery.org/documents/News/Statistics/2020/plastic-surgery-statistics-full-report-2020.pdf
https://www.plasticsurgery.org/documents/News/Statistics/2020/plastic-surgery-statistics-full-report-2020.pdf
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref12
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref12
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref12
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref12
https://www.fda.gov/medical-devices/breast-implants/risks-and-complications-breast-implants
https://www.fda.gov/medical-devices/breast-implants/risks-and-complications-breast-implants
https://www.fda.gov/medical-devices/breast-implants/risks-and-complications-breast-implants
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref14
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref14
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref14
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref14
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref15
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref15
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref15
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref15
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref15
https://doi.org/10.1016/j.jss.2022.06.073
https://doi.org/10.1016/j.jss.2022.06.073


146 j o u rn a l o f s u r g i c a l r e s e a r c h � d e c em b e r 2 0 2 2 ( 2 8 0 ) 1 2 9e1 5 0
16. Codner MA, Mejia JD, Locke MB, et al. A 15-year experience
with primary breast augmentation. Plast Reconstr Surg.
2011;127:1300e1310.

17. El-Sheikh Y, Tutino R, Knight C, Farrokhyar F, Hynes N.
Incidence of capsular contracture in silicone versus saline
cosmetic augmentation mammoplasty: a meta-analysis. Can
J Plast Surg. 2008;16:211e215.

18. Gristina AG, Naylor P, Myrvik Q. Infections from biomaterials
and implants: a race for the surface. Med Prog Technol.
1998;14:205e224.

19. Boks NP, Norde W, van der Mei HC, Busscher HJ. Forces
involved in bacterial adhesion to hydrophilic and
hydrophobic surfaces. Microbiology. 2008;154:3122e3133.

20. Berne C, Ellison CK, Ducret A, Brun YV. Bacterial adhesion at
the single-cell level. Nat Rev Microbiol. 2018;16:616e627.

21. Costerton JW. Bacterial biofilms: a common cause of
persistent infections. Science. 1999;284:1318e1322.

22. Maxwell GP, Gabriel A. The evolution of breast implants.
Plast Reconstr Surg. 2014;134:12Se17S.

23. Perry D, Frame J. The history and development of breast
implants. Ann R Coll Surg Engl. 2020;102:478e482.

24. Iwuagwu FC, Frame JD. Silicone breast implants:
Complications. Br J Plast Surg. 1997;50:632e636.

25. Frame J. The waterfall effect in breast augmentation. Gland
Surg. 2017;6:193e202.

26. Bridges AJ. Silicone breast implants. Arch Intern Med.
1993;153:2638.

27. Cronin TD, Brauer RO. Augmentation mammaplasty. Surg
Clin North Am. 1971;51:441e452.

28. Marchac A, El Haddad R, Boedec C, et al. Three-year
intermediate results of a prospective multicenter study
investigating the use of smooth, semi-smooth,
microtextured and macrotextured implants from a single
manufacturer in breast augmentation and reconstruction
procedures. J Plast Reconstr Aesthet Surg.
2021;74:3150e3157.

29. Atlan M, Nuti G, Wang H, Decker S, Perry TA. Breast implant
surface texture impacts host tissue response. J Mech Behav
Biomed Mater. 2018;88:377e385.

30. Puskas JE, Luebbers MT. Breast implants: the good, the bad
and the ugly. Can nanotechnology improve implants? Wiley
Interdiscip Rev Nanomedicine Nanobiotechnology.
2012;4:153e168.

31. Abramo AC, De Oliveira VR, Ledo-Silva MC, De Oliveira EL.
How texture-inducing contraction vectors affect the fibrous
capsule shrinkage around breasts implants? Aesthetic Plast
Surg. 2010;34:555e560.

32. Danino AM, Basmacioglu P, Saito S, et al. Comparison of the
capsular response to the biocell RTV and mentor 1600 siltex
breast implant surface texturing: a scanning electron
microscopic study. Plast Reconstr Surg. 2001;108:2047e2052.

33. Brohim RM, Foresman PA, Hildebrandt PK, Rodeheaver GT.
Early tissue reaction to textured breast implant surfaces.
Ann Plast Surg. 1992;28:354e362.

34. Calobrace MB, Schwartz MR, Zeidler KR, Pittman TA,
Cohen R, Stevens WG. Long-term safety of textured and
smooth breast implants. Aesthet Surg J. 2018;38:38e48.

35. Cordeiro PG, Ghione P, Ni A, et al. Risk of breast implant
associated anaplastic large cell lymphoma (BIA-ALCL) in a
cohort of 3546 women prospectively followed long term after
reconstruction with textured breast implants. J Plast Reconstr
Aesthet Surg. 2020;73:841e846.

36. Bachour Y, Bargon CA, de Blok CJM, Ket JCF, Ritt MJPF,
Niessen FB. Risk factors for developing capsular contracture
in women after breast implant surgery: a systematic review
of the literature. J Plast Reconstr Aesthet Surg.
2018;71:e29ee48.
37. Vazquez B, Given KS, Courtney Houston G. Breast
augmentation: a review of subglandular and submuscular
implantation. Aesthetic Plast Surg. 1987;11:101e105.

38. Calobrace MB, Stevens WG, Capizzi PJ, Cohen R, Godinez T,
Beckstrand M. Risk factor analysis for capsular contracture:
a 10-year sientra study using round, smooth, and textured
implants for breast augmentation. Plast Reconstr Surg.
2018;141:20Se28S.

39. Spear SL, Jespersen MR. Breast implants: saline or silicone?
Aesthet Surg J. 2010;30:557e570.

40. Brook MA. The chemistry and physical properties of
biomedical silicones. In: Peters W, Brandon H, Jerina KL,
Wolf C, Young VL, eds. Biomaterials in Plastic Surgery: Breast
Implants; 2012. Cambridge, UK: Woodhead Publishing
Limited; 2012:52e67. Available at: https://www.
sciencedirect.com/book/9781845697990/biomaterials-in-
plastic-surgery#book-info.
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Armendáriz-Borunda J. Pirfenidone prevents capsular
contractureafter mammary implantation. Aesthetic Plast
Surg. 2008;32:32e40.

131. Schaefer CJ, Ruhrmund DW, Pan L, Seiwert SD, Kossen K.
Antifibrotic activities of pirfenidone in animal models. Eur
Respir Rev. 2011;20:85e97.

132. Fayzullin A, Churbanov S, Ignatieva N, et al. Local delivery of
pirfenidone by PLA implants modifies foreign body reaction
and prevents fibrosis. Biomedicines. 2021;9:853.

133. Grattendick KJ, Nakashima JM, Feng L, Giri SN, Margolin SB.
Effects of three anti-TNF-a drugs: Etanercept, infliximab and
pirfenidone on release of TNF-a in medium and TNF-a

http://refhub.elsevier.com/S0022-4804(22)00458-9/sref96
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref96
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref96
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref96
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref96
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref96
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref97
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref97
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref97
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref97
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref98
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref98
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref98
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref98
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref99
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref99
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref99
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref99
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref100
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref100
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref100
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref100
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref101
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref101
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref101
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref101
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref101
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref102
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref102
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref102
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref103
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref103
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref103
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref103
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref104
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref104
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref104
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref104
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref105
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref105
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref105
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref105
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref105
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref105
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref106
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref106
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref106
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref106
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref106
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref107
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref107
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref107
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref108
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref108
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref108
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref108
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref108
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref108
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref108
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref109
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref109
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref109
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref109
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref109
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref110
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref110
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref110
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref110
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref110
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref111
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref111
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref111
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref111
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref112
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref112
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref112
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref112
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref113
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref113
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref113
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref113
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref114
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref114
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref114
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref115
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref115
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref115
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref115
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref115
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref116
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref116
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref116
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref116
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref116
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref116
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref126
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref126
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref126
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref126
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref126
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref127
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref127
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref127
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref127
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref127
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref127
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref127
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref128
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref128
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref128
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref128
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref129
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref129
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref129
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref129
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref129
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref130
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref130
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref130
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref130
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref130
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref131
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref131
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref131
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref131
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref131
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref132
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref132
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref132
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref132
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref132
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref132
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref132
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref133
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref133
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref133
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref134
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref134
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref134
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref134
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref134
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref135
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref135
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref135
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref136
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref136
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref136
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref136
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref136
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref137
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref137
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref137
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref137
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref138
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref138
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref138
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref138
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref139
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref139
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref139
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref139
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref139
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref140
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref140
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref140
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref140
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref141
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref141
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref141
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref142
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref142
http://refhub.elsevier.com/S0022-4804(22)00458-9/sref142
https://doi.org/10.1016/j.jss.2022.06.073
https://doi.org/10.1016/j.jss.2022.06.073
https://doi.org/10.1016/j.jss.2022.06.073


g u i m i e r e t a l � p r e v e n t i o n o f c a p s u l a r c on t r a c t u r e 149
associated with the cell in vitro. Int Immunopharmacol.
2008;8:679e687.

134. Unlu RE, Yilmaz AD, Orbay H, Can B, Tekdemir I, Sensoz O.
Influence of rifampin on capsule formation around silicone
implants in a rat model. Aesthetic Plast Surg. 2007;31:358e364.

135. Ji L, Wang T, Tian L, Song H, Gao M. Roxatidine inhibits
fibrosis by inhibiting NF-kB and MAPK signaling in
macrophages sensing breast implant surface materials. Mol
Med Rep. 2020;21:161e172.

136. Lee TS, Chang CC, Zhu Y, JYJ Shyy. Simvastatin induces
heme oxygenase-1: a novel mechanism of vessel protection.
Circulation. 2004;110:1296e1302.

137. Hsieh CH, Sun CK, Lu TH, et al. Simvastatin induces heme
oxygenase-1 expression but fails to reduce inflammation in
the capsule surrounding a silicone shell implant in rats. J
Surg Res. 2011;168:272e280.

138. Chung KJ, Park KR, Lee JH, Kim TG, Kim YH. Simvastatin
reduces capsular fibrosis around silicone implants. J Korean
Med Sci. 2016;31:1273e1278.

139. Marques M, Brown S, Correia-Sá I, et al. The impact of
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