1. Problem

Overview:

Capsular contracture (CC) is the most common complication of breast reconstruction and augmentation
surgery (Dancey et al.). CC is defined as “a tight or constricting scar tissue capsule forming around a [breast]
implant, often distorting the breast shape and resulting in chronic pain” (Guimier et al.). CC is qualitatively
evaluated into four tiers of severity based on the Baker Classification System (Spear and Baker):

Class I: Breast absolutely natural; no one could tell breast was augmented

Class II: Minimal contracture; surgeon can tell surgery was performed, but patient has no
complaint

Class III: Moderate contracture; patient feels some firmness

Class IV: Severe contracture; obvious just from observation
Pathogenesis:

Foreign bodies implanted in the body can elicit an immune response that fibrously encapsulates the
implanted object(s) (Safran et al.). In the case of CC, immunological factors and bacterial contamination have
been proposed as potential causes. However, the widely accepted school of thought suggests that CC is a result
of macrophage response to the trauma of breast implant surgery (Bachour et al.). Transitioned and activated
macrophages derived from monocytes produce anti-inflammatory cytokines (including TGF-p), that promote
epithelial-to-mesenchymal transition (EMT). EMT results in the phenotypic transformation of epithelial cells to
myofibroblasts that produce a-smooth muscle actin (ez-SMA) and collagen fibers (forming a net around the
implant). The presence of a-SMA allows the myofibroblasts to contract, pulling on the collagen fiber network,
tightening the capsule around the implant, and producing the pain associated with capsular contracture (Braga et
al.; Abu El-Asrar et al.; Younesi et al.). (See Appendix A for more detail)

Treatment:

Non-surgical treatments for CC include physical massages to break up the capsule or injection of
leukotriene/COX-2 inhibitors to suppress inflammation. However, these methods are considered an ineffective
long term solution as the underlying causes of the capsule remain untreated (Hidalgo and Sinno). Grade III and
IV cases often lead to patients undergoing a capsulectomy, the partial or total surgical removal of the capsule.
Incidence Rates:

Incidence rates of CC vary from 3-20% (Lee et al.), depending on numerous risk factors. Among them,
rates are particularly high for two cases of immediate breast reconstruction (IBR): implant replacement after a
capsulectomy, and direct-to-implant breast reconstruction after mastectomy. CC recurrence rates in
capsulectomy patients are as high as 53% (Hester et al.). Breast cancer patients who undergo mastectomy and

IBR are also at higher risk due to post-mastectomy radiotherapy (PMRT), which can drive incidence rates as



high as 48% (Vinsensia et al.).
Patient Population:

CC threatens a massive and increasing patient population. In 2022, nearly 1.9 million breast
augmentations were performed globally. In the US, more than 240,000 breast augmentations were performed in
2022 (International Society of Aesthetic Plastic Surgery), while over 157,000 breast reconstructions were
performed in 2023 (American Society of Plastic Surgeons). The number of breast reconstructions has
consistently increased the past few years, with the rate of implant-based reconstruction outpacing autologous
reconstruction. In 2017, 29% of mastectomies lead to IBR, where 18% of those IBRs are followed by PMRT

(Razdan et al.). Given roughly 30,000 mastectomies in the US annually (Roskam et al.), the high incidence rate
for PMRT alone directly threatens 1,500 patients, let alone capsulectomy patients and the general threat to the
entire breast reconstruction population. The lack of effective, long term treatment in this population demands a

breast implant-related solution that reduces the incidence of CC.

2. Design Overview
Objective:

An implantable product that releases an EMT-targeting therapeutic to prevent capsule development and
contraction, for application during an IBR.
Product:

The product is a sheet of acellular dermal matrix (ADM) augmented with a drug loaded hydrogel. The
drug is pirfenidone, the hydrogel is poly(ethylene glycol), or PEG, and the ADM is Allergen’s AlloDerm Select
product. The drug is conjugated to PEG solution, which is then cross-linked as a hydrogel throughout the ADM
sheet. This combination sheet is designed to be cut and stitched together by a surgeon to fully wrap any existing
breast implant prior to implantation during an IBR.

Motivation for Design:

Several candidate EMT-targeting drugs were considered, including fibroblast and TGF-f activation
inhibitors like nintedanib and losartan (FDA approved for fibrosis in other organs), leukotriene receptor
antagonists like montelukast and zafirlukast (used off-label for CC), a monoclonal antibody called
fresolimumab (investigated for fibrosis in other organs), and corticosteroids like triamcinolone and prednisone
(used off-label for CC). While many show potential to reduce capsule thickness and fibroblast count in animal
models, pirfenidone is the strongest option because it directly address EMT by downregulating TGF-f, is
already FDA-approved for addressing fibrosis, shows promise for antifibrotic application in several organs, and
has been shown to reverse CC in humans (Veras-Castillo et al.; Gancedo et al.).

Pirfenidone poses two challenges. First, its oral administration relies on systemic delivery. First-pass



metabolism and off-target absorption, especially in the gastro-intestinal (GI) tract, lead to unintended
consequences with only a fraction of the drug reaching its target location. Second, pirfenidone has a short
half-life of roughly 3 hours, necessitating thrice daily administration and increasingly severe side effects with
higher doses. Though pirfenidone’s symptoms are generally very mild, it can cause GI issues like nausea,
skin-related issues like photosensitivity, and liver issues (Costabel et al.), each of which are attributable to and
can be aggravated by drug concentration spikes via oral administration. To mitigate maximum plasma
concentration and associated symptoms, pirfenidone is labeled to be taken with food, but food only further
reduces drug absorption by 16% (Drugs@FDA).

These challenges encourage local, continuous delivery, which can mitigate side effects by eliminating
spikes and gaps in drug delivery and drastically reducing systemic distribution of high doses. Hydrogels are a
common drug vehicle, for example in breast cancer treatments, because they provide a biocompatible platform
for tuning release characteristics (Lin et al.). Synthetic hydrogels were favored over natural ones for longer
shelf-stability. PEG was selected for its highly engineerable degradation rates and drug release methods (Vigata
et al.) and for its slight favorability over PLGA in in vivo testing of fibrotic development around implanted
hydrogels (Kim et al.).

A thin hydrogel layer alone, though highly cross-linked, may not hold stably around a breast implant and
could lead to irregular degradation and drug distribution into breast tissue. To provide a structurally sound
housing for the hydrogel, we chose to impregnate ADM sheets with the drug-loaded hydrogel. Clinical

application of ADMs as structural support in IBRs is established and increasing year-over-year, so this

combination of familiar components offers new utility with a low barrier to clinical acceptance. While ADM is
generally used as a sling to help support the lower pole, current clinical application includes fully wrapping
implants with ADM (Nahabedian), and the practice has shown potential to reduce the rate of CC (Bassetto et
al., Cheng et al.).

In a study comparing bovine, porcine, and human derived ADM, bovine had the highest CC rate (Pires
et al.). Therefore, we favored a human-derived product over bovine-derived dermal regeneration templates and
other bovine- or porcine-derived ADMs. In particular, we chose Allergen’s Alloderm product because the FDA
evaluated a lower risk for AlloDerm than similar, human-derived ADM competitors (FDA, Safety

Communication).

3. Description of Design Components
Pirfenidone
Pirfenidone is a FDA-approved drug for idiopathic pulmonary fibrosis (IPF). Its antifibrotic properties

were investigated as early as 1990 and continue to be investigated for fibrosis in the liver, kidney, heart, and



breasts, among other conditions (Cho and Kopp). Officially called 5-methyl-1-phenyl-1H-pyridin-2-one,
pirfenidone has the molecular formula C,,H;;NO with molar mass of 185.22g/mol or 0.185kDa. It is an axially
chiral molecule composed of a phenyl and pyridinone ring. It can be synthesized with >99.5% purity.

Pirfenidone’s mechanism of action has not been established (Drugs@FDA). Applications of pirfenidone
in fibrotic conditions like Dupuytren’s disease and IPF commonly recognize downregulation of fibrogenic
mediators, including growth factors like TGF-p, platelet-derived growth factor (PDGF), and basic fibroblast
growth factor (bFGF), as well as cytokines like tumor necrosis factor alpha (TNF-a) and interleukin-1 beta
(IL-1PB) (Schaefer et al.; Zhou et al.).

Pirfenidone is commonly administered as oral tablets or capsules thrice daily. Tablet dosage increases
from 267 mg in week 1 to 534 mg in week 2, then 801 mg thereafter. Pirfenidone’s effects are indifferent to
obesity, race, and gender (Drugs@FDA).

Pirfenidone’s pharmacokinetics are characterized by its oral administration. After absorption in the
intestines, pirfenidone passes into blood after first-pass metabolism in the liver. Pirfenidone is systemically

distributed by binding to human plasma proteins, reaching maximum concentration after 0.5-4 hours. Food

significantly decreases the rate and extent of absorption, reducing max plasma concentration by 49% for an
800mg dose. Absolute bioavailability is 46% in rats (Togami et al.), but undetermined in humans
(Drugs@FDA). Mean half-life is around 3 hours, with roughly 80% of the drug excreted in urine as the
metabolite 5-carboxylic acid. There is “no significant accumulation of the drug after repeated dosing” (Cho and

Kopp, Shi et al.) and pharmacokinetics are not age-dependent (Babovic-Vuksanovic et al.).

PEG
PEG is a hydrophilic, flexible polymer commonly used as a drug carrier due to its low immunogenicity
and toxicity. PEG’s structure consists of repeating units of ethylene oxide and is characterized by its molecular
weight (MW), which depends on the length of the polymer (ex. PEG6000 has a MW of 6000 g/mol).
PEG has been extensively applied clinically for drug delivery. PEGylation, or the method of covalently
conjugating drugs to PEG, has produced 38 FDA-approved therapeutics, none of which address fibrosis.

PEGylation improves the pharmacokinetics of small molecules, proteins, liposomes, and antibody fragments,

for example by shielding proteins from immune system recognition, increasing hydrodynamic size, or altering
receptor binding. As a hydrogel, PEG has been FDA-approved as burn and wound dressings and as laxatives.
Drug-carrying PEG hydrogels include injectables for ototoxicity (Chen et al.) and cancer (Zang et al.) and even
a sprayable formulation loaded with pirfenidone for treating IPF (Bao et al.).

The primary in vivo mechanism of degradation for PEG is hydrolysis, after which it is believed that cells

pinocytose the degraded PEG and deliver to the bloodstream (Baumann et al.). Though dependent on size, it is



often largely unmetabolized, with up to 96% of PEG6000 cleared by urine 12 hours after it enters the blood
(Webster et al.).

ADM

ADMs are tissue scaffolds derived from humans, cows, or pigs. Donor tissue is decellularized by lysing
with chemical detergents, dehydrated by freeze-drying or vacuum-pressing, and optionally sterilized with
ethylene oxide or irradiation (Macadam and Lennox). ADM’s structure consists of collagen fibers in the same
extracellular matrix (ECM) structure as regular dermal tissue. Human-derived ADM can be produced with
75-93% porosity (Tao et al.). Porosity index under 120mmHg pressure is 0.03mL/cm?/min for AlloDerm
(Carruthers et al.). Alloderm ADM thicknesses range from 1.6 to 3.2mm.

Clinically, ADM is used in breast reconstruction to provide support to the lower pole and is a major
factor in increasing rates of immediate breast reconstruction. The tissue matrix is recolonized by host cells and
becomes vascularized (Bohac et al.). ADM reduces contracture by allowing collagen to grow perpendicularly to

the implant surface, rather than aligning parallel to the implant surface. This disorganization disperses the

contractile forces applied by myofibroblasts and mitigates their effect.

ADM is both biocompatible and degradable. It undergoes constructive remodeling rather than pure
degradation, promoting integration with the host tissue and mitigating the foreign body response. After
implantation, the matrix is infiltrated by host cells and remodeled as endothelial and stromal cells vascularize
the matrix. This process typically begins within weeks and continues over several months with AlloDerm
showing partial degradation by 112 days and volume stabilization by six months post-implantation (Smart et al.;

Sclafani, A P et al.).

4. Drug Load, Dose, and Therapeutic Window

The total drug load requirement for the product depends on pirfenidone’s release profile and
modifications to its standard dosage for local delivery in this off-label application.

Pirfenidone’s release rate is dominated by how quickly its bonds to the PEG hydrolyze. Due to its size,
pirfenidone’s diffusion rate does not significantly delay release, nor should the release profile change with the
hydrogel’s pore size as the product degrades. (See Appendix B for details) Given ester bonds to PEG,
pirfenidone will release at an exponentially decaying rate over several weeks, as demonstrated with
ester-bonded drugs in solution and in human plasma. For both studies, roughly 10% of the drug load is released
on the first day, limiting the total drug load to 10 times the daily dose for local delivery. While the product’s
current design solely relies on ester-bonding drugs with a single linker type, the drug’s release rate could be

tuned in a later design iteration by using B-eliminative linkers with varying cleavage rates.

Pirfenidone’s daily dose for local delivery can be loosely rationalized from oral administration in animal
5



and human models. In an animal model, 46% of orally administered pirfenidone reached the blood, and 52% of
pirfenidone in the bloodstream reached the lungs. As such, the amount of orally administered pirfenidone
available to local tissue can be approximated as roughly 25% of the oral dose. In human trials for reversing CC
with pirfenidone, 600mg was orally administered thrice daily for 6 months for a total daily dose of 1.8g
(Togami et al.). Together, these findings suggest a locally delivered daily dose of 1.8g/4 = 450mg for treating
CC. Given 10% release on the first day, the maximum drug load for the hydrogel should not exceed 4500mg.
Predicting the product’s therapeutic window first requires estimating the minimum therapeutically
effective dose of pirfenidone for treating CC. For IPF, 50% of pirfenidone’s max therapeutic effect using 800mg
thrice daily was achieved by a plasma concentration of 1.73mg/L (Wang et al.), where the mean plasma
concentration for the maximum daily dosing can be estimated as 8.73mg/L. The linear relationship between
dose and plasma concentration suggests that roughly 1.73/8.83 = 19.6% of the daily oral dose is sufficient for
50% therapeutic effect for IPF. Applying this assumption to CC is tenuous, because the comparison is between
different conditions and orally-administered pirfenidone likely accumulates in breast tissue differently than the
lungs. Nonetheless, given the approximation of 450mg as the locally delivered maximum daily dose,
450*19.6% = 88mg gives a starting assumption for the minimum effective daily dose for addressing CC.

Given this assumption that 19.6% of the daily dose is the minimum for 50% effectiveness, the
therapeutic window of this application is approximately 42 days, based on the release profile of small-molecule
drugs from PEG hydrogels in solution. Animal models exploring sustained release of antifibrotic drugs from
implant wrappings have shown that this time-scale is sufficient to demonstrate significant disruption to collagen

organization and reduction in TGF-p, fibroblast count, and capsule thickness (Huh et al.; Acuner et al.).

5. PEG Hydrogel Design

The PEG macromers must be less than 30 kDa because larger chains are filtered out in the kidneys and
can distribute and accumulate within various tissues throughout the body (Baumann et al.). This limit
encourages mass-efficient methods of conjugating pirfenidone.

The PEG structure must be able to crosslink with itself and bond to pirfenidone. Therefore, it must have
more than 2 ends or arms, with at least half devoted to cross-linking to form a stable hydrogel. Most
manufacturers only produce 4-arm and 8-arm PEG usually, where higher arm count is preferable to efficiently
support higher drug loads. 8-arm PEG (5 kDa) with 4 amine groups and 4 acrylate groups is an ideal option, as
offered by Creative PEGWorks. The acrylate arms can covalently cross-link with thermal activation to create
the hydrogel network, while the amine arms can bond to pirfenidone through a linker molecule.

Dendrimers are an ideal linker structure because they can expand the drug loading capacity by offering

multiple conjugations per PEG arm. Dendrimers are a class of synthetic polymer molecules with radially


https://creativepegworks.com/group/8-arm-peg-x-y

symmetric tree-like arms stemming from a core. Arm count depends on rounds or generations of synthesis,
where generation 0 is the core, generation 1 adds 2 arms, and each following generation squares the count.
These arms can be terminated with functional groups and used to link small molecules to polymer scaffolds
(Abbasi et al.).

8-arm 2,2-bis(hydroxymethyl)propionic acid, or Bis-MPA dendrimers satisfy requirements for this
application. Firstly, they are degradable and non-toxic (Namata et al.). Secondly, Bis-MPA dendrimers have a
trimethylolpropane, or TMP core with a carboxyl group for amide bonding with PEG, while the dendrimer’s
hydroxyl-terminated arms can form hydrolyzable ester bonds with pirfenidone. MW is roughly 5kDa for
commercially available 8-arm Bis-MPA dendrimers, creating with the SkDa PEG molecule a 25kDa total mass
that satisfies the 30kDa size limit. The hydrogel structure is simplified and illustrated in Figure 22.

The equation below models the amount of pirfenidone that can be loaded as a function of the volume
and porosity of the ADM, the density and % concentration of PEG in the hydrogel precursor solution, the

number of pirfenidone molecules per PEG molecule, and the molecular weights of pirfenidone and the PEG.

C N
— P PEG solution pirfenidone

m V . . w
pirfenidone ADM ADM pPEG solution 100 Mw,.. pirfenidone

Equation 1: Drug loading capacity based on design details
Assuming 50% PEG solution, a 2.4mm thick ADM, and 85% ADM porosity, the drug loading capacity ranges
from 3-10g for various breast implant sizes. The main driver of loading capacity is the number of pirfenidone
molecules that can be conjugated to each PEG macromer. While the proposed design relies entirely on
off-the-shelf products and is limited by the PEG’s arm count, custom ordered or synthesized PEG with more
arms and minimized molecular weight could significantly improve the loading capacity of the product.

A high concentration solution is also critical to increase the drug load capacity. Generally, hydrogels are
derived from solutions with PEG concentration at 20% or below because higher concentrations prohibitively
increase viscosity for injection applications. In this application, a stiffer hydrogel based on a 50% solution is
acceptable because the hydrogel serves primarily as a structural platform from which to release a drug. 8-arm,
12.5kDa, step-growth-polymerized 20% PEG hydrogels exhibit stiffness ~50kPa, and a larger, 25kDa PEG
platform should trend to lower stiffnesses (Lee et al.). These stiffnesses are comparable to dermal tissue, which
has been reported at 40kPa (though values range widely depending on the test) (Feng et al.; A et al.).
Nonetheless, strictly increasing concentration will impact stiffness, and viability studies are required to
demonstrate that this high concentration can be manufactured and implanted without adverse effects.

PEG degradation over the product’s lifetime does not threaten patient safety. PEG degrades
hydrolytically and consistently over time with degradation rates varying: one clinical study shows 40%

degradation of PEG over 12 weeks in an animal model, whereas other PEG hydrogels, such as DuraSeal®, can

7


https://www.celluars.com/dendrimers/bis-mpa-cooh-dendrimer-trimethylol-propane-core-generation-3-item-522.html

take 4-8 weeks to be completely absorbed in vivo with no adverse tissue responses (Browning et al., Kim et al.,
US FDA,). PEG’s degradation can be tuned by modifying monomer molecular mass, crosslinkers, or
incorporating self-cleaving linkers, and this controlled degradation behavior combined with PEG’s established
biocompatibility, low toxicity, and rapid renal clearance for low molecular weight chains makes it highly

suitable for biomedical coatings (Ashley et al.).

6. Product Manufacturing

To enable conjugation to the Bis-MPA dendrimers, a solution of pirfenidone will be succinylated using
succinic anhydride to add a carboxyl group to the structure (creating pirfenidone—COOH). This process
functionalizes the drug (allowing it to form ester bonds with the dendrimers) while maintaining the overall
structure of the molecule and its safety for use inside the body (Birajdar et al.). To conjugate dendrimers to
PEG, the carboxylic cores of the dendrimers will be activated with carbonyl diimidazole for amidation with the
amine-functionalized PEG arms (Stenstrom et al.).

From there, the dendrimer-PEG system will be added to the aqueous succinylated pirfenidone to create a
drug-loaded solution with PEG concentration from 20% to 50% (w/v), which is soaked into dehydrated ADM.
Vacuum pressure can be applied to encourage permeation of the viscous solution into the dehydrated ADM
(Negishi et al.). Common high energy methods like UV can destabilize pirfenidone, so the solution will be
crosslinked via heat-assisted thiol-Michael addition, producing step-growth polymerization (Capanema et al.;

Vanitha et al.; Gao et al.).

7. Product Application

The device will be supplied in a dehydrated state to maximize shelf life and simplify logistics. Prior to
use, the PEG/ADM composite should be rehydrated in sterile saline or a drug-compatible buffer. Based on
experimental guidance from ADM manufacturers and PEG hydrogel protocols, we recommend rehydration for
at least 2 hours prior to implantation. This duration ensures adequate saturation of both PEG and ADM
components, restoring flexibility and optimal handling (AlloDerm IFU; Browning et al.; Luong et al.).

After hydration, the pre-shaped ADM/PEG sheet will fit the dimensions of the selected implant,
allowing for easy circumferential wrapping around the silicone gel implant. The edges of the ADM would be
brought together and sutured with absorbable suture—such as 2-0 or 3-0 polydioxanone (PDS)—to form a full
360° encapsulation of the implant (Bojanic et al.; Parcells et al.).

In preparing for surgery, the operating surgeon should account for the added volume and surface area of
the ADM/PEG wrap when selecting the implant size. Following mastectomy, the prepared ADM/PEG wrapped

implant can be inserted using either a submuscular or prepectoral technique, depending on the patient’s



anatomical and oncological needs. For submuscular placement, the ADM/PEG composite can be sutured to the
muscle and inframammary fold, and for prepectoral placement, the wrapped implant can be anchored directly to

the chest wall to prevent movement post implantation. Drains can be placed and the incision can be closed

following standard immediate implant-based breast reconstruction protocols (Bojanic et al.; Parcells et al.).



Figures

Figure 1:Grade IV CC in right breast (Patel et al.)
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Figure 2: Trend of breast reconstructions in the US (Eun Hong and Kang)
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Figure 4: Cell development and products through various steps of the healing process (Gorgy et al.)
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Figure 6:ADM use in immediate, direct-to-implant breast reconstruction (Graziano et al.)

Figure 7: Molecular structure of pirfenidone (Barbero et al.)
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Figure 10: Ravioli method for wrapping implant (Sigalove)
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Figure 12: Overview of PEGYylation strategies and drugs (Gao et al.)
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Figure 15: Model for estimating area under the curve pirfenidone concentration by dosage (Shi et al.)
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Figure 16: Degradation rate of sebacic acid-based PEG diacrylate implanted subcutaneously in rats as 10mm

diameter, 2mm thick disks (Kim et al.)
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Figure 17: Release of drug from 3.4kDa PEG hydrogel (PBS, pH. 7.4, 37 °C) with wm: 3-sulfanylpropionyl linker,
and e: 4-sulfanylbutyryl linkers. (Schoenmakers et al.)
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Figure 20: Drug loading capacity of proposed hydrogel
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Figure 21: Design components within hydrogel

Figure 22: Design components crosslinked as hydrogel within ADM
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Figure 24: Stiffness of PEG hydrogels at different concentrations and MWs (Lee et al.)
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Appendix
Appendix A: Details on EMT Process

Monocytes (which develop in the bone marrow) involved in injury repair are attracted to the site via
damage-associated molecular patterns (DAMPs) (Espinoza et al.; Krzyszczyk et al.). Close to the breast
implant surgical site, inflammatory chemokines and cytokines accumulate and promote the expression of cell
adhesion molecules that bind the monocytes to the damaged tissue (Krzyszczyk et al.; Alberts et al.). From this
bound position, the monocytes differentiate into pro-inflammatory M1 archetype macrophages and
anti-inflammatory M2 archetypes to aid in the healing process (Krzyszczyk et al.). M1 archetype macrophages
have an ordinary half-life of 20 hours at homeostatic conditions and their numbers in the body fluctuate, but
flock to the site of injury and increase in number rapidly during trauma, peaking in concentration around 48
hours after onset (Ogle et al.). These M1 macrophages are responsible for performing phagocytosis to clear
away other dead cells and bacteria before releasing chemical signaling molecules to signal the start of M2
macrophage activity (Krzyszczyk et al.).

Entering this second stage of wound healing, M2 macrophages move into the area to begin the process
of tissue remodeling through extracellular matrix formation, angiogenesis, re-epithelialization, and wound
closure (Krzyszczyk et al.). In this stage, M2 macrophages produce the cytokine TGF-f (activated by the
chemical distress signals of the surgery such as hypoxia from cut blood vessels) to aid in cell proliferation and
reduce the production of other fibrogenesis mediators, including fibronectin and connective tissue growth factor
(Krzyszczyk et al., Zhou et al.). This activated TGF-f3 binds to transmembrane receptors to transduce the signal
via phosphorylation of the SMAD signaling pathway, promoting the expression of EMT genes (Wang et al., Shu
et al.).

For the development of a truly capsular contracture preventing implant, it is logical to prevent the
development of collagen fiber networks by inhibiting EMT. During EMT, epithelial cells change phenotype and
differentiate into myofibroblast cells capable of producing a-smooth muscle actin (a-SMA) and type I collagen
(Braga et al.). a-SMA acts as a mechanical reinforcement for the new myofibroblasts that allows the cell to
contract, similar to the contractile abilities of smooth muscle fiber (Younesi et al.). Integrated into the produced
web of collagen fibers that it has produced and facilitated by the a-SMA, myofibroblasts can contract, resulting
in the fibers being pulled and pressure applied around the breast implant (Abu El-Asrar et al.). Current theories
suggest that the longer and more interconnected the collagen fibers are, the more likely that CC is to occur
(Larsen et al.). Modern treatments, therefore, aim at 1) disrupting the EMT pathway through reduction of signal
transduction, 2) reducing the ability of collagen fibers to align and connect, and 3) breaking down existing

collagen fiber networks (Hidalgo and Sinno).
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To address CC through EMT, early administration of antifibrotic agents is key. In the body, EMT can be
determined to take place after the first healing stage after the M1 macrophages have cleaned the area and M2
macrophages have begun to adhere to the wound area, roughly 48 hours after onset (Ogle et al.). In a study of
patients who had breast implants for reconstructive purposes, revision surgery to treat capsular contracture
occurred at 8.4 years after the initial surgery (Jakob et al.). When compared to the time between initial and
revision procedures for aesthetic implant patients in the same study, reconstruction surgery patients required
more frequent surgical operations, indicating that early intervention is a necessity for patients receiving a breast
implant for reconstructive purposes (Jakob et al.). This proven necessity of earlier intervention for
reconstruction patients and the start of EMT 48 hours after surgery suggest that continuously releasing

EMT-inhibiting drugs to the site of surgical trauma is a compelling design for high risk patients (Gorgy et al.).
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Appendix B: Diffusivity of Pirfenidone

The release profile of therapeutics can be affected by their size relative to the hydrogel’s mesh. For large

agents, release can accelerate initially as the hydrogel swells and gradually thereafter as the hydrogel begins to
degrade. As a small molecule (<1kDa), pirfenidone is significantly smaller than the mesh size of the PEG
hydrogel and therefore will diffuse quickly through the hydrogel (Ashley et al.) and into tissue upon cleavage
from the PEG hydrogel. Therefore, pirfenidone’s rate of diffusion through the PEG hydrogel should not
significantly impact the drug’s release profile, either by delaying initial release or by accelerating release as the
hydrogel degrades. Pirfenidone’s diffusion rate can be modeled with the Peppas Equation for the first 60% of

release:

ez
ml
Equation 2: Release from thin polymer slab. M, = total drug released, M., = total drug load, | =
thickness, D = diffusion coefficient, t = release time (Ritger and Peppas)
The diffusion coefficient can be approximated from the literature or calculated with the Stokes-Einstein

equation.

D = KbT

6mR,
Equation 3: Stokes-Einstein equation, where R, = drug hydrodynamic radius, K, = Boltzman constant, T
= temperature, 1 = hydrodynamic viscosity of solvent, D = diffusion coefficient (Zhang et al.)

Empirical analysis suggests that the diffusion coefficient for pirfenidone (0.185kDa) is roughly 4 x 107
cm?/s, calculated by linear interpolation between the diffusivities of 5-fluorouracil (0.130kDa) and
1,3-dimethyl-5-fluorouracil (0.199kDa) in 10% 6kDa PEG solution (Mathias et al.). For the same PEG and
concentration, the Stokes-Einstein equation gives 3.4 x 1077 cm?*/s, given T =298 K, 1=0.002 m, n =
2.545mPa-s (Regupathi et al.), and R, = 2.51 x 10 m (Serrati et al.). For either method, 60% diffusion of the
initial drug load completes within 3 hours. This fast diffusion rate confirms that pirfenidone will diffuse quickly

through the PEG hydrogel and can enter tissue within hours upon implantation.
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