ABSTRACT

VAID, RADHIKA Chemical and Thermal DegradatiohFiber Forming Aliphatic Polyesters.
(Under the direction of Dr. Martin W. King and Dr. Melissa A. Pasquinelli).

Bioresorbable polymers are employed for many applications in the biotechnologgamedi
device, and pharmaceutical industries on account of their biocompatibility and biodegradability.
This makes them viable candidates for treating acute injuries andchrssases through tissue
engineering scaffolds, wound dressings, resorbable slirgitures and drug delivery systems.
Thus, it becomes important to ensure that when polymers have been processed or fabricated into
a particular shape, size and form ttiety have the desired degradation profile for the application
they are designed fofhe polymer's processing conditions play a significant role in determining
the degradation mechanism which is controlled by the structure property relationship and hence
the bioresorbable properties. In addition,itheivoenvironmental factors such pld and enzymes
have a significant impact on the degradation profile and clinical performance of the polymer when
implanted in the body as a resorbable device.

In the pasthiere have been many studies evaluating resorbable polymers, like polylactic
acid (PLA), to understand the degradation behavior for biomedical applications. But gaps still exist
in our understanding of the degradation process and the reaction mechanisnd®frange of
established resorbable polymers. In addition, there is limited gciditérature on the degradation
behavior of other newly developed bioresorbable polymers, likegpbiydroxybutyrate (P4HB),
and how they compare with established paysn

For my doctoral research study, | have evaluated different bioresorbable polpntiee
category of aliphatic polyesters, including polycaprolactone (PCL) and polyglycolic acid (PGA)
in addition to PLA and P4HB, with the goal of understanding thegratiation mechanism, their

resorption profile and any implications on their projsrcritical to their polymer performance.



To accomplish this, | have used both experiments and computational techniques and have
attempted to establish correlations betwédeese two approaches so that the methods developed
are applicable to other polyngerSometimes in experiments, details at the molecular level critical
to polymer degradation and their use are omitted or missed, such as reaction mechanisms and the
producton of by-products.

In the initial studies, | have evaluated the degradation piiepers a function of pH for
both PLA and P4HB. P4HB is an attractive candidate for use as a surgical suture because it is an
elastic thermoplastic that is biodegradablecbmpatible, insoluble in water and nontoxic. It also
has a high degree of polymmation and thus has potential for high strength applications. For the
PLA and P4HB degradation studies using both experimental and simulation techniques, the
degradation aaditions were selected so as to mimic normal body temperature and the pH
conditionspresent at various locations in the human body. Then, in order to explore the details of
the hydrolytic degradation mechanism at the moledelal, molecular dynamics (D)
simulations were performed using reaxFF and density functional theory (DFTlatalts. In a
second set of studies, | also performed experiments to analyze the effect of the proteinase K
enzyme under different pH conditions on the degradation beha¥iBAHB. Finally, thermal
degradation was studied for four aliphatic polyesteiagusoth experiments and simulations. The
results were correlated in terms of the activations energies and thermal degradation profiles.

The findings for hydrolytic degratian from both experiments and simulations illustrated
that a faster rate of degrdom occurred for PLA in alkaline conditions, whereas for P4HB
degradation was enhanced under acidic conditions. Furthermore, similar behavior, but to lesser
extent, was akerved for the enzymatic degradation of P4HB in the presence of proteinase K.

Lastly, thermal degradation using both experimental and simulation techniques revealed similar



degradation profiles and activation energies for all four aliphatic polyestessutimary, it is
important to note that this study is unique and one of a kind.dtfprward a methodology where

the simulations can be used as a tool to study polymer degradation in combination with
experiments, and by taking this approach it is posdiblelarify our understanding of the
degradation process, and now we can shortidynper candidates based on the results of

simulations before proceeding with experimental work and material processing.
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CHAPTER 1: Introduction and Literature Review

1.1.Introduction

Degradation is one of the most criticapacts in th@erformance of bioresorbable sutures.
't is a Abuzzwordo which can be put todevebur ad\
information associated with it. With the advent of new bioresorbable polymers, it becomes highly
importantto understandhe degradation mechanism, the reaction pathway and the changes in
properties as the polymer resorbs. In this study polymrers\aluated for hydrolytic, enzymatic
and thermal degradation in mono and multifilament suture form.

This is to engre that the ésiredin vivo performance for a predetermined period of time is
obtained without failure of the suture after implantationcaiany prematuri vivo failure is
|l i kely to have a detrimental e f thdgingtthe diect oft he p a
the chemical environment t hat prevails insid
degradation of the new pwher can be understood, the extent and severity of the inflammatory
response can be confirmed, and the propertiesbeatuned tcachieve the desired healing
performance. So, by understanding the degradation mechanism, the reaction rate and kinetics, as
well as the byproducts that are produced, one can make a significant step forward to ensure the
desired performancd the sutures achieved. Further by understanding the thermal degradation
of bioresorbable polymers can be helpful in providing releirgnotmation critical for tweaking
processing conditions to achieve desired structure and properties and henoegpedo

Any new polymer can be evaluated using experimentation to study the initial suture
properties as well as the degradation profiler twmee depending on the environmental conditions.
By varying the independent variables, such as temperature, qgrgsiduand chmical species, on

the degradation conditions, one can easily measure changes in the polymer properties over time.



However, tle time and effort consumed in executing a complete factorial experiment with
many tests and trials, poses a maj@lleimge toward developing and evaluating the performance
of new suture products. In other words, experimentation alone limits achiegibgghand fastest
solution for all patients. To address thigllenge) am using computational tools to develop a
method to ealuate the degradation properties of resorbable aliphatic polyesters and develop a
methodology to get fast results in sync esxments.
1.2.Goals and Objectives

The primary goal of this research isutederstand the degradation mechanism ametics
for bioresorbable aliphatic polyesters as surgical sutures using both experiments and simulations;
and thereafter, to discerntheeeff t of degradati on on the sutur e:

Since | appreciate and recognize the significancegfadation om vivosuture behavior,
this proposal plans to monitor the degradation behavior of aliphaticasied polyesters used for
medical devices like sutures. The study focuses on discermrgtradation mechanism, reaction
kinetics, changesisuture attributes and performance, at the molecular and-te&etaising both
experiments and simulations.

Through thiswork | plan to undertake the followingt objectives which are listed in the
remainder of this proposal as 3 dependent projects.
1. Devdop a simulation methodology to understand the degradation mechanism and reaction

kinetics for aliphatic polyester polymers used as surgigalres. The simulatioresults need
to be validated by performing correlation statistics with the experimestdtsehat measured

the activation energy, decrease in molecular weight, and the generation of reaction products.



2. Using the simulation metliology developed in Pregt 1, | plan to analyze the mechanical,
physical and chemical properties and performangmlyt4-hydroxybutyrate (P4HB) sutures
on exposure to hydrolytic through both experiments and simulations.

3. Since P4HB is a less explored yooler, | will be using prteinase K in addition to the pH used
for hydrolytic degradation in the Project 2 and untierd the enzymatic degradation for it
experimentally.

4. Using the simulation methodology developed in Project 1, | plan to analyze theoéffleet
polymer backbonstructure on the thermal degradation behavior of aliphatic polyesters used
for suture appliations, through both experiments and simulations.

This thesis encompasses of 7 chapters witll @hving introduction and literature review

Ch-2 has the backgrodnnformation for the techniques used. The scientific work addressing the

entailed objective are from Ci8 to Ch6. In Ch3 PLA hydrolytic degradation is determined both

experimentally, and through MD simulations and DFT calcutatidhe developed methpdom

Ch-3 is used to evaluate P4HB hydrolytic degradation iQBh5 discusses about tkazymatic

degradation of P4HB and the findings from degradation studies at different pHs with proteinase

K. Thereafter C8 uses the methadkeveloped in CI8, usedand validated in Gi4 to evaluate the

thermal degradation of four aliphatic polyestersitothermal degradation profile and activation

energy calculationd.astly in Ch7 | discuss about the summary and conclusions from thik wor
with limitations and @iture opportunities that could be explored using this work.

1.3Introduction to Sutures

A sutureis a biomaterial device, used for closing wounds. Sutures play a critical role in
bringing and holding the tissues together after injurguwgery. They promote aund healing

through increasing the proximation between tissues, maintaining tension emgttsicross the



wound until tissue grows matching the properties of the original tissue. Sutures can either be
natural or synthetic. The ofte for sutures is det@ined by the biocompatibility, the risk of
infection and the mechanical requirements ferdhatomical site of application. An undesirable
biological response may get triggered when sutures are placed in contact with tisshesudec
a severe and planged inflammatory reaction which delays the normal healing process. In this
regard the idal suture should have a negligible toxic or allergic reaction and ensure the
environment is conducive to wound healing. Thus, a suturefescpéor medical appltions if it
has the following characteristics, {]:

Should be easy to handle

Must cause minimal tissue reaction and no allergic response

Maintain sterile conditions at the wound site by not supporting bacterial growth

Exhibit high tensile strength and wattand tension within sutured tissues

Must be easy to sterilize without changing properties such as strength and degradation

Should have noarcinogenic or toxic action at the site of application or in the body

In the case of absorbable sutures, it musiis®rbed after serving its function.

Therefore, to promote wound healing without unprecedented failure, a suture must have
adequate tensilproperties and exhibit gradual degradation and resorption in body fluids,
maintaining the rate of strength loss tatoh the rate of tissue growth. Inighregard, to
improve the properties and performance of surgical sutures, intensive research has been
undertaken in the past two decades, as illustratéidure 11 (obtained from web of science
[3]). Additionally, sutures are the most popular mode of wound closure compared to other
techniques like staples, &g and adhesives. This has resulted in tremendous growth for

sutures witrexpected market share for sutures to 9OW4.40 billion by 20214].
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Figure 11: The boom in researcmaurgical sutures in past two decades

1.4.History of Sutures

Suturing techniques have been prevalent for more tB@8 years now. They have been
used since ancient times for wound closure and healing. Sutures originated and evolved in ancient
Egypt andndia; where linen, animal tissue, flax, hair, grass, cotton, and silk were used for closing
wounds. The practice oligiring with few of these materials were cited in detail for the first in
Sushruta Samihita, prehistoric Indian medical literature by r8taskvhich was written in 500
BCE. Following this, new materials have been reported by ancient physicians in EdyyponBa
and Greece. The research and advancements in suturing technology was first reported using catgut
around 175 A.D. by Galan a physinito Roman gladiators. This resulted in the use of catgut,
cotton, and silk as a common suture material thd®d erly 20" century [L,5]. In 1869, it was a
Lord Jeseph Lister who developed the concept of sterilizing catgut sutures by impregnating them
with chromic acid 1,1] . In 190006s scienti st sionadsistaneept ed
characteristics of sutures. In this context of iodine sterilization for sutures by Claudius in 1902
became the standard sterilization method for sutures for nearly half a cenpffiry [ Unt i | 193

before the advent of synthetic materials, silk and catgut remaiastacceptablsuture materials.



Nyl on, pol ypropyl ene, and pol yethyl ene ter e
predominant nomesorla bl e sutures followed by the appear
with discovery of polyglycolic acid (PGA). itth the wide pectra of available synthetic materials,
for both nonresorbable and resorbable, the use of bovine catgut as a suture rhateti@en
phased out mai nly because of di seasddakohb i nked
Disease (CJD])7- 9].
1.5.Classification of Sutures
Sutures arelassified generally based on their source (synthetic or natural), the degradation

profile and the expected lifetimai t he pati ent 6s Inlosdrlyable), afddher b a b |
method of their construction (monofilament, twisted or braided). Since satterelassified as a
medical device, the approval for new suture materials and their manufacture comes under the
reguatory control of the Food and Drug Administration (FDA). The guidelines for the suture
industry and their manufacturers is set by a catmgrsive collection of authoritative documents
in different regions like the US Pharmacopoeia (USP), the Europeam&itgoeia (EP) and the
British Pharmacopoeia (BP). The basic classification of sutures is based on their origin, i.e.
collagen, synthetiebsorbable, and synthetic nabsorbable. Noabsorbable sutures are further
classified into three classes as follgwg.0,11]:
1 Class IT Silk or synthetic fibers omonofilament, twisted, or braided construction; where

coating if any does not contribute to the thickness
1 Class IIT Cotton o linen fibers or coated natural or synthetic fibers, where coating

significantly changes the thickness but does not contributeetstrength

I Class lllIi Monofilament or multifilament metal wire
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Figure 1.2: Classification of Stures

1.4.1. Classification based on construction

As merioned above the construction of sutures is mainly classified as monofilament and
multifilament. Monofilament sutures are single threads uferiured by polymer extrusion and
monofilament spinning. Monofilament sutures exhibit a smooth surface that reriders
advantageous with minimal tissue reaction and limited tissue trauma during suturing, and a
reduced risk of bacterial growth comparednultifilament sutures. Owing to the singlarfent
in monofilament sutures, it is comparatively easy to makea during a surgical procedure.
However, there are drawbacks, such as low knot security and less flexibility, linked with
monofilament stures, which makes the handling and formatioa sfall secure knot difficult. In
addition, because of their filamethickness, monofilament sutures have a memory that retains the
figure of 8 shape in the package causing problems in knotting. Curmeantigfilament sutures
are made from: polyethylenerephthalate (PET or polyester), polyglycolic acid (PGA), polidact
acid (PLA), polyhydroxybutyrate (P4HB), polyamide (PA or nylon), polypropylene (PP),

polydioxanone (PDO) and stainless steel. Figureo2vs the monofilament suturgd, 11].



Figure 13: (a) Monofilament Suturelf], (b) Braided Multiflament Suture [13] anc
(c) Coated Multifilament Suturelg].

In contrast to the monofilament sutures, multifilament sutures as can be §ganeii.2
They consist of several flaments being brdide twisted together. Polyesters, polyamides and
silks are commonly used for manufacturing braided sutwigte catgut (reconstituted collagen),
cotton and stainless steel are available in twisted multiflament form. Unlike monofilament sutures,
multifilament sutures provide ease of handling and better surgical knot security, since the threads
exhibit high stength ad flexibility. To reduce their surface friction, a minimal amount of foreign
coating material is added to the surface of the sutures piuitessing. Even so, their rough and
uneven surface results in tissue drag, trauma and damage while sufthiiagesults in injured
tissues surrounding the suture, which is unlike monofilament sutures.

Furthermore, the presence of microvoids within #teicture of braided and twisted
multifilament sutures results in the formation of microcapillaries thastasswicking of tissue
fluids into these void spaces. The accumulation of tissue fluids in the case of wounds is likely to
cause the harboring offectious microorganisms in multifilament sutures. As cited by G}y [
once filled with tissue exudate it is difficult for bactericidal inflammatory cells to reach these small
hiding spots in the microvoidsThis results in multifilament sutures beingported to trigger
infection and tissue reaction, and hence caudanmhation compromising the tissues defense

against bacterialP-12]. There has been research to address these negative issues associated with



monofilament sutures. limis regard, the development of pseudonofilaments by Gellamani et
al. [10], and the multifament suture coated with the same polymer has been reported, as illustrated
in Figure 2. The ideal coating@hd be capable of eliminating the capillary action and imbibing
process of tissue fluids, which foster the bacterial grodiHLP]. In addition, as can be observed
in Figure 2, different colors of sutures are manufactured through pigmenting, dyeing or coating, to
facilitate their identificabn and improveheir handling properties, particularly by easing knotting
and reducing tissue drafy]].
1.4.2. Classification based on size

USP (UnitedStates Pharmacopeia) and EP (European Pharmacopeia) are currently two
standardsised to classify sutures as per their size. To define the size and strength requirements of
sutures, the USP standanvolves a series of Arabic numbers that are either aftoio&er than)
or below (thinner than) zero as showntable 1.2[1,11,28So for sutures above size 0, thae
denoted by single digit such as 1, 2, 3, etc., where the greater the number, thdndéasgeure
diameter. For sutures finer than size 0, the USP previously referred to sizes as 00 and 000. This
desigration has now been replaced by using athigit code where the first number refers to the
number of 06s. As a thane3® sutute,andaso eh/Qh the atherthand, ini s f
the EP standard suture sizes are coded 0.1 to 10 in the ortheziroincreasing diameter and
decreasing finerss. The corresponding minimum diameter (mm) can be easily calculated. The EP
standard provideease of converting the code to the diameter in mm by simply dividing by 10. In
addition, the tensile strength aftares is reduced by a decrease in suture dexre an increase

in fineness 29].



Table 11: Suture Classification Based on Size [Adapted flloiil,28, &33)].

Average
USP size codes EP size codes Suture
diameter (mm) Potential Surgical
Naturdly Nonabsorbabl¢ Absorbable Applications
available and synthetic | and Min. Max
absorbable | absorbable nonabsorbablé ' '
materials materials materials
12/0 0.01 and 0.05| 0.00%0.009
11/0 0.1 0.0110.019
10/0 0.1 0.020.029
9.0 0.3 0.030.039 2?;;2?:33393"
9/0 8/0 0.4 0.04/0.049
8/0 7/0 0.5 0.050.069
7/0 6/0 0.7 0.07 0.099
6/0 5/0 1 0.100.14 Face, blood vessels
5/0 4/0 15 0.150.19 Face, neck, blood vessel
4/0 3/0 2 0.200.24 Mucosa, neck, hands,
limbs, tendons, blood
vessels
3/0 2/0 2.5 0.250.29 Limbs, trunk, gut, blood
vessels
2/0 0 3 0.300.39 Trunk, fascia, viscera,
blood vessels
0 1 4 0.400.49
L 1 e
3 2 7 070079 I;s;a, rain sites, arteria
4 5 8 0.800.89 o
: orthopedic surgery
5 6 9 0.90'0.99
6 7 10 1.00'1.09

1.4.3. Classification based on degradation behavior inside body and the source
Surgicd sutures are classified as absorbable andat@orbable, based on the strength loss
in the stipulated time inside he human or Ab s

patientbds body.

undergo enzymatic or hydrolytic degradation and subsequent temsitgtbtioss, most of it,
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within 2 months inside the patient body. This is unlike-abeorbablesutures thatetain their
tensile strength near to the original value for more than 2 months in vivo. The degradation of all
suture materials takes place iresidthe lody except for, stainless steel, polyester,
polytetrafluoroethylene (PTFE), nylon and polypropylene. Howeverasitklinen sutures are
consi deabdofnmaml ed since they take more than
nonabsorbable sutes arefurther classified based on their polymer source, as illustrated in table
1, into natural and synthetic. The deatdilabout the polymers in these categories are given in the
following section.
1.5.Non-Resorbable Surgical Sutures

Silk is the oldest known anefffective surgical suture material produced from the moth
larvae ofBombyx mori However, an associated protein gextes a negative biological response
when placed in the human body, which raises concerns about biocontyatitik literature
claims thathe reason for the incompatibility of silk vivo have been attributed to sericin, which
is a protein coating. $gessful removal of sericin through the degumming process has resulted in
no negative immunological response emhsilk is used as a suture a scaffold for tissue
engineering or other biomedical applicatioh8p0]. The major use of silk sutures is in
ophthalmology, oral, dental and bladder surgéfy 15,17,20 Furthermore, to improve the rate of
biodegradability and its anrbiacterial properties, research has been conducted applying a 4
hexylresorcinol (4HR) and silver coating silk sutues R1,22]. To provide a substitute for silk
sutues nylon monofilaments and braided nylon sutures have been developed. Both nylon 6 and
nylon 66 are fabricated anded as suture materials in the @ditStates, whereas, in view of its
stiffer mechanical properties, only nylon 6 is used in Europe. Nylamres find applications in

cataract surgery and for suturing nerves and blood vessels. Due to their inertneaseaofl e
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handling, nylon sutures aused for cosmetic surgery. Like silk, they degrade slowly over longer
periods through hydrolytic degradat, which causes strength loss over time. Besides this
polyester (polyethylene terephthalate) (PET), (polybutyleteeephthalate) (PBT) and
polytetrdluoroethylene (PTFE) are used for letegm applications where high tensile strength is
required for theifetime of the patient, like a prosthetic heart valve, a hernia mesh, and a fascia or
sternum closure procedureikewise, stainless steel sutureg atso used for load bearing high
strength applications. Next to steel and polyester are polypropyl&)es(iures, but they are
difficult to handle due to the high stiffness. Recently polyvinylidene fluoride (PVDFbé&ais
developed in order to providelongterm solution for vascular surgeries since PVDF exhibits low
thrombogenicity. They have similar mdling characteristics to PP sutures and a -enm
durability matching that of polyester (PET) suturgg(,11].
1.6.Drawbacks of NonResorbable Polymers for Surgical Sutures

A nonresorbable or permanent suture is resistant to biod&tiwad because it becomes
encapsulated in a fibrous capsule, and remains in the tissue as a foreign body unless it is surgically
removed orextruded. On the other hand, a number of biodegragaiileners of natural and
synthetic origin with good biodegrdaiity and biocompatibility have recently been developed.

However, they have their inherent problems that need to be discussed; anticsaimhti
technological solutions need to be found. Tulrass this issue there are number of synthetic
biodegradablg@olymers and copolymers are made from renewable resources, such as lactic acid.
Currently, polylactic acid (PLA)/polyglycolic acid (PGA) q@mlymers are the most widely used
synthetic biodegradde polymers for biomedical applications. However, there adain
limitations to PLA, such as its low hydrophilicity and slow rate of degradation, poor soft tissue

compatibility, inferior physical mperties, lack of processability, and high cost ofdpation.
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Despite its increased use in medicine, it is necgssaearch for new materials that exhibit unique
properties for specific medical applications.

By using a resorbable polymer, this elintesmthe need to remove sutures after a wound
has healé. Using sutures made from a resorbable polymer has theomddiitienefit of allowing
the sutures to be integrated into the organ or body cavity during a surgical procedure. Therefore,
the main basiceason for using a degradable polymer as an implantighiee begins with the
simple desire to implant a device tlwatce it is no longer needed will not necessitate a second
surgical event for its remova23-27].

In addition to not requiring a second operation, biodegradatiersmther advantages. For
example, a fractured bone, fixadth a rigid, nonbiodegradable stainless steel plate, may not heal
properly andcan eventually refracture upon removal of the implant. This happens because the
bone does not carry sufficient loddring the healing process, since the load is carried bygike
stainless steel. Thi s phenomenoaless rgid iknplamtwn a s
prepared from a biodegradable polymer can be engineered to degrade at a rate that will slowly
transfer the load to the healing bo28-p7).

1.7. Resorbable Surgical Sutures
1.7.1. Catgut and Collage8utures

Catgut or reconstituted collagen is the most sakethwn natiral material used for making
sutures and the strings of musical instruments. It is biochemically similar to Type 1 collagen.
Interestinglyt he term O6catgut é i s feloeovanety eftcats, put LAar el at
Murrayods in 1599 desviobed,asbébcanged instrume
Collagen is the major protein component of the human body and is pregaments, cartilage,

tendons, skin, and bonke. most cases catgut has been extracted from a bovine or porgioe,so
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and the monofilament is referred to as either a plain and chromic type, based on the preservation
treatment given. In chromic suturespwn chrome salts are used to crligk the cdlagen, which

slows down their rate of absorption in the body. Gagytures exhibit high elasticity and tensile
strength. The degradation times for loosing half their strength are 7 days and 14 dajs forgl
chromic sutures respectively. So catguttises are usually used to close skin or renal incisions and
wounds where tissue regeneration occurs rapifdlyo,11,28].

Catgut sutures amasy to handle, but their knot security is poor and #iw@sive surface
causes trauma to the neighboring tissues while suturing. Thresate packed in alcohol solution
S0 as to retain flexibility, and they are usually sterilized in ethylene oxiolegamma irradiation.
There have been attempts to imprake handling properties by adding a glycerin coating and
avoiding the use of albwl for packaging. The coating increases the suture thickness which raises
other concerns. In addition, newer ansslénjurious crosslinking methods have been introduced
to improve the handling and tensile properties of catgut sutliieS6].

Since catgut sutures are made fraBf®collagen, they easily degrade in the body through
proteolysis. Besides this, collagen is thrombogenic and acts as a hemostatic ageftrelhe
catgut is generally used for closing ws where the tissue growth is fastest. However, there are
some disdvantages for catgut sutures, like an inflammatory foreign body reaction and the need
for a protocol to prevent the risk of infectious dsedransmission to patients. Unfortunately,
recardless of these measures, some diseases, like Crelitid&lolh disase, otherwise known as
6mad cow di seasebd, and bovine spongiform enc
transfer from catgut suturés patient428-31].

To overcome these concerns, synthetic absorbable polymers efexabte to natural

polymers. In addition, synthetic polymers provide greatertrob over the uniformity and the
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desired mechanical properties. Also, it is easier to predict and control tloé daigradation and
mechanical properties of synthetic polysanlike those of natural origin. Following this we will
discuss synthetic patyers used for suture applications.

1.7.2.Poly (Glycolic Acid) (PGA)

PGA has been one of the oldest synthetic bioresabpblymers investigated for
biomedicalapplications. Being 4%5% crystalline it exhibits a high tensile modulus and a low
solubility in organic solvents. The glass transition temperature (Tg) of the PGA ranges from 35 to
40°C and the melting point is gtea than 200 °C. Although it has lowlsbility, a variety of
forms and structures can be fabricated for biomedical applications. Thisecdanke mainly
through extrusion, injection and compression molding as well as by particulate leaching and
solvent cating. Attributed to its excellent fibéorming capability, PGA was initially investigated
for developing resorbable sutures. The first P@ased bioresorbable synthetic suture called
Dexon, was approved in 1969 by the United States Food and Drug Adatiaist(FDA). In
addition, norwoven P@ fabrics have been extensively used as scaffolds for tissue regeneration
due to their excellent deglability, initial mechanical properties and cell viability. PGA implants
degrade by bulk erosion as a result of-spacific scission of the ester backboiihe suture when
hydrolyzed inside the body is known to lose its strengthi lhmionths and losesitmass within 6
12 months. The degradation product of PGA is glycine/glycolic acid, which can be metabolized
by thebody and excreted in the urine or cortgd into carbon dioxide and water via the citric acid
cycle. Thus, no immune or toxic response tgdase. However, PGA has limited solubility, and
during bulk degradation or when the rate of degradation is highaditic degradation products
pose congaints to its use in biomedical applications. To overcome these drawbacks, the glycolide

units are &ien used to synthesize copolyme28-B9).
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1.7.3.Poly (Lactic Acid) (PLA)

In contrast to glycolic acid, lactic acid is a chiral molecule that has two optically active
forms, L-lactic acid and Blactic acid, as shown ifigure 1.3 PolyI-lactic acid or polyd-lactic
acid is formed aftepolymerization of these monomers and the polymers are@gstalline in
nature. Llactide is a naturally occurring isomer and is moralilgaavailable compared tiis
counterpart Blactide. However commercial polylactic acid polymer obtained from aralat
sour ce, such as Natureworksoé I ngeo pol ymer
about 98% PLLA and about 2% PDLA. PLLA geally has around 37% cradlinity which is
dependent on the molecular weight and processing parameters. highsralg than PGA, i.e.
around 6065 °C, and its Tm is approximately 175 °C. In addition, PLLA exhibits high tensile
strength (~59 MPa) artdgh modulus (~3.8 GPa)LPA is a slower degrading polymer compared
to PGA. This is attributed to the presencéhefvoluminous methyl group present in the backbone

chain that is responsible for its initial hydrophobic surface, which hinders aqutamks Btrther

it has gooddnsile strength, low extension and a high modulus, thus it forms a suitable candidate

for implants especially in load bearing applications, such as surgical sutures and orthopaedic

fixtures. Some of the commercially available PLbased orthopaedic prodscare Phantom
Suture Anchors (DePuy), Full Thread Bio Interference Screws (Arthrex) amisbal Stingers
(Linvatec). Superior mechanical properties resulted in the use of PLLA as textile scaffolds for
ligament replacement andgmuentation devices to regk nondegradable fibers, such as Dacron
polyester. Biomedical research continues on #eeaf PLA as the base material for blood vessel

conduits and lipoatrophy.
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Figure 14: Chemical structure of PLA and RG

Additionally, being more hydrophobic than PGle to the presence of methyl groups,
PLA has a slow rate of degradation. It has been seen that higher molecglair Righ implants
can remain for 2 to over 5 years before they are totally resarbed/o. Like PGA, PLA
bioresorption also takes placedhgh bulk erosion. Nevertheless, the rate of degradation depends
to a large degree on the level of crystallinitynasdl as the porosity and thickness of the implant.
Although the polymer is known to loserse of its strength and elastic modulus in thst f&
months due to the plasticizing action of water, no significant changes will occur in the mass until
much longer Therefore, currently epolymers of Llactides or Dlactides with glycolides are
being sudied with the objective to develop polymers watlwider range of properties and hence
increase their scope of application.
1.7.4.Polyglactin 910 or Poly(lactideo-glycdide) (PLGA)

Among the most common gmlyesters that have been investigated extensivedy a
poly(lactideco-glycolide) (PLGA) polymers foa multitude of applications. Both-land DL-
lactides have been used forpolymerization. Different ratios of poligctide-co-glycolides) have
been researched and commercially developed to be used asabdsdibers for biomedical
applications. Panacryb a suture on the market melt spun from gpotymer with a higher
lactide/glycolide ratio to slow down the raté degradation. With further research, several
alternative block cgolymers have subsequbn been developed for the fabrication of
monofilament sutures, such as poly(glycolidetrimethylene carbonate) and poly(glycohlde
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caprolactone) containing haahd soft segments along the polymer backbone to get desired
properties. Other applicationsclude the development of tissue engineeredfaicksf for skin
called Dermagraftd5-36).

Analogous to PLA and PGA, PLGA also undergoes bulk erosion through hydrolysis of the
ester bonds. In this case, besides mdbr weight, shape and porosity, the degradation rate also
depends on a lacedglycolide ratio. The controllableedradation rate, compared to the initially
mentioned homopolymers is an advantage in the case of PLGA. In addition, its biocompatibility
andprocessibility have made it a popular polymer for biomedical applicationsAPia& become
a potential candidate feutures and tissue engineering scaffolds as it promotes cell adhesion and
proliferation in the process of developing healthy tissue. &edrrg and protein delivery vehicles
are also made from PLGA in the form ofam@spheres, microcapsules, nanospharel nanofibers
which are able to control their rate of release. However, due to the bulk erosion and degradation
of PLGA, gradual releasitom such drug delivery systems has been found to be problematic.
Further, wherused for protein release, proteimdéeuration occurs due to the acidic degradation
products formed during bulk degradation. This drawback is overcome by using surface eroding
polymers in order to achieve zero release kinefiBs3p).
1.7.5.Polydioxanone

Although bioresorbable polymers like PLA, PGA and PLGA have been successfully used
to devebp multifilament sutures, extensive research has been undertaken to develop monofilament
sutures. The monofilamentitsires can overcome the risks associated withififtarhent sutures
in terms of a higher risk of infection and tissue damage due to therfrassociated with inserting
the suture through the tissue. Polydioxanone (PDO) was the material used for dgvlepirst

monofilament suture in 1980 underethrade name of PDS. It has been studied for several
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orthopaedic applications such as theusing of small bone and osteochondral grafts. PDO is
prepared by a ring opening polymerization eflipxanone. Itis a colorless, senarystalline
polymer with aow Tg, ranging from10°C to 0°C, and a Tm 106 to 115°C. PDO fibers have a
low tensile mdulus (1.5 GPa), and good flexibility that may also be attributed to its 028 g [
39.

The degradation takes place due to-spacific scission of the ester backboBut due to
its high crystallinity £55%) and hydrophobicity, PDO shows only a moderate rate of resorption.
When mplanted in the body PDO breaks into glycoxylate and is either excreted in the urine or
may be acted upon by enzymes and converted intinglyGlycine is subsequently convertetb
carbon dioxide and water as in the case of PGA. Due to slow absorptidoand partial
degradation, the polymer is known to lose its strength withiid honths. Thereafter, with
increased hydrolytic degradat, complete mass loss takes placthini6/ 12 months.

1.7.6. Poly(eCaprolactone) (PCL)

Polycaprolactone (PCL) is a semystalline polymer obtained from ring opening
pol ymerization using a reaptohvactyomrde&.apemabinmogn
raw material for spinning resorbable fibers and sutures. Its low Tmi 605% and Tg of-60 °C
enables PCL todeasily processed. It is readily soluble in a wide range of organic solvents and
forms miscible blends with a wide range of polymers. Beinpolyester, it also undergoes
hydrolytic degradation initiated at the water ssible ester bonds. However, thate of
degradation is slow, i.e.i3 years. By taking advantage of its slow degradation, its high
permeability to many drugs and its ntmxicity, PCL was initially promoted as a lotgrm

drug/vaccine delivery agent.
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PCL exhibits low tensile strength-23MPa) but a very high elongation at breakage, with
values sometimes reaching 4700%. It has also been used as a suture but in copatymer for
because of the low strength of the homopolymer. Monacryl is a commerciallyaldgail
monofilament suture spun froa ecaprolactone and glycolide copolymer, This has resulted in
less stiff fibers compared to those made from the polyglycolide homopo]2889].

1.7.7. Poly (Trimethyene Carbonate) (PTMC)

Poly (trimethylene carbonate) (PTMC) is a high molecular weight flexiblgnger that
can be obtained through ring ojieg polymerization of trimethylene carbonate. PTMC is an
elastomeric aliphatic polyester with poor mechanical gtierbut excellent flexibility. So to take
advantage of these properties PTMC scaffolds have ingestigated for soft tissue regeneration.
On the other hand, low molecular weight PTMC has been investigated as a drug delivery agent.
Unlike the previouslydescribed aliphatic polyesters, PTMC undergoes surface degradation and
erosion, which makes itsuitable candidate as a drug delivery vihighe rate of degradation in
the case of PTMC is found to be higlewivothanin vitro. This is presumably due the fact
that enzymatic degradation occunsvivo. Several copolymers with other cyclic fames have
been developed for PTMC. This Haeen done to overcome the disadvantage of its low mechanical
properties, as this has limited the potential appboat Block cepolymers of trimethylene
carbonate and glycolides have been developed andsackas flexible suture materials called
Maxon and orthopaedic fixtures known as Acufex. Additionally, a terpolymer with glycolide,
trimethylene carbonate anddane is commercially available and is marketed as a suture material
called BioSyn. It featuresduced stiffness, increased flexibility asegrades withini34 months.

The degradation products are neutral if TMC units are incorporated in the copolymgrtié
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major advantage of the terpolymer is that it generates neutral byproducts on degraliztion
improve cell adhesion and reduce agtacity [28-39)].
1.7.8. Polyhydioxyalkanoates

Bacterial polyester is a naturally available bioresorbable polyester that bacteria produce as
their energy storage units. Thst common bacterial polyester is poWaroxybutyrate) (PHB)
which was discoverenh 1920, being produced frohte b a Btaecriild u®d06 nngeat er i u
then, many other strains have been discovered producing this polymer. PHB is a highly pure and
isotactic polymer exhibiting senrurystallinity. Like other polyesters it also undergdgdrolytic
degradation of thester bond but features surface erosion and follows zero order kinetics. The
degradation products of PHB are usually(-P3-hydroxy-butyric acid, which is a normal
constituent of blood. PHB is found to lose its completesraside the body in about 30
months. It melts over the range of 1880 °C. Besides bacterial synthesis, chemical synthesis
routes have also been explored for PHB pmidn. Ring opening polymerization of optically
active bbutyrolactone has been udedsynthesizing PHB, which identical to the bacterial PHB.
The coepolymers of PHB and-Bydroxyvalerate (P(HBHV)) have also been investigated and are
semicrystallire; although they have a lower Tm, which is mainly dependent on the HV content.
In addtion, this polymer shows a Tig the range of5 to 20°C. Both PHB and P(HBV) have
been reported to be soluble in a variety of solvents, which allows them to be pdoicegarious
shapes like films, sheets, spheres and fibers. Copolymers are conghatess brittle and tougher
than homopolymer PHB, which broadens their potential use in biomedical applications.
Additionally, P(HBHV) has a unique piezoelectricity merty, making it attractive for
orthopaedic applications, as electrical stimulatiaglps in bone healing. Due tosithigh

crystallinity the degradation rate of PHB is slower than that of synthetic polyesters, and complete
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mass loss takes around two yedfl®wever, copolymerization increases the degradation rate
owing to the decrease inystallinity. Although the relanship between the degradation profile

and the HV comonomer content has yet to be established, considerable effort is focussed in this
direction to increase rate of degradation so as to use thernvo as tissue implant sffalds
[35,36,43-48].

In 2007 the FDA approved the use of another bacterial polyester4{nigiroxybutyrate
(P4HB), for the firs time to manufacture synthetic absorbable sutures. Commercialization of the
suture was done under the tradenaméh@BREX by mekspinning the P4HB polymer. An article
by Martin and Williams in 2003 was the first articledd&ted to presenting P4HB andalissing
its properties. However, no detailed study was presented in this article since it focused on the
commercidization and patent owned by Tepha Inc. The paper compared the physical properties of
P4HB with other polyms as illustrated itable 1.350]..

Table 12: Comparison of propertie$ 84HB with other aliphatic polyesters [51]

Tensile Tensile | Elongation Resorption
Polymer| Tm(°C) |Tg¢(°C)| strength modulus at break timg
(MPa) (MPa) (%)

PGA 225 35 70 6900 <3 6 weeks
PLLA 175 65 28/ 50 12002700 6 1.5/5 years
o | Amorphous 50153 | 20135 | 19002400 6 3 months
PDO 110115 |-107 O - 538 - 6-12

months
P3HB 180 1 36 2500 3 2 years
PCL 57 -62 23 400 700 2 years
P4HB 60 -51 50 70 1000 sl ez

weeks
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Since P4HB is naturally produced from bacteria it does not coatsy manufacturing
related additives, like catalysts, which can lead to -poptantation tissue inflammation.
Although it is produced b¥yacteria, its structure is very simple and simitathat of PGA and

PCL, with the difference in the number of cami in the repeat unit as illustratedigure 1.4

0 0 0
1 J'L/\-/ 0 ""\\ ] 0o ""'-«__\ /-J'J\/\/\/ 0 T
- Jn L in - an
(a) poly-4-hydroxybutyrate (b) polyglycolide (c) polycaprolactone

Figure 15: Chemical structures of (a) pefirhydroxybutyrate (P4HB), (b)
polyglycolide, and (cpolycaprolactone [52,53]

The P4HB monofilament is a strong and malleable thermoplastic with similar ultimate
mechanical properties such as the load at break as PP and PDO sutures. In addition, P4HB exhibits
elongation at brda of 100% resulting in highlye | ast i ¢ properties. As
copolymerization of P4HB with other butyrates to enhance its mechaniglasorption properties
has been tried. In addition, there have been efforts to tailor the structure to prodacalic
degradation productand controlled degradability by functionalizing the P4HB polyntdr [
53].From the initial studies it was demonstrated that P4HB degsmsly compared to PGA and
PDO sutures. However, as per the study conducted conduct@ddognatt et al. (2012) to assess
the toxicity of Monomax (P4HB) sutes, it was found that they demonstrate slower degradation
in the body compared to PDS Il (PDO)tees On the other hand, the rate of degradation is
reported to be faster for m4ivbBlore lkecemly, @drmhatk, P CL
et al., Williams et al., (2013) have published another paper discussing the sutures degradation

propertiesm the human body and other applications such as tissue engineering scaffetds.
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has been an increase in the numberatépts in the 1aslO years related to P4HB, but not many
publications have been made available which talk about the fundament raflatson and
bioresorption in the body. As mentioned above this biopolymer has a unique set of properties that
have resultd in the introdation of a new class of innovative, sfidessed products for soft tissue
repair and has led to its current commaranportance. Through my research | plan to generate
information about the degradation mechanism for P4AHB under variouanpHenzymatic
conditions. This will be helpful in generating the fundamental understanding that could be used

for developing new bimedical applicationsh[l,52,54,55].

100
90 2.
-
__ 80 -
S Suture sizes
g7 : +50
5 60 : 30
8 x0
£ 50 o o2
[=2]
[ =
£ a0
[Z]
[
= 30
© .
& 20 .
10
0 5 10 15 20 25 30 35 40 45

Implantation time (weeks)

Fiaure 16: P4HB monofilamenstrenath retention

1.8. Surgical Suturesproperties

The selection of a suture by a surgeon is dependent on the required performance of the knot
in terms of knot strength and sedyyiwhich depends on the anatomical environment and type of
tissue it is approximating. The physical, mechanicalsamthce prperties of the suture material
will affect sutureds function, which in turn
1.8.1. Mechancd Properties

The mechanical properties of suture are dependent on the polymer used and the processing

conditions. ltis criticalto understand these properties for a material and select those which closely
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match the clinical need and rate of wound healliing initial and subsequent mechanical behavior
of a suture comprises its strength, stiffness, viscoelasticityfjdeaf of friction, compliance, etc.,
which are dependent on its thickness or diameter and its degradation profile. The mechanical
propertes of sutures are measured in terms of tensile strength, modulus of elasticity, elongation at
break, and toughneds. additionto these general tensile properties, the knot strength and security
are critical for def i ninnigo parformance.urheuknoe €irengtl, u n c t i
besides being dependent of the suture material and its processing hisitsy,affectd by the
handling and knotting process, the suture size and the number of knofsitiet].

Moreover, thetensile breaking strength of a suture is used to compare the strength of
sutures of different sizes since it is obtained by normalizintgtigle strength with respect taeth
s ut ur e-gestional areas Isis the amount of force necessary to breautbre. The ASTM
describes a test method and test conditions for measuring, reporting and comparing the tensile
properties of yarns inclunlg sutures under both dry or wetntlitions. However, one needs to
refer to the U.S. Pharmacopeia in order to fhaltest method for measuring the tensile properties
of a knotted sutures. It is critical to use a suture with a tensile strength thaitestand the
tension during use. B equally important is the tying of a knot that will remain secure and will
notf ai | in the patientbés body during the heali.!
high static friction on its surface so agpt@mote knot security. At the sarime, the surface of
the suture should not be rough and cause injury or traoite tissue it is passing through. This
points to the need for the suture surface to have low dynamic friction. This apparent conflict of
requirements is normally resolvedtiwthe application of suitable surface lubricants and finishes.
Thus, optimalphysical, tensile and surface properties are critical for sutures with respect to the

anatomical location and the type of tissue where titye used 1,10,11,27].
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Bending stiffness in another important mechaniatitibute for a suture, which is
dependent on its bending modulus. This regulates the handling characterigtesutiire in terms
of ease of knotting and knot security. Suture diameter, its construction (monofilament or braided),
and any treatmentkié a surface coating, arethe mandt or s det er mi ning the
Increase in the bending stiffnress du®@ i ncreased di ameter or <coat
bending, pliability and mobility. In addition to stiffness, compliance andvesgoare important
properties. Theampliance is the ease with which the suture deforms under stress, and thieyrecove
is the extent to which original form and shape is regained after the deforming load has been
removed. Both these properties are signifidar in vivo applications. Compliace and recovery
play important roles where swelling of wounds occurs afterymu surgery 1,10,11,27).
1.8.2. Handling Properties

Handling properties are th®subjective attributes that the surgeon feels and experiences
during the suturing process, making them difficult to quantify. However,ntterstand the
handling of sutures, they are categorized into pliability (or stiffnessge of knotting, knot
secuity, packaging memory, surface friction (or coefficient of friction), viscoelasticity, tissue drag
etc. They are either directly or indirgctelated to the physical, mechanical and surface properties
as explained above. Foxample, the bending stiffngeselates to the suture pliability. Further, the
ease of handling is dependent on the coefficient of friction for the suturing materglis The
measure of slipperiness (i.e. low friction) for the material, which, as meudtipreviously, is
affected ly the suture construction and surface treatments applied to the suture. Controlling the
coefficient of friction to an optimum value is cdél, because it will affect the extent of drag on
the surrounding tissues and the easth which knots can be tiedrag is higher when the

coefficient of dynamic friction is higher resulting in trauma to the surrounding tissue. As explained
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earlier, makng the suture smooth or reducing the static coefficient of friction will compromise the
knot security. Knot securitis the force required to cause a given type of knot to slip, either
partially or c¢ompl-deotwen oy .o rAltthheb theysusues i&wmaitedhist w hei ¢
improved by reducing the coefficient of friction, packagingnmory is another factor re&d to the
flexibility and recovery of the suture. In the case where sutures exhibit packaging memory,
handling them becomes difficult fdné surgeon, as the knots tend to untie while suturing due to
their memory effect. In gemal, monofilament suturesbit more packaging memory than
braided ones. Packaging memory is evaluated by hanging the suture in air and determining the
time requiredor them to overcome the kink$,10,11,27).
1.8.3. Biocompatibility
Since suturesare foreign materials to the human body they automatically trigger an
inflammatory respiose. The severity and durat of this response is dependent on the material the
suture is made of, the construction of the suture, and the stiffness or tensiorsututiee The
anatomical environment it is placed in the human body has an importatd ptdg here as well,
sinceit will define the pH and enzymatic activity. This biological response generated by the human
body to the introduction of the sutureislcad d A bi ocoldjpati bi |l i tyo [
Firstly, the polymer of which suture msade has a role in the tissue response. Eventually,
the absorbable sutures will cause less scar tissue formation due to their bioreswgstitime,
which is not he case for nonresorbable sutures. However, the degradation products formed in the
case ohioresorbale sutures are important to be considered. The degradation products like lactic
acid, glycolic acid are easily metabolized by bioely, although in the casof acid build up there
may be a negative cytotoxic tissue response. This is further rggadry the environmental

conditions. For example, the pH varies in different parts of the body. It is around pH 5 on the skin,
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while blood fas a pH of 7.4. The pHaehes extreme values in the stomach and gagestinal
tract before and after digestiare. pH 3 and pH 8 respectively. Secondly, the physical properties
like stiffness have a significant role in tissue responses. In thefoagen incisions or wherssue
is under tension, a more severe inflammatory response is generated by the sugroehsli
Besides the construction of a suture, i.e. monofilament or multifilament, which affects the extent
of wicking due to capillary amin, the size of the posewithin a braid containing multifilament
yarns can lead to an increased risk of infectianmnore severe inflammatory response and
subsequent increased tissue activiiy(,11,27).
1.9.Design and Fabrication of Surgical Sutures

Advancements in synthetic fiber technology with the extensivgeranf synthetic
bioresorbable polymers discussed above have opened great opportunities to harness these new
polymers to the developent of sutures. Bioresorbable polymer based sutures exhibit a number of
advantages over the noasorbable, permanent matdsi The resotn process usually provokes
a healthy inflammatory response, which promotes the infiltration of cells, the fonradtnew
blood vessels (vasa vasorum), the laying down of collagen and extra cellular matrix, and the
generation of new tise. This improes the anchoring of the suture to the surrounding tissue
capsule and the rate of healing, which occurs more slotvnywermanent neresorbable sutures
are used. In addition, the suture tension plays a critical role in this healing re grsoredés behae
differently when exposed to different stress conditions.

Of all the bioresorbable polymers only a few can bengpto fibers and filaments for
suture applications. These polymers need to have fiber forming characteristics so tha they c
spun by &isting spinning technologies. The most important prerequisites for forming fibers from

resorbable polymers is thifiey should have adequate viscosity in the melt or solution, so that they
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can withstand the high shear and elongationalstsem the spime without tensile failure. The
developed fibers or filaments should further have an oriented andcegstallinestructure, so

they can have the desired mechanical properties and tensile behavior. As stated before, not all
polymers havean ability to @ spun into fibers and this is primarily governed by the chemical
structure of the monomer and the ease of formnygtals from the polymer melt or solution.
Besides, polymers should not degrade, and be stable at processing temperaaire amdbient
temperature of use. The chemical structure and crystallization profile (including rate, type and
shape of crystalsjontrols the extent of orientation within the fibers in the spinline during the
drawing or stretching process. The degreerg$tallinity and orientation have strong impacts on

the mechanical properties, the absorption behavior and most importantlggitaelaion profile

of the resorbable fibers. For example, interchain interactions improve the order of the polymer
structureand lead to gmer orientation and crystallinity, thus increasing the overall tensile
performance and reducing the rates of alismmpand hydrolytic degradation. By this means,
bioresorbable polymers have the ability to be spun into fibers and filamest&bricatednto

thin, lightweight porous structures that are required as tissue engineering scaffolds, drug delivery
vehicles ad implantable organs for the treatment of injury and dis&#6:87,58].

Most of the resorbablpolymers are thermoplastic that can be synthesized in the form of
pellets or resin and thereafter meltspun. Taithe most common method of spinning due to the
speed of prodttion, cost efficiency and fewer controls. Here the polymer is melted intardex
and then pumped through a filter pack and spinneret to form continuous filaments as demonstrated
in Figure 17. One advantage of this process is that one can spin filaments with various cross
sectional shags, like trilobal, multilobal or hollow fibers depending on the desired application.

However, in the case of sutgréhe shape is usually round. Additionally, bicomponent or
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multicomponent fibers can also be obtained from this method of spinning to ertharfdser
properties. Subsequent drawing and heat setting in possible to achieve improved the mechanical
properties of the sutures. The other modes of spinning, like solution spinning and gel spinning, are
also available for spinning polymers that arethetmoplastic. or when thermally sensitive drugs
need to be added to the polymer for spinning a drug deliveryclgelBased on the suture
application the fibers used are either monofilaments, or they are multifilament yarns that have to
be braided or tveted in a subsequent process. There are a number of process parameters that effect
the final suture properties, amgnce its clinical performance. Higher processing temperatures
during melt spinning involving mechanical shearing stresses may resultymeyadlegradation

which will increase several fold due to the presence of water which initiates hydrolysis of these
resorbable polymers. In addition, there may be the formation of primcheged monomer that
serves as an initiator of the degradation psecthus increasing its rate of degradation and reducing
further the mechanical properties. Also, high temperatteglization techniques show a
significant impact on suture degradation by weakening and breakingriotecular bonds which

results in inérior product performance.

Most importantly, controlling the rate of spinning, including the linear flow ratetlzad
mechanical shear stresses is essential so as to obtain adequate crystallinity in the spun and drawn
fibers. The level of crystallinityat only controls the mechanical properties, but also the rate of
absorption and the degradation profile for therflf36,57,58]. Following spinning and drawing,

The fabrication of suture materials involves tgm®cessing, such as finish application or coating,
twisting and/or braiding. In addition, modern surgical sutuaes exposed to an extensive
sterilization process, which involves minimal handling. Thellstation is done through a low

temperature etlgne oxide treatment or gamma irradiation. These procedures have been
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developed to prevent changes in the propestielegradation of the resorbable sutures while being

sterilized.
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Figure 17: Melt spinning process of suture manufacture with illustration of structt
development while spinning

1.10.Degradation mechanism for bioresorbable sutures

Absorptiontime in terms of haffife is an important factor used to nseme the rate of
degradation of a polymer inside thedy. Halflife is defined as the time required for the tensile
strength to reach half its original value as a new suture. Furthermoreistl@esecond hatlife
related to the loss of mass of the satmaterial. This halfife is defined as the time raged for
the mass to reach half its original value at the time the suture was implanted. It is important to
consider that both of theselhh i f e f act ors are influentteed by

anatomical environment in which suture is located.
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1.10.1 Process of Bioresorption

Bioresorbable fibers are hydrolytically degradable. These fibers are made up of polymers
that have chemical bonda their backbone chain that are susceptible to aqueous attack or
hydrolysis. These bonds include esters, orthogsterhydrides, carbonatesmnides, urethanes,
ureas, etc. Bioresorption of involves generally four steps in the following sequence: water
absorption, reduction of mechanical properties, reduction of molar mass, and finally complete loss
of weight. The proess of bioresorption startvith physicochemical hydrolysis or degradation of
a polymer at pH 7. This is without any enzymes and so itteeguldegradation into smaller
moieties that are bioresorbed. When placed in the body, water and aqueous bitladgadiffuse
into the meéerial initiating the process of hydrolytic degradation. This results in a loss in
mechanical performance over gminitial hydrolysis starts in the amorphous regions of the
polymer where the water and aqueous fluids can ensdy @aving to lack of intechain bonding
and an amorphous structure with greater space in between the molecular chains. The entry of fluids
into the polymer matrix results in an initial loss in strength and modulus since the fluids act as
plasticizers. Theeafter, the hydrolytic dgadation and breaking of bonds causes a reduction in
molecular weight followed by a change in shape and disitiegr The disintegrated fragments
are metabolized into oligomers, which are either absorbed or excreted by th&ioodgorption
of fibersand polymers takes place by:
(a) Solubilization (e.g.: dextran, polyvinyl alcohol, and polyethylene oxide);
(b) lonization followed by solubilization (e.g., polyacrylic acid and polyvinyl acetate);
(c) Enzymatically catalyzedydrolysis (e.g., polysacehides and polyamides); and

(d) Simple hydrolysis (e.g., aliphatic polyesters).
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Out of these four, the main mewhisms for bioresorption of implantable fibers and
polymers are simple hydrolysis and enzymatically induced hydsolasically, both these
mechanisms involve hydrolytic bond cleavage along the polymer backbone chain that results in
fragmentation of th@olymer and produces low molecular weight oligomers that are metabolized
by the body 36,41,58,59].

Degree of Degradation
Bulk Erosion

—
Shape remains the same 8 8 8 8

Time Increases

Finally Disintegrates

Degree of Degradation

Surface Erosuon

—
Mol wt. remains the same 8 8 8 8
—

Time Increases

Finally Disintegrates

Figure 18: Degradation mechanismisulk erosion and suate
erosion.

Bioresorption process basically takes place by two degradation mechahigknerosion
and surface erosion as illustratedrigure 1.8. In bulk erosion, the rate of difsion of water into
the polymer structure is much faster than the rate of hydrolysis of the polymer. Due te this th
hydrolysis starts from the inside and moves outwartss,the shape of the polymer stays intact
until there is a sudden and rapid losssiructural integrity as the polymer sample breaks open and
rapidly releases its degraded material and acidic meremto the surrounding tissue. In contrast
to this in surface erosion the rate of hydrolysis is fastertthamnate of diffusion. As a selt, the
mass loss occurs at the external polymer/water interface and takes place from outside in. As the

shape dirmishes over time the erosion is responsible for device thinning. The bulk integrity of the
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polymer is maintaied throughout the degradatiprocess. So, the continuous surface erosion
makes this type of polymer a suitable candidate for developing aldliwgry device.

In addition to the rate of resorption being controlled by the rate of hydrolysis of the
functional groups in the backbonéain and the rate of diffusion of water inside the matrix, the
polymer resorption is also governed by the thickn&sthe suture or polymer matrix. If the
thickness of the material is more than the critical dimension, whicél¢ulated for each partieul
polymer, then surface erosion inevitably takes place, as it is too difficult for aqueous fluid to enter
inside. Hbwever, if it is smaller than the critical dimension, then bulk erosion takes place.
Additionally, the resorpbn process is made more comcpted if the polymer undergoes
autocatalytic degradation as is the case with PLA and PLGA scaffolds. Autocatedydis in the
generation of acidic oligomeric products like carboxylic acid, that result in a localizeal [l
which accelerates the giadation process. This selatalyzed hydrolysis results in the formation
of hollow structures inside fibers andlymers leading to a rapid deterioration in mechanical
properties and a sudden loss of structural integritig. dritical to understand thiphenomenon,
especially for those polymers that are used as scaffolds for tissue engineering as acidic conditions
are likely to have a cytotoxic effect of cell adhesion, proliferation and gret#i{, 49].
1.10.2.Factors affecting hydrolytic degtation of bioresorbable sutures

The imprtant factors influencing the rate of hydrolysis, degradation and finally resorption
are: the type of chemical bontthe pH in the anatormat environment, the copolymer composition
and rate of water absorption. In addition, there are chemical and pltysogles occurring during
the degradation of biodegradable polymers, like crystallization of monomers and oligomers,
changes in pH may oae a substantial effect on the rate of polymer degradation. It has been

reported that anhydride and orthster bods are the most reactive ones in nature, followed by
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esters and amides. But the reactivity is subject to the pesdra catalyst and whedr or not

steric hindrance is involved. This may change depending on the environment of use. For example,
althoughthe ester bond present in PLA is highly reactive, the polymer degrades at a very slow
pace due to steric hindranig the voluminous methyroup, which prevents water attacking the
backbone chain.

The pH is another critical parameter that can changerding on the anatomical
environment and the degradation byproducts. In most cases the change in pH enhances the
reaction rates through edysis. The effect of pH on degradation has been thoroughly
investigated for most bioresorbable polymers. For exampkhe case of PGA and PLLA, the
formation of lactic acid results in increased degradation due to a fall in pH and induced
autocatalytiadegradation. Thus, the pH can effectively be used to infidre degradation rate
of polymers.

Furthermore, copgmer composition also effects the rate of degradation and resorption
profiles, as it influences polymer properties such as crystallinitgkass transition temperatures.
The effect from this has beebserved mainly in poly(anhydrides) where by increatiie content
of the aromatic monomer from 50 to 100% there is a decrease in polymer degradation. Obviously,
the stereochemistry of the paher is most important. It has been reported that PLLA degrade
faster than PDLA and the ratio of the two can beedhin a blend to get the desired degradation
profile for any particular anatomical application

Further Copolymer composition also effectgdmdation and resorption profiles as it
influences polymer @perties such as crystallinity or glass transition teragure. The effect from
this have been observed for mainly in poly(anhydrides) where by increasing the content of the

aromatic monomer frond0 to 100% there is decrease in polymer degradation. Bettites
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stereochemistry of polymer is highly importarithas been reported that PLLA degrades faster
than PDLA and the ratio of two can be varied in a blend to get desired degradation prdifile for
body application$9,62].Additionally, water absorption is dependent on whether the polymer is
hydrophilic or hydrophobic. Hydrophilic polymers due to their raitan take large amounts of
water unlike hydrophobic polymers. The extent of water uptake especially importanigin dr
delivery.

Lastly, the processing history of the polymer is mostartgnt in determining the ultimate
behavior and degradation profié the polymer 36,57]. The processing conditions have a major
control on the crystallinity and orientation of the spun and drawn fibers, and hence the mechanical
ard absorptive properties. If the polymer has poor orientation and low crystallinity, more
absorption and faster abption of water takes place in the amorphous regidhss results in
more rapid degradation compared to the highly crystalline regionisi! illustrated inFigure
1.9, where unoriented P4HB suture on the iefseen to have developed pores due to hydrolysis

in vivo after 4 weeks unli& the oriented P4HB suture on the right][

S.08kV X108 106rm 0OBB122 S.0kV B200 100KkMm 4000?3

(a) (b)

Figure 19: SEM micrograph of (a) unoriented, and (b) orierRdéHB suture on
subcutaneous implantation in rabbits [52].

Further, if due to a too high processing temperature theoens hermal degradation, the

polymer may not perform as expected and may show premature degradation. Bednilgs 00

36



temperature, the psence of water or moisture vapor during processing may result in hydrolytic
degradation and inferior mechanical pedpes of the suture. It is important to understand the
effect of degradation on the performance of bioresoebabtures over time. The joaimpact
caused by the degradation is the loss in strength of the polymer and suture material with increasing
degmdation. This is due to a reduction in the polymer chain length, and hence a loss in molecular
weight. Additionally, there is a change in pabksociated with the nature of the oligomers formed
that determines the rate of degradation in the later stages.chmge in pH from pores to the
surface with contact in media while degradation for anhydride polymer isaliedtinFigure 111.
There is also an observed increase in crystallinity as the amorphous reglosg arel the overall
crystallinity of the systenmcreases. But due to the loss in molecular weight, there is also some
deterioration obseved i n t her mal properties together
transition (Tg) and melting temperatar@m). InFigure 110 shows the changes in crystallinity
and thermal profile of PLA polymer dugrdegradation from 0 to 110 weeks. Although there has
been significant work reported for PLA degradatiibis abgnt for PAHB, which makes it difficult
to predict its potential applications [37, 59].

In addition to hydrolytic degradation, enzymatic deigteon also plays a significant role
in vivo in cleaning the debris surrounding an injury, a lesioaroincisionwhere the tissue is
inflamed by phagocytosis and degradation breakdown products. As the number of foreign bodies
increase due to the degréida of the suture material the extent of enzymatic response increases.
The enhanced enzyme activityturn resuls in the recruitment of additional inflammatory cells.
Initially polymorphonuclear leukocytes infiltrate the injury, which leads to an aesp®nse with
the presence of lymphocytes and monocytes during the fdst@ys. Later from 4 to 7 ga

macrophags and fibroblasts increase the severity of the inflammatory response, so that by 7 to 10
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days the chronic inflammation has generated madfibreus connective tissue. Finally, the
lysosomes inside of the cells act enzymatically on foreigieldd furtter break them down into
species that could be excreted through the urine, or expired44,CQ There have been only a
few studies performed on PLA and PHA suaiss that ave been evaluated the role of enzymatic

degradation. The few studies that have been published have targeted mainly packaging

apdications 64,65].
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Table 13: Overview of different absorbable suturéslf].

Class Commercial Manufacturer Break Break Elongat | Y o u n ¢ Degradation | Strengt
(chemi name strength strength ion modulus h loss
cal straight knot pull |to break | (GPa) time
name) pull (MPa) (MPa) (%)
Catgut/collag| Suruchrom, Surgical 310'380 110210 15135 2.4 Enzymatic | 7-14
en Surucor Plain ol specialties collagenases days
mild chromic, | corporation, and
chromic  Gut,| Dynek sutures metalloprotei
Surgical guti | SURU nases
plain or International,
chromic, Softcal PVT, Covidien,
plain or| Ethicon,
chromic, PDS | Aesculap, Inc.
B. Braun,
Astra, D/G,
SSC,
Kollsut,
DemeTech
PGA Dexon__ T | Covidien, - - <3 - Hydrolytic ~1month
braided multi Surgical
filament, Dexon| Specialties
Plus, Dexon Il Corporation
Safil, Deknatel,
B. Braun, SURU
DemeTech, International
Serafit PVT, B. Braun,
Aesculap, Inc
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Table 13: Oveaview of different absorbable suturesl1].

Class Commercial Manufacturer Break Break Elongat | Y o u n ¢ Degradation | Strengt
(chemi name strength strength ion modulus h loss
cal straight knot pull |to break | (GPa) time

name) pull (MPa) (MPa) (%)

Poly Polyglactin 910 Ethicon, US| 570/ 910, 2801480, |18i25, |3-3.4, 7 |Hydrolytic -

(glycolide/L- | (Vicryl ), Surgical, B.| 654/ 882, 3001400, |67i96, |14

lactide), Poly| Polysorb, Braun, Covidien 760/ 920 3101590 18 25

(glycolide ce | US  Surgicals

TMC), RadikTM,

Poly Maxon,
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1.11. Polymer degradationstudies using MD simulations and ReaxFF

In 2005, first article came up using ReaxFF and MiDusations to study polymer
degradation by Chenoweth et al. This paper targeted on developing a forcefield, ReaxFF for
hydrocarbons, to inveghte the degradatioaf the poly(dimethylsiloxane) (PDMS) at high
temperatureand pressures, in the presencearfaus additives. Amorphous cell with 8 PDMS
chains, each with 12 repeat units, was equilibrated and NVT simulations were performed at
2500K. Different conditionswere used for systems with additives. This paper has extensive
information about the procesgformulation of force field to finally execute the simulation, and

analyzing the results for polymeric syster@§]|
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Figure 1.12: Degradation products for epoxy resin [138].

In another study. Zhang et al. (2017) have used the ReaxFF force field to analyze the
themal decomposition process of epoxy resin cured by acid anhydride at different angles
through MD simulations, with an objective to accessédfiect of ageing on perfmance of
insulation in electronics. The models were build followed by annealing andutasldgnamics
calculation with NVT ensemble. After which, geometry optimization of 5000 iterations was

performed for stable structure. Thefteg the NVT simulationsvere conducted at 1300 K. The
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time step and production time were then set to 0.1 fs @@d fis, respectively, to simulate the
cook-off process. The results illustrated that decomposition of anhydudl epoxy resin is
due to be cleavage of an esteorid. As illustrated irFigurel. 12 the most abadant product
produced is C@from the cleavage of carbonyl oxygen bond in anhydride. Besides th#d, CH
from the decomposition of epoxy furmnal group, and kD, by free radical collision and
dehydration are producef@].

In the study by Saha et al. (2017), experiments and MD simulations (with ReaxFF) were
integrated to understand the degradatad acrylonitrilebutadiene chain composed of 10
monomer units; with randomly placed nmmers keeping the acryldnie content constant. To
initiate the pyrolysis NVT simulations were conducted from 300 to 3000K on an equilibrated
system, as observed kigure 1. 13 (a). Formation mechanisms of major degraded products
were stidied by using ReaxFF. It was observed that the major degraded products were
acrylonitrile, 1,3butadiene, and-Butene at the initial stagd¢ degradation, which wh further
heating resulted in formation of cyclic products. The results were furtheatedidvith the

experimental findings obtained from pyroly&€&Ci MS, and correlated with the nésothermal
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Figure 1 13: a) Plot of change in number of reactant molecules with res
to time at different temperatures and (b) linearly fitted InkTversus1000/T
curveobtained from ReaxFF MD simulation [139].
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kinetics at different heating ratesTGA analysis. The ageelation was developed for activation
energy
derived from ReaxFF MD simulations and theé¢ained for isothermal degradation in TGA.
For simulations, rate constant-kusingequationl.1

11 [ E O (1.2
Nois number of reactant molecules at the start of degradatidmN is the number after time t.
The activation energy of degradation)(fwas determined from the Arrhenius equatiogiasn
in equationl.2[67].

E 'zA@gD7* (1.2
where, A is the prexponential factor and R is the universal gdse values of A and Fare
obtaine from a linear fit of In k and 1000/T as shown iRigure 1. 13 (b). Using similar
methoalogy, thepyrolysis of polyimide was studied by lu et al. (20165][

Mlyniec et al. (2016) investigated the influence of polymer density for PLA, and
surraunding environment in terms of water and oxygenit®thermal decomposition through
ReaxFF and MD simulations. For 12 polymer chains with 25 repeat units in an amorphous cell
NVT simulations were conducted over range of temperatures with 182 watemutes)eand
with 272 oxygen molecules in two individugystems. Activation energy was calculated using
same set of equations as 9 and 10. The results illustrated that elersge sl and presence of
water resulted in lower activation energies for PLAtsys. However, the systems were not
correlated withexperimentsg9].

In another study by Zeng et al. (2015), the disintegratemabiors of polyinylidene
fluoride (PVDF) in presence of atomic oxygen was evaluated. Complex simulation

methodology was adopted iwhich first NVT annealing was done, followed by NVT
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equilibration and NVE simulations at different time steps. Besidesatbisic oxygen \&s
added after equilibration that may have destabilized the system @gQpibifilike combustion
or thermal degradation of polymers, not much wakreported regarding the hydrolytic
degradationof polymers, and to evaluate effect of pH. This is due to availability of fewer
reactive force fields for aqueous systems attritbtibetheir complex nature.

The research by Zhang and Van Duin (2015) iditeeone | found which studied effect
of OH- diffusion in fuel cell, where the functionalized poly (phenylene oxide) (PPO) is used as
anion exchange membranes (AEMs). To invedédhe structural properties and their effect on
degradat i on afdstributricfivhétion (RDFawas obtained tsown in equation
1.3[71].

CO 1 O0mmt@s0 (1.3
where g(r) is RDF; n(r) i's the number of ato
strands for the bulk number density. The RDF is obtained by averaging over the trajectory. The
RDF results illustrated that the distanbetween the funainalized quaternary ammonium
groups was increased with more water content. This determined the diféisi@- in the
systems and degradation trends. However, the paper had limited information about the reaction

mechanisms for the degfation.
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CHAPTER 2: Background on Methods and Analytical Tools
2.1.Gel Permeation Chromatography (GPC)

(SEC or GPC for gel permeation chromatography) is a special subset of HPLC. In GPC,
the polymer chains are separated according to size for polymers with molecular weigtes grea
than 2000 Daltons. Here the GP column &asationary phase containing of spheres, which are
typically porous particles composed of polystyrene, poly (stycerdivinylbenzene), silica, or
crosslinked poly(methyl methacrylate) of various diameted @ore sizes. Based on the pores
sizes that lfow penetration (permeation) of small molecules but not larger molecules (exclusion),
the largest polymer chains are elutiest and the smallest ones are eluted |a8}{[1n order to get
the molecular weigkt for our system calibration curves are méwen standards of known
molecular weight allowing determination of numband weightaverage molecular weights of
polymers.The eluted polymer chains are detected by raleitector, which could be either of one
detection methods such as refractive indéatjc and/or dynamic light scattering, and differential
viscometry, to get the information molar mass, branching, polyrize¢ and conformation all
as a continuous functioof molar mass. The mechanism ot germeation chromatography is
illustrated inthe figure 2.1.To determine the molecular weights of the components of a polymer
sample, a calibration with standard polymef known weight is performed. Values from the
unknown polymer sample are theampaed with the calibration graph to generate ecalar
weights and molecular weight averages. The-hjigdlity standards with narrow molecular weight
distribution are now\ailable in a wide range of molecular weights that can be selected as per the

maximum nolecular weight we expect from our polymer
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To determine the molecular weight is from the calibration curve the retention time (RT)

of the saple and corresponding thegular weight on the vertical id observed. Once the

calibration equation has been developed, it can be applied to small slisesbfdmatogram of

a polymer to determine the molecular weight)(bf each slice and get the maléar weight

distributionand polydispersity index. The number of molecules @Nihis molecular weight is

determined by the height or area of that slic8][
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Commonly number average molecular weight (Mn) and weight average molecular weight
(Mw) are calculatedThe molecular weight distribution in figure 2.2 illustrates different average
molecular weight that can be calculated form it. 3imallest molecular vight Mn its value marks
the value at which there are equal numbers of molecules on each side, atahihewer
molecular weight. The value of Mn influences the thermodynamic properties of the molecule. Mw
is defined as the value ahich there are equatasses of molecules on each side, at higher and
lower molecular weight. Mw is largmolecule sensitivand influences the bulk properties and
toughness of the polymer. Mw value is always greater than the Mn value unless the polymer is
completely monodispse (PDI=1). As well as Mn and Mw, there are other molecular weight
averages that take increasing actaf the higher molecular weight components of the sample,
such as-average molecular weight (Mz) and Mz+1. Mz is sensitive ta &arger molecules an
influences viscoelasticity and melt flow behavior. The following formulasjiration 2.-are used
to determine the number and weight average molecular weights and the polydispersity of the

polymer.

o B o
U - Nu

PDI=0 70 2.1)

w|®

The higher averages are increasingly more sensitive to high molecular weight polymers
and accordingly are increasingly radtifficult to measure witprecision. They can be measured
using methods involving the motion of polymer molecules, such as diffusion, viscometer or
sedimentation techniques. Theawerages are not commonly quoted for polymers. It can be
interpreted fronthe MWD plot that for all plydisperse polymers: Mn < Mw < Mz < Mz+1.
Lastly the from the plot peak molecular weight (Mp) can also be determined, which is the mode
of the molecular weight distribution i.e the most umber of polymer chains have this molecula

weight [1-4].
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For measurig of average molecular weights and PDI for pblgydroxybutyrate before
and after degradation, Gel permeation chromatography (GPC) analysis is done Waters HPLC with
Alliance 2695 pump, Waters 2414 RI detector, and Waters THios. The P4AHB samples
weredissolved in tetrahydrofuran (THF) at the concentration of 4 mg/ml, thereatfter, filtered and
diluted to 1mg/mL to run on GPC at 1mL/min.
2.2.X-Ray Diffraction (XRD)

X-rays are electromagnetic radiations exhibiting high energastaort wavelengtlds
wavelenghs on the order of the atomic spacings for solids. This makegs<{an excellent
source to analyze and depict crystal structure for polymers and materials. When a beam of x
rays strikes on a solid material, a part of it idtecad in all directions bthe electrons associated
with each atom or ion that |ies within the
diffraction as illustrated in Figurgigure2.3 (a). It is worth nting that diffraction occurs only
when a wave encounters a series of regularly spaced obstacles in form of electrons or boundary
defects that can scatter the wave, secondly these spacings must be comparable in magnitude t
the wavelength of the Xays. Thediffraction behavior of Xrays through the crystal are

determined through Braggs Law as mentioned in equat@ndz6]. Braggs law provides a

relationship forxraywavel engt h (&) and interatomic spaci

(Yofthedi f fracted beam. The constructive interfel

otherwise interference will be nonconstructive in nature to yield a very low inteliféigcted
beam §].
¢Qi Qe ¢ _ (2.2
The diffractometer as shown in Figug€b)is an appratus used to deteme the angles

at which diffraction occurs for powdered, fibers or filament specimens. Diffractometer consists
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of a sample placed on a flat plate that can rotate at center axis perpendicular to the plane of the
page. The monochromaticray beam is geneted by Xray tube and diffracted rays are

detected at the detector.

The sample, xay source, and detector are all coplanar. The detector is on a movable
carriage hat may also be rotated about center axis. Movable carriage fot¢stod@nd sample
stage are mechanically coupled such that a rotation of the sample through is accompanied by a

rotation of the detector, always keeping the incident and reflectionsatogbe equalAs the

Movement of

1

Incident
beam

Signal
Detector

O S O

Figure 23: (a) Diffraction of xrays by AAG a-Bd p Ba n e s5|, (bf
Schematic diagram of an-Ray Diffractometer

detector moves at a constant velocity the outp terms form of plots is obtained where the
intensity of diffracted beam as a function of diffraction angle is depicted. The high intensity
peaks result when the Braggffraction condition is satisfied by some set of crystallographic
planes. From tree XRD plots crystallinity of polymers or materials can be determined. In
addition, crystal size can be determined by full width half maixma (FWHM), and unit cell
geometrymay be resolved from the angular positions of the diffraction peaks, whereas
arrangenent of atoms within the unit cell is associated with the relative intensities of these
peaks. Lastly, crystallographic orientations of crystals are possible usaygdifraction (or

Laue) photographs].
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Pdymers can be processed into fibers, filaments and films and can be molded and
extruded XRD of the polymers ithese forms provides solgdate structural information such
as the degree of crystallinity, which is helpful in determining performance ofdlgeers.
Apparently, polymers can never be processed to crystallize to 100% crystallinity due to long
chainand chain entanglement due to them. Longer the polymer chain or higher molecular weight
are susceptible increased entanglement leading to lowstaliinyity. Further, the processing
(temperature, cooling rate, pressure, etc.) and application (pH, timenes, etc.) conditions
can affect the crystal structure and orientation of the molecules in the polymer chains. In
addition, structural and ster@egularity play critical role in polymer characterization. If the
chains are linear, they can easily crilsta unlike to branched systems, for example linear
polyethylene has higher crystallinity to about 90% than branched polymer. Similarly,
syndiotatic and isotactic polymers crystallize much more efficiently as compared to atactic
polymers. Finally, the termolecular interaction and physical bonding can help in the
orientation and hence the crystallizatit:)].

This change can be depicted through XRD getting the following properties from it:

a. % Crystallinity (%X): for the polymer systems the percentage crystallinity can be
calculated form XRD plotdy calculatingthe area for the crystalline region and the

amorphous region from the XRD plots and calculated in equatdh

P& pTT (2.3

b. Crystal size (t): Polymers are usually on the nanoscale in the thickness direction. The
size of cystallites can be determined using variants of the Scherrer eq@atiothere
& | s-ray wavelength, B is the full vdth at half maxima (FWHM) for the diffraction

peak in radians and d is half of the diffr
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(2.4)

c. Orientation (f): Due to processing the polymers exgare alignment of chains and
stress induced orientation, which can be 1
orientation function in equatio@.5.The quantitative measures of orientation can be
obtaina@l by considering a radial plot of diffraction data. eTéwerage cosine squared
weighted by the intensity as a function o
investigationis<cdéi >. The Her mandés orientation func:H
perfe¢ orientation for whi domorientation@ndf=t/2, r ect i on
G = 90A.

Q -oHbd 30 p (25)
In addition, large number of dsfts and variety of crystal sizes leads toablening for
di ffraction peaks for the polymers which isné
PLA and P4HB in my studies wi will be calculation %X and t by executing X ray diffraction
studies. X data were acquired using a Rigaku SmartKakay diffractometer with Cu K
alpha radiation (wavelength = 0.15418 nm) indrange of 5 to 45 degree. The range of angle
is selected based on the reported literature. The step size and time per step thsed in

measurement are 0.05 degree and 3 sec/step, respectixaB].[
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2.3. Multiscale Molecular Modeling and Simulations

Computer modellingand simulatiors help in understanding thenolecular level
processes and structure that typically are difficult to discern through experimentation. The
information generated from the analysis has made us capable of predicting matpeaeigso
and behavior. Thus, enabling scientists to obtain optinparameters and properties in
designing or developing new process, product, and applications. In the last 15 years the scientific
community has seen rapid expansion in the field of compuidelimg and simulations. This is
illustrated infigure 2.4wherethe number of publications published from 1990 to 2017, (as per
the Web of Science). It can be observed that articles published have been increasing
exponentially after 2000 attributed to theom in the research corresponding to computer
simulations. Ths, field is now well established and is being used virtually in all research areas
from material sciences to biological sciences. The boom in the use of computer modelling
simulations espedig in material science is accredited to increased availatfityheap and
inexpensive computing power, improvements in hardware jpoocessing and storage of
information, and commercialization race for modelling software packages to meet the customer

demands. In addition, the investments in form of funding froriouaragencies in this area have

No. of Publications
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Figure 2.4: Evolution in research with multiscale molecular
modelling
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provided thrust to growth, development, and contributions in the field of computer modelling
and simulations. Few of many software packages that are avadableniputer modelling are:
Gaussian (quantum calculations), Matk Studio (atomistic and mesoscale calculations),

MAPS (atomistic and mesoscale calculations), and ABAQUS (finite element analysis).

Explanation for
Holistic
Understanding

Theoretical
Information

Figure 25: Correlation between differer
approaches to solve a problem

Simulations have been regarded as a theoretical technique by many researchers
attributed to the expression for it asterms of mathematical termilowever, interestingly
Elliot [15] refers it as a numerical experiment, since they cannot explain or understand the data
without proper analysis andterpretation like in the casé experiments. It should be clear that
computer simulations are not intended to replace, neither they can replace the experiments
rather, these two techniques in addition to theoretical understanding support, and vaidate th
findings of each other sincaterrelated to one other as vertices of triangle as explained in the
figure 2.5.However, simulations are a powerful predictive tool for planning the experiments,
programming the experimental instruments, and again the ulatelevel information that
requre less time and cost as compared to just doing experiments. Suitable models and minimum
assumptions are important aspects of any simulations without which the data and information
obtained on running the simulations carhighly misleading, leading toneng interpretations

and false findings.
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Molecular modeling came into existence in mid nineteenth century where scientists,
particularly organic chemists used to draw representations of chemical structures for the
predictian and development of structuthkories. The first physical molecular model in organic
chemistry was put forward by August Wil hel m |
Power of Atomso in 1865 illustratingdsiclet hane
models. With continugs advancements in this field the multiscale modelling stands out as a
first-hand technique for structural demonstrations and running simulati6is].

Molecularmoé& | i ng i s a O0science and artdé of buil
on it to discern molecular level information. Models can be built using plastic or metal
components, othrough computer aided designing8]. Today the evolution in modeling
techniques have enabled us to model two or more different length and tire® \wsbadh are
sometimes different from the real scale. This modeling at different scales to study the molecular
structure is &akeemevdbdabki mMgvhu.l ti stcegrating mo | €
simulations, by performing simulations on modeled strustheese made it possible to unfold
the atomistic level properties to depict the behavior and performance of materials/polymers
under study.

In my research the focus is on understanding the degradation properties of sutures.
Sutures are made up of polymemnstituting of polymers chains, where individual backbone
bond of single chain is at °A level. The conformations and entanglements of palyaier
increase that scale to the radius of gyration in nanometers. While processing and fabrication of
sutures tb polymer melts, blends and solutions can range from nanometer scales to microns,
millimeters and larger. In addition to length scales, thretscale is relevant to address as it

explains the dynamic process of ordering and face separation of polyrttesnider range of
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time, from femto seconds to milliseconds or even seconds or H&lrattributed to the diverse
range of length and time scaldistating wide range of properties in polymers, hence in sutures,

no single model or simulation can be used to predict the properties, and performance of

polymers.
— : : —
20-500pm  1pm 10 nm 10A
Finite Dissipative Particle Molecular Pc:_//};g;r
Elemental Dynamics (DPD) Dynamics (MD)

Analysis (FEA) Simulations Simulations

Schematic of a single

polymer chain and
atoms

Schematic image of

molecular interactions Quantum

at the molecular level Mechanics

for polymer chains

Suture monofilament

Figure 26: Hierarchy of different modeling methods based on length and ti
scales for sutures

Different computation methods are a®aile today for multiscale modeling hierarchy of
which is illustrated irfigure 2.6, can be applied for evaluation of sté properties at different
scales. As illustrated in section 2.2, the sutures classification, the size of sutures varies from 10
pm to 800 um. At the macroscopic scale the knot properties, and effect of suture architecture
on its performance can be estabéd through finite element analysis (FEAp1]. To bridge
the gap between microscale and macroscale, the mesoscale simulations play an important role
in understanding polymggolymer interactions, which influence their saffsembly,

morphology, mechanical properties, and hydrodynamic interef23]. However, mesoscale
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simulations miss the crucial information at micro and nanoscale level about static and dynamic
properties of polymers, for which microscale, and atomistic simulationbeamplemented
[24].

Most common methods available for long time for computational studies are molecular
dynamics (MD) and Monte carlo (MC). The aicements to address longer length scales and
time scales led to bridging gaetiveen micro, and macroscale modelling through dissipative
particle dynamics (DPD). Further to unfurl the micro and nanolevel information the more
advanced methods for accel@mgtatomistic simulations came into existence. From quantum
mechanics to mesolel the accuracy is successively compromised to allow the system length
and timescales to be increase2y]. In context of developing structure and property relationship
for the polymers, which indeed will coitiute to the suture performance, multiscale modelling
can play critical role.

2.3.1. Quantum Mechanics

Implementing thesubmicron level simulations to understand the material properties
provide important information regarding the molecular structure, thermavioeh and
molecular attributes relevant to thermodynamic constants or spectroscopic transitions. These
calculations provide solution for the molecular Schrédinger equation related to the molecular
Hamiltonian R4]. As believed by the Paul Dirac pioneer, solvifgSzhrodinger equation
resulted in reducing theoretical chemistry to applied mathemédtids The computational
solution for electronic Schrodingequation aproximating position of atomic nuclei, and
electrons present in the system, makes it feasible to calculate electron density and energies, thus
the dependent properties. However, these approximations, did not affect the correctness of the

solution for the gstem with tens to hundreds of atoms, thus enabling theoretical chemistry to
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address important problems in a wide range of disciplines. To identify this perspective of the
field, John Pople and Walter Kohn were awarded the Nobel Prize in Chemigear1998.
Walter Kohn for his development of the dendityctional theory, and John A. Pople for his
development of computational methods in quantum chemistry, shared thi3%if6] [
2.3.1.1 Ab-initio
Ab-i ni ti o in Latin means Afrom the beginnin
calcul ations produce results in terms of fund
charge of electron, and electronic distributionse Bthrodinger wave equatialescribes the
motions of the electrons and nuclei in a system based on first principles, i.e. does not rely on
calibration against experimentally obtained chemical parameters. The Schrddinger in equation
2.6 is giveras
(¢ %S (2.6)
where the G, i s a Hdmterrhstofothre istannof tlee kieeticaeheogy (K) wr i t t
and potential energy (P) as given in equatiot 27].
(OB % 0 % 8 (2.7)
where0 A T &\are momentum and position vector terms for all sets nuclei and electrongsdegre
of freedan in the system under study. The potentrargy term in the equation comprises of
columbic interactions for all variable$74,18, 27].
Ab-initio simulations provide noempirical solution of the timendependent
Schrodinger equationas can be observed ifigure 2.7 The solution is based on the
approximation based on a CRarrinellotype ab initio molecular dyamics (MD) @lculation,
or through the Bor©Oppenheimer approximation where motions of the molecule are separated

into two levels: electrons and nuclei. This results in a purely electronic Hamiltonian in which
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the nuclear positions enter only as parametard not aslynamic degrees of freedorh7] 19].
The fixing of nuclear degrees of freedom yields energy states as a function of atomic coordinates
are known as Bor@ppenheimer eergy surfaces (BOES). In second level BQppenheimer
apprximation, the BOES quantum mechanical behavior of nuclei is investigated by considering
electronic ground state as the potential energy of Hamiltonian in equation 4 instead of
electrosatic interations [L7].

The abinitio method solves the Schrédinger equation for a molecule and gives us energy
and a wavefunction. The simplest kind of ab initio calculation is a Héaftvek (HF)
calculation,which involves wavefunction based approaches with optimization of a single

determinant17,24,25].

Classical Empirical
Simulations

Charactezrization validation Proposition of
and Testing Data Theory

Analysis Simulations and
. Analysis

Microscopic
Parameters

QM Calculations:
Ab-initio or DFT

Figure 2.7: QM calculations as neampirical unlike the traditional simulation:
[Adapted from2§].

Non Empirical
Simulations

The Hartree wavefunctio( ) or slater wavefunction is the product of eslectron
functions or spatial orbitals and spin function. In case of a molecule, linear combination of

atomic orbitals (LCAO) is used for approximation of molecular orbitals to solve H&tree
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equation (¢ 94 . The orbitals and coefficients of which are optimized, and calculated
through various numerical procedures. Subsequently, Héftrele energy (E) and coefficients
associated with it are calculated by iterative Self Consistent Field (SCF) precsdhadering

no degree of freedom for the nucleus.

However, abinitio simulations pose limited usefulness due to the approximations made
in the electron correlation, where each electron is considered to move in an electrostatic field
represented by thevaragepositions of the other electrons. In actual, electrons avoid each other
better than this model predicts due to the minimization in interaction energy between moving
electrons. This correlation is better treated in post HaRoe& methods. This regres ntensive
abrinitio calculations at the expense of increased computation cost.
2.3.1.2Semi Empirical Methods

To address the issue of high computing power femndlm Semi Empirical Methods
came into existence. Like abitio methods the semi empirical rhets ae based on
Schrédinger equation, although there are additional approximations that are made as per
calibration against experiments. These approximations of the parameters define the atomic
orbitals for the degrees of freedom and energy, to yiekbrahleagreement with experimental
data. The plugging of experimental values into a mathematical procedure instead of core
electron function for the Hamiltonian calculations, with minimum required basis sets to get the
best calculated values is called graderization. Since this method involves greater level of
approximations as compared to theiabo simulations, the accuracy is compromised for
reduction in computing cost7,24,27]. However, eduction in extent of calculation makes semi

empirical methods 160000 times faster than the-atitio calculations
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2.3.1.3Density Functional Theory

Density functional theory (DFT) is bedon following the Hohenbeidohn theorem,
where the total energy dlfie system is given as a functional of the electron density. Unlike
considering the 3N coordinates for N electrons as #nilo, electron density is taken that
depends only on 3 coargtes. In similarity to the above two methods this theory is alsedbas
on the Schrodinger equation, but instead of calculating wavefunction, electron distribution or
electron density function is directly derived as the sum of squares of orbital deBzitieange
correlation functions used to obtain energy in DFT can thigeexact ground state energy and
electron density, only if exchange correlation functional is kn@@h Although, in practice,
the exactdindional is unknown but various approximations have been made in this regard. This
has led to an extensive search for functionals in the past two dedackeshe accuracy of
results is dependent on the approximations made for the functionals. At piggadignt
corrected (e.g., BLYP), and hybrid (e.g., B3LYP), are two principal classes of functionals that
have been widely used and tested for wide speatrapplications. DFT methods are
computationally more efficient than conventionaliaitio methodsbut there is compromise in

accuracy due to the approximations involy2d]
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2.3.1.4 Applications of QM for Polymers

QM methods and calculations facilitate the fast and efficient development and
optimization of polymeric materialgigure 2.8rovides an overew of spectra of applications,
where QM finds use for studying materials and polymers. Development of nexatiy@mer
polymer systems has been enabled by discerning their chemistries and properties through
implementation of QM calculations. Ahitio, sem empirical and DFT can be efficiently used
to understand chemical structure, thermodynamic behavior, and mesdhaggponse of
polymers through various available interfaces.

In context to understand the chemical reactions, QM have been successfully
implemerted by scientists around the world. The study by Lui et al, illustrated to use-the ab
initio calculations to pedict transition states for the polymer reactions and develop kinetic
models for the reaction8(].The semiempirical MINDO/3, AM1 and MNDGPM3 methods
were employed by Meir and Kip to understand the degradation mechanism for poly vinyl

chloride (PVC) inpresence of cations and radica§][
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Most of the literature found for the role of QM in pretigtreaction chemistry was
implementing DFT. Theréhave been efforts in past to understand the theradative
degradation and micro kinetic analysis to forecast the reaction mechanism involved in
degradation. This technique can be used to shortlist dhanprs for the higkend space
applications whereafjradation, and envisioning polymer behavior is critical. Also, the method
could ensure the correct processing conditions for the newly developed polymers so that there
is no thermal or chemical degradatitnat could affect the polymer/product performaf@@

34]. Besides this, scientists have glemented DFT to understand the atomic aspect of
degradation mechanism indlcells [35-36]. In addition, the IR spectra calculations ran through
DFT have proven to be an interesting tool to investigate and identify the chemical structures
respasible for the unassigned IR ban@3][ On the other hand, DFT plays a significant role in
discerning the mechanisms and reaction paths involved in polymerization, and shortlisting of
catalyst in polymer synthesi8§40]. The information generated here is crucial whenever new
polymer/material development is under process in a shwat for which the experimental work

and necessary trials may take months for eaelrical combination.

2.3.2. Molecular Mechanics

Unlike, QM calculations the potential function is calculated empirically in Molecular
Mechanics (MM), therefore MM is referred asforcefield or potential energy method. In
simple terms MM is based on ball andisg model, where balls are regarded as atoms that are
held together by springs being analogous of bonds. Knowing the bond lengths and angles
between the atoms in this 8py and ball model, it is possible to calculate energy required to
stretch and bendhés bonds or springs. Through this, total energy for the molecule under study

can be calculated that will thereby enable us to obtain the minimum energy for the system
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through geometry optimization. In contrast to QM, MM is faster, and allows to optanite

run energy calculations for the bigger molecules at lesser computational costs. MM have
evolved since 1946 when was first formulated by Westheimer and Meyer, atal $iltly the
variation in the energy of molecular systems with respect to changeiirgeometry. This
seemed to be impossible to be computed then through QM calculations which was restricted for
smaller molecules2§4,27,29]. In 2013, Nobel Prize in chemistry was awarded to Martin
Karplus, Michael Levittand Arieh Warshel for the application of molecular mechanics to large
biological molecules41].

In principle,the MM calculations predict the engrgpf a molecule as a function of
conformations, i.e. extent bond stretching, bond bending, and atom flocking in the molecule.
These energy equations facilitate to obtain the potential energy minima, corresponding to the
minimum energy geometry through thend lengths, angles and dihedrals obtained. Since, these
parameters contributing to the minimum energy constitute of forcefield, therefore MM methods
are regarded as forcefield methods at times. The constructioneofiglotnergy in MM is as a
function of atomic positions, conformations, configurations, structure geometries, vibrational
and microwave spectroscopy, heats of formation. The approximations are made for the entropic
contributions following which the minimgation of potential energy is exeadt to compute
favorable regions in the multidimensional configuration space. For explaining the thermally
accessible state and molecular dynamics simulations can be further used.

As mentioned above MM can be used toagbtl the geometries of bigger moléesi
that is computationally demanding for QM calculations. Further, for the range of molecule sizes,
it is possible to obtain the potential energy function for molecular dynamics or Monte carlo

calculations. The Boltznma distribution is generated for th@olecule by creating tens of
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thousands (or more) of states for which the energy is calculated bylIMMLastly, through
MM it is possible to predicthe feasibility of rea@n and organic synthesis quickly. Through
this, Quantitative Structurdctivity Relationships (QSARs) are developed in attempt to
correlate molecular structure with chemical or biochemical activity. However, the information
aboutbond breaking and bond kiag, and hence reaction mechanism and electronics properties
cannot be obtained from MM since electrons are ignored in calculasiops [
2.3.2.1Force Field

The accuracy of MM is dependent on the correctness of ptagragon of forcefield.
Forcefield is a negative derivative of the potential of a particle with respect to displacement
along some direction is the force exerted on the particle. The diffarentat the forcefield

yields force exerted on each atom.

0= Qaawot Qo t Qeiee * Quegieo
Gea G Q0D Gii fesed
(2.8)
In the process of development of force field, the potential energy (E) is represented as the sum
of energies contributed through bond stretching«&, angle bending due to two bondsdb,
single bond torsional motion {zion), Nonbondng interactions (Bonbong, as illustrated ifigure
2.9 and given in equatioB.8 The norbonded energy accounts for steric repulsion, Van der

waalsattraction, and electrostatia@mactions for the given molecule attraction, and electrostatic

interactons for the given molecule.
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Figure 2.9: Molecular mechanic model for a molecule

Here, the sum of energies for all the bonds and angle is defined by three atoms, say A,
B, and C as illustrated iigure 2.9 whereas the dihedral component, defined by four atoms A,
B, C, and D, besidebe norbonding interaction between the pairs. Tlzgkate the energy terms
corresponding to the bending, stretching, torsion and nonbonding; the constants related to each
term need to be found out through parameterization. To accomplish this, and olo@in go
forcefield the set of molecules is used forgmaeterization called training set. Here the QM
calculations or semi empirical contributions or experimental reference is critical to obtain
accurate forcefield. For example, the data generated Fatamsform infrared spectroscopy
(FTIR) is used for fiding out constant for stretching corresponding to different bonds, to obtain
training set after optimizing, and validating of data through iterative processing to reach
accuracy. Finally, this data set awtloped forcefield can be used to obtain the cttreal and
geometrical information through MM calculations for other molecules. Thus, parameterization

of force fields ensures that constants and calculations are obtained to produce molecular
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geometries athinteraction energies for a set of model compautigat produce nearly accurate
force field to run MM calculationsl[7,42].

There has been extensive research in tida #at has resulted in the development of
mul titude of forcefields since the first on
of MM. The initially developed forcefids were oriented to treat smaller organic molecules,
few of which are stillused,like MM potentials which could address hydrocarbons or organic
molecules. Later developments took place in forcefields to address the complex systems, which
has parametersifall the atoms in the periodic table, for example Drieding and Univensad f
field (UFF). Besides this, other forcefields like CHARMM, AMBER, GROMOS were
employed for biomolecules, while OPLS and COMPASS were originally developed to simulate

condensed matter.
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Figure 2.10: The increase in scientific efforts to develop teacforcefields.

In my research, to understand the reaction mechanism and demrgurafile of the
polymer need a forcefield that is parameterized to calculate bond cleavage and bond formation
during the degradation process. In this context, understanding the reatéinBgb® available
is important. The reactive potentials emplayntd oder concepts to allow the creation and
dissociation of chemical bonds depending on the local chemical environment in reactive

simulations. There have been tremendous efforts by satetdifnmunity in last two decades
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towards the development of rei@etpdentials, the growth can be observed from gragityure
2.10[web of science]

The genesis of reactive forcefields started long back with the development of Morse
Bond Potential and lreard Jones Potential, in 1929 and 1931 respectively. These tertdige
contribute for the covalent bonding and Van der waals forces respectively, however bond
reactions cannot be explained by these basic potentials, which are relevant for smaller
molecues. Further to this in 1963, the calculation of activation eesrgml rate constants of
elementary bimolecular hydrogéransfer reactions by Johnston and Parr, resulted in
development of correlation between bond length and bond order for the corsetesas42)].
This led a wg for development of new potentials. Following to this, in 1984, development the
EmbeddedAtom Method Based Potentials (EAMoy Daw and Baskes introduced the concept
of local density and the EAM functional form. By this the bond strength of indiMuturets can
vary as per the environment, giving information about of metallic cohesion and ¢t@atad
impurity energies. Althogh the EAM approach can successfully describe pure metals, their
all oys, and metallic bondirsrnoglescribetcovalemtdbendiigpt hav e
in polymers #4]. Later in 1985 Abell Bond order function came into existence, which could
explain the covalent bond formation more aptly. The modification to Abell Bond Ordéiofunc
was proposed by Tersoff in 1988. The modifications resuftednproved description of
covalent material by incorporation of bond order dependence on the enviroAs)é6kt [This
potential was presented for silicon and could explain the model for igVevgeneralizing it
for other hydrocarbon systems was difficult. In 1990, Brenner came up with Reactive Empirical
Bond Order (REBO) by parameterization of the sbéir potential, for describing empirical

manybody potentiakenergy expression for hydrocar®o by simulating Chemical Vapor
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Deposition (CVD) of diamond films. The improvised version of second generation REBO was
put forth in 2002. It was capable of mod&di canplex chemistry in large margtom systems,
and describes bond energies, lengths, ancefconstants for hydrocarbon molecules. Other
attributes like, elastic property, interstitial defect energies, and surface energies information was
obtained fordiamord through it. However, the system had limitation of underestimating the
interlayer replsions in graphite due to the absence of dispersion andaormaed repulsion
terms fA7-48]. In 2000, Stuart et al, came up with new potential to address this issue by
introducing norbonded interactions through an adaptive treatment of the intermolecular
interactions, thus referring it as an adaptntermolecular REBO potentiGhIREBO) [49]. But
this potential has limited use as well, since no dynamic properties have been considered here.
In addition to this there have been many other reactive forcefields that have evolved-like self
consisent charge equilibrium approach, quantarachanically derived force field (QMDFF),
adiabatic reactive molecular dynamics (ARMD), reactive molecular dysarfRMDff),
modified embedded atom (MEAM), etc. but none of them efficiently address the meactio
mechanisms for the polymers. Frequently used reactive force fields are COMB and ReaxFF
having universal applicability across the periodic table of elemettiswtiensive reference data
available p0-53].
2.3.2.1.1 ChargeOptimized ManyBody Potentials (COMB) and Reactive Force Field
(ReaxFF)

In 2007, Phillpot and coworkers proposed Chabgdimized ManyBody Potentials
(COMB) to consider the effect of charge trarsfisng both the electronegativity equalization
principle and mampody interactions. This potential was validated on siliconsdimbn oxides

systems. The system properties were obtained in terms of structural properties and relative
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energies for silion and a variety of silica polymorphs, thereafter compared with the
experimental information. COMB potential has evolved since 200QF development of
COMBS3 (third generation) in 2012, where the expression for bond order areheaify was
modified alongwith reformation in parametrization. The changes allowed its application for
studying carbotbased materials, hydrocarbons, orgaetallic compounds, and combinations
of these systems. The total energy{lg of the system in the COMB3 is combinatiorsefera
individual contributions as illustrated in equati®® [54-56)].

% % % % % % % (2.9)
The selfenergy termEser, has a combination of ionization energy of an isolated ion and the
change in it when the ion is embedded in a molecule or a crystal. The CoulomE &um,
includes the interaction between electransl naitrons for a paiof atoms. The third ternm
equatiorEpolar, contributes for molecular polarization, which includes-dgible, dipoledipole,
and chargalipole interactions, and an isotropic polarizability for each element type. Further,
the nonlendinginteractions thwugh the van der waals agiwen byEvqw. The termEnondcaptures
the energy contributions from the bond angle, coordination, torsion, and conjugation effects.
Lastly, the corrections in energy contributions through bond angledvel@din the last term
of Eothers COMB3 gives a advantage over ReaxFF in terms of computation power needed to
run the simulations for the larger systems, however the spectra of complex chemical systems
covered in different ReaxFF potentials developddrisore than the COMPpotentials. COMB
potentids are limited to metal systems and srsatile hydrocarbon systems. Further COMB
potential is found to have substantial shortcomings when it comes to describing small clusters
and defects, where the changenironment exists éween bulk and the locahemistry. On

the other hand, using ReaxFF complex systems can be studied. Also, in the case of ReaxFF the
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accuracy is at par with QM and the transferability of atomic charges within the environment is
possble [56-59]. ReaxFF was proposed by Van Duin et al. in 2001 with description of dynamic
electrostatic effects involved in chemical reactions. This is possible beébau®@xFF entailed
thecontributiors from most of the interactions. Most importantly the parametrization of ReaxFF
is done with the data generated fromimitio calculations for the energy profiles for different
reactions involving small molecules. Oviér¢his enables the aaracy for tle simulations to

describe the chemical reactions in different environments.
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The development of ReaxFF is a bridge between the classical and quantum mechanics.
Where, classical computational techniques require less watignal resources talefine
dynamics of the processes over longer time frames and larger scales but withaztcéing
interactions; QM can provide electronic level information for the dynamic evolution of the
system, however at manifold computatiooasts.ReaxFF is an enifical potential developed
by implementing data from QM as a training set to capture #watrehic interactions driving
chemical bonding indirectly. This allowed ReaxFF potential capable of simulating reaction
chemistry without exptit QM calculations orlarger system that in past were impossible to

75



study with classical mechanics, like intexitl chemistry, catalytic activity, degradation
mechanism, mechanical properties, etc. The use of relationship between bond distance and bond
order,and bond ordemal bond energy help in defining proper dissociation of bonds to separated
atoms, which endbs analysis of the organic and polymeric materials for predicting their
degradation mechanisms. Energy contributions to the ReaxFF poseatadnmarized by the
following equatior2.10 [61-62).

Yeystem  YBond  Eover* Eundert Eanglet Etors + Evdwaals Ecoulomst Especific (2.10)
Firstly, the bond energy is given Bond describes the energy associated with formation and
dissociation of different bonds in the system. It is calculated for a given bond orders, and
different bonds considering the system correction for coordinakage and Eors are the
energies assmated with thredbody valence angle strain and feaody torsional angle strain.
In the case of bond dissociation, the valence angle term should be zero since then bond order is
zero. The separate term in ReaxFFragklfor over coordination, &er, and under coordination,
Eundes Of atoms; unlike COMB3 where these effects are included in one singdeeEn. Lastly,
Ecoulomb @nd Edwaaisare electrostatic and ndoonding contributions calculated between all
atoms,regardless of connectivity and boratder. In addition to other terms, the energy term,
Especific iNcluded to account for the specific effects that are not included in above mentioned
energy contributions, such as lepair, conjugation, hydrogen bindingnd other corrections.
The validationof ReaxFF with DFT shows reproducible results with matching of the accuracy
t hat hasnot been the case for COMB3. Thus,
simulations on the formation and dissociation of cicahibbond for large organic or polymeric

systems that waeds06t feasi ble before |
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It is important to understand the wide variety of ReaxFF potentials inventectbyfsc
community to judicially choosthe right one for the system under study for correct results. As
mentioned above the first Rd&F potential came into being in 2001, when Van Duin et al
proposed to describe the dissociation and formation of cherbmadis in hydrocarbon
compounds. In 20Q3xtensions to the original ReaxFF were made by Goddard and coworkers
for predicting structwgs, properties, and chemistry of materials involving silicon and silicon
oxides, and explosives3]. Chenoweth et ain 2005 had for the firdtme put forward ReaxFF
as way to discern the thermal degradation for polymer (polydimethylsiloxane). Besides this
there was a ReaxFF developed to study the catalytic activity for transigtds in nanotube
formation; and desibe magnesium and magnesiuhydride systems by Goddard and
coworkers §4-66]. Chenoweth et al. came up with updated forcefiel @08, to study the
combustion of hydrycarbons. Here the connectivity was determined by bond orders updated
while molecular dynamics (MD) simulations thus elucidating reaction mechanism faitihle i
steps of hydrocarbon combustion. In addition, Reaw@&E aveloped for studying NBE-Na,
reactions between hydrocarbons and vanadium oxide clusters by Goddard and coworkers, and
zinc and zinc oxides parametrization was done Hermansson and coy6rkéis After 2009,
there was tremendousvolvement by scientists in making ReaxFF applicable for studying other
systems. Therefore, efforts were put to parameterize ReaxFF for aqueous systems, thus
classifying ReaxFF into tavcatgories, i.e. combustion and aqueaystems. Early work was
done b enable largscale reactive dynamic simulations of copper oxide/water and copper
ion/water interactions. Besides this ReaxFF was parametrized for iron, iron oxides, and iron
hydroxides. These potentials find utilizatiom ilarge scale metal complex silations in ore

formation, and metal ion transport involved in hydrothermal solutions to biological
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environments2]. Later new parametersene adledto study the combustion in kasinduced
candescense of soot combustion, nanoparticles, metal surfaces, and cateydesielopment

of glycine forcefiled to describe mutomerization process was a significant upgradation of
ReaxFF potentialg73]. This forcefield was capable of accurately describing complex organic
reactions in aqueous environment, and illustrates the protein protonation statgsehotive
events. Further, to study the internmml&ar interactions in explosives the cection to old
ReaxFF was made to report Reaxg[74]. In the following years multitude of ReaxFF
potentials were developed to study the water interaction, diffusionieaatbns for organic

and inorganic sysims. These advanced ReaxFF potential resulted in ease of simulating and
studying reaction mechanisnfiwr real world applications like lithium batteries, study amino
acid absorption on metal surface, understand preiegems, and know more about fullerene

Even today efforts are being made to understand the energetics and kinetics involved in surface
absorption, diffusion, irradiation and other reactive process on crystal structure and properties
[75-81]. By 2017 significant advances have taken place to make ReaxFF potential capable of
studying complex systems. Smith et al. proposed a forcefield to analyze the effect of radiation
on grgphite bycalculating the energy ipacts and shock waves due to the collision. In another
study Engel Zheng et al. demonstrated the atomic layer deposition (ALD) by combining
ReaxFF simulations with in situ spectroscopic ellipsometry for hydrogeaatedthum oxice

and oxidized germaniunugfaces. The agreement with experiments illustrated that the ReaxFF
potentials allows us to understand reaction chemistry at the organic/inorganic interface, in

addition to crystal structures, and defects introdyi82@3].
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2.3.3. MD Simulations

As the name suggests moleculgnamics is concerned with molecular motion, which
is contributing to the chemical reactions and processesexaarpe, bond stretching and angle
bendng, give rise to IR spectra which enables us to distinguish between different bonds and
chemical spece MD simulations is an emerging computational approach where statistics is
integrated with experiments to estita egilibrium and dynamic properties complex systems
that cannot be calculated or observed analytically. This advantage has resultedfiMise
simulations in hand with experiments for interdisciplinary studies in the field of biology,
chemistry, ad physcs [17]. As understood the cheoal processes are described by
thermodynamicswhereas the mechanism of reactions involved are defined by kinetics.
Thermodynamics dictates the energetic relationships betdifferent chemical statesince
thermrodynamics drive system towards stabilityOn the other hand, the most
thermodynamically favorable reaction is of feducts, because the reaction
occursspontaneously towards stabilityerlet theorem in its firsapplication was applied to
study the termodynamics of a fluid composed of reaj@n interacting through a Lennard
Jones potential. Leading to success, this dim@gration techniqgue has been widely used
simulate dynamic properties of molcular systemsbiving Newtons Equatios of Motion in
MD simulations[15-101]]. Kinetics is related to reactivitthus determine the sequener rate
of events that occur as molecalfgarsform between their various podsilstates for reactions
to take place. Solving the newtons equations of motion through MD simulations allows to
predict how interacting system evolves with time, and its @@chl properties. Important
information egardng atomic positions, velocities@forces is obtained that helps in discerning

the macroscopic properties like, pressure, energy, heat capacities using statistical mechanics.
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This is possible by determiningpnformational transitions and local vibioas by registering

the changes in atamposition, over time (i.e. velocity) for each step. Therefore, MD simulation
usually consists of three constituents: (i) initial positions and velocities of all thegmmtiche

system; (ii) interactions deteming the forces among the particles afid) the evolution of

the system in time by solving a set of classical Newtonian equations of motion for all particles

in the system. For 0Oi 6onsadguatos is used int theenolecylas t e m,
dynamicsformalism to simulate atomic motiais given as: Force = mass x acceleration, the

force on an atom is given by a negative gradient of interaction potentialsifira atomic mass

and®the atomic positionthe force® O, on the ith atonat time t, is given by equatioR.11
[27,84].

: 6}

&0 I — (2.1

MD simulations energy deriveftom the newtons equation of motion comprises of
bonded and the nemondedinteractions,where the bonded interactions account for energy
changes due to change in bonds, angles, dretidhs of simulated molecules. Whereas+
bonded interactions occur duedipole-dipole interactions, Columbic interactions, hydrogen
bonding and vandewal | 6s i nteractions. The set of par ¢
simulations affect the dynandl pioperties of interacting moleculeand hence their
interactions. Thesparameters or properties are system dependent like its structural properties
(amorphous or crystalline), ensemble properties (thermodynamic parameters), and force fields
to defineinteractions [L5-101].

MD simulations involves the proper selection of interaction potentials, numerical
integration, priodic boundary conditions, and the controlpfces parameters like pressure

and tenperature to mimic thermodynamics of real procésse it is important to understand
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that at each step illustrated in figure 2.12, define, thermodynamics, staastitiateraction
parameters are critical to be ohefd & they will determine the calcuiahs energy (E) and
interactions for the next step. In this regard veloggylet time integration methods is adopted
commonly, where the velocity and position arleckated at the same value of the time variable
renderng precision unlike to the verlatgorithm where no explicit velocities are usa@2

105. The following steps are involved in the MD simulations

Build amorphous cells for various
systems and define initial parameters

Optimize and
equilibrate through
annealing iterations

IfEZ20

If E=0

E=0 &
constant
density
system

Properties MD simulations
Analysis using ReaxFF

Analyze the output for
reaction mechanism,
different reactions and
change in molecular weight

Figure 212: The flowdart of methodology adopted fexecuting MD simulations
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2.3.3.1Selection of forcefield

Forcefield plays a critical role to define the interaction energies together with the
parameters for the atoms and molecules of yils¢éem.According to the information need
from the system theequired forcefield is selected from the above mentioned forcefields. Unlike
MM, where minimization of approximate energy function yields information on favorable
regions in configuration spac®ID simulations are based on numerigategration of the
differential equations of motion. Thus, discloses about the intrinsic motions of the system under
the influence of the associated force field, making MD simulations combination of both the
spatial and tenporal aspects of conformationanspling. Since the reamn mechanisms
involved in degradation are examined in this work reaxFf forcefield if used for the purpose. For
reaxFF MD simulations velocityerlet time integration algorithm is used. AltlgtuBrendsen
thermostaBBarostat is useih this case which invges the simple velocity scaling at every half
time step using leafsog algorithm for the time integration. The output from the simulations if
analysis for change in molecular weight of polyrapeées, reactions observed and de izt
reactions mechaniss.
2.3.3.2.Selection of ensembles

In addition to forcefield, selection of ensembles in MD simulations to mimic the process
parameters is important. Different ensembles are available, such as gnantcadquVvT),
constant chemical poteatj volume and temperat; microcanonical (NVE), constant number
of particles, volume and energy; canonical (NVT), constant number of particles, volume and
temperature; and isothermadobaric (NPT), constant numberf paticles, pressure and

temperatureTo maintain the constd temperature and pressure; the common thermostats used
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are: Berendsen, Nose, Nosmover and NoddPoincare, and barostat used are: Andersen,
Hoover and Berendsen, respectively,18,22)].
2.3.3.3.Selection of time step

It is critical to judicially choose the time step so that the precision and details of the
reactions ad simuations are not missed. At largéme stepsalthough the computation costs
are low, but the system may give erroneous structure output since the energy of the system
changes rapidly with time leading to truncation error. At the lower time stepethids are
retained although the compitibn costis compromised. For reaxFF simulations researchers
have used the range of time steps from 0.05fs to 1fs. It is recommended that for high temperature
simulations >2500 K timestep of <0.5 fs is used. Sitlgayasimulations are done below 2500K
| have used.5 fs timestep]12-114].

From literature for the purpose of the work pertained to this didier for the
equilibration of the polymeric system, seicff force field was used and the systems were
simulating for anealing cycle using NVT and NPT ensemidleq]. An ensemble is a collection
of all possible systems which havéfferent microscopic states but haven @dentical
macroscopic or thermodynamic state. To achieve the conditions of constant number of particles,
volume, temperature and pressure. As the simulation proceeds the temperature and pressure are
kept around conant by using thermostats and barostatslocity and position changes are
damped every 10 fs. In equilibration and annealing process No@eer thermostat is used to
achieve real canonical ensemble. Thereafter once the stable system is obtained reaxff
simulations are performed using reaxffréefield modified from one for glycine having
parameters for NaCl and applicable for aqueous systems (provided by Dr. A.C.T. Van Duin)

[107-1117]. In all the degradationmulations ran for 500ps, the time stef®iS fs and damping
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factor is 10 fs. All simulations were performed with thargescale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) software program on High RerémceComputing
Center at NC State Urevsity [L15117. The structures were built, and input likes were
generated using MAPS software by Scienomics, the analysipexi@emed on the same.

The importace ofintegrating molecular modeling with experiments is described by
Verlet in 1967 where he states thihrough exact machine computati@pgproximateheories
can be unambiguously tested and based on this someigesein be provided to build such
theai es whenever {102 Rurther,ahe significaneexof rmparing the results
with experiments is mentioned to generate insightsitalmleculesMD simulationsare ugd
today for multitude of applicatns. In case of polymers and materials, they enable us to
investigate effect of temperature, additives, fillers, solvents, etc. on polymer structure and its
dynamics, and probe the efteaf change in conditions arehvionment on the polymer and
materialproperties. Further the application for polymers including biomolecules is becoming
popular as dynamic motions can be discerned which explain the wide range of thermally
accessible stateof a system and thereby omet ®quence to structure, function and
performance. The information regarding polymer structure can be obtained from experimental
characterization like XRD, which is a static view of a polymer for an average of complex frozen
structure. This gives no a@lénceabout its dynamics over space aimde in response to the
change in interactions with environment. The dynamics of polymeric systems can provide
valuable information concerning molecular geometries and energies; meaa tmations,
local fluctuaions (ike formation/breakage of hydrogdonds, water/solute/ion/pH interaction
patterns, polymer backbone torsion motions), rates of configurational/conformational changes,

solvent/substrate binding, free energies; which eddeare responsible for largeale
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deformations and properties forlpmers. For example, change in bond breakage/degradation
in response to increased temperature in MD simulations, results in deterioration of mechanical
properties of polymers that can peedicted over space and tinkhis seems to be unlikely to
be under®od through experiments for every step rise of temperature. However, it is critical to
validate MD simulations results with the experiments for limited set of parameters to confirm
the gpropriateness of approaclysteemselection and results. Thus, hanehand advances in
both experiment and theory is the demand of fut2re3p).

Although the MD approach remains popular, thee oher computational tools have
beendeveloped to explore molecular structures and propertieslygnprs, such as Monte carlo
(MC) simulations, PoisseBoltzmann analyses and energy minimization, and Brownian
dynamics. These methods were developeavycane the constraint of length andng scale
in MD simulations. For most polymer simulations, pital system size may range fromt40
103 particles, depending on extent of detailing in forcefield in terms of number of parameters
and range of forceslowe\er, in case of bulky polymers withore than one type of interactions
or proteins wherethechmi f ol di ng candét be achieved in sti
MD simulations prove to be inappropriate approach. As per the requirement of @nciekse
will be opting MD simulations. Té polymer chain size under study, and timeframe of
simulation,can help me in understanding chemical reactions and degradation mechanism with
MD simulations using ReaxFF for agueous systems. Although it is wortheibdessing MC
simulations here owing their increasing popularity for studying kinetics of molecsistems
2.3.4. Monte carlo (MC) Simulations

The calculations involving random number of sampling are regarded as MC, find

application for politics, economickiology, and higkenergy physics to Imale daily tasks. It
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became widely used by physicists towards the end of the Second World War tahstudy
diffusion of neutrons in fissionable material. In the field of statistical physics and chemistry MC
methods ee empoyed to study the behavior of cphex systems of thousands or more atoms in
space and time, for example polymers. MC technique is lmasatketropolis algorithm, where

i+1 trial is generated randomly from i state, and the state corresponding td éneey is
selected. Thus, MC method adso regraded as Metropolis method. The stochastic approach
implemented in MC use random numbers toegate a sample population of the system on
which calculations are made to determine its properig&T].

MC simulation broadly involves three steps; starting with the translation of physical
problem under investigation into a statistical model of similar equivalence. Iltbeihg
ste@thestatistical model isolved by a numerical stochastic sampling experiment. Finally, the
data generated is analyzed using statistical tools. Unlike MD simulations where the information
regarding both equilibrium and naguilibrium propeties s obtained;MC simulations
provides information just about equilibrium properties, like free energy and phase equilibrium.
Both these techniques, MD and MC simulations, are based on forcefields parametrizing the
energy surface of a given spatial agamen of the atons making up a polymehain. But the
difference lies in the fact that MD simulations are capable of distinguishing between bonded
interactions (bondength potentials, bordngle potentials, torsion potentials and other bonding
terms), ad nonrbonded inteactions (vander waaland coulomb interactions), whereas MC
simulations are parametrized as a Lennkdes or notfbonded interactions. Also, MD
simulations probe the configurations with respect to space and time unlike just analysis of
configuration spae by trial moves of pécles in MC simulation§87]. This results in advantage

to MD simulations since whole phase space is probed with time, nagdeformation about
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the dynamics of the siem. Thus, for smaller molecules MC sitations are preferred. Whereas
for bigger systems, where the molecular dynamics in terms of torsional motions, vibrations, etc.,
play a critical role, MD simulations are tepl. However, recently methods like Hybricohe
carlo have been developed to impeahe performance of MC simulations where MD and MC
simulations are integrate&§,89].

However, there is another stochasticmeetrdevant in analyzing the chemica&actions
and kinetics called kinetiMonte carlo (KMC) first came into existence in 1976, which then
was described by Gi | | e sqgiéened, Mate éado simolatigna c t
procedur eo. | for stvdyisg timarepoluttomfer spateglthomogeneous mixture
of chemically eacting molecules. In case of KMC the known probabilities are created, and
depending on them time increments are calculated appropriately upon successful events. This
methodologyprovides an advantage to simulate larggstems over longer periods of tifng
treating the abowvenentioned state to state transitions directly rather than following the
trajectory based on system vibrations. The KMC algorithm tracks every individusibreac
event by generating random numbéhat determine the frequency and sege of different
types of reaction events. KMC has demonstrated wide application to a variety of reaction
systems, with its robustness and its ability to account for the stimchaste of some chemical
reactions. lhas been implemented to study thgstal growth for polymers and chemical vapor
deposition of thin films. Recently, the publications illustrating the use of KMC for studying
polymer degradation, chemical interacso aml chemical reactions have appeaf6@-93].
Makki et al. have mentioned about the use of KMC in polymer degradatiotegration with
DPD and MD simulations. 'hKMC and DPD were used to obtain degrdadtompositions and

structures, thereafter MD simulations were used to assess thermomechanical properties essential
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to be able to assess degradation properties formmolgoatings. In similar studies degradation
of polyurethane coatings was evaluated bgefa et al. In another article by Gao et al. this
methodology has been used to study the polymerization mechanism by keeping track of length
and sequence of every raalicor polymer chain. Further to this, the adeayet of giving
information about growthiketics, KMC has been used to study gelation for polymers. Through
KMC simulations faster calculations of polymerization reactions is feasible. This may enable
building a simulatiorbased optimization model that dosls polymer sequences and
understandig the polymerization of new polymers. In an interesting article by Xu et al., the use
of KMC or as mentioned stochastic Mot@arlo computational model was used in
undestanding the degradation of PLGA and its drativéry properties. The literature halso
illustrated relevance of KMC to study oxidation of polymers for example polyethylene glycol.
Although KMC is emerging as an attractive computational tool to gpotiymer degradation
but complexity of KMC algorihm limits its application to complex siems and bulkier
polymers. The transition and reaction rates need to be determined by experiments or another
simulation technique unl i kigyitdei)o4 93]. Mmaim@Abed on s ,
from the rgorted literature, MD simulations remains to be the most accurate way to depict the
reaction mechanisms. As explained this is achieved by meticulously tracking the time of
evoluion of a system for chemically retang molecules. Also, dynamics can be pcesti for
changing populations of the species appropriately with reaction by registering the positions and
velocities of all the molecule96-99].
2.3.5. Mesoscale Simulations

Dissipative particle dynamics (DPD), is a type mesoscale simulation technique

developed to model Newtonian and Adawtonian systems, including polymer melts and
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blends. DPD is in principle like MD, except that ffedyme is modeledas a collection of pot
particles that represent grains of polymer. The individual DPD particles or grains represent the
dynamic behavior of several atoms or molecules. This implements the-goairsag where
the softer potential futions incorporatedo represent bealeal interactions in spring bead
model. This allows to run simulations of dynamic processes over longer time scales with
increased number of molecules which is not possible in MD simulations. Since being in
mesoscopicale he internal dgrees of freedom atomistic level are ignored and only their
center ofmass motion is resolved. Therefore, the information about individual atoms and its
interactions cannot be known which is critical for studying the chemical ititarageat flow
in norrisothermal systas, and liquidvapor interface in twghase fluid systems. But DPD
simulations prove to be a valuable tool to examine-asdembly, network formation,
morphology development, rheological properties of polynErs89).
2.4.Tensile testing

Tensile behavior is critical to the polymers and fibers performance. The testing for PLA
fibers was performed on XQ@C Fiber Tensile Tester usingSAM standard D3822 with gauge
length ofdlmm using 2 N load cell. The speed of testing was kept at 15mm/mail fihe
samples and specimens while analyzing samples over different days and pH conditions for
degradation. Prior to the Tensile strength mesmmentdenier was measured on vibroskop
all the samples. For each sample, triplicates were taken, aspetbnens analyzed for each
case from which readings for 12 nearest neighbors were taken for further statistical analysis. For
P4HB the tensile taig was performed using MTS Criteriof3 A ensile Tester to obtain peak
| oad and young o0 stesmiedch $amme far bspeci@ens i gadh case to obtain

statistically relevant data. The testing was dome for 125 mm gauge length at 250 spefoin
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The suture fineness in terms ofacheter details were incorporated into the TM essential
software temfate with other testing parameters before the testing.
2.5. Scanning Electron Microscopy (SEM)

SEM was used for analyzing the effect of degradationhenphysical structure PLA
fibers and P4B monofilaments at different pH conditions after 25 days and 60 days
respectively. The images were captured at 250X, 2500X and 20000X were captured using
SUB8010 Hithachi at Donghua University, Songjiang Campus dfdMerios 460L field
emission scanningextron microscope (FESEM) at AIF NC State University to observed fib
surface and crossection. The samples were placed on the holder with carbon tape and gold
coated in order to make them conductive while doigMSand negate chances of charge
generatn. The SEM performed to observe the change in the topographiasieteédr the
fibers in different pH conditions and determining the degradation mechanism that is critical for
polymer applications Hvivo. The cressedions for PLA and P4HB fibers/mofi@mments were
prepared through nitrogen fracturing process to rekemmicrostructure details.

2.6. Differential Scanning Calorimetry (DSC)

Perkin EImer Diamond DSC with Inter Cooler was used to monitor the thernidé pro
of P4HB sutures before and aftergdadation and compare the change in melting profile and
crystallizaton profile on heating frorr60°C to 110 °C and cooling from 110 °C-85°C at 10
°C/min.

2.7. Mass Spectroscopy

The Agilent TOF is an orthogonal acaglon time-of-flight mass spectrometéoa

TOF). The acceleration pulse applied to send the ions downdhetfibe is orthogonal to the

direction that ions are entering the mass analyzer. This geometry minimizes the effect of the
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entrance velocity onhe flight time, leading to higher restion. 6500 Series QOF The
Agilent 6500 Series € OF LC/MS is a liqud chromatograph € OF mass spectrometer that
performs MS/MS using a quadrupole, a hexapole (collision cell) and aofuffight unit to
produce pectra The quadrupole selects precursms that are fragmented in the collision cell
into product ions, wich are then impelled to the detector, at an angle perpendicular to the
original path. The Agilent 6500 SeriesT®F LC/MS supports several atmospic pressure
ionization (API) sourcesA common atmospheric sampling interface introduces ions from these
various sources into the mass spectrometer vacuum systenthis study rass spectrometry
analyses of all sample solutions were performed on ae#dgR0 Q TOF mass spectrometer
coupled with an Agilent Technologies 1260 Higberformance Liquid Chromataaphy

(HPLC) system. (Agilent Technologies, CA, USA.

lon /
Mirror ;

Quadrople Collision
Octapole Mass Filter Cell Octapole

=Sy &

pe—
lon

Pulser

Detector

lonization Separation and Filtration Zone Acceleration and
Zone Detection Zone

Figure 2.13: Mass spectroscopy using-QOF.

2.8. Thermal Gravimetric Analysis (TGA)
Pyris 1 TGA was used for executing the degradation sunfiél A, PCL, PGA and

P4HB. The degradi@n was carried out from 25°C to 600 °C at rates of 5 °C/min, 10 °C/min,
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20 °C/min and 30 °C/min. the degradation was carried out at different rates inaoadeain

the activation energy and depibe thermal pofile to correlate with simulations
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CHAPTER 3: Integrating experiments and simulations tounderstand the hydrolytic
degradation mechanism for polylactic acid

Radhika Vaid, Melissa A. PasquinefliMartin W. King-3
wilson College of Textiles, NC State University, Raleigh, NC, USA;
2Collegeof Natural Resources, NC State University, Ralel@, USA;
3College of Textiles, Donghua University Shanghai, China
3.1.Introduction

Bioresorbable polymers have become important materials for many applications in the
biotechnology, medical device,@&pharmaceutical industries. Their uniqueperties, such as
biocompatibility, biodegradability and bioresorption, have led to their extensive usage in
treating injuries and diseases through tissue engineering, wound dressings and drug fielivery [
51]. With the new discoveries in the field of polymers and biomedical applications it has become
critical to have a rapid and reliable methodology to evaluate and shbelsbtymer candidates
based on their degradation performance, as it effects tha@warbehavior once placed inside
the body.

Poly-I-lactic acid or polyd-lactic acid is formed after polymerization of optically active
L-lactic acid and Blactic acid moonmers and the polymers are samjstalline in nature. L
lactide is a naturally ocering isomer and is more readily available compared to its counterpart
D-lactide. However, commercial polylactic acid polymer obtained from a natural source, such
as Naturaor ksdé I ngeo polymer derived from corn
PLLA and about 2% PDLA. PLLA generally has around 37% crystallinity, which is dependent
on the molecular weight and processing parameters. It has a higher Tg arbéhd®@&nd
its Tm is approximately 175 °C. In addition, PLLA exhibits high tensile sthefx@9 MPa) and
high modulus (~3.8 GPa®{11]. Its good tensile strength, low exton and a high modulus,

which makes it a suitable candidate for implants especially in load bearing applications, such as
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surgical sutures and orthopaedic fixtures. Some of the commercially available PLLA based
orthopaedic products are Phantom Suture AnghDePuy), Full Thread Bio Interference
Screws (Arthrex) and Meniscal Stingers (Linvatec). Superior mechanical properties resulted in
the use of PLLA as textile scaffolds for ligament replacement and augmerdatimes to
replace nondegradable fibessich as Dacron polyester. Biomedical research continues on the
use of PLA as the base material for blood vessel conduits and lipoat@eh§ [

Furthermore, PLLA is aslower degrading polymer compared to other aliphatic
polyesters like Polyglycolic acifPGA). This is attributed to the presence of the voluminous
methyl group present in the backbone chain that is responsible for its initial hydrophobic surface,
which hinders aqueous attack. It has been seen that higher molecular weight PLA implants can
remain for 2 to over 5 years before they are totally resorbed in vivo. In addition, PLA
bioresorption also takes place through bulk erosion. Nevertheless, the rateramfatieg
depends to a large degree on the level of crystallinity as well as the pamditifickness of
the implant. Although the polymer is known to lose some of its strength and elastic modulus in
the first 6 months due to the plasticizing action ofemano significant changes will occur in
the mass until much longer. Therefore, cullsenb-polymers of Llactides or Dlactides with
glycolides are being studied with the objective to develop polymers with a wider range of
properties and hence increabeir scope of applicatior8{10]. In addition, since hydrolytic
degradation is critically dependent on the surrounding environmpenplays a pivotal role in
determinng the rate of PLA degradation. In this regard this study focuses on taking a well
investigated PLA and developing a methodology to determine its degradation profile using both

experiments and molecular dynamics (MDhslations.
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As the name suggests raoular dynamics (MD) is concerned with molecular motion,
which is contributing to the chemical reactions and processes. For example, bond stretching
and angle bending, give rise to IR spectra, which enables us togdisti between different
bonds and atmical species. MD simulations is an emerging computational approach where
statistics is integrated with experiments to estimate equilibrium and dynamic properties of
complex systems that cannot be calculated or obdenmvalytically. This advantage hasuéed
in use of MD simulations in integration with experiments for interdisciplinary studies in the
field of biology, chemistry, and physic$4. Solving the newtons equations of motion through
MD simulationsallows predicting how interacting system evolves with time, and its mechanical
properties. Important information regarding atomic positions, velocitie$oaoeks is obtained
that helps in discerning the macroscopic properties like, pressure, energyggaaaties using
statistical mechanics. This is possible by determining conformational transitions and local
vibrations by registering the changes in atopusition, over time (i.e. velocity) for each step.
Therefore, MD simulation usually consists of é@rconstituents: (i) initial positions and
velocities of all the particles in the system; (ii) interactions determining the forces among the
particles and(iii) the evolution of the system in time by solving a set of classical Newtonian
equations of motio ( F= ma; m is mass of particle and a is acceleration attributed to the
displacement), for all particles in the systéBL6]

MD simulations involves the proper sdien of interaction potentials, numerical
integration, periodic boundary conditions, and the controls of process parameters like pressure
and temperate to mimic thermodynamics of real process. Over here, the forcefield plays a
critical role to define ta interaction energies together with the parameters for the atoms and

molecules of the system. According to the information needed from the systesgtired
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forcefield is selected. In addition, selection of ensembles in MD simulations to mimic the
process parameters is important. Different ensembles are available, such as grand canonical
(uVT), constant chemical potential, volume and temperaturepeaconical (NVE), constant
number of particles, volume and energy; canonical (NVT), constant numbeticisavolume

and temperature; and isotherinabbaric (NPT), constant number of particles, pressure and
temperature. To maintain the constant terajpge and pressure; the common thermostats used
are: Berendsen, Nose, Nosmover and NogdPoincare, andarostat used are Andersen,
Hoover and Berendsen, respectively-[L8].

MD simulations are used today for multitude of applications. In case of polymers and
materials they enable us to iegtigate effect of temperature, additives, fillers, solvents, etc. on
polymer structure and its dynamics, and probe the effect of change in conditions and
environment on the polymer and material properties. The dynamics of polysysténs can
provide valiable information concerning molecular geometries and energies; mean atomic
vibrations, local fluctuations (like formation/breakage of hydrogen bonds, water/solute/ion/pH
interaction patterns, polymer backbone torsion motions), ratesf
configurational/coformational changes, solvent/substrate binding, free energies; which indeed
are responsible for laregrale deformations and properties for polym&gsZ8]. For example,
change in bond breakage/degradation in response to increased temperature in MD simulations,
results in deterioration of meahical properties of polymers that can be predicted over space
and time. This seems to be unlikely toumelerstood through experiments for every step rise of
temperature. However, it is critical to validate MD simulations results with the experiments for
limited set of parameters to confirm the appropriateness of approach, system selection and

results. Thushandin-hand advances in both experiment and theory is the demand of future. In
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addition to the MD simulations the Density functional theory (DFTgudations are helpful to
determine the quantum level interactions and reactivity. These calculatidr@sadeon is based
on following the HohenbefdKohn theorem, where the total energy of the system is given as a
functional of the electron densit23-30].

Hence, in his research | will besing MD simulations and DFT reactivity calculations
in integration with experiments to investigate hydrolytic degradation of PLA. MD simulation
with ReaxFF force field will be used to determine the degradation behavior of PLAithat w
affect its propertie and performance when used over time in the body.
3.2.Materials and Methods
3.2.1. PLA Fiber and Buffer solutions

Degradation studies will be carried out on PLA fibers which were spun at the College
of Textiles, the PLAresin (@O0 HP) , supplied by NatureWor ksE.
contains greater than 98%isomers and a small amount ofifmers. The PLA ®it spinning,
and drawing was conducted using a Hills Multiflament Research Line at the Nonwovens
Institute, NorthCarolina State University. A spipack with a 69 hole spinneret was used,
resulting into multifilament yarn with 69 filaments. The spinnivas carried out at 220 °C at
winding speed of 1500 m/min. Following this drawing was carried out at 75 °C withRdragv
of 2.8. Buffers at pH 2, 3, 7.4 and 10 were purchased from VWR.
3.2.2. Degradation studies

Degradation carried outatpH 2,3, 7.4lan1 0 f or 5, 15 and 25 day:
conditions selected to mimic the pH conditions prevailing at variocetitms in the human
body. The temperature of the study, 37e¢eC, i s

slower degradation rate wheimplanted in vivo, at temperature 37 °C, and pH 7.4,
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demonstrating complete degradation ovei324dmonths. For tlistudy 25 days study is used
as the focus is on developing simulation methodology and relative comparison at different pH
conditions that pevail in the different parts of body, therefore the complete degradation is not
required. Here the experimental dagation executed to correlate and validate the results from
MD simulations for molecular scale information, and macroscopic charactamizatio
mentioned below for macroscopic properties.
3.2.3.Massloss

The degraded samples measured for changes inbeés® and after degradation on
Ohaus Adventurer Pro Precision balance. This was done to register degradation with respect of
loss of mass\er time in different pH conditions, which will play a critical role in change in
tensile properties and hence walifect properties of polymeric and fiber implants placed in

vivo. Percentagmasdoss (WL%) is calculated by equation 3.1,
wip —— prm (3.1)

Where W andW: are, respectively, the initial and the fimaassof the PLA fiber specimen.
3.2.4. Tensile testing

Tensile behavior is critical to the polymers and fibers performance. Shegevas
performed on X@LC Fiber Tensile Tester using ASTM standard D382B gauge length of
1mm using 2 N load cell. The speed of testing was kept at 15mm/min for all the samples and
specimens while analyzing samples over different days and pH cmsditr dgradation. For
each sample, triplicates were taken and 15 speciraealyzed for each case from which

readings for 12 nearest neighbors were taken for further analysis.
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3.2.5. Scanning Electron Microscopy (SEM)

SUB010 Hithachi scanning electroncnoscopenvas used for analyzing the degradation
in PLA fibers at different H conditions after 25 days. This facility was used at Donghua
University, Songjiang Campus for the PLA fiber surface and €esson were placed on the
holder with carbon tapend gold cated in order to make them conductive while doing SEM
and negate @nces of charge generation. The SEM performed to observe the change in the
topographical features for the fibers in different pH conditions and determining the degradation
mechansm that iscritical for polymer applications ivo
3.2.6. Crystallinity mesurement

Rigaku SmartLab Xay diffractometer was used to measure the change in %
crystallinity and crystal size of PLA fibers on degradation in different pH conditions after 25
days. The )RD scan executed from4b°, with step of 0.05°. To do baseline remtion and
identify amorphous region for crystallinity and crystal size calculations by peak fitting, PDXL
software is used.
3.2.7. Computational Analysis

MD simulations using MPS 4.2 byScienomics, was performed for polymer/water
systems at differentomcentrations of hydrogen (H+) and hydroxyl (Qhbns to simulate
different pH conditions. The number of H+ and Qéhs was fixed at 10, 30, 50 and 100 in the
individual systemsvith 20 plymer chains and 250 water molecules. The control was the system
composed of just 250 water molecules and polymer chains. Besides this, to ensure the neutrality
of the system, sodium (Na+) and chloride ions)(@ill be added to the system wi@®H- and
H+ ions respectively. When the polymer implant is put in the bady,surrounded by excess

of fluid media that is replenished continuously, therefore excess of water molecules were used
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as compared to number of polymer chains in the systenihdése stues. After building the
amorphous cell with polymer, water, and saib will be equilibrated to minimum energy and
density. Thereafter, with an NVT ensemble using Nose/Hover thermostat, MD simulations are
performed on t he axFsparamaterized for ig system (AUCSTL. fargDuiR e
provided ReaxFF reactiverce field). In order to facilitate the analysis of the reaction products
at the molecular level following MD simulation, first the degradation of one polymer chain with
20 repat units wll be studied. Thereafter, 20 polymer chains with 20 repeatwilitse studied

S0 as to predict the changes in molecular wefPp]. For simulationsthree minimum energy
systems will be simulated and analyzed for each cormgosiChanges in molecular weight,
reaction products, and rabé degradation will be obtained through analysis of ReaxFF output
files using MAPS. In addition to observe the reafst of the PLA, polymer chain with 5 repeat
units and water as a solventFD calculations were performed on Gaussian 16. Molecular
electiostatic potential (ESP) reactivity calculations were made by b3Bp#g(d) basis set

[31]. Here at a point in the space around a molegivles anindication of the net electrostatic
effect, which is a contribution by the total charge distribution (electron + nuclei) of the molecule
and correlates with dipole moments, eleategativity, partial charges and chemical reactivity

of the molecwd. This gves visual depiction of relative polarity of the molecule with regions for
susceptible electrophilic and nucleophilic attack at reactive sites of the molecules. The Fukui
function is implemented as a finite charge change. By default a wholeoglastadied or
removed, however the calculation is not restricted to this amount. The Fukui equation 3.2 for
the electrophilic attack, f132, i s given for

fl=) (N) T3 (NT 1)
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Equally, the Fukui function for the nucleophilic attack, f+, is givanwhen 1 electron is added
as represented in equation 3.3
f'=3y (N+1) 71 4 (N)

Where N and | represent number of eladctrons
degriptor in equation 3.4 is described as combination of two Fukui fumsfior electrophilic
and nucleophilic attack having a positive value where it is electrophilic (attracting electron rich
or donating species or nucleophiles) and negative whé&eniicleophilic (attracting electron
deficient or withdrawing species oreetrophiles). It is implemented as the difference between
the Fukui plus and Fukui minus functions.

f(r)=f*1 ' f (3.4)
3.3.Results
3.3.1. Effect on mass

From experiments, it was observed that itiessloss increased when PLA fiber was

subjected to alkaline conditions of pH 10 in contrast to acidét reeutal pH conditions. In
addition, themassloss was gradually seen to increase in pH 10 from 5, 15 and 25 days unlike
to lower and neutral pH conditions where no significant change was observed within pHs and
days. It is evident from figure 3.1 (a)athat pH10 ~Q2% masdoss occurred for PLA fibers in
5 days, which increased by 2.9 times to ~0.58% after 25 days. Furtherniasdetention
illustrated in figure 3.1b) demonstrate no significachangen massat lower pHs but at pH 10
it continwusly ircrease over time. Similar results have been obtained by Lebo Xu et al. for
enhanced change in thickness for PLA fibers when exposed to alkaline conditions and increased

time scales33).
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Figure 31: (a) Massloss for different pH and degradation times, (* p<0.05); (b)
massretention over time in different pH conditions for PLA fiber

3.3.2. Effect oormechanical properties

On degradation of PLA fiber tensileshgth gadually decreased from 5 to 25 days for
pH 10 unlike to that of other pHs under study. In the generic curve éb@ayation curve as
illustrated in figure 3.2 (a). As it demonstrates the loss of peak l@adsofor the PLA fiber on
degradationn different pH conditions. There is an initial increase in % elongatioriLatdays,
however after 25 days the decrease is demonstrated being highest for alkaline conditions. As
measured from triplicates with 15 spaens each, the tensile strength gufie 3.2(b) and (c)
revealed reduction of 25 % after 5 days and 40% after 25 days for pH 10. Similar decrease was
observed at pH 3 and 7.4 to until 5 days thereafter plateauing with no significant change in the
remainng time. However, at pH 2 10% loss #trengh was detected after 5 days, which
increased to 25% after 15 days to stay constant at 25% to until 25 days.

Additionally, the modulus of PLA fiber was found to follow no trend. In the initial time
of until 15days there was decrease noticed aRpBlandr.4 with minor increase after 25 days,
which was not significantly different from starting modulus. However, at pH 10 significant

increase in the modulus was detected after 5 days.
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3.3.3. Effect on surface properties
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of pH

a

The surface and crosection of thesample reveals that PLA degradation was higher in

pH10d t er

25 days

at

37eC

as

compared

t

0]

ower

on the surface of PLA fibers after 25 days of degradation at pH10 as illustrated in images figure

3.3. The striions observed on PLA surface for degradatiotower pHs but unlike to pH 10
the pore generation did not happen after 25 days. Further, for thesentiss at different pH

conditions after 25 days, there were not any discernable pores unlike teg¢bons® theurface.
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Figure 33: Change in topographical features on degradation of PLA fiber
different pH conditions after 2&ays.

3.3.4. Effect on structural properties

The wideangle Xray diffraction was executed for PLA fibers after 25 days of
degradation in the pHs under study and compared with the control samplesranhelis in
figure 3.4 (a) illustrated that the crystallinity sample increases significantlggradatio in
different pH conditions as compared to the control sample. It was discerned that the prominent
crystalline peak at ~16.4° was observed for all PLA fibers, however it became narrower and
sharper as compared to the control after degradatiaddition as obsrved in figure 3.4 (b)
the crystalline peak at ~28.8° becomes narrower and sharper after 25 days of degradation at all
the pHs unlike to control sample, where it can be detected as only noise. The peak height and
area ratios calculatedoim peak dconvoldion using originPro for these are illustrated in table

3.1, where for control sample due to the abse
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determined. In addition, the peak height ratio for these two peaks ranged #odnwith the

peakarea réio being lowest for the samples degraded at pH 10 for 25 days. Further analysis

revealed the presence of low intensity peak at 33.3°, as demonstrated in figure 3.4 (c), for the

samples degraded at various pHs when compared to the céwgimol, due to tke low intensity

t

16.

and hidnest intasity pek respectively using PDXL software the results for which are illustrated
in figure 3.4 (d). The % crystallinity increased by -388% after degradation of 25 days with

maximum crystallinity observed ~90% for sample degraded at pH 10la8imihe highes

h e

4 A

Lastly the % crystallinity and crystal size were calculated from the XRD diffraction plot

peak

coul dnot

coul dnot

be

be

measur ed

det er mi

ned.

on

deconvol

ut i o

crystal size was found to be for the sample degraded at pH 10. The crystallinity and crystal size

for samples degraded at pH 2, 3 and 7.4 though significantly different from control sample did

not vary a lot among themselves.

Table 31: Peak height and area ratios with respect to highest intensity peak measure

XRD.
pH
Peak Rafio 10 7.4 3 2 Control
Max. Peak 16.4:28.5 70.15 65.13 | 70.96 | 68.11 ]
Height
Area Under 16.4:28.5 150.28 | 155.63 | 187.21| 223.68 ;
Curve
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Figure 34: Wide angle Xray diffraction plots for the PLA fiber after 25 days
degradation in pH 2, 3, 7.4 and 10 compared with the control sample (a) from
45°, (b) from 26%0 32°, (c) from 31° t@7°, ard (d) depicts the crystallinity and
crystal size calculated from the XRD plot by analyzing highest intensity pea
3.3.5. Effect at molecular level while degradation
To evaluate the molecular level degradation MD simulatiorere performed. As
depicted fom them during the hydrolytic degradation at higher pH values with moredD$]
the extent and rate of degradation is increased. Through MD simulations for single chains as
illustrated in Figure 3.5 (a). It was observedttthe onset of hydrolic degadation occurred
earlier in the presence of hydroxyl ions unlike to neutral and acidic environment, where no
degradation was overserved even at the end of the simulation. Even if the intermediates were
for med, t hadgcordbinedriack fors thepolymer chains. Further, it was observed

from the MD simulations of single chain that the number of degraded species increased from

neutral/acidic environment to the alkaline condition and leveling out at higher hydroxghton
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Further, these fidings \alidated for a system with 20 chains, where 25% faster degradation was
observed in case of alkaline conditions as compared to acidic, illustrated in Figure 3.5 (b). These
results corroborated the findings from the experimevitere the highest deaptationwas

observed for alkaline pH.
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Figure 35: MD simulations results for (a) Time for onset of signle PLA chain i

different ionic environment mimicking the range of pHs and ndegfadation

products genetad afte the single chain degradation, (b) % of highest molecul
weight PLA chain remaining after degradation in different ionc enviroment.

The pH value for these systems were calculated using the following equation 3r5 (a) fo
acidic system and 3.5 (lB)r thebasic system where H+ and ©id concentration of these ions
calculated as molarity based on volume of the amorphous cell. The HCI and NaOH are used in
ionic formed ensuring 100 % ionization in the polymeric syst&is [

no a&m@ (3.5a)
no pt a¢ O (3.5b)

From the above calculations it was found that extreme pH existed in MD simulations for
acidic and basic systems. For acidic systems pH was calculated for increasing H+ from 10 to
100 ions to be 0.430.24,-0.03 and-0.52. Whereas for the alkaline systgphtwas calculated

to be 13.56, 14.03, 14.25 and 14.52 for increasingf@ih 10 to 100 ions. The negative pH is
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not possible to find experimentally but do exist for higher molari88s36]. Lastly for water
based neutral system, pH is taken to be 7.4 as there are no ions present.

To measurehe rate constant of degradation of PLA the rate equation reported for the
autccatalytc degradation is used as mentioned in equation 3.6. Where the change in
concentration of acid end groups [COOH] is determined by change in concentration of water

[H20], ester [E] and acid generated.
—— Q600 Gxs O (3.6)
Where carboxylic endroup concentration, and the ester concentratiarbearelated to the
number average molecular weight usig] [equations 3.7 (a) and (b).
600 O — (3.7 )
0O — c00 p (3.7 b)
Il n these equat i onepplymer sample (ko 1.2gécm3) iartd YOP is the t h
average degree of polymerization, defined as the ratio Mn/Né e molecular weight of the
repeating unit, equal to 72 g/mol for PLA). The value of [COOH] and [E] are substituted in

equation 3.6 and assing value of DP as mentioned, the rate constant can be represented as in

equation 3.8.

Q (3.8)

For MD simulations perforntein this study for PLA, the number average molecular
weight with respect to carbon {Cwas considered in place of\Nb negate my effects of
molecular weights due to attachment of Na+ anddthe polymeric systems. Also, the weight
of the repeat unis replaced by the weight of carbon in repeat uni) (869 /mol for PLA). In
additions, as the degradation behavior was bewajuated any higher molecular weights

formed while MD simulations were neglected as they modified the rate calculationseto gi
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erroneous and misleading values. The number average molecular weight with respect to number
of carbon atoms (in the systemwere calculated over the simulation trajectory using the script
in appendix. Using equation 3.9 the rate constant (k) caalbaa&ted for the degradation in the

system.

Q (3.9)

The plot of LN(G-Cnr) was made ovettegradation time and slope was calculated to obtain the
rate constant (k) as illustrated in figure 3.5 (a) and (b) respectively. Thiveegdue signifies
the degradation in the system as the longer chains break to smaller number average molecular
weight. The rate constant values calculated for different pHs are also illustrated in figure 3.5
(b). As observed the highest extent of degtiah takes place in the extreme alkaline conditions
in the system with 100 OHons with k of 2.43 n$. Almost straidpt lines plots were obtained
for the other systems especially for water and acidic systems.

The degradation was observed for alkalineditbons occurs at ester linkage as reported
in the literature. This process is enhanced in the presence of alkaligroglroxyl attack was
initiated easily as compared to the hydronium ion attack. In the case acid assisted hydrolysis the
hydronium ionis formed when the water and hydrogen ion react. Further the excess of OH
alkali assisted hydrolytic degradatidmetdirect attack on the ester carbon, which is sterically

hindered for water due to the presence of methyl group.
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Il n aqueous

condi

toi

ons

t he met hyl

group

at

making it electronegative. Simultaneously the oxygen at carbonyl carbon is an electron

withdrawing group thus mailting in negative charge concentration on it. This makes carbonyl

carbon at ester linkage electropositive with two electron withdrawing groughedtao it

resulting in nucleophilic center susceptible to have an attack by hydroxyl group in alkaline

sydgem. This results in formation of tetrahedral intermediate as observed from the MD

simulations tetrahedral intermediate.

As this is a reversible pcess some chains return to the original polymer structure.

However, in case of presence of higher amour®Iidf the ether connected to the tetrahedral

intermediate (CkC OT )

eaves

(0]

n

t

h e

hydrol ysi s

of

PLA

carboxylic acidending oligomers resulting in chain scission and hence polymer degradation.

Various steps involved in PLAlali assisted hydrolytic degradation as observed from the MD

simulations are illustrated in the equation 3.10 as a result of which one hydroxghand

carboxyl end group is generated as reported in the literature. In the reaction mechanism
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illustrated tke red arrows illustrate electrons being withdrawn whereasadshows illustrate the

donation of electrons and green arrow signify the alkali attack.

&-
CHs ., z) CHs
o+ HO /k
HO | .fC /K / (o
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C OH
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OH HO (l:l
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(3.10)

To validate theindings from MD simulations and those reported in the literature in
terms of reactionpathway and degradation products after hydrolysis DFT calculations were
executed using Gaussian 16. Tkui reactivity results for nucleophilic addition obtained by
ESP charge distribution are illustrated in figure 3.7 (a), where higher values ofitiesctire
shown green and | ower reactivities are red
linkage developed negative potential making the carbonyl carmye positive and hence
susceptible to nucleophilic addition, as illustrated by beireemgr with highest reactivity
values. In addition, the end groups of PLA chain demonstrate higher plelitroeactivity thus
have chances of being attacked by H+otirer positive ions which validate presence of Na
terminated intermediates while simudets. Further the spatial charge distribution for 5 repeats
PLA chain is demonstrated in figure 3.7 (bheve the bluer hue for lower electron density is

observed at ¢sr carbons.
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Figure 3.7: (a) Nucleophilic eactivity distribution, (b) the contouepresenting 3D
surface for electrostatic potential for 5 repeat unit PLA chain

3.4.Discussion

PLA degradation has been wigévestigated for diverse biomedical applications in the
past. The focus was mainly &valuate the hydrolytic degradation triggered by autocatalytic
degradation caused due to generation of carboxylic acid while degrathatiogtt bulk erosion
of PLAAIn t his study the range pH considered hasnbo
the MD simulations using reaxFF to investigat
explored or reported in the literature. Thug turrent study is the firsif its kind to evaluate

PLA fiber degradation in pH 2, 3, 7.4 and 10 to determine thehamecal performance,
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resorption profile, surface properties and reaction mechanism for PLA fibers after 5, 15 and 25
days. The samples rigtved afterin vitro degradéion were collected and compared with day 0
control. The samples were characterized amdlyzed by weight loss measurements,
mechanical testing, SEM, and XRD. Only 25 days study was done as focus was to develop a
methodologyby determining hydrolytic degdation using experiments and MD simulations and
validate the findings with literatur@nce developed this methodology can be used to evaluate
other less investigated polymers for applications where degradation plays niajan ro
determining its propeds and performance.

Themasdoss analysis for PLA revealed a gradual loss over the piemiod of 25 days
in alkaline conditions at pH 10. The gradual loss inntlasssignals towards the surface reason
happening being hightm the alkaline conditiongzurther the strength loss was also observed
to increase gradually in alkaline condit®oto upto 40% after 25 days. The loss however was
limited to upto25% in the acid and neutral conditions. In surface erosion the streyggthisl
reported to occur latdo the mass loss contradictory to the observation made in this study as
illustrated infigure 3.8. This can be due to the fact the true area of the sample decreases with
degradation whereas the stress measurements are Inatedasiginal area calculatdor the
control sample. Thus, the ultimate load is calculated over the larger arktimges lower peak
stress and strength values opposite to the anticipated trend. Also, due to the heterogenous loss
in masshe pores amstriations are created dmetfiber surface as observed in SEM resulting in
weakening of fiber. This further createieak points in the fiber causing the decreased strength

over the degradation period.
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Figure 38: %Property retention in terms of % msaand % strength retaine
over the degradation period of 25 days for PLA fiber.

In addition, the presence of pores on surface to unlike core was reconfirmed in the
magnified crossecton SEM images from center and side were analyised as illustrdigdran
3.9, validating the occurrence of surface erosion in fibers unlike to the lmdioer Besides
this, the two surface plots obtained using image J software illustrate the peyimdibe pores
generated as black depressions and white peakshé-arytstalline region, lamellar region has
the two perpendicular directions are muchatge than the dimension along the chain axis. This
results in media diffusion and onset of degramfatn noncrystalline region owing to its open
structure and lesseintermolecular interactions. Elliptical pores (average values of
a=0.23+0.05um and b=@&0.02um) on degradation reveal that there is asymmetric interaction
between two regions that is lewthan intermolecular interaction in rorystalline region. This
can be attributed to partial orientation in ranystalline region while the drawing oL R fibers
in manufacturing stage3f]. This makes understanding the processing and strygtaperty
relationship for fibes for medical applications important to tweak then as per the performance

requirementsn the human body. Further periodicity in the occurrence of pores along the fiber
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axis had periodic distance of around 2+0.2um. The lamellar periodic distance memitmed
literature is in the range of nm unlike to as found in this study. Since thigdd¢ign study if
limited only to 25 days further decrease in the periodicitpares is anticipated as there is

presence of striations, which can to further form pane extendedegradation.

Fringed lamellar model
for drawn fiber

Figure 3.9: lllustration of sirface erosion happening in the case of PL.
fibers potentially at thaon-crystalline sites in the fringes lamellar model for tk
drawn fiber

The crosssectional imags validated the hypothesis of surface degradation for PLA
fibers as also the outcomeoin mass loss studies. In literature, the work on molded PLA grafts
report bulk erosion. This is attributed to fact that the diffusion of media into the bulk is much
higher as compared to loss of degraded polymer from the bulk ofesafime media diffusio
into the PLA bulk has much smaller size as compared to the degraded oligomers from the
polymer in bulk. Secondly, undrawn the films and precast samples lack inbeestation and
semi crystalline profile as in fibers caused yes$ induced orientain while spinning. This
results in fringed lamellar model in fibers as shown in figure 3 with higher crystallinity.

Although fibers are very thin up to 4ibum, its semcrystalline structure hinders the diffusion
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of external media o the bulk causing stace erosion as can be observed form the experimental
analysis.

Further the decrease in mechanical properties in initial period of degradation can be
explained by thdact that degradation leads to decrease in molecular weightingitBasing
percentagef smaller sized polymer chains, which can easily slide past of the chains initializing
the plasticizing effects. This chain breakage was observed at molecular ieeghtiviD
simulations were both with single and 20 chain systerasddgradation was fodnto have
enhanced in alkaline condition forming lower molecular weight products and reduced fraction
of original higher molecular weight PLA chains. Experimentally thte of degradation
calculated from the molecular weight measugats is reported to b@.05- 0.07 day*. To
validate the rates calculated in the extreme conditions for PLA degradation through MD
simulations equation 3.11 was used,

Qg 21 | —"‘T Q (3.11)
where k 4is the rate that has bemported for experimentally for PLA degradation as measured
through calculation of molecular weights using GPC. Further experimentally the rates have been
reported fomeutral onditions at pH 7.4 as considered in the equation. The time parameter, t
(40-60 days) as reported in different studies an(D#5 ns in the MD simulatutions). The
calculated rate,kfrom the equation is measured to be 1.7077 ng', for pHsranging fom
10-14. This is close to the rate constant for degradation observed atexsiaaline conditions
in presence of 100 OHons and k of 2.43 s In other alkaline conditions however, lower rates
are observed to those calculated using equati®@nmanly because of formation of reversible

intermediates that fform original chan at the end of degradation. Similarly, in acidic and
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neutral conditions no degradation is observed at all with k value approaching 0. This could be
firstly due to theintermedates being formed secondly the limited time to observe the
degradation in theseonditions. Lastly the linearly of slopes for all the degradation conditions
confirm that only one degradation mechanism occurs through hydrolysis rather that
autocatdysis reprted to be caused by acetic acid generated causing chain backbiting.

Further he presence of OHas observed enhances the rate of degradation for PLA
triggering nucleophilic attack at carbonyl carbon as is electron deficient. Unlike to thid in ac
catalyzed reactions H+ reacts with water to form hydronium ions which get attraatedative
carbonyl oxygen. This makes carbonyl carbon electrophilic attracting water to initiate
hydrolysis. However due to limited charge concentration to make gdrzmbonnegative only
alkali attack is intensively observed through simulation. Thislidated by electronic density
distributions as calculated from the fukui reactivity analysis confirming that electron distribution
in aqueous environment as devaldpn PLAfiber result in conditions viable for hydrolytic

degradation in alkali for PLAs compared to the acidic conditio88,89].

Lastly the modulus for all theHpconditions measureekperimentallyis initially found
to decrease owing to the reducedlecular weight and increased plasticizing actbamaller
molecular weight chains. However, in the later it is found to increase by almost 28% after
degradation fo 25 days in alkaline conditions. This can be attributed to firstly, increase in
crystalinity for all the samples on degradation afterd2fys as could be depicted by 16.4° peak
becoming narrower and sharper. In addition, the intensification and fornwditreew peak at
28.8° and 33.3° respectively due to degradation may cause the overedisie in the sample

stiffness. The higher ratiof@eak heights and lower ratios for peak areas for 16.4° with respect
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to 28.8° peak indicate narrower and sharpeik geamation on degradation at pH 10, also
validated by the fact that samples collectedethave highest crystal size
3.5.Conclusion

For PLA fibers the hydrolytic degradation is found to be occurring at enhanced rate in
alkaline conditions as compareddiher pHs, with surface erosion being highest in case of pH
10 after 25 days. There wasnimal change observed in surface and peréoroe properties of
fibers at pH 7.4, pH 3 and pH 2. The higher crystallinity for the samples could be another reason
for observed surface erosion in contrast to the bulk erosion reported in most of the BHA bas
literature for hydrolytic degradation. Fueththe molecular level information through MD
simulations and DFT calculations revealed that the positive center cegatatbonyl carbon
due to electron withdrawing groups results in the nucleophilic atigokegatively charged
hydroxyl ions. Furthertte higher rates of degradation are like the theoretical calculations made
based on the rates reported in literature. Vakdation of simulations results with those
observed experimentally for degradationntte at different pHs, and from literature for
degradation mechanism and reaction products verifies the use of simulations in integration with

experiments for studyingopymer degradation.

127



3.6.References

1. Barrows, T. (1986). Degradable implant materiaA review of synthetic absorbable
polymers and their applications. Cinical Materials, 1(4)-233.

2. Gomes, M. E., & Reis, R. L. (2004). Biodegradable polymers amgosites in biomedical
applications: From catgut to tissue engineering. part 1 avaggstems and their properties.
Intemational Materials Reviews, 49(5), 2873.

3. Papazoglou, L. G., Tsioli, V., Papaioannou, N., Georgiadis, M., Savvas, |., Pralsjnos,

. Zavros, N. (2010). Comparison of absorbable and nonabsorbable suturesat@rmai
skin closure in cats. The Cadlian Veterinary Journal La Revue@®@inaire Canadienne,
51(7), 770.

4. Sajid, M. S., McFall, M. R., Whitehouse, P. A., & Sains, P. S. (2014). Systematic review of
absorbable vs neabsorbable sutures used for the closure of surgical incisions. World
Joumnal of Gastrointestinal Surgery, 6(12), 241.

5. Luckachan, G. E., & Pillai, C. K. S. (2011). Biodegradable polym&nseview on recent
trends and emerging perspectivésurnal of Polymers and the Environmelr§i(3), 637
676.

6. Suzuki, S., & lkaka, Y. (2012)Sutures for Wound Closurddiomaterials for surgical
operation electronic resource, 1896,.New York: Humana Press/Springer.

7. Chen, G., & Wu, Q. (2005a). The application of polyhydroxyalkanoates as tissue
engineering material®iomaterials 26(33), 65656578.

8. Williams, S. F., Rizk, S., & Martin, D. P. (2013). Palyhydroxybutyrate (P4HB): A new
generation of resorbable medical devices for tissue repair and regeneration. Biomedical
Engineering, 58 (5),-13.

9. Nair, N., & Laurencin, C. T. (2007). Biodegrdudi@ polymers as biomaterials. Prog. Polym.
Sci., 32(8), 76R798.

10. Gajjar, C. R., & King, M. W. (2014). Resorbable fiferming polymers for biotextile
applications (1st ed.). Springer Cambridge Heidelberg New York Dordrecht London.

11. Vroman, |., & TighzertL. (2009). Biodegradable polymers. Materials, 2(2),-304.

12. Ulery, B. D., Nair, L. S., & Laurencin, C. T. (2011). Biomedical applications of
biodegradable polymers. Journal of Polymer Science Part B: Polymer Physics, 49(12), 832
864.

13. King M. W., Gupta B.S., & Guidoin R. (2013). Biotextiles as Medical Implants. (Eds.),
Woodhead Publishing, Cambridge, UK.

14. Schlick, T. (2002). Molecular Modeling and Simulation: An Interdisciplinary Guide. New
York, NY: Springer.

15. Hinchliffe, A. (2005). Molecular modelling fdoeginners (1. Aufl. ed.). GB: Wiley.

16. Astuti, A. D., & Mutiara, A. B. (2009). Performance analysis on molecular dynamics
simulation of protein using GROMACS.

17. Glotzer, S. C., & Paul, W. (2002). Molecular and mesoscale simulation methods for polymer
materals. Annual Review of Materials Research, 32(1),-406.

128



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Deshmukh, S. A., Hanson, B. J., Jiang, Q., & Pasquinelli, M. A. (2016). Perspectives on the
use of molecular dynamics simulations to characterize -filetrix adhesion and
nanocomposite mechanicproperties. Interface/interphase in polymer nanocomposites,
379411, John Wiley & Sons, Inc.

Smith, K. D., Stoliarov, S. I., Nyden, M. R., & Westmoreland, P. R. (2007). RMDff: A
smoothly transitioning, forcefieldased representation of kinetics for tesec molecular
dynamics simulations. Molecular Simulation, 33¢ 361368.

Liang, T., Devine, B., Phillpot, S. R., & Sinnott, S. B. (2012). Variable charge reactive
potential for hydrocarbons to simulate orgacapper interactions. The Journal of Phgsic
Chemistry. A, 116(30), 7978991.

van Duin, Adri C. T, Dasgupta, S., Lorant, F., & Goddard, W. A. (2001). ReaAFF:
reactive force field for hydrocarbonBhe Journal of Physical Chemistry 205(41), 9396
9409.

Chenoweth, K., Cheung, S., van Duin, AGrT, Goddard, W.A., & Kober, E. M. (2005).
Simulations on the thermal decomposition of a poly(dimethylsiloxane) polymer using the
ReaxFF reactive force fieldournal of the American Chemical Societ®,7(19), 7192
7202.

Chenoweth, K., van Duin, Adri T, & Goddard, W.A. (2008). ReaxFF reactive force field
for molecular dynamics simulations of hydrocarbon oxidafidve Journal of Physical
Chemistry. A]112(5), 1040.

van Duin, Adri C T, Merinov, B. V., Jang, S. S., & Goddard, W.A. (2008). ReaxFF reactive
force field for solid oxide fuel cell systems with application to oxygen ion transport it yttria
stabilized zirconiaThe Journal of Physical Chemistry. K2(14), 3133.

Chenoweth, K., van Duin, Adri C. T, Persson, P., Cheng, M., Oxgaard, J., & Goddard,
A. (2008). Development and application of a ReaxFF reactive force field for oxidative
dehydrogenation on vanadium oxide catalydsirnal of Physical Chemistry €12(37),
14645.

SanzNavarro, C. F., Astrand, P., Chen, D., Rgnning, M., van Duin, @drj Jacob, T., &
Goddard, W.A. (2008). Molecular dynamics simulations of the interactions between
platinum clusters and carbon platelets. The Journal of Physical Chemistry. A, 112(7), 1392.
Ojwang, J. J., Santen, v., RA Rutger, Kramer, G. G. J., DUiAGIT, & Goddard Ill, W.

A. (2008). Modeling the sorption dynamics of NaH using a reactive force field. Journal of
Chemical Physics, 128(16), 9.

Karatrantos, A., Clarke, N., & Kroger, M. (2016). Modeling of polymer structure and
conformations in polymer nanomposites from atomistic to mesoscale: A review. Polymer
Reviews, 56(3), 38428.

Ishimoto, T., & Koyama, M. (2012). A review of moleculavel mechanism of membrane
degradation in the polymer electrolyte fuel cell. Membranes, 2(3)4395

129



30.Yu, T. H.,Sha, Y., Liu, W., Merinov, B. V., Shirvanian, P., & Goddard, W. A. (2011).
Mechanism for degradation of nafion in PEM fuel cells from quantum mechanics
calculations. Journal of the American Chemical Society, 133(49), 1D8363.

31.Yildirim,E., Dakshinamodhy, D., Peretic, M.J., Pasquinelli, M.A., and Mathers, R.T.
(2016). Synthetic design of polyester electrolytes guided by hydrophobicity calculations.
Macromolecules, 49 (20), 7868B76.

32. Gilardoni, F., Weber, J., Chermette, H., & Ward, T. R. (1998). Retycimdices in density
functional t heory: A new =evaluation of
integration.The Journal of Physical Chemistry 202(20), 36073613.

33. Xu, L., Crawford, K., & Gorman, C.B. (2011). Effects of Temperature and pH @n th
Degradation of Poly(lactic acid) Brushes. Macromolecules, 44 (12);4732.

34.Chen, X., Yuan, C. A, Wong, C. K. Y., Ye, H, Leung, S. Y. Y., & Zhang, G.
(2012).Molecular modeling of protonic acid doping of emeraldine base polyaniline for
chemical sengs. Sensors and Actuators B: Chemical, 174,-216.

35. Nordstrom, D.K., Alpers, C.N., Ptacek, C. J., & Blowes, D.W. (2000). Negative pH and
Extremely Acidic Mine Waters from Iron Mountain, California. Environ. Sci. Technol. 34,
254-258.

36. https://www.thoughtco.comAa-negativeph-possible603653

37. Valentina, |, Haroutioun, A, Fabrice, L, Vincent, V., & Roberto P (2018). Poly(Lactic
Acid)-Based Nanobiocomposites with Modulated Degradation Ritaterials (Basel),
11(10), 119.

38.Chu, C. C. (1981). Hydrolytic degradation of polyglycolic acid: Tensile strength and
crystallinity study.Journal of Applied Polymer Scies, 26(5), 17271734.

39.de Jong, S. J.; Arias, E. R.; Rijkers, D. T. S.; van Nostrum, C. F.; Kettaneden Bosch,

J. J.; Hennink, W. E. (2001). New insights into the hydrolytic degradation of poly(lactic
acid): participation of the alcohol terminus. Pogrmd2 (7), 27952802.

130

t


https://www.thoughtco.com/is-a-negative-ph-possible-603653
https://www.ncbi.nlm.nih.gov/pubmed/?term=Valentina%20I%5BAuthor%5D&cauthor=true&cauthor_uid=30314349
https://www.ncbi.nlm.nih.gov/pubmed/?term=Haroutioun%20A%5BAuthor%5D&cauthor=true&cauthor_uid=30314349
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fabrice%20L%5BAuthor%5D&cauthor=true&cauthor_uid=30314349
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vincent%20V%5BAuthor%5D&cauthor=true&cauthor_uid=30314349
https://www.ncbi.nlm.nih.gov/pubmed/?term=Roberto%20P%5BAuthor%5D&cauthor=true&cauthor_uid=30314349
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4.1.Introduction

Poly-4-hydroxybutyrate (P4HB) is an aliphapolyester produced by bacteria as energy
storage material, and is a meentof the family of polyhydroxyalkanoates (PHA's). The most
common PHA is poly(iwydroxybutyrate) (P3HB), which was discovered in 1920 being
produced from the barcitemda[ V]J6.LBaSi hteast memga
bacteria have been discaogd producing different types of bacterial polyesters. Owing to the
controlled production conditions by the bacteria, there is no need for catalysts or plasticizers.
So PHAs are a parand isotactic polymer exhibiting a seonystalline structure and hagra
limited range of molecular weight. In addition, because PHAs are naturally produced from
bacteria, they do not contain any manufacturing additives, like catalysts and plastidiaeins
can lead to postmplantation tissue inflammation. At the sanrmad other synthetic methods
like ring opening polymerization are being explored for their manufacture. Like other
polyesters they also undergo hydrolytic degradation at the estdr bot experience surface
erosion over time. The rate of degradatiodatermined by the backbone structure.

In this regard P4HB compared to other PHAS is a comparatively new polymer, whose
biosynthesis has been studied for about 20 years, and attpfegda Inc. (Cambridge, MA)
produces P4HB for medical applications unttee tradename TephaFLEX®. The production

process for P4HB, which occurs through a transgenic fermentation process to produce the
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homopolymer using Escherichia coli K12, is propmgteo Tepha Inc. [1, 2]. The controlled
ownership, intellectual propertights and limited licensing agreement for this polymer has led

to a dearth of understanding about this polymer's degradation profile, especially the effect of pH
and enzymes.

In 2007 the FDA approved for the first time the use of P4AHB as a resorbahle.sut
Commercialization was undertaken by Tepha Inc. using the tradename TephaFLEX-by melt
spinning the P4HB polymer. An article by Martin and Williams in 2003 was the first article to
present the P4HB polymer and discuss its properties. However, no dieigedation study
was reported since this article focused on the commercialization and patent licensed by Tepha
Inc. [2-5].

Although it is produced by bacteria, its chemical striteeis simple and similar to that
of polyglycolic acid (PGA) and polycapiactone (PCL), the difference being the number of
carbons in the repeat unit. The P4HB monofilament is a strong and malleable thermoplastic
with similar ultimate mechanical propers, such as the load at break, as polypropylene (PP)
and polydioxanone (PO) sutures. In addition, P4HB exhibits an elongation at break of 100%,
resulting in highly elastic properties. As wi't
butyrates hasden undertaken to enhance its initial mechanical performance or accéterat
rate of absorption. In addition, there have been efforts to tailor the structure to produce nonacidic
degradation products and control the rate of degradation by functionahziiRy}HB polymer
[4-6].

From the initial studies it was demonstrated #@HB degrades more slowly than PGA
and PDO sutures. However, according to the study conducted by Odermatt et al to assess the

toxicity of Monomax (P4HB) sutures, it was found tHagyt demonstrated slower degradation
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in the body compared to PDS Il (PD&)tures. On the other hand, the rate of degradation for
P4HB has been reported to be faster in vivo than forpdbctic acid (PLLA), PCL and other
PHAOGSs . Mor e r e ca havd published dreothen paper diseussing the suture's
degradation prate in the human body and other applications, such as tissue engineering
scaffolds. As mentioned earlier, other polyesters like P4HB are reported to undergo hydrolytic
degradation athe ester bond. However as mentioned before, since this information was
published by Tepha Inc., details about the reaction mechanism, the degradation kinetics and the
degradation products are not known. The degradation products from other aliphastqysly
like polylactic acid (PLA) and P3HB, are reported to be theiranuer repeat units, such as
lactic acid and BEB-hydroxybutyric acid. In the case of PAHB, the paper by Williams et al of
Tepha, mentions that P4HB undergoes bulk hydrolysis to pradiagedroxybutyric acid (4HB).
However, no experimental evidence has beesented to support this claim. This particular
degradation product is reported to be a normal constituent of the mammalian body and is found
within a variety of tissues, includintbe brain, heart, kidney, liver, lung, muscle, and brown fat.
With a hdf-life of approximately 27 min, 4HB is metabolized rapidly by the body and then
eliminated through excretion [7]. Furthermore, being thermoplastic, the P4HB biopolymer is
processablato various forms, such as monofilaments for sutures and thermallydsddews
and plates for orthopedic endes. Being flexible, resorbable and thermoplastic facilitates the
manufacturing of P4HB into different forms and shapes of scaffolds for ugatissue
engineering applications [4, 8].

While there has been an incseain the number of patents issued in the last 10 years
related to P4HB, few publications have been written that describe the fundamentals of

degradation and bioresorption in the banhgler different pH conditions. As mentioned above
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this biopolymer has anique set of properties that have resulted in the introduction of a new
class of innovative, fibelbased products for soft tissue repair and has led to its current
commercial impogdnce. In order to address these gaps in the literature and elucidagz furt
understanding about its hydrolytic degradation, changes in P4AHB were monitored under various
pH conditions. It was anticipated that the fundamental understanding generateddbydis
would be used for developing new biomedical applications for P4HB.

Nevertheless, in order to reveal changes at the molecular level during the hydrolytic
degradation of P4HB, MD simulations were carried out using reaxFF software. As the name
suggest molecular dynamics (MD) is concerned with molecular motion and taedeof the
system, which contributes to the chemical reactivity and the duration of a reaction mechanism.
This molecular level information is usually omitted during experimentseatiiacro scale. MD
simulations involve solving Newtons equations of mwtiand predicting how interacting
systems evolve over time by determining conformational transitions and monitoring local
vibrations and registering changes in atomic position owe for each mechanistic step [9
12]. To mimic the thermodynamics of a afiieal process, the correct selection of interactive
potentials, numerical integration, periodic boundary conditions and control of the process
parameters like atmospheric pressure tengperature, are required. To achieve this, particular
force fields areselected that define the interactive energies together with the parameters for the
atoms and molecules of the system. In addition to the MD simulations, density functional theory
(DFT) calculations are helpful to determine the quantum level interactioh®adativity. These
calculations are based on the HohenbKaihn theorem, where the total energy of the system

is given as a function of the electron density [13, 14].
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Hence, the inv&igation into hydrolytic degradation for P4HB reported here used MD
simuations and DFT reactivity calculations in addition to conducting experiments. MD
simulations with ReaxFF force field were used to determine the structural changes, degradation
profile and mechanical performance of PAHB when exposed to different tistuebody over
different periods of time.
4.2.Materials and Methods
4.2.1. Poly-4-hydroxybutyrate (P4HB)

MonomaxE size 2/0, viol et monof il ament s
having an average diameter of Q.89 mm were purchased from B. Braun Surgical Spain
so as to undertake the experimental P4HB degradation study.

4.2.2. pH Buffer Solutions

Buffer solutions at different pH's were procured from VWR Internationsétee as the
degradation media. The three buffer solutions used in this study were at(BRBH3500),
prepared with potassium hydrogen phthalate, hydrochloric acid and deionized water; pH 7.4
(VWR-75801000), prepared from phosphate buffered saline inrieéd water; and pH 10
(BDH-5082), prepared with sodium carbonate, sodium bicarbonateleamuized water.

4.2.3. Experimental Degradation Study

The MonomaxE P4HB monofil ament sutures was
X100 (1g/L), at 40 °C, and then driéat 10 mins below 40 °C. This was done to remove any
lubricant applied to the suture's sag®. The scoured and dried P4HB monofilaments were then
exposed to different pH conditions: namely pH 3, 7.4 and 10. The degradation study of the
P4HB sutures was g&d out at a temperature of 37 + 2°C simulating body temperature in an

ORS 200 shaker Hafilled with deionized water. A known weight of suture (B mg) was
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placed in 80 mL of pH buffer. This material to liquor ratio was optimized to achieve complete
immersion of the specimen. Also, excess media was used purposely to simulate the environme
that exists when implants are placed in the body. The P4HB suture specimens and media were
mounted in triplicate in a 100 mL beaker, covered withilmaand pbaced in the shaker bath
for 10, 20, 40 and 60 days. When the degraded suture specimensetsiereed they were
washed and rinsed in deionized water three times and dried at less than 40 °C for 10 minutes
and dehydrated overnight at room temperature bstoreng in airtight bags in a refrigerator at
4°C prior to performing characterizationt®een them. The media was stored with the degraded
species in 15 mL vials after the 10, 20, 40 and 60 day degradation times before undertaking
mass spectroscopy tddntify and analyze the degradation product
4.2.4. MassLoss

The degraded samples were measfwedhanges in mass before and after degradation
using an Ohaus Adventurer Pro Precision balance with a precision of 0.0001g. This was done
to monitor the extent alegradation with respect to the loss of mass over time under different
pH conditions. It wa believed that the loss in mass played a critical role in reducing the tensile
properties and hence affect the in vivo performance of the polymeric and fiber tenfdlaa
percentage weight retention (%WR) was calculated using Equation 4.1

%WR=W/Wo x100 (4.1)

Where Wo and Wi are the initial dry weight and ey weight of the degraded P4HB
monofilament sample respectively
4.2.5. TensileTesting

Tensile behaviois critical to successful polymer and fiber performance. Testing was

performed on an MTS Criterion 45 tensile tester using a gauge length of 125mm and a 5 kN
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load cell. The crosshead speed was kept at 250 mm/min for all the samples analyzed after
degradd#on for different periods of time and pH conditions. For each sample, 4 specimens were
tested, and the results recorded for further analysis

4.2.6. Gel Pemeation Chromatography (GPC)

The average molecular weights and polydispersity index (PDI) were measutkd fo
poly-4-hydroxybutyrate samples before and after hydrolytic degradation. Gel permeation
chromatography (GPC) analysis was performed on a Waters HPLC systermn Alliance
2695 pump, Waters 2414 refractive index (RI) detector, and Waters THF collinenB4HB
samples were dissolved in tetrahydrofuran (THF) at a concentration of 4 mg/ml. They were then
filtered and diluted to 1mg/ml and run on the GPC at/rixnl
4.2.7. Differential Scanning Calorimetry (DSC)

A Perkin Elmer Diamond differential scanning catoeter (DSC) with an Inter Cooler
accessory was used to monitor the thermal profile of the PAHB sutures before and after
degradation and compare the melting anytallization profiles on heating fror80°C to 110
°C and cooling from 110 °C t5°C at 10°C/min. The DSC plots were deconvoluted using
OriginPro software, and the melting temperature (Tm) and area under the curve were measured
from the deconvolutedeaks and compared with the samples over the course of the degradation
study. From the areaued t he curve, the enthalpies of fus

were calculated using Equation 4.2

87
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4.2.8. Optical Microscopy and Scanning Electron Microscopy (SEM)
A polarizing LABOPHOTFPOL micioscope at 100X magnification was used to observe

changes in the diameter of the mblaonent samples collected after different periods of
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degradation at pH 3, 7.4 and 10. After the images were captured, Image J software was used to
measure and average tbdemeter of 10 filaments taken at random from each sample. In
addition, microstructal and topographical changes in the surface and -sext®n were
observed after hydrolytic degradation using a FEI Verios 460L field emission scanning electron
microscog (SEM). The specimens were mounted on the stub with carbon tape and sputter
coatedwith gold in order to make them conductive and reduce the risk of charging. The SEM
was operated at 250X, 2500X and 20000X magnification using a 2kV incident beam, w@obser
any changes in topographical features for the monofilaments exposed for 68 tthaydifferent
pH and enzyme conditions. It was anticipated that this would facilitate the degradation profile
of the polymer in vivo. The crossections for the PAHB mofi@mments were prepared by a
liquid nitrogen fracturing process to retain detailshaf microstructure
4.2.9. Crystallinity Measuremens

X-ray diffraction data for the P4HB monofilaments degraded for 60 days were acquired
using a Rigaku SmartLabnay diffractometer with a Cu Kalpha radiation source (wavelength
= 1.54 ) i n 4&5degkesr Therrgnge obahgle Seletted was based on the reported
literature. The step size and time per step used to acquire the measurements were 0.05 degrees
ard 3 sec/step, respectively
4.2.10.Mass Spectroscopy

Mass spectrometric analysis of all the sampleitions was performed on an Agilent
6520 Q timeof-flight mass spectrometer coupled with an Agilent Technologies 1260 high
performance liquid chromatograph (HPL(gilent Technologies, CA, USA) The sample
solutions were transferred to 2 mL transparengéwdop glass vials. The composition of the

mobile phase composed of water and acetonitrile at a ratio of 1:1, was maintained constant by
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isocratic elution. The déiw rate of the HPLC system was set to 0.5 mL/min and the total run time
for each specimenwas mi nut es. The injection volume for
lonization was performed via electrospray ionization and was carried out in a negative mode
with the following parameters: gas temperature 350 °C, drying gas flow rate 5 liters per minute
nebulizer pressure 50 psi, Vcap voltage 3500 V and fragmentor voltage at 175 V
4.2.11. Computational Analysis

The methods described in Chapter 3 were also used here in Chapter 4 to understand the
hydrolytic degradation of P4HB. Similarly, here also Milhglations, using MAPS 4.2 by
Scienomics, were performed for PAHB polymer/water systems at different concestuatio
hydrogen (H+) and hydroxyl (Oblions to simulate different pH conditions. The number of H+
and OH ions was fixed at 10, 30, 50 and 1i6Qhe individual systems with 20 polymer chains
and 250 water molecules. The control condition was the systemposed of just 250 water
molecules and polymer chains. Besides this, to ensure the neutrality of the system, sodium (Na+)
and chloride ions (G) were added to the system with ©O&hd H+ ions respectively. These
conditions were chosen to mimic the placet@ithe polymer in the body as an implant or
suture. To achieve this an excess of the body's water molecules was included compared to the
numker of polymer chains in the system, since the implant in the body will be surrounded by
excess aqueous fluid thiatreplenished continuously. After building the amorphous cell with
polymer, water, and ions, the system was equilibrated to minimum enedyylearsity.
Thereafter, with an NVT ensemble using a Nose/Hover thermostat, MD simulations were
performed on theysst em at 37¢eC, using ReaxFF reactive
system. In order to facilitate the analysis of the reaction produdtseatolecular level

following MD simulation, first, the degradation of one polymer chain with 20 repeat ursts wa
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studied. Then systems with 20 polymer chains each having 20 repeat units was studied in
triplicate so as to predict the changes in molecular weight§]5Changes in molecular weight,
the release of reaction products, and the rate of degradation @ermihed through analysis
of ReaxFF output files using MAPS. In addition to observing the reactivity of P4HB, DFT
calculations were performed using the Gaussian 16 program on polymer chains with 5 repeat
units surrounded by water molecules. Molecular tedstatic potential (ESP) reactivity
calculations were made using a b3lyg/b+g(d)??? basis set [19]. The Fukui equation 4.3a and
4. 3b were used to calcul ate Fukui function f
removed) and nucleophilic attadk, (when 1 electron is added) [20],
fl=yp (N) T4 (NT 1)
f'=) (N+1) T } (N)

where N and |} ofekegronsaneé densityofieteohse r
4.3.Results
4.3.1. Effect of hydrolytic degradation on massretained

During the 60 day study comparing degradation at pH 3, 7.4 and 10 the amount of weight
loss was observed to be significanttyg at er at p HO0.G comparet to theothera | ue O
two pH conditions. During the initial 20 days there were no observed changes in weight for any
of the pH conditions. So while initially there were similar trends with no apparent weight loss
(< 0.19 at pH 7.4 and 10, the pH 3msple withessed about ~ 2.5 % weight loss in 40 days and
~ 5% weight loss after 60 days of degradation (Figure 4.1).
4.3.2. Effect of hydrolytic degradation on mechanical properties

After being exposed to degradation at pH 3, 7.4Jhthe mechanical propertiebthe

P4HB monofilament sutures were measured on an Instron mechanical tester. Typical P4HB
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monofilament suture loadlongation curves are illustrated in Figure 4.2 (a) showing the effect
of different degradation conditionsigure 4 also shows the changegeak load, strength and
Young's modulus over the 60 day period of hydrolytic degradation. Figure 4.2 (b) for peak load
(N) and Figure 4.2 (c) for percent strength retention show that the highest lost in strength was
observed with the sample exposed to pH 3. Almost 80% of the strength was lost in the first 20
days, and theemaining mechanical performandiminished to zero during the subsequent 20
days. During the initial 10 days, the strength fell by 40% to a peak load of only ~35N unlike
the ~68N value for the netlegraded sample. During the next 10 days the strerigby fe20%

to a peak load of ~I2 The peak load measured at 40 and 60 days was only ~8N and 2N

1001 = z 5
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o
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No. of days

Figure 41: % Massretention (%WR) for P4AHB monofilament sutures in differel
pH conditions over the period of 60 days

respectively, while the percent strength retention fell to 0% as mentioned before. These changes
in strength at pH 3 wer e the difierdnt ttme polmte when gni f i
compared to the pH 7.4 and pH 10 samples. On the other hand, the percent strength retention at

pH 7.4 and pH 10 was not significantly different from the values at Day O.
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Although the strength changes were not significant at pH 7.4 and pH 10, nevertheless
the elongation at break for the P4HB sutures appeared to increase between 0 to 60 days (Figure
4.2 (a)). Again, the change is not significant forthefir 20 days as seen fro
modulus calculations from the linear slope of the load elongation curve (Figure 4.2 (d)).
Significant changes (p < 0.05) were observed after 40 days. On the otteat@n60 days of
hydrolytic degradation, the pH 7and pH 10 experienced no significant increase in their
Youngdéds modulus (Figures 4.2(d)) (p value >

degraded at pH 3, the Youngos
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Figure 42: (a) Load elongatioplot for P4HB monofilament sutures degraded
pH 3, 7.4 and 10 over the period of 60 days, (b) peak load (N) for the degr:
samples (c) % strength retention for the degraded P4HB monofilaments, ar
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modulus measured after tlays was not significantly different from the ndegaded sample

measured at Day 0.

4.3.3. Molecular weight changes on degradation

From GPC analysis it was observed that for hydrolytic degradation at pH 7.4 and pH 10,
the weight average (Mw) and number aver@de) molecular weights did not change until Day
10 (Figure 4.3). After Day 10 they gradually decreased until Day 60, when reductions in Mw
and Mn were ~20% and 18% respectively. Changes in the polydispersity index (PDI) were
insignificant during the 60 dayof hydrolytic degradation at pH 7.4 and pH 10.

On the other hand, more intensive degradation was observed at pH 3. Rapid decreases
in Mw and Mn were observed even after 10 days of hydrolytic degradation with recorded
percent retention values at ~25% ai3%% respectively. In addition, the PDI decreased3®p
from 2.16 to 1.65 in the first 10 days. Beyond 10 days, the loss in both molecular weights was
observed to continue to decrease to retention values of ~15% while the molecular weight
distribution narowed with a reduction in PDI values from 1.65 to0l(bigure 4.3 (a) and (b)).

The kinetic constants (k) for hydrolytic degradation at pH 3, 7.4 and 10, were calculated
from the slope of logarithmic plots of In (M¥) vs time (Figure 4.3(d)). The logdrmic slope
was calculated and found to provide aseldit to the observed loss in molecular weight with R2
correlation coefficients of 98%. Here Mn is the number average molecular weight and M is the
weight of the P4HB repeat unit [21]. As expected rétte of hydrolytic degradation was highest
at pH 3 wth k equal to 1.18. The kinetic constants were calculated to be 0.10 for both pH 7.4

and pH 10 as they demonstrated similar degradation profiles.
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Figure 43: (a) Percent weight average molecular wergtention (Mw),
(b) Percent number average molecular weight retention (Mn), (c) Changes
polydispersity index, (d) Rate calculation for fit of logarithmic difference betwe
the rumber average molecular weight (Mn) and repeat unit weight (M) for P4
hydrolytic degradation over 60 days at pH 3, 7.4 and 10.

4.3.4. Effect of hydrolytic degradation on surface properties

Optical microscopy executed to detect any change on the surfacenaffilament
sutures in terms of pores/cracks or change in diameter. It ev&smled form the optical
microscope images in table 4.1 that there was no significant change in the diameter as depicted
in figure 4.4 without any signs of degradation like pomescracks or monofilament

disintegration at 100X. The average diameter measuas in the range of diameter for 2/0

suture as per USP standards (60389mm).
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Since microstructural details and changes due to hydrolytic degradation could not be
observed through optical microscopy, scanning electron microscopy (SEM) was performed on
the samples after 60 days of degradation and the captured images were analyzed. The SEM
images for the surface and cressctional views were captured at 250X, 2500 20,000X
for the control and hydrolytically degraded samples at pH 3, 7.4 and 1@ (&) When
compared with the control P4HB monofilament, which had experienced no degradation, only at
pH 3 did the sample show significant degradation.

Table 41: Optical microscopic images at 100X magnification for P4HB sutu
samples before and after hydrolytic degradation for up to 60 days

Control pH 3 pH 7.4 pH 10

10

20

40

60
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Figure 44: Diameter of P4AHB monofilament samples through the course of
hydrolytic degradation.

Further examination of the images was carried out using Image J software to measure
the pore diameters on the degraded monofilament santfllggically shaped pores were
observed for the degraded samples with the major axis diameetergri ng fr om 0. 57 to
having an average of 0.93em. The minor axis ol
012-0. 23em, with. B&emvePlgteomifcrogr apsacsonsof t he
of the P4HB sutures following 60 dayshydrolytic degradation at pH 3 are shown in Figure
4.5 (a) and (b). In Figure 4.5 (a) and Tabl8 it appears that the pores on the surface have a
periodict vy , occurring about every ~1.20 N O0.31gm.
varied as meiioned previously. At higher magnification, one can observe pores inside the
surface pores, whiameans that degradation also affected the interior of thelsampe cross
sectional images reveal deterioration in the interior of the suture (Figure )¥.pofbting
towards bulk degradation as supported by the appearance of the microstructure in the fracture

planes following tensile testir{@2-24].
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Additional SEM phodmicrographs were obtained fromethensile test fragments
following hydrolytically degraded P4HB samples at 3 different pH's for 60 days. Brittle fracture
was observed for the sample degraded at pH 3, which was not the case for the samples exposed

to pH7.4 and pH 10 (Table 4.2).

(@) (b)
Figure 45: SEM photomicrographs of (a) the P4HB suture surface showing
periodicity of the peaks at the pore locations, and (b) the P4HB suture crc
section after 60 days of hydrolgtidegradation.
The SEMphotomicrographs of the P4HB suture hydrolytically degraded at pH 3

show fracture without any plastic deformation at 250X magnification. The radizh&gred

ridges at 2,500X and 8,000X are signature characteristics of brittterrac

Table 42: SEM photomicrographs of P4HB monofilaments after 60 days ¢
hydrolytic degradation showing brittle fracture at pH 3 and ductile fracture at

7.4 and pH 10.
pH 3 pH 7.4 H 10
250X
2,500X
8,00
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However, for the degraded sample at pH 7.4 and pH 10 only signs of ductile fracture
were observed. Plastic deformation was observed at 250X magnification with neck formation
leading to a cuprad cone fracture (Table 4.3). Also, spherical anddmfeatures were noted

which are key features when there is elongation and necking at a ductile fractuzg-2@g [

148



Table 43: SEM imagedor theP4HB samples before and after 60 days of hydrolytic degradation.

Surface

250X

2.5KX

20KX

Cross
section

250X

Control
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Table 44: SEM images for the P4HBampes before and after 60 days of hydrolytic degradation.

2.5KX
Cross
section
center
20KX
250X
Cross
section
Edge
2.5KX

Control

pH 3

pH 7.4

pH 10
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4.3.5. Effect of hydrolytic degradation onthermal properties

The DSC melt tarmograms for the PAHB samples hydrolytically degraded samples at pH
3, pH 7.4 and pH 10 are illustrated in Figure 4.6. To further elaborate on the analysis and identify
the peaks, these plots were deconvoluted usingr®g, and the peak temperaturendy and

enthalpy of fusion for the deconvoluted peaks were determined, listed in Table 4.4 and plotted in
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Figure 46: Comparison of melt thermograms during @@edays of hydrolytic
degradation:q) pH 3, (b) pH 7.4 and (c) pH 10.

For the control sample at Day O there are two visible endotherm peaks. However, when the
Day 0 plot is deconvoluted, three peaks appear at 62.71°C, 67.79 °C, and 70.64°C for Rdak 1, Pe
2 and Peak 3 respectively. Pealkexhibited the highest intensity and the largest area under the
curve having @ H=31.42 J/g, whicls almost double that of Peak 2 and Peak 3.

Surprisingly, during the first 10 days of degradation, the lowest tenupea¢ak at pH 3,
Peak 1, disappeatdy shifting to a higher temperature and merging with Peak 3, forming a single
narrower and sharper of peak after 60 days. Peak 2 decreased to a lower temperature after 10 days,
increased to ~67°C over the next 30 daysl finally disappeared after 60ydgFigure 4.6(a)). As
this occurred t o Peakyingreaset \ith a lmaadehirg lofghg peaki In f u s |
addition to the gradual increase in Tm by ~3°C for Peak 3 during the 60 days of degradation (Figure

4. 7(a)), the eincleasedpveralldy ~215% g9 illostrated a Higure 4.7(b).
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Table45: Changes in temperature and
(Temperature of Peak 1 < Peak 2 < Peak 3).

Tm (°C) e H(J/g)
pH Days| Peak 1| Peak 2| Pe&k 3 | Peak 1| Peak 2| Peak 3
Control 0 62.71 | 67.79 | 70.64 | 31.42 16.3 18.7
10 64.9 71.25 36.85 | 40.87
20 67.77 | 71.89 54.54 | 53.37
3 40 67.14 | 73.64 51.04 | 41.27
60 73.66 57.82
10 63.63 | 68.87 | 72.2 33.75 | 2835 | 9.26
20 6491 | 6856 | 7221 | 35.24 | 25.61 10.7
A 40 65.38 | 68.87 | 73.47 | 36.61 | 22.8 12.02
60 70.23 | 73.82 4189 | 7.01
10 63.64 | 67.76 | 72.84 | 25.86 | 18.62 | 20.99
10 20 65.87 | 69.2 72.85 | 4532 | 25.1 7.38
40 69.67 | 73.16 35.82 | 8.69
60 66.97 | 72.15 23.95 | 43.07

During the hydroftic degradation at pH 7.4 and pH 10, minimal fluctuation was observed
in the Tmax peak (Figure 4.7 (c) and (e)). However, the lowest temperature peak disappeared after
60 days and 40 days at pH 7.4 and pH 10, respectively. Compared to the control tBaple,a
Peak 2 at pH 7.4 became broader with increasing degradation tinenasyse t he | nicr ease
And while Tmax, the highest temperature peak at pH 10, increased by ~ 2°C (Figure 4.7(e)), there
was no particular trend f o, loderahe 6é0ddays gf degradatiore nt h a

at pH 10 (Figure 4.7(f)).

152



76

72

T, (°C)

.r”‘f’,,,//’//’(I‘A__—

Peak 1
~Peak 2
~-Peak 3

0 10 20 30 40 50 60
No. of days

(@)

Peak 1
+Peak 2
—~Peak 3

0 10 20 30 40 50 60

No.of days

(b)

7%

72

Ty (°C)

© |+ Peak 1
—~Peak 2
—=Peak 3

vvvvvvv

30 40 50 80
No. of days

(©)

10 20

76

72-/“

Peak 1
Peak 2
-~Peak 3

Peak 1
+Peak 2
-=-Peak 3

/

/

—_
8 68 -
E
'_
64 1
601
0 10 20 30 40 50 60
No. of days
(e)
50
Peak 1
Peak 2
40 -=-Peak 3
—~ 30
o
O
S
2
£ 20
T
<
10 1
0

0 10 20 30 40 50 60

No. of days

(d)

0 10 20 30 40 50 60

No. of days

(f)

Figure 47: Changes in Tm over the degradation period of 60 days for (a) pH 2

pH 7. 4

and

(e)

pH 10;

Changes

pH 3, (d) pH 7.4 and (f) pH 10

i n et

The DSC crystallization thermograms for hydrolytically degraded P4HB monofilament

sutures are illustrated in Figure 4.8 for the 60 days of degradation at pH 3, 7.4 and 10. As expected

under acidic conditions at pH 3 the temperature of crystallizatipimcFeased as the peak moved

t o a

decreased further. For the pH 7.4 sample (Figure 4.8(b), the peak positions kept fluctuating with
no particular trend. Howevemifthe sample collected after 60 days of degradatiemcFeased
by ~4°C, and the area under the crystallization thermograms fluctuated, registering no particular

t r endec In the casd of the pH 10 sample, peak broadening and secondary peak formation

hi gher

temperature

(Figure

4 . 8 ( a ) ) c

Si

nc

appeared as the degradation time increased. However, the appearance of a new peak could not be

deconvoluted using the OriginPro software due to its low intensity. Like the pH 7.4 sample, the
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peak positions and the area under the curve are observedttatiuwith no major tendency as

depicted in Figure 4.%) and ).
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Figure 48: Crystallization thermograms for untreated control PAHB samples
hydrolytically degraded samples for up to 60 day®ppH 3 (b) pH 7.4 and (c) pH
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Figure 49: (a) Crystallization temperature djland (b) Enthalpy of crystallization
( eHmeasured from the cooling endotherimisP4HB samples hydrolytically
degraded at pH 3, pH 7.4épH 10.

4.3.6. Effect of hydrolytic degradation on structural properties
X-ray diffraction was performed on untreated P4HB control samples as well as on the
samples after 60 days of hydrolytic degradation at pH 3, 7.4 and 10.-Tdedfffraction plots
for these samples are depicted in Figure 4.10(a) and the correspondient peystallinity and
crystal size calculations using PDXL 4 software can be seen in Figure 4.10(b). The analysis of the

diffraction plot revealed that the percent crystallinity for tinéreated control P4HB sample was
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~90%. This value remained the saate~89% for the sample degraded for 60 days at pH 3.
However, at pH 7.4 and pH 10, the experimentally observed crystallinity fell by ~ 17% and ~22%
respectively. In addition, the crys&ike was measured from the highest intensity peak and found
to be 116118 A at Day 0 for the control sample without degradation. Like the changes in percent
crystallinity, the crystal size was reduced after degradation for 60 days regardless of the pH
condtions. The experimentally measured values were ~105 A, ~101 A @&dA-When exposed

to pH 3, pH 7.4 and pH 10, respectively.
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Figure 410: XRD plots of 2q and percent crystallinity for P4AHB monofilameni
sutures bre and after 60 days of h){grolytic degradation at pH 3, pH 7.4 and
Further, the d spacing for Peak 1 (110), Peak 2 (200), Peak 3 (210) and Peak 4 (120) have
been reporte in the literature to be at 4.1 A, 3.8 A, 2.9 A and 2.1 A respectively, whi t he 24
values are 21.9°, 22.8°, 29.7° and 39.7° [15]. The peak values were found to be the same for the d
spacing and 24 values for al | t tibne HoRevdd,Bhe s a mp |
intensity of the peaks varied, but there was no movetoeatdifferent wavelength. In order to

further examine the transformations happening in the crystal structure of the P4HB monofilament

suture, a pH triggered hydrolytic degradatipeak height and area ratios were calculated with
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respect to the highesttansity peak (Peak 1). OriginPro was used to deconvolute the scans and

calculate the peak ratios, which are listed in Table 4.5.

Table 46: Peak height and area ratios with respect to highest intensity peaks
measured from XRBor P4AHB monofilament sutures at Day 0 (control) and after
days of degradation at pH 3, pH 7.4 and pH 10

__ PH 7.4 10 3 Control
Peak Ratios

Max. | Peakl: Peak?2 2.87 2.71 1.72 2.65
Peak | Peakl: Peak3 19.31 21.59 17.18 30.20
Height| Peakl: Peak4 26.28 2111 22.19 53.79
Area | Peakl: Peak?2 3.31 2.66 2.97 2.65
Under | Peakl: Peak3 34.64 26.01 38.58 30.01
Curve | Peakl: Peak4 12.95 76.70 74.52 53.79

As can be seen above the ratio of Peak1l:Peak2 did not vary a lot between the four samples
collected. For thgpeak height it was 1:2.9 and for the peak area it was-3.8. However, note
that the ratios of Peakl:Peak3 and Peakl:Peak4 for lmght and area were found to be
significantly different from the unexposed control sample. At pH 3, the aimeveionedpeak
ratios for peak height differed from the control by ~13 points and ~31 points for Peaks 3 and 4
respectively. On the other harttle area ratios for Peakl:Peak3 and Peakl:Peak4 differed from
the untreated control by ~ 8 and ~ 21 points respectivatyilé®ly, at pH 10 both peak height
ratios exhibited differences from the control sample by 9 and 32 points. Although the area ratio
with respect to Peak3 were seen to decrease by 4 points, this was counterbalanced by an increase
of around 23 points for R&4. With degradation at pH 7.4, again the height ratios for both Peak3
and Peak4 were seen to decrease. On the other hand, thetiarfea Peak1l:Peak 3 demonstrated
a small increase by 4 points, but Peakl:Peak 4 revealed a large decrease of ~40 jgsontgsth

noting that no particular increasing or decreasing trends were observed in XRD peak ratios for the
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degraded samples jp 7.4 or pH 10 as was observed with the peak heights and areas under the

curve for the DSC results.

4.3.7. Degradation products

In orde to determine the reaction products after hydrolytic degradation mass spectroscopy
was performed using the negative mode with-8aB mass analyzer. With the use of ChemDraw
the exact mass for the repeat unit of P4HB, Heydroxybutyric acid, &s detemined to be 104.04
g/mol. And because the negative ion mode was used, which resulted in the loss of a proton, the
value for m/z was reduced by 1. The media after time intervals of 10, 20, 40 and 60 were collected
and compared with the control medidheP4HB samples hydrolytically degraded at pH 3 were
the only samples to have a ~104.04 m/z peak as shown in Figure-d.1Ifes peak was absent
for the pH 3 buffer solution (Figure 4.11(d)). Furthermore, the P4HB samples exposed to pH 7.4

and pH 1Qcontaned no such distinct peak.
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4.3.8. Molecular level changes on hydrolytic degradation

Molecular dynamic (MD) simulations using reaxFF were performed so as to understand
the molecular level information during the hydrolytic degradation process of RAldBhtrast to
the observations made with PLA in Chapter 3, the results from the P4HB experiments
demonstrated that the degradation was enhanced by an acidic environment with low pH (more H+
ions). Since large amounts of data are typically generatedsimithiaions, this makes it difficult
to analyze the reactions associated with multiple chains. So, to overcome this difficulty, the first
degradation simulations were performed on single P4HB chains and then subsequently on 20
chains, so the results froboth caes could be analyzed, compared and validated. As observed
from the experiments, MD simulations on single chains, illustrated in Figure 4.12(a), revealed that
the onset of hydrolytic degradation occurred earlier in the presence of hydrogen iahsyasi
not the case in a neutral and alkaline environment. Chain breakage was observed in neutral,
alkaline and weak acidic conditions with the formation of few intermediates which then
recombined to form the original polymer chain. The number of degiuksiesvas highest for
the 100 HCI

To more closely mimic the actual polymer system, 20 polymer chains were combined and
similar degradation studies were performed using MD simulations. As predicted from the MD
results with a single chain, the systemha®0 chains also observed faster degradation in the
presence of 50 and 100 HCI species. As illustrated in Figure 4.12(b), only 20% of the original
chains remained for the 100 HCI system, which was lower than all the other systems. These results
are in ageementwith the findings from the single chain degradation MD simulations and the
experiments, where the fastest degradation was also observed with acidic pH. However, for the

alkaline and water systems some chain breakage was observed, but the aretdina the
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percent of the original chain length is attributed to degradation products reacting together to form
unstable chains with more than 20 repeat units. In order to address this issue, the approach used to

calculate molecular weight was revisesimenibned later in this section.
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Figure 412: MD simulation results (a) Time for onset of single P4HE

chain breakage in different ionic and pH environments and the number of

degradation productgenerated after singtshain breakage, (b) Percent of origin:

molecular weight P4HB chain remaining over time after degradation in differ:
ionic and pH environments

The pH for the systems used in MD simulations was calculated using EquatiopsAds(a
(b). The concenation of H+ and OHions for the acidic and basic systems used to derive molarity
was based on the volume of the amorphous cell. Since HCl and NaOH were used in ionic form all
the polymeric systems were assumed to be 100% ionizeédhas the number of s epresented
the actual concentration in the molarity calculatid4.[
no a&£m@ (4.6 @)
nopt a¢ QO (4.6 b)
As anticipated, the caldations using the above equations revealed that extreme pH
conditions existed in the MD simulations for both the acidic and Isgsiems under study. For

the acidic systems by increasing H+ from 10 to 100 ions, the pH was calculated to be 0.52, 0.05,
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0.17 and0.45. Whereas for the alkaline systems by increasingf@irh 10 to 100 ions, the pH
was calculated to be 13.48, 13.949.16 and 14.44. It has been reported that a negative pH is not
possible from an experimental point of view. But negative pHsexiki for higher molarities, as
observed in our MD simulations, which provides another reason to pursue degradatiorbgtudies
MD simulations rather than rely solely on an experimental apprda&3q. Lastly for the
agueous neutral system, the pH was taken to be 7.4 as there were no ions present.

Since P4HB is an aliphatic polyester like PLA, it was assumed that P4HB also experiences
hydrolytic chain scission at iesster linkage. This degradation mechanism has been mentioned in
the literature, but with limited proof as to the reaction products. So, in order to measure the rate
constant for the hydrolytic degradation of P4HB, the same rate equation used for thialgtitoca
degradation of PLA was applied. In Equation 4.7 the rate of change in concentration of acid end
groups [COOH] is determined by measuring the changes in concentration of w&dérdbter

[E] and acid [COOH] generated during hydrolytic degradation
—— Q60 0axs O 4.7
The carboxylic end@jroup concentration, and the ester concentration can be related to the number
avera@ moleclar weight using Equations 4.8(a) and (&7,[30-31].
6000 — (4.8 a)
0O — c00 p (4.8 b)
Where, | i othe R4EB polgmers(ieposd tode 1.22.25 g/cnd) and DP is the
average degree gqiolymerization representing the total number of repeat units in the polymer

chain, given by the ratio MM, where M is the number average molecular weight for the polymer

and M is the molecular weight of the repeat unit, which for P4HB is 104 g/molcofieentration
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of chains with acid and ester end group chains are substituted in Equation 4.8. The above

mentioned formula for DP is incorporated and the rate constaritigdatad using Equation 4.9.

Q (4.9)

During the MD simulations there were many intermediates formed due to the attachment
of Na+ and Clions to the P4HB chains, and this led to misleading mtdeeveight calculatios
To avoid this problem, the Mor the whole polymer chain was substituted by the number average
molecular weight for just the total number of carbons in trerc(G). In order to maintain the
balance, the weight of the repeattumas replaced by th&eight of carbon in the repeat unit:(C
(48g /mol for P4HB). In addition, as the degradation behavior was being evaluated any higher
molecular weight chains fmed during MD simulations were neglected, as they modified the rate
calculations to give erraous and misleading values. The number average molecular weight with
respect to number of carbon atoms)(@ the system were calculated over the simulatigadtary
using the script in the appendix. Modification of Equation 4a8 done to incorporaté,,and G,
while Equation 4.10 was used to calculate the rate constant (k) for hydrolytic degradation of the

system.

~

Q (4.10)
The plot of LN(C:-Cn) against degradation time was generated, and the slope was
calculated to obtain the rate constant (k) as illustrated in &®yB(a) and (b). Negative values
of k correspond to the breaking up of the longer chains into smaller ongdralytic degradation
proceeds which leads to a reduction in the number average molecular weight less the weight of
carbon atoms in the repeatit. The rate constant values, k, calculated for different pHs are
illustrated in Figure 4.13(b). Unlike PLA, whe the fastest degradation takes place in extreme

alkaline conditions, the degradation of P4HB is fastest in the acidic system with 100shtlon
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k = 0.13 ng. The logarithmic function was used to calculate the slope of the degradation process
as it qave a closer fit to the data. A similar approach was also used with the experimental data.
Approximately straightine plots were obtained fahe other systems, namely for water, alkaline

and the weak acidic systems. However, for the degradation in@D@hHe plot had a logarithmic

decay profile signaling a change in the degradation mechanism over time, as is the case of bulk
erosion with agdden loss of mass.

As mentioned before from the results of single chain and 20 chain MD simulations of
P4HB, degadation was observed under acidic conditions, with chain scission occurring at the ester
linkage as hypothesized from the literature and teetiPLA degradation. For P4HB this process
is enhanced in the presence of acid, which catalyzes the formét@amrhydronium ion, also
observed in the simulations. The hydronium ion is formed when water and a hydrogen ion react
together and attack therbanyl carbon. In addition, the excess of Qifl alkali assisted hydrolytic
degradation, involves direct attack the ester carbon. The attack by these species on the P4HB
chain does not involve any steric hindrance that exists in the case of PLA anddadH8

presence of a methyl group.
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Figure 413: (a) LN(G\-Cnr) vstime for the degradation of different systems, (b) T
slopes determined from the linear plots of LWG.) vs time
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It was observed that in aques conditions, the carbonyl oxygen developed a partial
negative charge forming the electrophilic site fa ttydronium ion. Due to the absence of the
met hyl group at the U carbon in PLA, no ot he
carbonyl cabon positive enough for nucleophilic attack through an alkali or iOf At the same
time the oxygen attael to the carbonyl carbon is an electron withdrawing group, which results
in a negative charge concentration. This attack leads to the forma#iteti@hedral intermediate,
as observed from the MD simulations, which finally breaks into carboxylic acdhgdroxyl
terminated chains.

As this is a reversible process, the course of various reactions leads to the formation of
several intermediates atftk reformation of the original polymer structure, as observed in the MD
simulations. Regardless of the typé PAHB degradation system, there was invariably some
degradation observed, and interestingly all the simulations witnessed the appearance of 4HB
(C4HgO3) or its deprotonated form ¢H-03). Even dimers, trimers and tetramers of these
monomer units were observed during the simulations. However, only under strong acidic
conditions with 100 HCI did the fastest degradation take place with a minimuevestable
reactions. The various stepsRdHB acid assisted hydrolytic degradation, as observed from the
MD simulations, are illustrated in Equation 4.11. As a result, one hydroxyl and one carboxyl end
group is generated as hypothesized for ester degwad#n the reaction mechanism illusticite
below, the red arrows illustrate electrons being withdrawn, whereas the blue arrows illustrate the

donation of electrons.
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(4.11)

In order to validate the findings from MD simulations and those reported in the literature
for other aliphat polyesters in terms of the reaction pathways and the degradation products after
hydrdysis, Fukui reactivity values were calculated by executing DFT calculations on Gaussian
16. The Fukui reactivity results for electrophilic addition in the presens@tef on 5 repeat units
of P4AHB was obtained by determining the ESP charge distribasitinstrated in Figure 4.14(a)
where the higher values of Fukui reactivities are shown in green and the lower reactivities are red
in color. As mentioned previoustite carbonyl oxygen has negative potential. So, this has the
highest reactivity (grees§ for electrophilic addition. On the other hand, carbonyl carbon, unlike
PLA, has lower Fukui reactivity values validating the attack by the acid assisted hydroniam i

the carbonyl oxygen. Furthermore, the spatial charge distribution for 5 repeBt ddiihs is
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demonstrated in Figure 4.14(b), where the redder hue for higher electron density is observed at the

carbonyl oxygens attracting thestively charged hydronium ions.
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Figure 414: (a) Electrophilicreactivity distribution, (b) Image representing the
electrostatic potential on the 3D surface foepeat units of the P4HB chain

4.4 .Discussion

Although poly4-hydroxybutyrate (P4HB) is a member of the family of
polyhydroxyalkanoate biopolymers which haeen studied since the 1950's, it is only in the last
two decades that PAHB has been applied comrialsr to biomedical applications, such as
implantable meshes, plugs, vascular grafts and sutures, because of its excellent mechanical
properties and bioreghable nature Z-32]. Since the human body constitutes a complex
environment in terms of a range of pH and enzymatic conditions, it is imptotanderstand the

biopolymer's degradation rate and mechanism so as to achieve the desired performance in the
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human body. For example, premature failure or tissue degeneration has been known to occur when
load-bearing stresses alter the degradationilprof an implanted polyser structure 83].

There have been a number of studies by the investigators at Tepha Inc. which have
examined the hydrolytidegradation for PAHB. However, they lack a detailed analysis of the
degradation mech&m over a wide range of pH'8,[4]. This study is therefore different from
previous studies that have analyzed the hydrolytic degradation of P4HB, since thisagudy h
included examining the effect of a rangkepH conditions on its properties, performance and
reaction mechanism. The objective here is to determine the mechanical performance, resorption
profile, surface properties, thermal behavior and degradatiorhamem for P4HB both
experimentally at pH 37.4 and 10, as well as through molecular dynamic (MD) simulations that
mimic the same range of pH values. To accomplish this study experimental samples were retrieved
and characterized aftén vitro degradatia of 60 days and compared with thatreated Day 0
control. The samples were characterized and analyzed by weight loss measurements, mechanical
testing, GPC, SEM, DSC and XRD. The media were collected after degradation and analyzed for
reaction productsaing mass spectrometry. Thereaft®) simulations and DFT calculations
were performed to reveal the molecular level interactions and degradation mechanisms so as to
corroborate and validate the laboratory findings from the P4HB hydrolytic degradation
expeiments.

It was observed that foddlPIB, hydrolytic degradation at pH 3 led to rapid weight loss over
the first 20 days, 2.5 % weight loss over 40 days and twice that amount over the next 20 days.
However, in the case of pH 7.4 and 10 most of the origieaiw was retained after 60 days of
exposure. This behavior points to degradation through bulk erosion in the case of P4HB

monofilament sutures at pH 3, where an abrupt change in the weight loss profile was observed

166



leading to a rapid loss in suture maSgice this weight loss trend wasllaved by a loss in
strength, this validates the bulk erosion phenomenon for P4AHB monofilament sutures at pH 3. If
the loss of mechanical properties had preceded the mass loss, this would have pointed towards
surface erasn. However, for all the other egpure conditions there was neither a weight loss,
nor a significant change in strength. Interestingly, while the strength did not change at pH 7.4 and
pH 10, the Youngdés modul us wa s40 dayssbhatthenresdowt o de
an increasig trend during the remaining 20 days. This could be attributed to an initial loss in
elongation due to increased chain mobility in the presence of the media acting as a plasticizer,
followed by subsequent recrystallizai Even at pH 3 uswashseendverihegods r
initial 10 days to decrease due to chain breakage, but subsequently it increased to ~125 N/mm
after 60 days, which was the highest among all the samples. This signified that the sample had
become stf and brittle, which can be atuted to the loss of elongation as seen in the typical
stress strain curves. The loss of an elastic region can be explained either by the loss-of a non
crystalline region or the simultaneous loss of molecular weightiaimdedyration of the crystalline
region due to polymer degradatioB4[35].

It is important to note that the rapid loss of strength at pH 3 during the initial 20afays ¢
be validated by the rapid loss in molecular weights in just the first 10 days. Assthedw,
decreased during the 60 day study, so the PDI was reducedasienulsly from 2.16 to 1.5. The
intensity of the change in molecular weights was not asidreken exposed to pH 7.4 and pH 10
as the M, and M, did not change significantly until 60 days when they decreased by 20% and 18%
respectively. The fastest ratédaegradation at pH 3 is also apparent from the calculated kinetic
constants, where k = 1.8 pH 3, and k = 0.10 at pH 7.4 and pH 10. Similar to the mass and

strength results, the molecular weight data points towards the occurrence of bulk erosien for th
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hydrolytic degradation of PAHB monofilament sutures. The cumulative plots for all the pH
conditions in Figure 4.12, including percent weight retention, percent strength retention and
percent M, retention for hydrolytic degradation over the period of @9sj validate the initial
experimental results. This confirms that the P4HB monofilameuntesekperiences bulk erosion
because molecular weight retention precedes the loss in strength which precedes the loss in mass
[36]. This finding also agrees with the fact that there was no change in the dviekaléss of the

suture samples when viewed in an optical microscope where the diameter was measeared to

between 0.3%.37 mm throughout the degradation time with no apparent change in diameter.
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Figure 4.15: Percent reteidn of molecular weight, strength and mass as
degradation mechanism appears to follow bulk erosion

Furthermore, the SEM images revealed significant hydrolytic degradation after 60 days at
pH 3, with brittle fracture and disintegration of the filamenseection P-4]. There were a few
pores observed on the surface in periodic fashion. However, the internal core appeared to have
disintegrated. The regular periodicity the surface pores may point to auksg periodicity of
crystalline and norystalline zones in the fringed lamellar model for the PAHB monofilament. It
is likely that degradation started at a ragstalline region that allowed the media to enterenor

readily compared to the closely packexystalline regions J7-38]. In additionto the crye
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fractured samples, the cressctional views of the fiber residues follagitensile testing were

also examined. They revealed the features of brittle fracture and a porous internal core for sample
degraded at pH 3. In comparison, the samptgesed to pH 7.4 and pH 10 showed evidence of
plastic deformation and no apparent @egtion.

As expected, the thermal behavior characterized by DSC demonstrated that significant
changes occurred at the molecular level during hydralggradation for 60 days at pH 3. As the
degradation progressed from Day 0 to Day 60, the melt thermaraoitiple peaks was reduced
to a single narrower peak at a highes dnd ee . value. This suggests that the hydrolytic
degradation under strong acidnclitions resulted in the disappearance of smaller crystal lamellae
which coalesced into bigger crystaiellae requiring more energy to melt, and hence increasing
the values follm andae Hh [34-38]. At neutral pH the lower temperature Peak 1 shifted and merged
with the hgher temperature peak,cireasing the melt temperatuiie,, by a few degree Under
alkaline conditions no particular trend was observed, but peaks seemed to disappear and reappear,
suggesting that recrystallization occurred during the 60 day expd$iweendothermic DSC test
results at pH 3 showed the enthalpy of crystallmatee H, became increasingly negative during
the 60 day trial, while the temperature of crystallizatiap ificreased by at least 6 degrees. This
was because degradation caused the number of sorgéal lamellae to increase. These crystals
could then acas nucleating agents for further crystallization at higher temperatures. And so while
no significant changes were observed at pH 7.4 and pH 10 other than peak broadening and shifting,
this recrgtallization phenomenon was likely common to all these piditions B9].

The results are further validated by characterizing the hydrolyticallyaded samples
after 60 days using XRD and comparing the data with the untreated control. Under strong acid

conditions at pH3, the experimental samples suggested that the ratio of Peak 1 to Peak 3 and 4
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caused an increase in the area under the curve dectease in the height. This suggests that the
major (110) peak at 21.9° experienced peak broadening, which could b&texdttinthe breaking

of the larger crystal lamellae into smaller crystals at the time of degradation. This could also be
validated fom the calculated crystal size that occurred after 60 days of degradation. On the other
hand, under neutral and alkalinenddions, the peak ratios for the height and area under the curve
for the21.9° peak (110) did not change over time. This is sintilgrnot identical, to the behavior
observed by DSC, which indicated that recrystallization occurred during the couesgadation,
forming smaller crystallites as determined from the calculatib®4]. The macroscopic effect of
acidic hydrolytic degradation was evident in terms of hmgng ofthe surface, deterioration of

the mechanical properties, a decrease in molecular weight, the development of surface defects, a
shift in the thermal profile and changes in the crystal structure.

To explain this further, computation analysisP4HB using MD simulations and DFT
calculations revealed what was happening at the molecular level and causing such profound
macroscopic changes. Similar to the experimental approach, both single and 20 chain systems
experienced enhanced degradation ned&emeacid conditions forming lower molecular weight
products and a reduced fraction of the original molecular weight. Experimentally the rate constants
for hydrolytic degradation were calculated from the molecular weight measurements using a
logarithmic funcion. The value for both water at pH 7.4 and the alkali system at pH 10 was 0.10
day. However, under acid conditions at pH 3, it was almost 12 times this value at 1:18 day

When the rate constants were calculated using the MD simulatiooeapythe calculated
values were much lower compared to the experimental values. In the presence of watarsOH
(al kali) and few H+ ions ( we ®R4nacange.iHoweyer, t h e

in the presence of 100 H+ ions (stromipithekinetic constant was 0.13 Hswhich is 46 times
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the rate constant determined for the other conditions. This difference in the order of magnitude
from the experimentally determined values can be attributed to the extreme time and pH scales
usedfor thesimulations. In addition, the simulated hydrolytic degradation generated large numbers
of intermediates and reversible reactions, which were not observed experimentally during either
the PLA or the P4HB degradation. This is because the alkaditeddegadation observed with

PLA was reported to only have reversible reactions until the tetrahedral intermediate broke into
alcohol and acid end groups. Once the end group formed, the reaction could not be reversed.
However, this was not true in thase dadd attack, where a reversible reaction was possible after
chain scission leading to an overall reduction in the rate constant. This effect was much more
evident in simulations with the chains and ions in close proximity triggered reversiblemsdxcti
afaster extent than in the experiments. In other words, it is possible to record all the reactions and
by-products in a simulation revealing the details of the degradation process, which is very difficult,

if not impossible, to monitor during lataipry experiments.

These reactivity calculations were validated further using the Fukui functions. When the
observed reactions are acid catalyzed, and H+ reacts with water to form hydronium ions. They in
turn are attracted to the negative carbonyl oxygehich exhibits the highest electrophilic
reactivity. This makes the carbonyl carbon electrophilic; so it attracts water and H+ to initiate the
hydrolysis reaction. Since, the positive charge on the carbonyl carbon is insufficient to propagate
an alkali asistal atack, which explains why the species exists, but has limited reac®vity]f
In addition, the reaction products, such ds/droxybutyrate, have been ob&edl hrough an acid
assisted hydrolytic degradation mechanism realized through the MD simulations and DFT
calculations, which are the same reaction products found followengxperimental analysis of

the degraded and hydrolyzed P4HB monofilaments usiagsnpectroscopy and a -QOF
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analyzer. However, during mass spectroscopy only the monomer repeat unit peaks were observed
due to the prominent peaks from the buffer. Also, wiige media was analyzed the initial
molecular weight chains were not observedly@he monomer units and oligomers were detected.
4.5.Conclusion

Only recently have bacterial polyesters emerged as a new family of commercial resorbable
polymers. It is ther@ire important to explore and understand details of their hydrolytic degradation
proces by undertaking both experiments and simulations. It was found that the hydrolytic
degradation of P4HB was promoted in acidic conditions, unlike the alkali assistedatemr of
polylactic acid (PLA). However, both of these polymers are aliphatiyegers, so how can the
degradation mechanism be so different? There is a major difference in the repeat unit structure
with P4HB having no attached electron donating oneviawing groups, whereas PLA does, which
is the main reason behind the differefggralation mechanism. The pH values selected for
hydrolytic degradation were 3, 7.4 and 10 so as to address the various pH conditions in the body
and to mimic the pH range aksely as possible. After 60 days of degradation the structure and
properties dr the PAHB sample had completely deteriorated at pH 3, but not at pH 7.4 and 10. The
first sign of degradation was observed by the reduction in molecular weight, followtn by
deterioration in mechanical properties and lastly, a slow loss of massoritteddn of defects or
pores on the surface and the loss of structural integrity in the core were revealed by SEM. A shift
in the thermal profile and changes in crystallirgtyd the crystal size were evident for P4AHB
monofilaments that had been degradedaracidic conditions. Recrystallization is likely to have
occurred when P4HB was degraded at pH 7.4 and pH 10. There was evidence of polymer chain
scission and the smallerafjments caused reorganization of the crystalline regions, shifts in the

DSC peak, changes in the XRD peak ratio and an increase in tensile elongation. At the molecular
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level information from MD simulations and DFT calculations revealed that degradateiH®

was initiated at the carbonyl oxygen, which is an electron withdrawingpgresulting in a
hydronium ion electrophilic attack on this electron rich part of polymer chain. This higher rate of
degradation calculated from the simulations was confirimedhanges in the experimentally
observed macroscopic morphology when P4HB wegatktd under highly acidic conditions

a result of this study of both experiments and simulations, it is now possible to predict the effect
of a vast range of degradatioonditions for PAHB and other resorbable polymers. With this bank

of information,we ae now able to understand the changes caused by polymer degradation at the
macroscopic and molecular level in great detail which will enable us to tune the properties of
resorbable polymeric biomaterials placed in the human body as biomedical infiglapsmum

clinical performance.
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CHAPTER 5: Role of pH on Enzymatic Degradation with Proteinase K for Poh4-
hydroxybutyrate
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wilson College of Textiles, North Carolina State University, Raleigh, NC, USA.
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3College of Textiles, Donghua University, Songjiang Dist&tanghai, China.

5.1. Introduction

Poly-4-hydroxybutyrate (P4HB), which falls under the category of polyhydroxyalkanoates,
also referred to as bacteriablyester, isa naturally available bioresorbable polyester produced
from bacteria, which generatesetipolymer as a means of storing €yerThe most common
bacterial polyester is poly{Bydroxybutyrate) (P3HB), which was discovered in 1920, produced
from the bacteriaBacillus megateriumSince then, many other strains have been discovered
producing diffeent types of bacterial polyestePsiHB biosynthesis has been studied for about 20
years and at present Tepha Inc. (Cambridge, MA) produces P4HB (known TephaFLEX®) for
medical applications. The production process for P4AHB occurs through a transgenitdtome
process to produce the honodygmer usingEscherichia coliK12. This is proprietary process
assigned to Tepha Inc. [1,2]. As a result, there is limited understanding about this polymer,
especially the effect of pH and enzymes on its degradatioteprof

At present P4HB is the firstnd only PHAbased product approved by the FDA. It was
approved in 2007 as an absorbable suture for clinical application [3]. The controlled production in
a bioreactor, coupled with the need to extract it from the bactaekes P4HB and other bacterial
poyesters, a pure isotactic senrystalline polymer with a uniform molecular weight. As P4HB

is naturally produced from bacteria it does not contain any manufacturing additives such as
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catalysts and plasticizers, whichrclead to an unacceptable inflamaorgtresponse following
implantation.

Like other polyesters P4HB is reported to undergo hydrolytic degradation which is
believed to occur at the ester bond. While this limited information is published by Tepha Inc., a
detailed understanding of the degatidn kinetics, the reaction mechanism and the degradation
products is still not clearly understood. The degradation products from other aliphatic polyesters
like polylactic acid (PLA) and P3HB are known to corresponthéar repeat units, namely-8
hydroxybutyric acid. In the case of P4HB, the paper by William et al. of Tepha, mentions that
P4HB undergoes bulk hydrolysis to proddeeydroxybutyrat§4HB). However, no experimental
evidence has been found. In addititire degradation mechanism is bedidvo change to surface
erosion if the hydrolytic process is mediated by enzymesin, in this case, no enzymatic
degradation studies have been carried out to validate these cladifhsR2ly-4-hydroxybutyrate
is reprted to be a normal constituenttbe mammalian body and is found within a variety of
tissues, including brain, heart, kidney, liver, lung, muscle, and brown fat:4Rglgiroxybutyrate
is metabolized by the body at a faster rate with allfalbf approximately 27 minand thereafter
the PAHB is eliminated from the body through excretion [5].

Interestingly, the structure of P4HB is simple and similar to that of other bioresorbable
polymers used for medical applications, like polyglycolic acid (PGA)patycaprolactone (PCL).

The one egeption is the difference in the number of carbons in the repeat unit [3]. In addition,
P4HB monofilaments are strong, thermoplastic and malleable, with similar ultimate mechanical
properties, such as the load at bresk polypropylene (PP) and polydioxame (PDO) sutures.

They also exhibit superior mechanical properties, like high elongation to break, which makes them

excellent candidates for load bearing applications such as sutures and tissue scaffolds. Secondly
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being flexible and thermoplastic facéites manufacturing into different forms and scaffold shapes
for various tissue engineering applications4[26]. Copolymerization of P4HB with other
butyrates has been undertaken to enhance their mechanical or absogygrties [7]. In addition,
therehave been efforts to modify the chemistry of the backbone chain so as to procaoédimon
degradation products and control the rate of degradation by functionalizing the P4HB polymer [8].
Initial studies have reportatiat PAHB degrades slowly compatedPGA and PDO sutures. In a
study conducted b@dermatt et al. (2012) to assess the toxicity of Monomax (P4HB) sutures, it
was found that they exhibited slower degradation in the body compared to PDS Il (PDO) sutures
[3]. On the other hand, tle vivorate of degradation is reported to be faster for P4AHB than PLLA,
PCL and o.tMbrerecer\HM2018, Odermatt et al. and Williams et al. published another
paper discussing the suture's degradation properties inuthan body and mentioning its use i
other applications, such as tissue engineering scaffolds [4].

There has been an increase in the number of patents related to P4HB that have been issued
in the last 10 years. But on the other hand, not many publisdienre been made published which
degribe the fundamentals of degradation and bioresorption of P4HB in the body under different
pH and enzymatic conditions. As mentioned above, this biopolymer has a unique set of properties
that have resulted in the inthaction of a new class of innovativither-based products for soft
tissue repair and has led to its current commercial importance. During the current study, the author
plans to address those gaps and generate information about the enzymatic degra@éitiéniof
the presence of proteinaseinder various pH conditions. This will be helpful in generating greater
fundamental understanding that may be used in the future for developing new biomedical

applications.
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5.2.Materials and Methods

5.2.1. Poly-4-hydroxybutyrate (P4HB)

Poly-4-hydroxybutyrate (P4HBMonomax® monofilament violet size 2/0 sutures with a
150 cm length and an average diameter ofi@3&® mm were procured from B. Braun Surgical
S.A., Spain, to undertake this study.
5.2.2. Three pH buffers

Three buffer solutions at different pHs were procurednf VWR International, USA, to
serve as the degradation media. The pH values for the buffers used in this study were pH 3
(BDH500) prepared from potassium hydrogen phthalate, hydrochloric acid, amizddiwater,
pH 10 (BDH5082) prepared from sodium camate, sodium bicarbonate, and deionized water
and pH 7.4 (VWR75801000) prepared as phosphate buffer saline in deionized water.
5.2.3. Proteinase K

In addition, the enzyme Proteinase K was used to exjiereffect on the hydrolytic
degradation of P4HB. Thaoteinase K (PB0451) purchased from Bio Basic, USA, had an activity
of >30 units/mg protein (hemoglobin, pH7.5,°@). An enzyme concentration of 1mg/5mL of
buffer was prepared to obtain a clear delss solution. Proteinase K was selected for thesestud
since the author is working in a wide range of pH's, and Proteinase K is reported to have optimal
performance in the same pH range. It has been used in various degradation studies with PLA and
polyurethanes [41].
5.2.4. Degradation study

P4HB monofilamentgure was scoured for 20 minutes in Triton X100 (1g/L), at 40 °C,
and then dried for 10 mins below 40 °C. This was done to remove any spin finish on the suture's

surface. Thereafter, the PAHB samplesendegraded at different pH/enzymatic conditions of pH
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3, 7.4 and 10. The degradation of the P4HB monofilament sutures was carried out in an ORS 200
shaker bath filled with deionized water at a temperature of 37°C simulating body temperature. The
suturemassof 95100 mg was placed in 80 mL of pH buffer witle proteinase K enzyme. This
material to liquor ratio was optimized to achieve complete immersion of the sample. In addition,
an environment with excess media exists for implantable devices whed piabe human body.

The P4HB monofilament suture saeg and media were put in 100 mL beakers in triplicate,
covered with pardilm and placed in a shaker bath for 10, 20, 40 and 60 days. After these
monofilament samples were retrieved, they were waahédinsed in deionized water three times,
dried at 4C°C for 10 minutes and then dehydrated overnight before storing in airtight bags at 4°C.
The media containing any degraded species were collected in 15 mL vials after 10, 20, 40 and 60

days so as to uedtake mass spectroscopy for the analysis of the dedjmducts.

5.2.5. Massloss

The degraded samples were measured for changes in mass before and after degradation on
a Ohaus Adventurer Pro Precision balance with an accuracy of 0.0001 g. This was datee so as
register the level of degradation with respect & libss of mass over time under different pH
conditions. This will play a critical role in the loss in tensile properties, and hence will affect the
in vivo properties of the polymeric and biotextileptants once implanted. The percentaggss

retention (%VR) is calculated using Equation 5.1.
P72 — pmm (5.0

Where w and w are the initialmassand themassof the retrieved P4AHB monofilament sample

respectivey.
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5.2.6. Tensile testing
Tensile behavior is critical to the performance of P4HB polymer and monofilament fibers.
The tensile tests were performed on an MTS Criterion 45 mechanical tester with a 5 kNIlload cel

The gauge length was 125mm and the crosshead s@addept at 250 mm/min for all specimens

regardless of the degradation period and the pH conditions. The degradation exposure for each

sample was undertaken in triplicate, and 4 tensile specimensestzd,tmeasured and analyzed
for each sample.
5.2.7. Gel pemeation chromatography (GPC)

For measuring of average molecular weight and the polydispersity index (PDI) for each
poly-4-hydroxybutyrate sample before and after enzymatic degradation, gel permeation
chromatographic (GPC) analysis was performed on a Whiginspressure liquid chromatograph
(HPLC) with an Alliance 2695 pump, Waters tetrahydrofuran (THF) columns and a Waters 2414
refractive index (RI) detector. The P4HB samples were dissolved in THoatantration of 4
mg/ml. The sample was then filtdrand diluted to 1mg/mL to run on the GPC at 1mL/min.
5.2.8. Optical microscopy and scanning electron microscopy (SEM)

A polarizing Labophotd?OL light microscope at 100X magnification was used to observe

changes in the diameter of the samples collected aftézréiit periods of enzymatic degradation.

After the images were captured, Image J was used to measure and calculate the average diameter

from 10 readings of each sample. In addition, microstructural @yabtaphical changes in the
surface and crossectionof the monofilament samples were measured after different periods of
enzymatic degradation with an FEI Verios 460L fieldission scanning electron microscope
(FESEM) at the Analytical Instrumentatiomdtlity (AIF) North Carolina State University. The

specimens were mounted on the SEM holder with carbon tape and gold sputter coated in order to
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make them conductive for SEM viewing and to conduct away any negative charges. SEM viewing
occurred at 250x, 200x and 20,000x using a 2kV accelerating voltagebs®rve any changes in
the topographical features along the fiber surface after 60 days in different pH/enzyme conditions.
This approach led to a degradation mechanism that is critiaal ¥oro polymer applications. The
crosssections for the P4AHB mofimments were prepared through a liquid nitrogen fracturing
process in an attempt to observe the morphology of the internal fracture surface.
5.2.9. Crystallinity

X-ray diffraction (XRD) data were acquired migia Rigaku SmartLab-¥ay diffractometer
with a Cu kalpha radiation source (wavelength = 0.15418 nm) id @2ge of 5 to 45 degrees,
for PAHB monofilaments before and after degrading for 60 days. The range of angles selected was
based on the reported literature. The step size and time per step used in the measurement were 0.05

degrees and 3 sec per step, ectpely.

5.2.10.Mass Spectroscopy

Mass spectroscopic analysis of all sample solutions was performed on an Agilent-6520 Q
TOF mass spectrometer coupled to an Agilent Technologies 1260 high performance liquid
chromatographic (HPLC) system (Agilent Technologies, G8A). The P4HB sample stions
were transferred to-&iL transparent screxop glass vials. An isocratic elution was used with a
mobile phase composedlwater and acetonitrile (%B) at a ratio of 1:1. The flow rate of the HPLC
was set to 0.5 mL/min artetotal run timefor eachsample was 4 minutes. The injection volume
for each sample was set at 0. 2¢lL. l oni zati on
carried out in a negative mode with the following parameters: gas temperature 350RCgdsyi

5 liters per minutenebulizer 50 psi, ¥pVoltage 3500 V and fragmentor voltage at 175 V.

183



5.3Results

5.3.1. Effect of enzymatic degradation on mass retention

During the 60 days of degradation with enzymes under different pH conditions, it was
observed thathe acidic condition of pH Blayed a significant effect on the loss of mass, with p
value O 0.05. During the initial ti me period
any of the samples at any pH/enzyme condition. For those samples exppbked.4 and pH 10,
there wee similar trends with no apparent loss in mass. The sample exposed to pH 3 experienced
limited mass loss, with about 0.5 % loss in 40 days and about 4.5% loss after 60 days of degradation

(Figure 5.).
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Figure 5.1: Percentnass retention (%WR) for P4AHB monofilament sutures i
different pHenzyme conditions over the period of 60 days.

5.3.2. Effectof enzymatic degradation on mechanical properties

Typical loadelongation curves for P4AHB monofilamtesuture samples at Day €ébftrol)
and after 10 days, 20 days, 40 days and 60 days in different pH / enzyme conditions are illustrated
in Figure 5.2a. Further analysis of these plots in Figure 5.2 iediche changes in peak load,
strength and modulusver the 60 day period of geadation. When exposed to pH 3, there was a

gradual loss in strength observed during the first 40 days as illustrated in Figure 5.2b for peak load
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at break (N) and in FigureZ for percent strength retention. But this wdkfeed by an abrupt
loss ofstrength during the last 20 days. During the initial 40 days at pH 3, the strength fell by 50%
with a peak load of about 30 N unlike the 65N for the-degraded sample. Thereaftluring the

next 20 days the strength loss wadluced to <1% with peak loaaf about 5N. The strength

changes were significant with a p value O 0.

degradation at pH 7.4 and 10 did not change sigmiflg from the value measured at Day O.
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Figure 5.2: (a) Typical load elongation curves for P4AHB monofilament suture
enzymatically degraded over a period of 60 days. (b) Peak load (N) fdedgheded
samples (c) Percent strength retention for thiedint P4AHB samples, and (d)
Youngs modulus for the different PAHB samples.

Figure 5.2d shows that the Young's modulus of the P4HB sutures as calculated from the

linear slope of the load elongation curve, does not change significantly during the @estsA6f
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the study (p > 0.050n the other hand, between 40 and 60 daysgrbdation in the presence of
proteinase K, the Young's modulus values for the pH 3 and the pH 7.4 samples experienced
significant increases of about 130% and 30% respectivalydfd ue O 0. 05) .
5.3.3. Effectof enzymatic degradation on molecular weight

As observed ifrigure 5.3 the weight avega (Myv) and number average molecularngvegs
(Mp) for pH 7.4 and pH 10 did not change much during the first 40 days. However, in the last 20

days the molecular weights experienced significant reductiond0%8at pH 7.4 and 180% at
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Figure 53: (a) Percent weight average molecular weight retention (Mw), (b) Pe
number average molecular weight retentiom{Mc) Change in polydispaty
index, and (d) Rate calulation bgear fit of Ln of difference on number average
molecular weight (Mn) and repeat unit weight (M) for P4HB during enzymati
degradation time of 60 days at pH 3, 7.4 and 10.

pH 10. The PDI for bth pH's remained in the range of 2206 for both pH conditions during

the 60 days of enzymatic degradation.
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