
ABSTRACT 

VAID, RADHIKA Chemical and Thermal Degradation of Fiber 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 biotechnology, medical 

device, and pharmaceutical industries on account of their biocompatibility and biodegradability. 

This makes them viable candidates for treating acute injuries and chronic diseases through tissue 

engineering scaffolds, wound dressings, resorbable surgical sutures 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 that they have the desired degradation profile for the application 

they are designed for. The 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, the in vivo environmental factors such as pH 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 past there 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 mechanism of a wide range of 

established resorbable polymers. In addition, there is limited scientific literature on the degradation 

behavior of other newly developed bioresorbable polymers, like poly-4-hydroxybutyrate (P4HB), 

and how they compare with established polymers. 

For my doctoral research study, I have evaluated different bioresorbable polymers in the 

category of aliphatic polyesters, including polycaprolactone (PCL) and polyglycolic acid (PGA) 

in addition to PLA and P4HB, with the goal of understanding their degradation mechanism, their 

resorption profile and any implications on their properties critical to their polymer performance. 



To accomplish this, I have used both experiments and computational techniques and have 

attempted to establish correlations between these two approaches so that the methods developed 

are applicable to other polymers. Sometimes in experiments, details at the molecular level critical 

to polymer degradation and their use are omitted or missed, such as reaction mechanisms and the 

production of by-products.  

In the initial studies, I have evaluated the degradation properties as 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 biodegradable, biocompatible, insoluble in water and nontoxic. It also 

has a high degree of polymerization and thus has potential for high strength applications. For the 

PLA and P4HB degradation studies using both experimental and simulation techniques, the 

degradation conditions were selected so as to mimic normal body temperature and the pH 

conditions present at various locations in the human body.  Then, in order to explore the details of 

the hydrolytic degradation mechanism at the molecular-level, molecular dynamics (MD) 

simulations were performed using reaxFF and density functional theory (DFT) calculations. In a 

second set of studies, I also performed experiments to analyze the effect of the proteinase K 

enzyme under different pH conditions on the degradation behavior of P4HB. Finally, thermal 

degradation was studied for four aliphatic polyesters, using both experiments and simulations. The 

results were correlated in terms of the activations energies and thermal degradation profiles. 

The findings for hydrolytic degradation from both experiments and simulations illustrated 

that a faster rate of degradation occurred for PLA in alkaline conditions, whereas for P4HB 

degradation was enhanced under acidic conditions. Furthermore, similar behavior, but to lesser 

extent, was observed 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 polyesters. In summary, it is 

important to note that this study is unique and one of a kind. It puts forward 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 possible to clarify our understanding of the 

degradation process, and now we can shortlist polymer 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 critical aspects in the performance of bioresorbable sutures. 

It is a “buzzword” which can be put to our advantage by discerning the molecular and macro-level 

information associated with it. With the advent of new bioresorbable polymers, it becomes highly 

important to understand the degradation mechanism, the reaction pathway and the changes in 

properties as the polymer resorbs. In this study polymers are evaluated for hydrolytic, enzymatic 

and thermal degradation in mono and multifilament suture form. 

This is to ensure that the desired in vivo performance for a predetermined period of time is 

obtained without failure of the suture after implantation, since any premature in vivo failure is 

likely to have a detrimental effect on the patient’s health.  For example, by studying the effect of 

the chemical environment that prevails inside the patient’s body, the process of hydrolytic 

degradation of the new polymer can be understood, the extent and severity of the inflammatory 

response can be confirmed, and the properties can be tuned to achieve the desired healing 

performance. So, by understanding the degradation mechanism, the reaction rate and kinetics, as 

well as the by-products that are produced, one can make a significant step forward to ensure the 

desired performance of the suture is achieved.    Further by understanding the thermal degradation 

of bioresorbable polymers can be helpful in providing relevant information critical for tweaking 

processing conditions to achieve desired structure and properties and hence performance. 

Any new polymer can be evaluated using experimentation to study the initial suture 

properties as well as the degradation profile over time depending on the environmental conditions.  

By varying the independent variables, such as temperature, pressure, pH and chemical species, on 

the degradation conditions, one can easily measure changes in the polymer properties over time.  
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However, the time and effort consumed in executing a complete factorial experiment with 

many tests and trials, poses a major challenge towards developing and evaluating the performance 

of new suture products.  In other words, experimentation alone limits achieving the best and fastest 

solution for all patients. To address this challenge, I am using computational tools to develop am 

method to evaluate the degradation properties of resorbable aliphatic polyesters and develop a 

methodology to get fast results in sync experiments. 

1.2. Goals and Objectives 

The primary goal of this research is  to understand the degradation mechanism and kinetics 

for bioresorbable aliphatic polyesters as surgical sutures using both experiments and simulations; 

and thereafter, to discern the effect of degradation on the sutures’ properties and performance. 

Since I appreciate and recognize the significance of degradation on in vivo suture behavior, 

this proposal plans to monitor the degradation behavior of aliphatic bio-based polyesters used for 

medical devices like sutures. The study focuses on discerning the degradation mechanism, reaction 

kinetics, changes in suture attributes and performance, at the molecular and macro-level using both 

experiments and simulations.  

Through this work I plan to undertake the following 4 objectives which are listed in the 

remainder of this proposal as 3 dependent projects. 

1. Develop a simulation methodology to understand the degradation mechanism and reaction 

kinetics for aliphatic polyester polymers used as surgical sutures.  The simulation results need 

to be validated by performing correlation statistics with the experimental results that measured 

the activation energy, decrease in molecular weight, and the generation of reaction products. 
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2. Using the simulation methodology developed in Project 1, I plan to analyze the mechanical, 

physical and chemical properties and performance of poly-4-hydroxybutyrate (P4HB) sutures 

on exposure to hydrolytic through both experiments and simulations. 

3. Since P4HB is a less explored polymer, I will be using proteinase K in addition to the pH used 

for hydrolytic degradation in the Project 2 and understand the enzymatic degradation for it 

experimentally. 

4. Using the simulation methodology developed in Project 1, I plan to analyze the effect of the 

polymer backbone structure on the thermal degradation behavior of aliphatic polyesters used 

for suture applications, through both experiments and simulations.  

This thesis encompasses of 7 chapters with Ch-1 having introduction and literature review. 

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

entailed objectives are from Ch-3 to Ch-6. In Ch-3 PLA hydrolytic degradation is determined both 

experimentally, and through MD simulations and DFT calculations. The developed method prom 

Ch-3 is used to evaluate P4HB hydrolytic degradation in Ch-4. Ch-5 discusses about the enzymatic 

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

K. Thereafter Ch-3 uses the method developed in Ch-3, used and validated in Ch-4 to evaluate the 

thermal degradation of four aliphatic polyesters for its thermal degradation profile and activation 

energy calculations. Lastly in Ch-7 I discuss about the summary and conclusions from this work 

with limitations and future opportunities that could be explored using this work. 

1.3.Introduction to Sutures 

A suture is a biomaterial device, used for closing wounds. Sutures play a critical role in 

bringing and holding the tissues together after injury or surgery. They promote wound healing 

through increasing the proximation between tissues, maintaining tension and strength across the 
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wound until tissue grows matching the properties of the original tissue. Sutures can either be 

natural or synthetic. The choice for sutures is determined by the biocompatibility, the risk of 

infection and the mechanical requirements for the anatomical site of application.  An undesirable 

biological response may get triggered when sutures are placed in contact with tissues which cause 

a severe and prolonged inflammatory reaction which delays the normal healing process. In this 

regard the ideal suture should have a negligible toxic or allergic reaction and ensure the 

environment is conducive to wound healing. Thus, a suture is perfect for medical applications if it 

has the following characteristics [1,1]: 

● 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 withstand tension within sutured tissues 

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

● Should have no carcinogenic or toxic action at the site of application or in the body 

● In the case of absorbable sutures, it must be absorbed after serving its function. 

Therefore, to promote wound healing without unprecedented failure, a suture must have 

adequate tensile properties and exhibit gradual degradation and resorption in body fluids, 

maintaining the rate of strength loss to match the rate of tissue growth. In this regard, to 

improve the properties and performance of surgical sutures, intensive research has been 

undertaken in the past two decades, as illustrated in figure 1.1 (obtained from web of science 

[3]). Additionally, sutures are the most popular mode of wound closure compared to other 

techniques like staples, tapes, and adhesives. This has resulted in tremendous growth for 

sutures with expected market share for sutures to be USD 4.40 billion by 2021 [4].  
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Figure 1.1: The boom in research on surgical sutures in past two decades. 

1.4. History of Sutures 

Suturing techniques have been prevalent for more than 4000 years now. They have been 

used since ancient times for wound closure and healing. Sutures originated and evolved in ancient 

Egypt and India; where linen, animal tissue, flax, hair, grass, cotton, and silk were used for closing 

wounds. The practice of suturing with few of these materials were cited in detail for the first in 

Sushruta Samihita, prehistoric Indian medical literature by Sushruta which was written in 500 

BCE. Following this, new materials have been reported by ancient physicians in Egypt, Babylon, 

and Greece. The research and advancements in suturing technology was first reported using catgut 

around 175 A.D. by Galan a physician to Roman gladiators. This resulted in the use of catgut, 

cotton, and silk as a common suture material in 19th and early 20th century [1,5]. In 1869, it was a 

Lord Joseph Lister who developed the concept of sterilizing catgut sutures by impregnating them 

with chromic acid [1,1]. In 1900’s scientists attempted to improve the infection resistance 

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 century [1,7]. Until 1930’s, 

before the advent of synthetic materials, silk and catgut remained most acceptable suture materials. 
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Nylon, polypropylene, and polyethylene terephthalate (PET) in the 1940’s became the 

predominant non-resorbable sutures followed by the appearance of absorbable sutures in 1960’s 

with discovery of polyglycolic acid (PGA). With the wide spectra of available synthetic materials, 

for both non-resorbable and resorbable, the use of bovine catgut as a suture material has been 

phased out mainly because of diseases linked to it, such as “mad cow” or Creutzfeldt–Jakob 

Disease (CJD)  [7- 9].  

1.5. Classification of Sutures 

Sutures are classified generally based on their source (synthetic or natural), the degradation 

profile and the expected lifetime in the patient’s body (absorbable or non-absorbable), and the 

method of their construction (monofilament, twisted or braided). Since sutures are classified as a 

medical device, the approval for new suture materials and their manufacture comes under the 

regulatory control of the Food and Drug Administration (FDA). The guidelines for the suture 

industry and their manufacturers is set by a comprehensive collection of authoritative documents 

in different regions like the US Pharmacopoeia (USP), the European Pharmacopoeia (EP) and the 

British Pharmacopoeia (BP).  The basic classification of sutures is based on their origin, i.e. 

collagen, synthetic absorbable, and synthetic non-absorbable. Non-absorbable sutures are further 

classified into three classes as follows [1,10,11]:  

• Class I – Silk or synthetic fibers of monofilament, twisted, or braided construction; where 

coating if any does not contribute to the thickness 

•  Class II – Cotton or linen fibers or coated natural or synthetic fibers, where coating 

significantly changes the thickness but does not contribute to the strength 

• Class III – Monofilament or multifilament metal wire 
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1.4.1. Classification based on construction  

As mentioned above the construction of sutures is mainly classified as monofilament and 

multifilament. Monofilament sutures are single threads manufactured by polymer extrusion and 

monofilament spinning. Monofilament sutures exhibit a smooth surface that renders them 

advantageous with minimal tissue reaction and limited tissue trauma during suturing, and a 

reduced risk of bacterial growth compared to multifilament sutures.   Owing to the single filament 

in monofilament sutures, it is comparatively easy to make a knot during a surgical procedure.  

However, there are drawbacks, such as low knot security and less flexibility, linked with 

monofilament sutures, which makes the handling and formation of a small secure knot difficult. In 

addition, because of their filament thickness, monofilament sutures have a memory that retains the 

figure of 8 shape in the package causing problems in knotting.  Currently monofilament sutures 

are made from: polyethylene terephthalate (PET or polyester), polyglycolic acid (PGA), polylactic 

acid (PLA), polyhydroxybutyrate (P4HB), polyamide (PA or nylon), polypropylene (PP), 

polydioxanone (PDO) and stainless steel.  Figure 2 shows the monofilament suture [10, 11]. 

Sulgical 
Sutures

Monofilament

Absorbable

Natural Synthetic

Non-
Absorbable

Sunthetic

Multifilment: 
Braided or 

Twisted

Absorbable

Natural Synthetic

Non-
Absorbable

Natural Synthetic

Coated 
Multifilament

Figure 1. 2: Classification of Sutures 
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Figure 1.3: (a) Monofilament Suture [13], (b) Braided Multifilament Suture [13] and 

(c) Coated Multifilament Suture [14]. 

In contrast to the monofilament sutures, multifilament sutures as can be seen in figure 1.2, 

They consist of several filaments being braided or twisted together. Polyesters, polyamides and 

silks are commonly used for manufacturing braided sutures, while catgut (reconstituted collagen), 

cotton and stainless steel are available in twisted multifilament form. Unlike monofilament sutures, 

multifilament sutures provide ease of handling and better surgical knot security, since the threads 

exhibit high strength and flexibility. To reduce their surface friction, a minimal amount of foreign 

coating material is added to the surface of the sutures while processing. Even so, their rough and 

uneven surface results in tissue drag, trauma and damage while suturing.  This results in injured 

tissues surrounding the suture, which is unlike monofilament sutures. 

Furthermore, the presence of microvoids within the structure of braided and twisted 

multifilament sutures results in the formation of microcapillaries that assist the wicking of tissue 

fluids into these void spaces. The accumulation of tissue fluids in the case of wounds is likely to 

cause the harboring of infectious microorganisms in multifilament sutures.  As cited by Chu [11], 

once filled with tissue exudate it is difficult for bactericidal inflammatory cells to reach these small 

hiding spots in the microvoids. This results in multifilament sutures being reported to trigger 

infection and tissue reaction, and hence cause inflammation compromising the tissues defense 

against bacteria [10-12]. There has been research to address these negative issues associated with 

a b

b 

c
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monofilament sutures. In this regard, the development of pseudo-monofilaments by Chellamani et 

al. [10], and the multifilament suture coated with the same polymer has been reported, as illustrated 

in Figure 2. The ideal coating should be capable of eliminating the capillary action and imbibing 

process of tissue fluids, which foster the bacterial growth [11-12].  In addition, as can be observed 

in Figure 2, different colors of sutures are manufactured through pigmenting, dyeing or coating, to 

facilitate their identification and improve their handling properties, particularly by easing knotting 

and reducing tissue drag [11]. 

1.4.2. Classification based on size 

USP (United States Pharmacopeia) and EP (European Pharmacopeia) are currently two 

standards used to classify sutures as per their size. To define the size and strength requirements of 

sutures, the USP standard involves a series of Arabic numbers that are either above (thicker than) 

or below (thinner than) zero as shown in table 1.2 [1,11,28So for sutures above size 0, they are 

denoted by single digit such as 1, 2, 3, etc., where the greater the number, the larger the suture 

diameter.  For sutures finer than size 0, the USP previously referred to sizes as 00 and 000.  This 

designation has now been replaced by using a two-digit code where the first number refers to the 

number of 0’s. As a result, a 4/0 suture is finer than 3/0 suture, and so on. On the other hand, in 

the EP standard suture sizes are coded 0.1 to 10 in the order of their increasing diameter and 

decreasing fineness. The corresponding minimum diameter (mm) can be easily calculated. The EP 

standard provides ease of converting the code to the diameter in mm by simply dividing by 10. In 

addition, the tensile strength of sutures is reduced by a decrease in suture diameter or an increase 

in fineness [28]. 
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Table 1.1: Suture Classification Based on Size [Adapted from 1, 11,28, &33]. 

USP size codes EP size codes 

Average 

Suture 

diameter (mm) 
Potential Surgical 

Applications Naturally 

available 

absorbable 

materials 

Nonabsorbable 

and synthetic 

absorbable 

materials 

Absorbable 

and 

nonabsorbable 

materials 

Min. Max. 

 12/0 0.01 and 0.05 0.001-0.009 

Ophthalmology, 

microsurgery 

 11/0  0.1 0.01–0.019 

 10/0  0.1 0.02–0.029 

 9.0  0.3 0.03–0.039 

9/0 8/0 0.4 0.04–0.049 

8/0 7/0  0.5 0.05–0.069 

7/0 6/0  0.7 0.07–0.099 

6/0 5/0 1 0.10–0.14 Face, blood vessels 

5/0 4/0  1.5 0.15–0.19 Face, neck, blood vessels 

4/0 3/0  2 0.20–0.24 Mucosa, neck, hands, 

limbs, tendons, blood 

vessels 

3/0 2/0  2.5 0.25–0.29 Limbs, trunk, gut, blood 

vessels 

2/0 0 3 0.30–0.39 Trunk, fascia, viscera, 

blood vessels 

0 1  4 0.40–0.49 

Abdominal wall closure, 

fascia, drain sites, arterial 

lines, 

orthopedic surgery 

1 2 5 0.50–0.59 

2 3 6 0.60–0.69 

3 4 7 0.70–0.79 

4 5 8 0.80–0.89 

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 

Surgical sutures are classified as absorbable and non-absorbable, based on the strength loss 

in the stipulated time inside the human or patient’s body. Absorbable sutures are reported to 

undergo enzymatic or hydrolytic degradation and subsequent tensile strength loss, most of it, 
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within 2 months inside the patient body.  This is unlike non-absorbable sutures that retain their 

tensile strength near to the original value for more than 2 months in vivo. The degradation of all 

suture materials takes place inside the body except for, stainless steel, polyester, 

polytetrafluoroethylene (PTFE), nylon and polypropylene.  However, silk and linen sutures are 

considered “non-absorbable” since they take more than 60 days to degrade. The absorbable and 

nonabsorbable sutures are further classified based on their polymer source, as illustrated in table 

1, into natural and synthetic. The detailed about the polymers in these categories are given in the 

following section. 

1.5. Non-Resorbable Surgical Sutures 

Silk is the oldest known and effective surgical suture material produced from the moth 

larvae of Bombyx mori.  However, an associated protein generates a negative biological response 

when placed in the human body, which raises concerns about biocompatibility. The literature 

claims that the reason for the incompatibility of silk in vivo have been attributed to sericin, which 

is a protein coating. Successful removal of sericin through the degumming process has resulted in 

no negative immunological response when silk is used as a suture or a scaffold for tissue 

engineering or other biomedical application [18,20]. The major use of silk sutures is in 

ophthalmology, oral, dental and bladder surgery [11, 15,17,20 Furthermore, to improve the rate of 

biodegradability and its anti-bacterial properties, research has been conducted applying a 4-

hexylresorcinol (4HR) and silver coating to silk sutures [21,22]. To provide a substitute for silk 

sutures nylon monofilaments and braided nylon sutures have been developed. Both nylon 6 and 

nylon 66 are fabricated and used as suture materials in the United States, whereas, in view of its 

stiffer mechanical properties, only nylon 6 is used in Europe. Nylon sutures find applications in 

cataract surgery and for suturing nerves and blood vessels. Due to their inertness and ease of 
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handling, nylon sutures are used for cosmetic surgery. Like silk, they degrade slowly over longer 

periods through hydrolytic degradation, which causes strength loss over time.  Besides this 

polyester (polyethylene terephthalate) (PET), (polybutylene terephthalate) (PBT) and 

polytetrafluoroethylene (PTFE) are used for long-term applications where high tensile strength is 

required for the lifetime of the patient, like a prosthetic heart valve, a hernia mesh, and a fascia or 

sternum closure procedure. Likewise, stainless steel sutures are also used for load bearing high 

strength applications. Next to steel and polyester are polypropylene (PP) sutures, but they are 

difficult to handle due to the high stiffness. Recently polyvinylidene fluoride (PVDF) has been 

developed in order to provide a long-term solution for vascular surgeries since PVDF exhibits low 

thrombogenicity. They have similar handling characteristics to PP sutures and a long-term 

durability matching that of polyester (PET) sutures [1,10,11]. 

1.6. Drawbacks of Non-Resorbable Polymers for Surgical Sutures 

A non-resorbable or permanent suture is resistant to biodegradation, because it becomes 

encapsulated in a fibrous capsule, and remains in the tissue as a foreign body unless it is surgically 

removed or extruded. On the other hand, a number of biodegradable polymers of natural and 

synthetic origin with good biodegradability and biocompatibility have recently been developed.  

However, they have their inherent problems that need to be discussed; and scientific and 

technological solutions need to be found. To address this issue there are number of synthetic 

biodegradable polymers and copolymers are made from renewable resources, such as lactic acid. 

Currently, polylactic acid (PLA)/polyglycolic acid (PGA) co-polymers are the most widely used 

synthetic biodegradable polymers for biomedical applications. However, there are certain 

limitations to PLA, such as its low hydrophilicity and slow rate of degradation, poor soft tissue 

compatibility, inferior physical properties, lack of processability, and high cost of production.  
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Despite its increased use in medicine, it is necessary to search for new materials that exhibit unique 

properties for specific medical applications. 

By using a resorbable polymer, this eliminates the need to remove sutures after a wound 

has healed. Using sutures made from a resorbable polymer has the additional benefit of allowing 

the sutures to be integrated into the organ or body cavity during a surgical procedure. Therefore, 

the main basic reason for using a degradable polymer as an implantable device begins with the 

simple desire to implant a device that once it is no longer needed will not necessitate a second 

surgical event for its removal [23-27].   

In addition to not requiring a second operation, biodegradation offers other advantages. For 

example, a fractured bone, fixed with a rigid, nonbiodegradable stainless steel plate, may not heal 

properly and can eventually refracture upon removal of the implant. This happens because the 

bone does not carry sufficient load during the healing process, since the load is carried by the rigid 

stainless steel. This phenomenon is known as ‘stress shielding’. However, a less rigid implant 

prepared from a biodegradable polymer can be engineered to degrade at a rate that will slowly 

transfer the load to the healing bone [23-27].   

1.7.  Resorbable Surgical Sutures 

1.7.1. Catgut and Collagen Sutures 

Catgut or reconstituted collagen is the most well-known natural material used for making 

sutures and the strings of musical instruments. It is biochemically similar to Type 1 collagen. 

Interestingly the term ‘catgut’ is completely unrelated to the feline variety of cats, but J.A. 

Murray’s in 1599 described a ‘cat’ as a ‘violin, stringed instrument’, and hence the name ‘catgut’. 

Collagen is the major protein component of the human body and is present in ligaments, cartilage, 

tendons, skin, and bone. In most cases catgut has been extracted from a bovine or porcine source, 
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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 sutures, brown chrome salts are used to cross-link the collagen, which 

slows down their rate of absorption in the body. Catgut sutures exhibit high elasticity and tensile 

strength. The degradation times for loosing half their strength are 7 days and 14 days for plain and 

chromic sutures respectively. So catgut sutures are usually used to close skin or renal incisions and 

wounds, where tissue regeneration occurs rapidly  [1,9,11,28]. 

Catgut sutures are easy to handle, but their knot security is poor and their abrasive surface 

causes trauma to the neighboring tissues while suturing. The sutures are packed in alcohol solution 

so as to retain flexibility, and they are usually sterilized in ethylene oxide or by gamma irradiation. 

There have been attempts to improve the handling properties by adding a glycerin coating and 

avoiding the use of alcohol for packaging. The coating increases the suture thickness which raises 

other concerns. In addition, newer and less injurious crosslinking methods have been introduced 

to improve the handling and tensile properties of catgut sutures [11, 36]. 

Since catgut sutures are made from 98% collagen, they easily degrade in the body through 

proteolysis. Besides this, collagen is thrombogenic and acts as a hemostatic agent. Therefore, 

catgut is generally used for closing wounds where the tissue growth is fastest. However, there are 

some disadvantages for catgut sutures, like an inflammatory foreign body reaction and the need 

for a protocol to prevent the risk of infectious disease transmission to patients. Unfortunately, 

regardless of these measures, some diseases, like Creutzfeldt–Jakob disease, otherwise known as 

‘mad cow disease’, and bovine spongiform encephalopathy (BSE) have been reported to be 

transfer from catgut sutures to patients [28-31].  

To overcome these concerns, synthetic absorbable polymers are preferable to natural 

polymers. In addition, synthetic polymers provide greater control over the uniformity and the 
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desired mechanical properties. Also, it is easier to predict and control the rate of degradation and 

mechanical properties of synthetic polymers unlike those of natural origin. Following this we will 

discuss synthetic polymers used for suture applications. 

1.7.2. Poly (Glycolic Acid) (PGA) 

PGA has been one of the oldest synthetic bioresorbable polymers investigated for 

biomedical applications. Being 45–55% 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 greater than 200 °C. Although it has low solubility, a variety of 

forms and structures can be fabricated for biomedical applications. This can be done mainly 

through extrusion, injection and compression molding as well as by particulate leaching and 

solvent casting. Attributed to its excellent fiber forming capability, PGA was initially investigated 

for developing resorbable sutures. The first PGA based bioresorbable synthetic suture called 

Dexon, was approved in 1969 by the United States Food and Drug Administration (FDA). In 

addition, non-woven PGA fabrics have been extensively used as scaffolds for tissue regeneration 

due to their excellent degradability, initial mechanical properties and cell viability. PGA implants 

degrade by bulk erosion as a result of non-specific scission of the ester backbone. The suture when 

hydrolyzed inside the body is known to lose its strength in 1–2 months and lose its mass within 6–

12 months. The degradation product of PGA is glycine/glycolic acid, which can be metabolized 

by the body and excreted in the urine or converted into carbon dioxide and water via the citric acid 

cycle. Thus, no immune or toxic response takes place. However, PGA has limited solubility, and 

during bulk degradation or when the rate of degradation is high, the acidic degradation products 

pose constraints to its use in biomedical applications. To overcome these drawbacks, the glycolide 

units are often used to synthesize copolymers [28-39]. 
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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 D-lactic acid, as shown in figure 1.3. Poly-l-lactic acid or poly-d-lactic 

acid is formed after polymerization of these monomers and the polymers are semi-crystalline in 

nature. L-lactide is a naturally occurring isomer and is more readily available compared to its 

counterpart D-lactide. However commercial polylactic acid polymer obtained from a natural 

source, such as Natureworks’ Ingeo polymer derived from corn oil, contains both isomers with 

about 98% 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 than PGA, i.e. 

around 60–65 °C, and its Tm is approximately 175 °C. In addition, PLLA exhibits high tensile 

strength (~59 MPa) and high modulus (~3.8 GPa). PLLA is a slower degrading polymer compared 

to PGA.  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. Further 

it has good tensile 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 PLLA based orthopaedic products are Phantom 

Suture Anchors (DePuy), 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 augmentation devices to replace nondegradable fibers, such as Dacron 

polyester. Biomedical research continues on the use of PLA as the base material for blood vessel 

conduits and lipoatrophy. 
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Additionally, being more hydrophobic than PGA due to the presence of methyl groups, 

PLA has a slow rate of degradation. 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. Like PGA, PLA 

bioresorption also takes place through bulk erosion. Nevertheless, the rate of degradation depends 

to a large degree on the level of crystallinity as well as the porosity and thickness 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 of water, no significant changes will occur in the mass until 

much longer. Therefore, currently co-polymers of L-lactides or D-lactides with glycolides are 

being studied with the objective to develop polymers with a wider range of properties and hence 

increase their scope of application. 

1.7.4. Polyglactin 910 or Poly(lactide-co-glycolide) (PLGA) 

Among the most common co-polyesters that have been investigated extensively are 

poly(lactide-co-glycolide) (PLGA) polymers for a multitude of applications. Both L- and DL-

lactides have been used for co-polymerization. Different ratios of poly(lactide-co-glycolides) have 

been researched and commercially developed to be used as resorbable fibers for biomedical 

applications. Panacryl is a suture on the market melt spun from a co-polymer with a higher 

lactide/glycolide ratio to slow down the rate of degradation. With further research, several 

alternative block co-polymers have subsequently been developed for the fabrication of 

monofilament sutures, such as poly(glycolide-co-trimethylene carbonate) and poly(glycolide-co-

Figure 1.4: Chemical structure of PLA and PGA. 
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caprolactone) containing hard and soft segments along the polymer backbone to get desired 

properties. Other applications include the development of tissue engineered scaffolds for skin 

called Dermagraft [35-36]. 

Analogous to PLA and PGA, PLGA also undergoes bulk erosion through hydrolysis of the 

ester bonds. In this case, besides molecular weight, shape and porosity, the degradation rate also 

depends on a lactide/glycolide ratio. The controllable degradation rate, compared to the initially 

mentioned homopolymers is an advantage in the case of PLGA. In addition, its biocompatibility 

and processibility have made it a popular polymer for biomedical applications. PLGA has become 

a potential candidate for sutures and tissue engineering scaffolds as it promotes cell adhesion and 

proliferation in the process of developing healthy tissue. Several drug and protein delivery vehicles 

are also made from PLGA in the form of microspheres, microcapsules, nanospheres and nanofibers 

which are able to control their rate of release. However, due to the bulk erosion and degradation 

of PLGA, gradual release from such drug delivery systems has been found to be problematic. 

Further, when used for protein release, protein denaturation 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 kinetics [28-39]. 

1.7.5. Polydioxanone 

Although bioresorbable polymers like PLA, PGA and PLGA have been successfully used 

to develop multifilament sutures, extensive research has been undertaken to develop monofilament 

sutures. The monofilament sutures can overcome the risks associated with multifilament sutures 

in terms of a higher risk of infection and tissue damage due to the friction associated with inserting 

the suture through the tissue. Polydioxanone (PDO) was the material used for developing the first 

monofilament suture in 1980 under the trade name of PDS. It has been studied for several 
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orthopaedic applications such as the suturing of small bone and osteochondral grafts. PDO is 

prepared by a ring opening polymerization of p-dioxanone.  It is a colorless, semi-crystalline 

polymer with a low Tg, ranging from -10°C to 0°C, and a Tm 106 to 115°C.  PDO fibers have a 

low tensile modulus (1.5 GPa), and good flexibility that may also be attributed to its low Tg [28-

39]. 

The degradation takes place due to non-specific scission of the ester backbone. But due to 

its high crystallinity (~55%) and hydrophobicity, PDO shows only a moderate rate of resorption. 

When implanted in the body PDO breaks into glycoxylate and is either excreted in the urine or 

may be acted upon by enzymes and converted into glycine. Glycine is subsequently converted into 

carbon dioxide and water as in the case of PGA. Due to slow absorption of fluid and partial 

degradation, the polymer is known to lose its strength within 1–2 months. Thereafter, with 

increased hydrolytic degradation, complete mass loss takes place within 6–12 months. 

1.7.6. Poly(e-Caprolactone) (PCL) 

Polycaprolactone (PCL) is a semicrystalline polymer obtained from ring opening 

polymerization using a relatively cheap monomeric unit ‘e-caprolactone’, making it an attractive 

raw material for spinning resorbable fibers and sutures. Its low Tm of 55–60 °C and Tg of -60 °C 

enables PCL to be easily processed.  It is readily soluble in a wide range of organic solvents and 

forms miscible blends with a wide range of polymers. Being a polyester, it also undergoes 

hydrolytic degradation initiated at the water susceptible ester bonds. However, the rate of 

degradation is slow, i.e. 2–3 years. By taking advantage of its slow degradation, its high 

permeability to many drugs and its non-toxicity, PCL was initially promoted as a long-term 

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 copolymer form, 

because of the low strength of the homopolymer. Monacryl is a commercially available 

monofilament suture spun from a e-caprolactone and glycolide copolymer,  This has resulted in 

less stiff fibers compared to those made from the polyglycolide homopolymer [28-39]. 

1.7.7. Poly (Trimethylene Carbonate) (PTMC) 

Poly (trimethylene carbonate) (PTMC) is a high molecular weight flexible polymer that 

can be obtained through ring opening polymerization of trimethylene carbonate. PTMC is an 

elastomeric aliphatic polyester with poor mechanical strength, but excellent flexibility. So to take 

advantage of these properties PTMC scaffolds have been investigated for soft tissue regeneration. 

On the other hand, low molecular weight PTMC has been investigated as a drug delivery agent. 

Unlike the previously described aliphatic polyesters, PTMC undergoes surface degradation and 

erosion, which makes it a suitable candidate as a drug delivery vehicle. The rate of degradation in 

the case of PTMC is found to be higher in vivo than in vitro.  This is presumably due to the fact 

that enzymatic degradation occurs in vivo. Several copolymers with other cyclic lactones have 

been developed for PTMC. This has been done to overcome the disadvantage of its low mechanical 

properties, as this has limited the potential applications.   Block co-polymers of trimethylene 

carbonate and glycolides have been developed and are used as flexible suture materials called 

Maxon and orthopaedic fixtures known as Acufex. Additionally, a terpolymer with glycolide, 

trimethylene carbonate and dioxane is commercially available and is marketed as a suture material 

called BioSyn. It features reduced stiffness, increased flexibility and degrades within 3–4 months. 

The degradation products are neutral if TMC units are incorporated in the copolymer. Thus, the 
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major advantage of the terpolymer is that it generates neutral byproducts on degradation which 

improve cell adhesion and reduce cytotoxicity [28-39]. 

1.7.8. Polyhydroxyalkanoates 

Bacterial polyester is a naturally available bioresorbable polyester that bacteria produce as 

their energy storage units. The most common bacterial polyester is poly(3-hydroxybutyrate) (PHB) 

which was discovered in 1920, being produced from the bacteria ‘‘Bacillus megaterium’’. Since 

then, many other strains have been discovered producing this polymer. PHB is a highly pure and 

isotactic polymer exhibiting semi-crystallinity. Like other polyesters it also undergoes hydrolytic 

degradation of the ester bond but features surface erosion and follows zero order kinetics. The 

degradation products of PHB are usually D-(-)-3-hydroxy-butyric acid, which is a normal 

constituent of blood. PHB is found to lose its complete mass inside the body in about 24-30 

months. It melts over the range of 160–180 °C. Besides bacterial synthesis, chemical synthesis 

routes have also been explored for PHB production. Ring opening polymerization of optically 

active b-butyrolactone has been used for synthesizing PHB, which is identical to the bacterial PHB. 

The co-polymers of PHB and 3-hydroxyvalerate (P(HB-HV)) have also been investigated and are 

semi-crystalline; although they have a lower Tm, which is mainly dependent on the HV content. 

In addition, this polymer shows a Tg in the range of -5 to 20°C. Both PHB and P(HB-HV) have 

been reported to be soluble in a variety of solvents, which allows them to be processed in various 

shapes like films, sheets, spheres and fibers. Copolymers are comparatively less brittle and tougher 

than homopolymer PHB, which broadens their potential use in biomedical applications. 

Additionally, P(HB-HV) has a unique piezoelectricity property, making it attractive for 

orthopaedic applications, as electrical stimulation helps in bone healing. Due to its high 

crystallinity the degradation rate of PHB is slower than that of synthetic polyesters, and complete 
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mass loss takes around two years. However, copolymerization increases the degradation rate 

owing to the decrease in crystallinity. Although the relationship 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 them in vivo as tissue implant scaffolds 

[35,36,43-48]. 

 In 2007 the FDA approved the use of another bacterial polyester, poly-4-hydroxybutyrate 

(P4HB), for the first time to manufacture synthetic absorbable sutures. Commercialization of the 

suture was done under the tradename TephaFLEX by melt-spinning the P4HB polymer. An article 

by Martin and Williams in 2003 was the first article dedicated to presenting P4HB and discussing 

its properties. However, no detailed study was presented in this article since it focused on the 

commercialization and patent owned by Tepha Inc. The paper compared the physical properties of 

P4HB with other polymers as illustrated in table 1.3 [50].. 

Polymer Tm (°C) Tg(°C) 

Tensile 

strength 

(MPa) 

Tensile 

modulus 

(MPa) 

Elongation 

at break 

(%) 

Resorption 

time 

PGA 225 35 70 6900 <3 6 weeks 

PLLA 175 65 28–50 1200–2700 6 1.5–5 years 

DL-

PLA 
Amorphous 50–53 29–35 1900–2400 6 3 months 

PDO 110-115 -10 – 0 - 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 
8–52 

weeks 

Table 1.2: Comparison of properties of P4HB with other aliphatic polyesters [51]. 
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Since P4HB is naturally produced from bacteria it does not contain any manufacturing 

related additives, like catalysts, which can lead to post-implantation tissue inflammation.  

Although it is produced by bacteria, its structure is very simple and similar to that of PGA and 

PCL, with the difference in the number of carbons in the repeat unit as illustrated in figure 1.4.   

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 break of 100% resulting in highly elastic properties. As with other PHB’s 

copolymerization of P4HB with other butyrates to enhance its mechanical or absorption properties 

has been tried. In addition, there have been efforts to tailor the structure to produce nonacidic 

degradation products and controlled degradability by functionalizing the P4HB polymer [51-

53].From the initial studies it was demonstrated that P4HB degrades slowly compared to PGA and 

PDO sutures. However, as per the study conducted conducted by Odermatt et al. (2012) to assess 

the toxicity of Monomax (P4HB) sutures, it was found that they demonstrate slower degradation 

in the body compared to PDS II (PDO) sutures. On the other hand, the rate of degradation is 

reported to be faster for P4HB than PLLA, PCL and other PHA’s in vivo. More recently, Odermatt 

et al., Williams et al., (2013) have published another paper discussing the sutures degradation 

properties in the human body and other applications such as tissue engineering scaffolds. There 

Figure 1.5: Chemical structures of (a) poly-4-hydroxybutyrate (P4HB), (b) 

polyglycolide, and (c) polycaprolactone [52,53]. 
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has been an increase in the number of patents in the last 10 years related to P4HB, but not many 

publications have been made available which talk about the fundament of degradation and 

bioresorption in the body.  As mentioned above this biopolymer has a unique set of properties that 

have resulted in the introduction of a new class of innovative, sfiber-based products for soft tissue 

repair and has led to its current commercial importance. Through my research I plan to generate 

information about the degradation mechanism for P4HB under various pH and enzymatic 

conditions. This will be helpful in generating the fundamental understanding that could be used 

for developing new biomedical applications [51,52,54,55]. 

                       

1.8. Surgical Sutures properties 

The selection of a suture by a surgeon is dependent on the required performance of the knot 

in terms of knot strength and security, which depends on the anatomical environment and type of 

tissue it is approximating. The physical, mechanical and surface properties of the suture material 

will affect suture’s function, which in turn determines the process of wound healing.   

1.8.1. Mechanical Properties 

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

conditions. It is critical to understand these properties for a material and select those which closely 

Figure 1.6: P4HB monofilament strength retention 

[52]. 
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match the clinical need and rate of wound healing. The initial and subsequent mechanical behavior 

of a suture comprises its strength, stiffness, viscoelasticity, coefficient of friction, compliance, etc., 

which are dependent on its thickness or diameter and its degradation profile.  The mechanical 

properties of sutures are measured in terms of tensile strength, modulus of elasticity, elongation at 

break, and toughness. In addition to these general tensile properties, the knot strength and security 

are critical for defining the suture’s functionality and in vivo performance. The knot strength, 

besides being dependent of the suture material and its processing history, is also affected by the 

handling and knotting process, the suture size and the number of knots tied [1,10,11]. 

Moreover, the tensile breaking strength of a suture is used to compare the strength of 

sutures of different sizes since it is obtained by normalizing the tensile strength with respect to the 

suture’s cross-sectional area. It is the amount of force necessary to break the suture. The ASTM 

describes a test method and test conditions for measuring, reporting and comparing the tensile 

properties of yarns including sutures under both dry or wet conditions.  However, one needs to 

refer to the U.S. Pharmacopeia in order to find the test method for measuring the tensile properties 

of a knotted sutures. It is critical to use a suture with a tensile strength that can withstand the 

tension during use.  But equally important is the tying of a knot that will remain secure and will 

not fail in the patient’s body during the healing period. This means that the suture needs to have 

high static friction on its surface so as to promote knot security.  At the same time, the surface of 

the suture should not be rough and cause injury or trauma to the 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 resolved with the application of suitable surface lubricants and finishes.  

Thus, optimal physical, tensile and surface properties are critical for sutures with respect to the 

anatomical location and the type of tissue where they will be used [1,10,11,27]. 
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Bending stiffness in another important mechanical attribute for a suture, which is 

dependent on its bending modulus. This regulates the handling characteristics of the suture in terms 

of ease of knotting and knot security. Suture diameter, its construction (monofilament or braided), 

and any treatment, like a surface coating, are the main factors determining the suture’s stiffness. 

Increase in the bending stiffness due to increased diameter or coating will restrict the suture’s 

bending, pliability and mobility. In addition to stiffness, compliance and recovery are important 

properties. The compliance is the ease with which the suture deforms under stress, and the recovery 

is the extent to which original form and shape is regained after the deforming load has been 

removed. Both these properties are significant for in vivo applications. Compliance and recovery 

play important roles where swelling of wounds occurs after injury or surgery [1,10,11,27]. 

1.8.2. Handling Properties 

Handling properties are those subjective attributes that the surgeon feels and experiences 

during the suturing process, making them difficult to quantify. However, to understand the 

handling of sutures, they are categorized into pliability (or stiffness), ease of knotting, knot 

security, packaging memory, surface friction (or coefficient of friction), viscoelasticity, tissue drag 

etc. They are either directly or indirectly related to the physical, mechanical and surface properties 

as explained above.  For example, the bending stiffness relates to the suture pliability. Further, the 

ease of handling is dependent on the coefficient of friction for the suturing material. This is the 

measure of slipperiness (i.e. low friction) for the material, which, as mentioned previously, is 

affected by the suture construction and surface treatments applied to the suture. Controlling the 

coefficient of friction to an optimum value is critical, because it will affect the extent of drag on 

the surrounding tissues and the ease with which knots can be tied. Drag is higher when the 

coefficient of dynamic friction is higher resulting in trauma to the surrounding tissue. As explained 
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earlier, making the suture smooth or reducing the static coefficient of friction will compromise the 

knot security. Knot security is the force required to cause a given type of knot to slip, either 

partially or completely. Although “knot tie-down” or the ease with which the suture is knotted is 

improved by reducing the coefficient of friction, packaging memory is another factor related to the 

flexibility and recovery of the suture. In the case where sutures exhibit packaging memory, 

handling them becomes difficult for the surgeon, as the knots tend to untie while suturing due to 

their memory effect. In general, monofilament sutures exhibit more packaging memory than 

braided ones. Packaging memory is evaluated by hanging the suture in air and determining the 

time required for them to overcome the kinks [1,10,11,27]. 

1.8.3. Biocompatibility 

Since sutures are foreign materials to the human body they automatically trigger an 

inflammatory response. The severity and duration of this response is dependent on the material the 

suture is made of, the construction of the suture, and the stiffness or tension in the suture. The 

anatomical environment it is placed in the human body has an important role to play here as well, 

since it will define the pH and enzymatic activity. This biological response generated by the human 

body to the introduction of the suture is called “biocompatibility” [11].   

Firstly, the polymer of which suture is made has a role in the tissue response. Eventually, 

the absorbable sutures will cause less scar tissue formation due to their bioresorption over time, 

which is not the case for nonresorbable sutures. However, the degradation products formed in the 

case of bioresorbale sutures are important to be considered. The degradation products like lactic 

acid, glycolic acid are easily metabolized by the body, although in the case of acid build up there 

may be a negative cytotoxic tissue response. This is further governed by 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 has a pH of 7.4. The pH reaches extreme values in the stomach and gastro-intestinal 

tract before and after digestion, i.e. pH 3 and pH 8 respectively. Secondly, the physical properties 

like stiffness have a significant role in tissue responses. In the case of open incisions or when tissue 

is under tension, a more severe inflammatory response is generated by the surrounding cells. 

Besides the construction of a suture, i.e. monofilament or multifilament, which affects the extent 

of wicking due to capillary action, the size of the pores within a braid containing multifilament 

yarns can lead to an increased risk of infection, a more severe inflammatory response and 

subsequent increased tissue activity [1,10,11,27]. 

1.9. Design and Fabrication of Surgical Sutures 

Advancements in synthetic fiber technology with the extensive range of synthetic 

bioresorbable polymers discussed above have opened great opportunities to harness these new 

polymers to the development of sutures. Bioresorbable polymer based sutures exhibit a number of 

advantages over the non-resorbable, permanent materials. The resorption process usually provokes 

a healthy inflammatory response, which promotes the infiltration of cells, the formation of new 

blood vessels (vasa vasorum), the laying down of collagen and extra cellular matrix, and the 

generation of new tissue. This improves the anchoring of the suture to the surrounding tissue 

capsule and the rate of healing, which occurs more slowly when permanent non-resorbable sutures 

are used. In addition, the suture tension plays a critical role in this healing response, as cells behave 

differently when exposed to different stress conditions.  

Of all the bioresorbable polymers only a few can be spun into fibers and filaments for 

suture applications. These polymers need to have fiber forming characteristics so that they can be 

spun by existing spinning technologies. The most important prerequisites for forming fibers from 

resorbable polymers is that they should have adequate viscosity in the melt or solution, so that they 
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can withstand the high shear and elongational stresses in the spinline without tensile failure. The 

developed fibers or filaments should further have an oriented and semi-crystalline structure, so 

they can have the desired mechanical properties and tensile behavior. As stated before, not all 

polymers have an ability to be spun into fibers and this is primarily governed by the chemical 

structure of the monomer and the ease of forming crystals from the polymer melt or solution. 

Besides, polymers should not degrade, and be stable at processing temperatures and at the ambient 

temperature of use. The chemical structure and crystallization profile (including rate, type and 

shape of crystals) controls the extent of orientation within the fibers in the spinline during the 

drawing or stretching process. The degree of crystallinity and orientation have strong impacts on 

the mechanical properties, the absorption behavior and most importantly the degradation profile 

of the resorbable fibers. For example, interchain interactions improve the order of the polymer 

structure and lead to greater orientation and crystallinity, thus increasing the overall tensile 

performance and reducing the rates of absorption and hydrolytic degradation. By this means, 

bioresorbable polymers have the ability to be spun into fibers and filaments and fabricated into 

thin, lightweight porous structures that are required as tissue engineering scaffolds, drug delivery 

vehicles and implantable organs for the treatment of injury and disease [36,57,58]. 

Most of the resorbable polymers are thermoplastic that can be synthesized in the form of 

pellets or resin and thereafter meltspun. This is the most common method of spinning due to the 

speed of production, cost efficiency and fewer controls. Here the polymer is melted in an extruder 

and then pumped through a filter pack and spinneret to form continuous filaments as demonstrated 

in Figure 1.7.  One advantage of this process is that one can spin filaments with various cross-

sectional shapes, like trilobal, multilobal or hollow fibers depending on the desired application. 

However, in the case of sutures the shape is usually round. Additionally, bicomponent or 
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multicomponent fibers can also be obtained from this method of spinning to enhance the fiber 

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 are not thermoplastic. or when thermally sensitive drugs 

need to be added to the polymer for spinning a drug delivery vehicle. Based on the suture 

application the fibers used are either monofilaments, or they are multifilament yarns that have to 

be braided or twisted in a subsequent process. There are a number of process parameters that effect 

the final suture properties, and hence its clinical performance. Higher processing temperatures 

during melt spinning involving mechanical shearing stresses may result in polymer degradation 

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 process-induced monomer that 

serves as an initiator of the degradation process, thus increasing its rate of degradation and reducing 

further the mechanical properties. Also, high temperature sterilization techniques show a 

significant impact on suture degradation by weakening and breaking inter-molecular bonds which 

results in inferior product performance.  

Most importantly, controlling the rate of spinning, including the linear flow rate and the 

mechanical shear stresses is essential so as to obtain adequate crystallinity in the spun and drawn 

fibers.  The level of crystallinity not only controls the mechanical properties, but also the rate of 

absorption and the degradation profile for the fibers [36,57,58]. Following spinning and drawing, 

The fabrication of suture materials involves post processing, such as finish application or coating, 

twisting and/or braiding. In addition, modern surgical sutures are exposed to an extensive 

sterilization process, which involves minimal handling. The sterilization is done through a low 

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

sterilized.   

       

1.10. Degradation mechanism for bioresorbable sutures 

Absorption time in terms of half-life is an important factor used to measure the rate of 

degradation of a polymer inside the body. Half-life is defined as the time required for the tensile 

strength to reach half its original value as a new suture. Furthermore, there is a second half-life 

related to the loss of mass of the suture material. This half-life is defined as the time required for 

the mass to reach half its original value at the time the suture was implanted.  It is important to 

consider that both of these half-life factors are influenced by the suture’s thickness, and the 

anatomical environment in which suture is located. 

Figure 1.7: Melt spinning process of suture manufacture with illustration of structure 

development while spinning. 
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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 bonds in their backbone chain that are susceptible to aqueous attack or 

hydrolysis. These bonds include esters, orthoesters, anhydrides, carbonates, amides, 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 process of bioresorption starts with physicochemical hydrolysis or degradation of 

a polymer at pH 7. This is without any enzymes and so it results in degradation into smaller 

moieties that are bioresorbed. When placed in the body, water and aqueous biological fluids diffuse 

into the material initiating the process of hydrolytic degradation. This results in a loss in 

mechanical performance over time. Initial hydrolysis starts in the amorphous regions of the 

polymer where the water and aqueous fluids can enter easily owing to lack of interchain 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. Thereafter, the hydrolytic degradation and breaking of bonds causes a reduction in 

molecular weight followed by a change in shape and disintegration. The disintegrated fragments 

are metabolized into oligomers, which are either absorbed or excreted by the body. Bioresorption 

of fibers and polymers takes place by:  

(a) Solubilization (e.g.: dextran, polyvinyl alcohol, and polyethylene oxide);  

(b) Ionization followed by solubilization (e.g., polyacrylic acid and polyvinyl acetate);  

(c) Enzymatically catalyzed hydrolysis (e.g., polysaccharides and polyamides); and  

(d) Simple hydrolysis (e.g., aliphatic polyesters).  
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Out of these four, the main mechanisms for bioresorption of implantable fibers and 

polymers are simple hydrolysis and enzymatically induced hydrolysis. Basically, both these 

mechanisms involve hydrolytic bond cleavage along the polymer backbone chain that results in 

fragmentation of the polymer and produces low molecular weight oligomers that are metabolized 

by the body [36,41,58,59]. 

                   

Bioresorption process basically takes place by two degradation mechanisms: bulk erosion 

and surface erosion as illustrated in Figure 1.8. In bulk erosion, the rate of diffusion of water into 

the polymer structure is much faster than the rate of hydrolysis of the polymer. Due to this the 

hydrolysis starts from the inside and moves outwards. Thus, the shape of the polymer stays intact 

until there is a sudden and rapid loss in structural integrity as the polymer sample breaks open and 

rapidly releases its degraded material and acidic monomers into the surrounding tissue. In contrast 

to this in surface erosion the rate of hydrolysis is faster than the rate of diffusion. As a result, the 

mass loss occurs at the external polymer/water interface and takes place from outside in. As the 

shape diminishes over time the erosion is responsible for device thinning. The bulk integrity of the 

Figure 1.8: Degradation mechanisms- bulk erosion and surface 

erosion. 
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polymer is maintained throughout the degradation process.  So, the continuous surface erosion 

makes this type of polymer a suitable candidate for developing a drug delivery device. 

In addition to the rate of resorption being controlled by the rate of hydrolysis of the 

functional groups in the backbone chain and the rate of diffusion of water inside the matrix, the 

polymer resorption is also governed by the thickness of the suture or polymer matrix. If the 

thickness of the material is more than the critical dimension, which is calculated for each particular 

polymer, then surface erosion inevitably takes place, as it is too difficult for aqueous fluid to enter 

inside. However, if it is smaller than the critical dimension, then bulk erosion takes place. 

Additionally, the resorption process is made more complicated if the polymer undergoes 

autocatalytic degradation as is the case with PLA and PLGA scaffolds. Autocatalysis results in the 

generation of acidic oligomeric products like carboxylic acid, that result in a localized fall in pH 

which accelerates the degradation process. This self-catalyzed hydrolysis results in the formation 

of hollow structures inside fibers and polymers leading to a rapid deterioration in mechanical 

properties and a sudden loss of structural integrity. It is critical to understand this phenomenon, 

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 growth [45,47, 48]. 

1.10.2. Factors affecting hydrolytic degradation of bioresorbable sutures 

The important factors influencing the rate of hydrolysis, degradation and finally resorption 

are: the type of chemical bond, the pH in the anatomical environment, the copolymer composition 

and rate of water absorption. In addition, there are chemical and physical changes occurring during 

the degradation of biodegradable polymers, like crystallization of monomers and oligomers, or 

changes in pH may cause a substantial effect on the rate of polymer degradation. It has been 

reported that anhydride and ortho-ester bonds are the most reactive ones in nature, followed by 
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esters and amides. But the reactivity is subject to the presence of a catalyst and whether or not 

steric hindrance is involved.  This may change depending on the environment of use. For example, 

although the ester bond present in PLA is highly reactive, the polymer degrades at a very slow 

pace due to steric hindrance by the voluminous methyl group, which prevents water attacking the 

backbone chain. 

  The pH is another critical parameter that can change depending on the anatomical 

environment and the degradation byproducts. In most cases the change in pH enhances the 

reaction rates through catalysis. The effect of pH on degradation has been thoroughly 

investigated for most bioresorbable polymers. For example, in the case of PGA and PLLA, the 

formation of lactic acid results in increased degradation due to a fall in pH and induced 

autocatalytic degradation. Thus, the pH can effectively be used to influence the degradation rate 

of polymers.  

Furthermore, copolymer composition also effects the rate of degradation and resorption 

profiles, as it influences polymer properties such as crystallinity and glass transition temperatures. 

The effect from this has been observed mainly in poly(anhydrides) where by increasing the content 

of the aromatic monomer from 50 to 100% there is a decrease in polymer degradation. Obviously, 

the stereochemistry of the polymer is most important. It has been reported that PLLA degrades 

faster than PDLA and the ratio of the two can be varied in a blend to get the desired degradation 

profile for any particular anatomical application  

Further Copolymer composition also effect degradation and resorption profiles as it 

influences polymer properties such as crystallinity or glass transition temperature. The effect from 

this have been observed for mainly in poly(anhydrides) where by increasing the content of the 

aromatic monomer from 50 to 100% there is decrease in polymer degradation. Besides this 
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stereochemistry of polymer is highly important. It has been reported that PLLA degrades faster 

than PDLA and the ratio of two can be varied in a blend to get desired degradation profile for in 

body application [59,62].Additionally, water absorption is dependent on whether the polymer is 

hydrophilic or hydrophobic. Hydrophilic polymers due to their nature can take large amounts of 

water unlike hydrophobic polymers. The extent of water uptake especially important in drug 

delivery.    

Lastly, the processing history of the polymer is most important in determining the ultimate 

behavior and degradation profile of 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 

and absorptive properties. If the polymer has poor orientation and low crystallinity, more 

absorption and faster absorption of water takes place in the amorphous regions. This results in 

more rapid degradation compared to the highly crystalline region. This is well illustrated in Figure 

1.9, where unoriented P4HB suture on the left is seen to have developed pores due to hydrolysis 

in vivo after 4 weeks unlike the oriented P4HB suture on the right [51]. 

                      

Further, if due to a too high processing temperature there is some thermal degradation, the 

polymer may not perform as expected and may show premature degradation. Besides too high a 

Figure 1.9: SEM micrograph of (a) unoriented, and (b) oriented P4HB suture on 

subcutaneous implantation in rabbits [52]. 
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temperature, the presence of water or moisture vapor during processing may result in hydrolytic 

degradation and inferior mechanical properties of the suture.  It is important to understand the 

effect of degradation on the performance of bioresorbable sutures over time. The major impact 

caused by the degradation is the loss in strength of the polymer and suture material with increasing 

degradation. This is due to a reduction in the polymer chain length, and hence a loss in molecular 

weight. Additionally, there is a change in pH associated with the nature of the oligomers formed 

that determines the rate of degradation in the later stages.  The change in pH from pores to the 

surface with contact in media while degradation for anhydride polymer is illustrated in Figure 1.11. 

There is also an observed increase in crystallinity as the amorphous regions are lost, and the overall 

crystallinity of the system increases. But due to the loss in molecular weight, there is also some 

deterioration observed in thermal properties together with a reduction in the material’s glass 

transition (Tg) and melting temperatures (Tm). In Figure 1.10  shows the changes in crystallinity 

and thermal profile of PLA polymer during degradation from 0 to 110 weeks. Although there has 

been significant work reported for PLA degradation, it is absent for P4HB, which makes it difficult 

to predict its potential applications [37, 59]. 

In addition to hydrolytic degradation, enzymatic degradation also plays a significant role 

in vivo in cleaning the debris surrounding an injury, a lesion or an incision where the tissue is 

inflamed by phagocytosis and degradation breakdown products.  As the number of foreign bodies 

increase due to the degradation of the suture material the extent of enzymatic response increases. 

The enhanced enzyme activity in turn results in the recruitment of additional inflammatory cells. 

Initially polymorphonuclear leukocytes infiltrate the injury, which leads to an acute response with 

the presence of lymphocytes and monocytes during the first 3-4 days. Later from 4 to 7 days 

macrophages 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 mature fibrous connective tissue.  Finally, the 

lysosomes inside of the cells act enzymatically on foreign bodies to further break them down into 

species that could be excreted through the urine, or expired as CO2 [1,11]. There have been only a 

few studies performed on PLA and PHA substrates that have been evaluated the role of enzymatic 

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

applications [64,65]. 

 

                            

Figure 1.10: Effect of hydrolytic degradation on crystallinity and thermal 

properties of PLA [59]. 

Figure 1.11: Difference in pH while degradation 

from pores to surface for poly(anhydride) [60]. 
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Table 1.3: Overview of different absorbable sutures [1,11]. 

Class 

(chemi

cal 

name) 

Commercial 

name 

Manufacturer Break 

strength 

straight 

pull (MPa) 

Break 

strength 

knot pull 

(MPa) 

 

Elongat

ion 

to break 

(%) 

 

Young’s 

modulus 

(GPa) 

Degradation Strengt

h loss 

time 

Catgut/collag

en 

Suruchrom, 

Surucor Plain or 

mild chromic, 

chromic Gut, 

Surgical gut – 

plain or 

chromic, Softcat 

plain or 

chromic, PDS 

Surgical 

specialties 

corporation, 

Dynek sutures, 

SURU 

International, 

PVT, Covidien, 

Ethicon, 

Aesculap, Inc., 

B. Braun, 

Astra, D/G, 

SSC, 

Kollsut, 

DemeTech 

310–380 110–210 15–35 2.4 Enzymatic 

collagenases 

and 

metalloprotei

nases 

7-14 

days 

PGA Dexon_ – 

braided multi 

filament, Dexon 

Plus, Dexon II, 

Safil, 

B. Braun, 

DemeTech, 

Serafit 

 

Covidien, 

Surgical 

Specialties 

Corporation, 

Deknatel, 

SURU 

International 

PVT, B. Braun, 

Aesculap, Inc 

- - <3 - Hydrolytic ~1month 
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Class 

(chemi

cal 

name) 

Commercial 

name 

Manufacturer Break 

strength 

straight 

pull (MPa) 

Break 

strength 

knot pull 

(MPa) 

 

Elongat

ion 

to break 

(%) 

 

Young’s 

modulus 

(GPa) 

Degradation Strengt

h loss 

time 

Poly 

(glycolide/L-

lactide), Poly 

(glycolide co-

TMC), 

Poly 

(glycolide/tri

methylene 

carbonate) 

copolymer 

Polyglactin 910 

(Vicryl_), 

Polysorb,  

US Surgicals, 

RadikTM, 

Maxon, 

Monosyn,  

Vicryl Plus, 

Panacryl 

Ethicon, US 

Surgical, B. 

Braun, Covidien 

570–910, 

654–882, 

760–920 

280–480, 

300–400, 

310–590 

18–25, 

67–96, 

18–25 

3-3.4, 7-

14 

Hydrolytic - 

PLA Orthodek  Tephaflex 

Medical 

    Hydrolytic 1.5–5 

years 

PDO PDS II, 

MonoPlus 

B. Braun 450–560 240–340 26-38 1.2–1.7 Hydrolytic 1-2 

months 

P4HB TephaFlex 

(MonoMax) 

Tepha, Inc., B. 

Braun 

- ~400 1000 0.485 Hydrolytic 8–52 

weeks 
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1.11. Polymer degradation studies using MD simulations and ReaxFF 

In 2005, first article came up using ReaxFF and MD simulations to study polymer 

degradation by Chenoweth et al. This paper targeted on developing a forcefield, ReaxFF for 

hydrocarbons, to investigate the degradation of the poly(dimethylsiloxane) (PDMS) at high 

temperatures and pressures, in the presence of various additives. Amorphous cell with 8 PDMS 

chains, each with 12 repeat units, was equilibrated and NVT simulations were performed at 

2500K. Different conditions were used for systems with additives. This paper has extensive 

information about the process of formulation of force field to finally execute the simulation, and 

analyzing the results for polymeric systems [66]. 

 

In another study. Zhang et al. (2017) have used the ReaxFF force field to analyze the 

thermal decomposition process of epoxy resin cured by acid anhydride at different angles 

through MD simulations, with an objective to access the effect of ageing on performance of 

insulation in electronics. The models were build followed by annealing and molecular dynamics 

calculation with NVT ensemble. After which, geometry optimization of 5000 iterations was 

performed for stable structure. Thereafter, the NVT simulations were conducted at 1300 K. The 

Figure 1. 12: Degradation products for epoxy resin [138]. 
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time step and production time were then set to 0.1 fs and 1000 ps, respectively, to simulate the 

cook-off process. The results illustrated that decomposition of anhydride-cured epoxy resin is 

due to the cleavage of an ester bond. As illustrated in Figure 1. 12 the most abundant product 

produced is CO2 from the cleavage of carbonyl oxygen bond in anhydride. Besides that, CH2O 

from the decomposition of epoxy functional group, and H2O, by free radical collision and 

dehydration are produced [67].  

In the study by Saha et al. (2017), experiments and MD simulations (with ReaxFF) were 

integrated to understand the degradation of acrylonitrile-butadiene chain composed of 10 

monomer units; with randomly placed monomers keeping the acrylonitrile content constant. To 

initiate the pyrolysis NVT simulations were conducted from 300 to 3000K on an equilibrated 

system, as observed in Figure 1. 13 (a). Formation mechanisms of major degraded products 

were studied by using ReaxFF. It was observed that the major degraded products were 

acrylonitrile, 1,3-butadiene, and 2-butene at the initial stage of degradation, which with further 

heating resulted in formation of cyclic products. The results were further validated with the 

experimental findings obtained from pyrolysis-GC–MS, and correlated with the non-isothermal 

Figure 1. 13: a) Plot of change in number of reactant molecules with respect 

to time at different temperatures and (b) linearly fitted lnkTversus1000/T 

curve obtained from ReaxFF MD simulation [139]. 
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kinetics at different heating rates in TGA analysis. The correlation was developed for activation 

energy  

derived from ReaxFF MD simulations and those obtained for isothermal degradation in TGA. 

For simulations, rate constant (kT), using equation 1.1 

               ln Nt  −  lnN0  =  −kt  ×  t                                         (1.1) 

N0 is number of reactant molecules at the start of degradation and Nt is the number after time t. 

The activation energy of degradation (Ea) was determined from the Arrhenius equation as given 

in equation 1.2 [67].  

k = A ∗ exp(−Ea/R∗T)                                                       (1.2)  

where, A is the pre-exponential factor and R is the universal gas. The values of A and Ea are 

obtained from a linear fit of ln kT and 1000/T as shown in Figure 1. 13 (b). Using similar 

methodology, the pyrolysis of polyimide was studied by lu et al. (2015) [68].  

Mlyniec et al. (2016) investigated the influence of polymer density for PLA, and 

surrounding environment in terms of water and oxygen, on its 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 water molecules, and 

with 272 oxygen molecules in two individual systems. Activation energy was calculated using 

same set of equations as 9 and 10. The results illustrated that elevated densities and presence of 

water resulted in lower activation energies for PLA systems. However, the systems were not 

correlated with experiments [69].  

In another study by Zeng et al. (2015), the disintegration behaviors of polyvinylidene 

fluoride (PVDF) in presence of atomic oxygen was evaluated. Complex simulation 

methodology was adopted in which first NVT annealing was done, followed by NVT 
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equilibration and NVE simulations at different time steps. Besides this atomic oxygen was 

added after equilibration that may have destabilized the system again [70]. Unlike combustion 

or thermal degradation of polymers, not much work is reported regarding the hydrolytic 

degradation of polymers, and to evaluate effect of pH. This is due to availability of fewer 

reactive force fields for aqueous systems attributed to their complex nature.  

The research by Zhang and Van Duin (2015) is the first one I 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 investigate the structural properties and their effect on 

degradation for AEM’s, radial distribution function (RDF) was obtained as shown in equation 

1.3 [71]. 

g(r) =  (n(r))/ρ4πr2Δr                                                          (1.3) 

where g(r) is RDF; n(r) is the number of atoms within a distance r of a central atom, and ρ 

strands for the bulk number density. The RDF is obtained by averaging over the trajectory. The 

RDF results illustrated that the distance between the functionalized quaternary ammonium 

groups was increased with more water content. This determined the diffusion of OH- in the 

systems and degradation trends. However, the paper had limited information about the reaction 

mechanisms for the degradation. 
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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 weights greater 

than 2000 Daltons. Here the GP column has a stationary phase containing of spheres, which are 

typically porous particles composed of polystyrene, poly (styrene-co-divinylbenzene), silica, or 

cross-linked poly(methyl methacrylate) of various diameter and pore sizes. Based on the pores 

sizes that allow penetration (permeation) of small molecules but not larger molecules (exclusion), 

the largest polymer chains are eluted first and the smallest ones are eluted last[1-3]. In order to get 

the molecular weights for our system calibration curves are made from standards of known 

molecular weight allowing determination of number- and weight-average molecular weights of 

polymers. The eluted polymer chains are detected by multi-detector, which could be either of one 

detection methods such as refractive index, static and/or dynamic light scattering, and differential 

viscometry, to get the information molar mass, branching, polymeric size, and conformation all 

as a continuous function of molar mass. The mechanism of gel permeation chromatography is 

illustrated in the figure 2.1.To determine the molecular weights of the components of a polymer 

sample, a calibration with standard polymers of known weight is performed. Values from the 

unknown polymer sample are then compared with the calibration graph to generate molecular 

weights and molecular weight averages. The high-quality standards with narrow molecular weight 

distribution are now available in a wide range of molecular weights that can be selected as per the 

maximum molecular 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 sample and corresponding molecular weight on the vertical id observed. Once the 

calibration equation has been developed, it can be applied to small slices of the chromatogram of 

a polymer to determine the molecular weight (Mi) of each slice and get the molecular weight 

distribution and polydispersity index.  The number of molecules (Ni) of this molecular weight is 

determined by the height or area of that slice [1-3]. 
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Figure 2.1: Mechanism of GPC [Adapted from 1-2]. 
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Figure 2.2: Molecular Weight Distribution [Adapted from 3]. 
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Commonly number average molecular weight (Mn) and weight average molecular weight 

(Mw) are calculated.  The molecular weight distribution in figure 2.2 illustrates different average 

molecular weight that can be calculated form it. The smallest molecular weight Mn its value marks 

the value at which there are equal numbers of molecules on each side, at higher and lower 

molecular weight. The value of Mn influences the thermodynamic properties of the molecule. Mw 

is defined as the value at which there are equal masses of molecules on each side, at higher and 

lower molecular weight. Mw is large-molecule sensitive and influences the bulk properties and 

toughness of the polymer. Mw value is always greater than the Mn value unless the polymer is 

completely monodisperse (PDI=1). As well as Mn and Mw, there are other molecular weight 

averages that take increasing account of the higher molecular weight components of the sample, 

such as z-average molecular weight (Mz) and Mz+1. Mz is sensitive to even larger molecules and 

influences viscoelasticity and melt flow behavior. The following formulas in equation 2.1 are used 

to determine the number and weight average molecular weights and the polydispersity of the 

polymer.  

                                                                 �̅�𝑛 =
∑𝑛𝑖𝑀𝑖

∑𝑛𝑖
;  �̅�𝑤 =

∑𝑛𝑖𝑀ⅈ
2

∑𝑛𝑖𝑀𝑖
 ; PDI = �̅�𝑤/�̅�𝑛                     (2.1) 

The higher averages are increasingly more sensitive to high molecular weight polymers 

and accordingly are increasingly more difficult to measure with precision. They can be measured 

using methods involving the motion of polymer molecules, such as diffusion, viscometer or 

sedimentation techniques. The z-averages are not commonly quoted for polymers. It can be 

interpreted from the MWD plot that for all polydisperse 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 molecular 

weight [1-4]. 
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For measuring of average molecular weights and PDI for poly-4-hydroxybutyrate before 

and after degradation, Gel permeation chromatography (GPC) analysis is done Waters HPLC with 

Alliance 2695 pump, Waters 2414 RI detector, and Waters THF columns. The P4HB samples 

were dissolved in tetrahydrofuran (THF) at the concentration of 4 mg/ml, thereafter, 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 energies and short wavelengths—

wavelengths on the order of the atomic spacings for solids. This makes X-rays 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 is scattered in all directions by the electrons associated 

with each atom or ion that lies within the beam’s path, leading to constructive or destructive 

diffraction as illustrated in Figure Figure 2.3 (a). It is worth noting 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 to 

the wavelength of the X-rays. The diffraction behavior of X-rays through the crystal are 

determined through Braggs Law as mentioned in equation 2.2 [4-6]. Braggs law provides a 

relationship for x-ray wavelength (λ) and interatomic spacing (d) of the material to the angle 

(𝜃)of the diffracted beam. The constructive interference only occurs if Bragg’s law is satisfied, 

otherwise interference will be nonconstructive in nature to yield a very low intensity diffracted 

beam [6]. 

                                                    2 ⅆ 𝑠𝑖𝑛 𝜃 = 𝑛𝜆                                                              (2.2) 

The diffractometer as shown in Figure 3 (b) is an apparatus used to determine 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 monochromatic x-ray beam is generated by X-ray tube and diffracted rays are 

detected at the detector.  

The sample, x-ray source, and detector are all coplanar. The detector is on a movable 

carriage that may also be rotated about center axis. Movable carriage for the detector and 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 reflection angles to be equal.  As the  

detector moves at a constant velocity the output in 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 Bragg diffraction condition is satisfied by some set of crystallographic 

planes.  From these 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 

geometry may be resolved from the angular positions of the diffraction peaks, whereas 

arrangement of atoms within the unit cell is associated with the relative intensities of these 

peaks. Lastly, crystallographic orientations of crystals are possible using x-ray diffraction (or 

Laue) photographs [5].  
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Figure 2.3: (a) Diffraction of x-rays by A-A’ and B-B’planes of atoms[5], (b) 

Schematic diagram of an X-Ray Diffractometer. 
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Polymers can be processed into fibers, filaments and films and can be molded and 

extruded XRD of the polymers in these forms provides solid-state structural information such 

as the degree of crystallinity, which is helpful in determining performance of the polymers.  

Apparently, polymers can never be processed to crystallize to 100% crystallinity due to long 

chain and chain entanglement due to them. Longer the polymer chain or higher molecular weight 

are susceptible increased entanglement leading to lower crystallinity.  Further, the processing 

(temperature, cooling rate, pressure, etc.) and application (pH, time, enzymes, etc.) conditions 

can affect the crystal structure and orientation of the molecules in the polymer chains. In 

addition, structural and stereo regularity play critical role in polymer characterization. If the 

chains are linear, they can easily crystallize unlike to branched systems, for example linear 

polyethylene has higher crystallinity to about 90% than branched polymer. Similarly, 

syndiotactic and isotactic polymers crystallize much more efficiently as compared to atactic 

polymers. Finally, the intermolecular interaction and physical bonding can help in the 

orientation and hence the crystallization[7-9]. 

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 plots by calculating the area for the crystalline region and the 

amorphous region from the XRD plots and calculated in equation 2.3.                                      

                   %𝑋 =
(𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑟𝑦𝑎𝑡𝑙𝑙ⅈ𝑛𝑒 𝑅𝑒𝑔ⅈ𝑜𝑛)

(𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑟𝑦𝑎𝑡𝑙𝑙ⅈ𝑛𝑒+𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑟𝑒𝑠𝑔ⅈ𝑜𝑛
× 100                                                   (2.3) 

b. Crystal size (t): Polymers are usually on the nanoscale in the thickness direction. The 

size of crystallites can be determined using variants of the Scherrer equation 2.4. Where 

λ is the x-ray wavelength, B is the full width at half maxima (FWHM) for the diffraction 

peak in radians and θ is half of the diffraction angle. 
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                                                                                𝑡 =
0.9𝜆

𝐵 𝑐𝑜𝑠(𝜃)
                                                     (2.4) 

c.  Orientation (f): Due to processing the polymers experience alignment of chains and 

stress induced orientation, which can be measured from XRD through the Herman’s 

orientation function in equation 2.5.The quantitative measures of orientation can be 

obtained by considering a radial plot of diffraction data.  The average cosine squared 

weighted by the intensity as a function of the radial angle (φ) for the plane under 

investigation is <cos2φ>. The Herman’s orientation function with f = 1 corresponds to 

perfect orientation for which φ = 0° direction, f = 0 for random orientation and f = -1/2, 

φ = 90°.  

                                                       𝑓 =
1

2
[3⟨𝐶𝑜𝑠2φ⟩ − 1]                                                    (2.5) 

In addition, large number of defects and variety of crystal sizes leads to broadening for 

diffraction peaks for the polymers which isn’t the case in case of pure metals and ceramics. For 

PLA and P4HB in my studies wi will be calculation %X and t by executing X ray diffraction 

studies. XRD data were acquired using a Rigaku SmartLab X-ray diffractometer with Cu K-

alpha radiation (wavelength = 0.15418 nm) in a 2 θ range of 5 to 45 degree. The range of angle 

is selected based on the reported literature. The step size and time per step used in the 

measurement are 0.05 degree and 3 sec/step, respectively [10-13].  
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2.3. Multiscale Molecular Modeling and Simulations 

 Computer modelling and simulations help in understanding the molecular level 

processes and structure that typically are difficult to discern through experimentation. The 

information generated from the analysis has made us capable of predicting material properties 

and behavior. Thus, enabling scientists to obtain optimum parameters 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 computer modeling and simulations. This is 

illustrated in figure 2.4 where the 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 the boom in the research corresponding to computer 

simulations.  Thus, 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 especially in material science is accredited to increased availability of cheap and 

inexpensive computing power, improvements in hardware for  processing and storage of 

information, and commercialization race for modelling software packages to meet the customer 

demands. In addition, the investments in form of funding from various agencies in this area have 

 
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 available for computer modelling are: 

Gaussian (quantum calculations), Material Studio (atomistic and mesoscale calculations), 

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

 

Simulations have been regarded as a theoretical technique by many researchers 

attributed to the expression for it as in terms of mathematical terms. However, interestingly 

Elliot [15] refers it as a numerical experiment, since they cannot explain or understand the data 

without proper analysis and interpretation like in the case of 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 validate the 

findings of each other since interrelated 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 molecular level information that 

require 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 can be highly misleading, leading to wrong interpretations 

and false findings.  

Figure 2.5: Correlation between different 

approaches to solve a problem. 



   

59 

 

Molecular modeling came into existence in mid nineteenth century where scientists, 

particularly organic chemists used to draw representations of chemical structures for the 

prediction and development of structural theories. The first physical molecular model in organic 

chemistry was put forward by August Wilhelm Hofmann in his lecture “On the Combining 

Power of Atoms” in 1865 illustrating methane and chloroform structures through ball and stick 

models. With continuous advancements in this field the multiscale modelling stands out as a 

first-hand technique for structural demonstrations and running simulations [16-17]. 

Molecular modeling is a ‘science and art’ of building a model and running simulations 

on it to discern molecular level information. Models can be built using plastic or metal 

components, or through computer aided designing [18]. Today the evolution in modeling 

techniques have enabled us to model two or more different length and time scales which are 

sometimes different from the real scale. This modeling at different scales to study the molecular 

structure is termed as “Multiscale Modeling”. Integrating molecular modeling with the 

simulations, by performing simulations on modeled structures have 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 polymers constituting of polymers chains, where individual backbone 

bond of single chain is at °A level. The conformations and entanglements of polymer chain 

increase that scale to the radius of gyration in nanometers. While processing and fabrication of 

sutures the polymer melts, blends and solutions can range from nanometer scales to microns, 

millimeters and larger. In addition to length scales, the time scale is relevant to address as it 

explains the dynamic process of ordering and face separation of polymers in the wider range of 
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time, from femto seconds to milliseconds or even seconds or hours [19]. Attributed to the diverse 

range of length and time scales dictating 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.  

Different computation methods are available today for multiscale modeling hierarchy of 

which is illustrated in figure 2.6, can be applied for evaluation of suture properties at different 

scales. As illustrated in section 2.2, the sutures classification, the size of sutures varies from 10 

µm to 800 µm. At the macroscopic scale the knot properties, and effect of suture architecture 

on its performance can be established through finite element analysis (FEA) [20-21]. To bridge 

the gap between microscale and macroscale, the mesoscale simulations play an important role 

in understanding polymer-polymer interactions, which influence their self-assembly, 

morphology, mechanical properties, and hydrodynamic interactions [23]. However, mesoscale 

Figure 2.6:  Hierarchy of different modeling methods based on length and time 

scales for sutures. 
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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 simulations can be implemented 

[24].  

Most common methods available for long time for computational studies are molecular 

dynamics (MD) and Monte carlo (MC). The advancements to address longer length scales and 

time scales led to bridging gap between micro, and macroscale modelling through dissipative 

particle dynamics (DPD). Further to unfurl the micro and nanolevel information the more 

advanced methods for accelerating atomistic simulations came into existence. From quantum 

mechanics to mesolevel the accuracy is successively compromised to allow the system length 

and time-scales to be increased [23]. In context of developing structure and property relationship 

for the polymers, which indeed will contribute to the suture performance, multiscale modelling 

can play critical role.  

2.3.1. Quantum Mechanics 

Implementing the submicron level simulations to understand the material properties 

provide important information regarding the molecular structure, thermal behavior, and 

molecular attributes relevant to thermodynamic constants or spectroscopic transitions. These 

calculations provide solution for the molecular Schrödinger equation related to the molecular 

Hamiltonian [24]. As believed by the Paul Dirac pioneer, solving of Schrödinger equation 

resulted in reducing theoretical chemistry to applied mathematics [17]. The computational 

solution for electronic Schrödinger equation approximating 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 system 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 Chemistry in year 1998. 

Walter Kohn for his development of the density-functional theory, and John A. Pople for his 

development of computational methods in quantum chemistry, shared this title [25-26]. 

2.3.1.1 Ab-initio 

Ab-initio in Latin means “from the beginning”, where unlike chemical theories, the 

calculations produce results in terms of fundamental physics terms, like Plank’s constant, the 

charge of electron, and electronic distributions. The Schrödinger wave equation describes 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 Schrödinger in equation 

2.6 is given as                                                                                                       

                                                                        Ĥψn = Enψn                                                      (2.6) 

where the Ĥ, is a Hamiltonian operator, written in terms of the sum of the kinetic energy (K) 

and potential energy (P) as given in equation 2.7 [17]. 

                                                        Ĥ(P̃, X̃) =  EK(P̃) + EP(X̃)                                     (2.7) 

where P̃ and X̃ are momentum and position vector terms for all sets nuclei and electrons, degrees 

of freedom in the system under study. The potential energy term in the equation comprises of 

columbic interactions for all variables [17,18, 27].  

Ab-initio simulations provide non-empirical solution of the time-independent 

Schrodinger equation, as can be observed in figure 2.7. The solution is based on the 

approximation based on a Car-Parrinello-type ab initio molecular dynamics (MD) calculation, 

or through the Born-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 parameters, and not as dynamic degrees of freedom [17, 18]. 

The fixing of nuclear degrees of freedom yields energy states as a function of atomic coordinates 

are known as Born-Oppenheimer energy surfaces (BOES). In second level Born-Oppenheimer 

approximation, 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 

electrostatic interactions [17]. 

The ab-initio method solves the Schrödinger equation for a molecule and gives us energy 

and a wavefunction. The simplest kind of ab initio calculation is a Hartree-Fock (HF) 

calculation, which involves wavefunction based approaches with optimization of a single 

determinant [17,24,25].  

The Hartree wavefunction (𝜓) or slater wavefunction is the product of one-electron 

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 Hartree-Fock 

Figure 2. 7:  QM calculations as non-empirical unlike the traditional simulations 

[Adapted from 28]. 
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equation, Ĥψ = Eψ. The orbitals and coefficients of which are optimized, and calculated 

through various numerical procedures. Subsequently, Hartree-Fock energy (E) and coefficients 

associated with it are calculated by iterative Self Consistent Field (SCF) procedure, considering 

no degree of freedom for the nucleus. 

However, ab-initio 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 the average positions 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 Hartree-Fock methods. This requires intensive 

ab-initio calculations at the expense of increased computation cost. 

2.3.1.2.Semi Empirical Methods 

To address the issue of high computing power for ab-initio Semi Empirical Methods 

came into existence. Like ab-initio methods the semi empirical methods are based on 

Schrödinger 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 yield reasonable agreement 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 parameterization. Since this method involves greater level of 

approximations as compared to the ab-initio simulations, the accuracy is compromised for 

reduction in computing cost [17,24,27]. However, reduction in extent of calculation makes semi 

empirical methods 100-1000 times faster than the ab-initio calculations. 
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2.3.1.3.Density Functional Theory 

Density functional theory (DFT) is based on following the Hohenberg–Kohn theorem, 

where the total energy of the system is given as a functional of the electron density. Unlike 

considering the 3N coordinates for N electrons as in ab-initio, electron density is taken that 

depends only on 3 coordinates. In similarity to the above two methods this theory is also based 

on the Schrödinger equation, but instead of calculating wavefunction, electron distribution or 

electron density function is directly derived as the sum of squares of orbital densities. Exchange 

correlation functions used to obtain energy in DFT can give the exact ground state energy and 

electron density, only if exchange correlation functional is known [29]. Although, in practice, 

the exact functional is unknown but various approximations have been made in this regard. This 

has led to an extensive search for functionals in the past two decades since the accuracy of 

results is dependent on the approximations made for the functionals. At present, gradient-

corrected (e.g., BLYP), and hybrid (e.g., B3LYP), are two principal classes of functionals that 

have been widely used and tested for wide spectra of applications. DFT methods are 

computationally more efficient than conventional ab-initio methods but there is compromise in 

accuracy due to the approximations involved [30]  
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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 materials. Figure 2.8 provides an overview of spectra of applications, 

where QM finds use for studying materials and polymers. Development of next generation 

polymer systems has been enabled by discerning their chemistries and properties through 

implementation of QM calculations. Ab-initio, semi empirical and DFT can be efficiently used 

to understand chemical structure, thermodynamic behavior, and mechanical response of 

polymers through various available interfaces. 

In context to understand the chemical reactions, QM have been successfully 

implemented by scientists around the world. The study by Lui et al, illustrated to use the ab-

initio calculations to predict transition states for the polymer reactions and develop kinetic 

models for the reactions [30].The semi-empirical MINDO/3, AM1 and MNDO-PM3 methods 

were employed by Meir and Kip to understand the degradation mechanism for poly vinyl 

chloride (PVC) in presence of cations and radicals [31].  

Figure 2. 8: Application of QM for Polymers, and 

Materials. 
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Most of the literature found for the role of QM in predicting reaction chemistry was 

implementing DFT. There have been efforts in past to understand the thermo-oxidative 

degradation and micro kinetic analysis to forecast the reaction mechanism involved in 

degradation. This technique can be used to shortlist the polymers for the high-end space 

applications where degradation, 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 degradation that could affect the polymer/product performance [33-

34]. Besides this, scientists have implemented DFT to understand the atomic aspect of 

degradation mechanism in fuel cells [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 

responsible for the unassigned IR bands [37]. 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 synthesis [38-40]. The information generated here is crucial whenever new 

polymer/material development is under process in a short time, for which the experimental work 

and necessary trials may take months for each chemical combination. 

2.3.2. Molecular Mechanics  

Unlike, QM calculations the potential function is calculated empirically in Molecular 

Mechanics (MM), therefore MM is referred as a force-field or potential energy method. In 

simple terms MM is based on ball and spring 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 spring and ball model, it is possible to calculate energy required to 

stretch and bend these 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 optimize and 

run energy calculations for the bigger molecules at lesser computational costs. MM have 

evolved since 1946 when was first formulated by Westheimer and Meyer, and Hill to study the 

variation in the energy of molecular systems with respect to change in their geometry. This 

seemed to be impossible to be computed then through QM calculations which was restricted for 

smaller molecules [24,27,29]. In 2013, Nobel Prize in chemistry was awarded to Martin 

Karplus, Michael Levitt, and Arieh Warshel for the application of molecular mechanics to large 

biological molecules [41].  

In principle, the MM calculations predict the energy of 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 the bond 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 construction of potential energy 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 minimization of potential energy is executed 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 to obtain d the geometries of bigger molecules 

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 Boltzmann distribution is generated for the molecule by creating tens of 
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thousands (or more) of states for which the energy is calculated by MM [17]. Lastly, through 

MM it is possible to predict the feasibility of reaction and organic synthesis quickly. Through 

this, Quantitative Structure–Activity Relationships (QSARs) are developed in attempt to 

correlate molecular structure with chemical or biochemical activity. However, the information 

about bond breaking and bond making, and hence reaction mechanism and electronics properties 

cannot be obtained from MM since electrons are ignored in calculations [40].  

2.3.2.1.Force Field 

The accuracy of MM is dependent on the correctness of parameterization 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 differentiation of the forcefield 

yields force exerted on each atom.  

       (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 (Estretch), angle bending due to two bonds (Ebend), 

single bond torsional motion (Etorsion), non-bonding interactions (Enonbond), as illustrated in figure 

2.9 and given in equation 2.8. The non-bonded energy accounts for steric repulsion, Van der 

waals attraction, and electrostatic interactions for the given molecule attraction, and electrostatic 

interactions for the given molecule. 

𝐸 =  𝐸𝑠𝑡𝑟𝑒𝑡𝑐 ℎ +

𝑏𝑜𝑛ⅆ𝑠

 𝐸𝑏𝑒𝑛ⅆ +

𝑎𝑛𝑔𝑙𝑒𝑠

 𝐸𝑡𝑜𝑟𝑠𝑖𝑜𝑛 +

ⅆ𝑖ℎ𝑒ⅆ𝑟𝑎𝑙𝑠

 𝐸𝑛𝑜𝑛𝑏𝑜𝑛ⅆ
𝑝𝑎𝑖𝑟𝑠
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Here, the sum of energies for all the bonds and angle is defined by three atoms, say A, 

B, and C as illustrated in figure 2.9; whereas the dihedral component, defined by four atoms A, 

B, C, and D, besides the nonbonding interaction between the pairs. To calculate 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 obtain good 

forcefield the set of molecules is used for parameterization 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 Fourier-transform infrared spectroscopy 

(FTIR) is used for finding 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 or developed forcefield can be used to obtain the structural and 

geometrical information through MM calculations for other molecules. Thus, parameterization 

of force fields ensures that constants and calculations are obtained to produce molecular 

Figure 2. 9: Molecular mechanic model for a molecule. 
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geometries and interaction energies for a set of model compounds that produce nearly accurate 

force field to run MM calculations [17,42]. 

There has been extensive research in this area that has resulted in the development of 

multitude of forcefields since the first one came into existence in 1960’s, with the development 

of MM. The initially developed forcefields were oriented to treat smaller organic molecules, 

few of which are still used, like MM potentials which could address hydrocarbons or organic 

molecules. Later developments took place in forcefields to address the complex systems, which 

has parameters for all the atoms in the periodic table, for example Drieding and Universal force 

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. 

  

In my research, to understand the reaction mechanism and degradation profile 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 reactive potentials available 

is important. The reactive potentials employ bond order 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 scientific community in last two decades 

Figure 2. 10: The increase in scientific efforts to develop reactive force fields. 
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towards the development of reactive potentials, the growth can be observed from graph in figure 

2.10 [web of science] 

The genesis of reactive forcefields started long back with the development of Morse 

Bond Potential and Lenard Jones Potential, in 1929 and 1931 respectively. These two potentials 

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 

molecules. Further to this in 1963, the calculation of activation energies and rate constants of 

elementary bimolecular hydrogen-transfer reactions by Johnston and Parr, resulted in 

development of correlation between bond length and bond order for the conserved systems [42]. 

This led a way for development of new potentials. Following to this, in 1984, development the 

Embedded-Atom Method–Based Potentials (EAM) by Daw and Baskes introduced the concept 

of local density and the EAM functional form. By this the bond strength of individual bonds can 

vary as per the environment, giving information about of metallic cohesion and ground-state 

impurity energies. Although the EAM approach can successfully describe pure metals, their 

alloys, and metallic bonding, it doesn’t have angular parameters to describe covalent bonding 

in polymers [44]. Later in 1985 Abell Bond order function came into existence, which could 

explain the covalent bond formation more aptly. The modification to Abell Bond Order function 

was proposed by Tersoff in 1988.  The modifications resulted in improved description of 

covalent material by incorporation of bond order dependence on the environment [45,46]. This 

potential was presented for silicon and could explain the model for it, however generalizing it 

for other hydrocarbon systems was difficult. In 1990, Brenner came up with Reactive Empirical 

Bond Order (REBO) by parameterization of the Tersoff potential, for describing empirical 

many-body potential-energy expression for hydrocarbons 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 modelling complex chemistry in large many-atom systems, 

and describes bond energies, lengths, and force constants for hydrocarbon molecules. Other 

attributes like, elastic property, interstitial defect energies, and surface energies information was 

obtained for diamond through it. However, the system had limitation of underestimating the 

interlayer repulsions in graphite due to the absence of dispersion and non-bonded repulsion 

terms [47-48]. In 2000, Stuart et al, came up with new potential to address this issue by 

introducing non-bonded interactions through an adaptive treatment of the intermolecular 

interactions, thus referring it as an adaptive intermolecular REBO potential (AIREBO) [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-

consistent charge equilibrium approach, quantum-mechanically derived force field (QMDFF), 

adiabatic reactive molecular dynamics (ARMD), reactive molecular dynamics (RMDff), 

modified embedded atom (MEAM), etc. but none of them efficiently address the reaction 

mechanisms for the polymers. Frequently used reactive force fields are COMB and ReaxFF 

having universal applicability across the periodic table of elements with extensive reference data 

available [50-53].   

2.3.2.1.1. Charge-Optimized Many-Body Potentials (COMB) and Reactive Force Field 

(ReaxFF) 

In 2007, Phillpot and coworkers proposed Charge-Optimized Many-Body Potentials 

(COMB) to consider the effect of charge transfer using both the electronegativity equalization 

principle and many-body interactions. This potential was validated on silicon and silicon oxides 

systems. The system properties were obtained in terms of structural properties and relative 
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energies for silicon and a variety of silica polymorphs, thereafter compared with the 

experimental information. COMB potential has evolved since 2007 with development of 

COMB3 (third generation) in 2012, where the expression for bond order and self-energy was 

modified along with reformation in parametrization. The changes allowed its application for 

studying carbon-based materials, hydrocarbons, organometallic compounds, and combinations 

of these systems. The total energy (Ecomb) of the system in the COMB3 is combination of several 

individual contributions as illustrated in equation 2.9 [54-56]. 

              Ecomb = Eself + Ecoul + Epolar + Evdw + Ebond + Eothers                                     (2.9) 

The self-energy term, Eself, 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 Coulomb term, E Coul, 

includes the interaction between electrons and neutrons for a pair of atoms. The third term in 

equation Epolar, contributes for molecular polarization, which includes self-dipole, dipole-dipole, 

and charge-dipole interactions, and an isotropic polarizability for each element type. Further, 

the nonbonding interactions through the van der waals are given by EvdW. The term Ebond captures 

the energy contributions from the bond angle, coordination, torsion, and conjugation effects. 

Lastly, the corrections in energy contributions through bond angle are included in the last term 

of Eothers. COMB3 gives an 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 developed is far more than the COMB potentials. COMB 

potentials are limited to metal systems and small-scale hydrocarbon systems. Further COMB 

potential is found to have substantial shortcomings when it comes to describing small clusters 

and defects, where the change is environment exists between bulk and the local chemistry. 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 

possible [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 because the ReaxFF entailed 

the contributions from most of the interactions. Most importantly the parametrization of ReaxFF 

is done with the data generated from ab-initio calculations for the energy profiles for different 

reactions involving small molecules. Overall, this enables the accuracy for the simulations to 

describe the chemical reactions in different environments. 

 

The development of ReaxFF is a bridge between the classical and quantum mechanics. 

Where, classical computational techniques require less computational resources to define 

dynamics of the processes over longer time frames and larger scales but without any reactive 

interactions; QM can provide electronic level information for the dynamic evolution of the 

system, however at manifold computational costs. ReaxFF is an empirical potential developed 

by implementing data from QM as a training set to capture the electronic interactions driving 

chemical bonding indirectly. This allowed ReaxFF potential capable of simulating reaction 

chemistry without explicit QM calculations on larger system that in past were impossible to 

Figure 2.11: Spectra of elements (highlighted) for which ReaxFF 

parameter set is published [68]. 



   

76 

 

study with classical mechanics, like interfacial chemistry, catalytic activity, degradation 

mechanism, mechanical properties, etc. The use of relationship between bond distance and bond 

order, and bond order and bond energy help in defining proper dissociation of bonds to separated 

atoms, which enables analysis of the organic and polymeric materials for predicting their 

degradation mechanisms. Energy contributions to the ReaxFF potential are summarized by the 

following equation 2.10  [61-62].  

     Esystem =  Ebond + Eover + Eunder + Eangle + Etors + EvdWaals + Ecoulomb+ ESpecific                    (2.10) 

Firstly, the bond energy is given by Ebond 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 coordination. Eangle and Etors are the 

energies associated with three-body valence angle strain and four-body 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 ReaxFF address for over coordination, Eover, and under coordination, 

Eunder, of atoms; unlike COMB3 where these effects are included in one single Ebond term. Lastly, 

ECoulomb and EvdWaals are electrostatic and non-bonding contributions calculated between all 

atoms, regardless of connectivity and bond-order. 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 lone-pair, conjugation, hydrogen binding, and other corrections. 

The validation of ReaxFF with DFT shows reproducible results with matching of the accuracy 

that hasn’t been the case for COMB3. Thus, ReaxFF potential provides ease of executing 

simulations on the formation and dissociation of chemical bond for large organic or polymeric 

systems that wasn’t feasible before [61,50]. 
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It is important to understand the wide variety of ReaxFF potentials invented by scientific 

community to judicially choose the right one for the system under study for correct results. As 

mentioned above the first ReaxFF potential came into being in 2001, when Van Duin et al 

proposed to describe the dissociation and formation of chemical bonds in hydrocarbon 

compounds. In 2003, extensions to the original ReaxFF were made by Goddard and coworkers 

for predicting structures, properties, and chemistry of materials involving silicon and silicon 

oxides, and explosives [63]. Chenoweth et al. in 2005 had for the first time 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 transition metals in nanotube 

formation; and describe magnesium and magnesium hydride systems by Goddard and 

coworkers [64-66]. Chenoweth et al. came up with updated forcefield in 2008, to study the 

combustion of hydrocarbons. Here the connectivity was determined by bond orders updated 

while molecular dynamics (MD) simulations thus elucidating reaction mechanism for the initial 

steps of hydrocarbon combustion. In addition, ReaxFF was developed for studying Na-H-Na, 

reactions between hydrocarbons and vanadium oxide clusters by Goddard and coworkers, and 

zinc and zinc oxides parametrization was done Hermansson and coworkers [67-71]. After 2009, 

there was tremendous involvement by scientists in making ReaxFF applicable for studying other 

systems. Therefore, efforts were put to parameterize ReaxFF for aqueous systems, thus 

classifying ReaxFF into two categories, i.e. combustion and aqueous systems. Early work was 

done to enable large-scale 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 utilization in large scale metal complex simulations in ore-

formation, and metal ion transport involved in hydrothermal solutions to biological 
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environments [72]. Later new parameters were added to study the combustion in laser-induced 

candescense of soot combustion, nanoparticles, metal surfaces, and catalysis. The development 

of glycine forcefiled to describe a tautomerization process was a significant upgradation of 

ReaxFF potentials [73].  This forcefield was capable of accurately describing complex organic 

reactions in aqueous environment, and illustrates the protein protonation states during reactive 

events. Further, to study the intermolecular interactions in explosives the correction to old 

ReaxFF was made to report ReaxFF-lg[74]. In the following years multitude of ReaxFF 

potentials were developed to study the water interaction, diffusion, and reactions for organic 

and inorganic systems. These advanced ReaxFF potential resulted in ease of simulating and 

studying reaction mechanisms for real world applications like lithium batteries, study amino 

acid absorption on metal surface, understand protein systems, and know more about fullerenes. 

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 graphite by calculating the energy impacts 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 hydrogenated aluminum oxide 

and oxidized germanium surfaces.  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 introduced [82,83]. 
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2.3.3. MD Simulations 

As the name suggests molecular dynamics 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 to distinguish between different bonds and 

chemical 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 observed analytically. This advantage has resulted in use of MD 

simulations in hand with experiments for interdisciplinary studies in the field of biology, 

chemistry, and physics [17]. As understood the chemical processes are described by 

thermodynamics whereas the mechanism of reactions involved are defined by kinetics. 

Thermodynamics dictates the energetic relationships between different chemical states, since 

thermodynamics drive system towards stability.  On the other hand, the most 

thermodynamically favorable reaction is of the products, because the reaction 

occurs spontaneously towards stability. Verlet theorem in its first application was applied to 

study the thermodynamics of a fluid composed of real argon interacting through a Lennard-

Jones potential. Leading to success, this time-integration technique has been widely used 

simulate dynamic properties of molcular systems by solving Newtons Equations of Motion in 

MD simulations [15-101]. Kinetics is related to reactivity thus determine the sequence or rate 

of events that occur as molecules transform between their various possible states 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 mechanical properties. Important 

information regarding atomic positions, velocities and 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 determining conformational transitions and local vibrations by registering 

the changes in atomic position, over time (i.e. velocity) for each step. Therefore, MD simulation 

usually consists of three constituents: (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 motion for all particles 

in the system. For ‘i’ atoms in the system, the Newton's equation is used in the molecular 

dynamics formalism to simulate atomic motion is given as: Force = mass x acceleration, the 

force on an atom is given by a negative gradient of interaction potential. If mi is the atomic mass 

and r⃗i the atomic position, the force F⃗⃗i(t), on the ith atom at time t, is given by equation 2.11 

[27,84].  

                                                                  F⃗⃗i(t) = mi
d2 r⃗⃗i

dt2
                                                    (2.11)  

MD simulations energy derived from the newtons equation of motion comprises of 

bonded and the non-bonded interactions, where the bonded interactions account for energy 

changes due to change in bonds, angles, and dihedrals of simulated molecules. Whereas non-

bonded interactions occur due to dipole-dipole interactions, Columbic interactions, hydrogen 

bonding and vander-wall’s interactions. The set of parameters and properties defining the 

simulations affect the dynamical properties of interacting molecules and hence their 

interactions. These parameters or properties are system dependent like its structural properties 

(amorphous or crystalline), ensemble properties (thermodynamic parameters), and force fields 

to define interactions [15-101]. 

MD simulations involves the proper selection of interaction potentials, numerical 

integration, periodic boundary conditions, and the controls of process parameters like pressure 

and temperature to mimic thermodynamics of real process. Here it is important to understand 
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that at each step illustrated in figure 2.12, define, thermodynamics, statistical and interaction 

parameters are critical to be defined as they will determine the calculations energy (E) and 

interactions for the next step. In this regard velocity-verlet time integration methods is adopted 

commonly, where the velocity and position are calculated at the same value of the time variable 

rendering precision unlike to the verlet algorithm where no explicit velocities are used [102-

105]. The following steps are involved in the MD simulations. 

 

Figure 2.12: The flowchart of methodology adopted for executing MD simulations. 
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2.3.3.1.Selection of forcefield 

Forcefield plays a critical role to define the interaction energies together with the 

parameters for the atoms and molecules of the system. According to the information needed 

from the system the required forcefield is selected from the above mentioned forcefields. Unlike 

MM, where minimization of approximate energy function yields information on favorable 

regions in configuration space; MD simulations are based on numerical integration 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 temporal aspects of conformational sampling. Since the reaction mechanisms 

involved in degradation are examined in this work reaxFf forcefield if used for the purpose. For 

reaxFF MD simulations velocity-verlet time integration algorithm is used. Although Brendsen 

thermostat-Barostat is used in this case which involves the simple velocity scaling at every half 

time step using leap-frog algorithm for the time integration. The output from the simulations if 

analysis for change in molecular weight of polymer species, reactions observed and depict the 

reactions mechanisms. 

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 grand canonical (µVT), 

constant chemical potential, volume and temperature; microcanonical (NVE), constant number 

of particles, volume and energy; canonical (NVT), constant number of particles, volume and 

temperature; and isothermal–isobaric (NPT), constant number of particles, pressure and 

temperature. To maintain the constant temperature and pressure; the common thermostats used 
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are: Berendsen, Nose, Nose–Hoover and Nose–Poincare, and barostat used are: Andersen, 

Hoover and Berendsen, respectively [17,18,22]. 

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 and simulations are not missed. At larger time steps although 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 steps the details are 

retained although the computation cost is 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. Since all my simulations are done below 2500K 

I have used 0.5 fs timestep [112-114]. 

From literature for the purpose of the work pertained to this dissertation for the 

equilibration of the polymeric system, sci-pcff force field was used and the systems were 

simulating for annealing cycle using NVT and NPT ensemble [106]. An ensemble is a collection 

of all possible systems which have different microscopic states but have an identical 

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 constant by using thermostats and barostats, velocity and position changes are 

damped every 10 fs. In equilibration and annealing process Nose-Hoover thermostat is used to 

achieve real canonical ensemble. Thereafter once the stable system is obtained reaxff 

simulations are performed using reaxff forcefield modified from one for glycine having 

parameters for NaCl and applicable for aqueous systems (provided by Dr. A.C.T. Van Duin) 

[107-111]. In all the degradation simulations ran for 500ps, the time step is 0.5 fs and damping 
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factor is 10 fs. All simulations were performed with the Large-scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS) software program on High Performance Computing 

Center at NC State University [115-117]. The structures were built, and input likes were 

generated using MAPS software by Scienomics, the analysis was performed on the same. 

The importance of integrating molecular modeling with experiments is described by 

Verlet in 1967 where he states that, “through exact machine computations approximate theories 

can be unambiguously tested and based on this some guidelines can be provided to build such 

theories whenever they do not exist” [102] Further, the significance of comparing the results 

with experiments is mentioned to generate insights about molecules. MD simulations are used 

today for multitude of applications. 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 effect of change in conditions and environment on the polymer and 

material properties. Further the application for polymers including biomolecules is becoming 

popular as dynamic motions can be discerned which explain the wide range of thermally-

accessible states of a system and thereby connect sequence 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 evidence about its dynamics over space and time in response to the 

change in interactions with environment. The dynamics of polymeric systems can provide 

valuable 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), rates of configurational/conformational changes, 

solvent/substrate binding, free energies; which indeed are responsible for large-scale 
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deformations and properties for polymers. 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 be predicted over space and time. This seems to be unlikely to 

be understood 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. Thus, hand-in-hand advances in 

both experiment and theory is the demand of future [27,85]. 

Although the MD approach remains popular, there are other computational tools have 

been developed to explore molecular structures and properties for polymers, such as Monte carlo 

(MC) simulations, Poisson-Boltzmann analyses and energy minimization, and Brownian 

dynamics. These methods were developed to overcome the constraint of length and time scale 

in MD simulations. For most polymer simulations, a typical system size may range from 1011–

1013 particles, depending on extent of detailing in forcefield in terms of number of parameters 

and range of forces. However, in case of bulky polymers with more than one type of interactions 

or proteins where the chain folding can’t be achieved in stipulated time frame of nano seconds, 

MD simulations prove to be inappropriate approach. As per the requirement of my research I 

will be opting MD simulations. The 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 aqueous systems. Although it is worthwhile discussing MC 

simulations here owing to their increasing popularity for studying kinetics of molecular systems. 

2.3.4. Monte carlo (MC) Simulations  

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

application for politics, economics, biology, and high-energy physics to handle daily tasks. It 
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became widely used by physicists towards the end of the Second World War to study the 

diffusion of neutrons in fissionable material. In the field of statistical physics and chemistry MC 

methods are employed to study the behavior of complex systems of thousands or more atoms in 

space and time, for example polymers. MC technique is based on metropolis algorithm, where 

i+1 trial is generated randomly from i state, and the state corresponding to lowest energy is 

selected. Thus, MC method is also regraded as Metropolis method. The stochastic approach 

implemented in MC use random numbers to generate a sample population of the system on 

which calculations are made to determine its properties [17,27].  

MC simulation broadly involves three steps; starting with the translation of physical 

problem under investigation into a statistical model of similar equivalence. In the following 

stepa the statistical model is solved 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 non-equilibrium properties is 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 arrangement of the atoms making up a polymer chain. But the 

difference lies in the fact that MD simulations are capable of distinguishing between bonded 

interactions (bond-length potentials, bond-angle potentials, torsion potentials and other bonding 

terms), and non-bonded interactions (vander waals and coulomb interactions), whereas MC 

simulations are parametrized as a Lennard-Jones or non-bonded interactions. Also, MD 

simulations probe the configurations with respect to space and time unlike just analysis of 

configuration space by trial moves of particles in MC simulations [87]. This results in advantage 

to MD simulations since whole phase space is probed with time, rendering information about 
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the dynamics of the system. Thus, for smaller molecules MC simulations are preferred. Whereas 

for bigger systems, where the molecular dynamics in terms of torsional motions, vibrations, etc., 

play a critical role, MD simulations are opted. However, recently methods like Hybrid Monte 

carlo have been developed to improve the performance of MC simulations where MD and MC 

simulations are integrated [88,89]. 

However, there is another stochastic method relevant in analyzing the chemical reactions 

and kinetics called kinetic Monte carlo (KMC) first came into existence in 1976, which then 

was described by Gillespie as “a compact, computer-oriented, Monte carlo simulation 

procedure”. It was implemented for studying time evolution for spatially homogeneous mixture 

of chemically reacting molecules. In case of KMC the known probabilities are created, and 

depending on them time increments are calculated appropriately upon successful events. This 

methodology provides an advantage to simulate larger systems over longer periods of time by 

treating the above-mentioned state to state transitions directly rather than following the 

trajectory based on system vibrations. The KMC algorithm tracks every individual reaction 

event by generating random numbers that determine the frequency and sequence 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 stochastic nature of some chemical 

reactions. It has been implemented to study the crystal growth for polymers and chemical vapor 

deposition of thin films. Recently, the publications illustrating the use of KMC for studying 

polymer degradation, chemical interactions, and chemical reactions have appeared [90-93]. 

Makki et al. have mentioned about the use of KMC in polymer degradation in integration with 

DPD and MD simulations. The KMC and DPD were used to obtain degraded compositions and 

structures, thereafter MD simulations were used to assess thermomechanical properties essential 
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to be able to assess degradation properties for polymer coatings. In similar studies degradation 

of polyurethane coatings was evaluated by Adema 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 radical or polymer chain. Further to this, the advantage of giving 

information about growth kinetics, KMC has been used to study gelation for polymers.  Through 

KMC simulations faster calculations of polymerization reactions is feasible. This may enable 

building a simulation-based optimization model that controls polymer sequences and 

understanding the polymerization of new polymers. In an interesting article by Xu et al., the use 

of KMC or as mentioned stochastic Monte-Carlo computational model was used in 

understanding the degradation of PLGA and its drug delivery properties.  The literature has also 

illustrated relevance of KMC to study oxidation of polymers for example polyethylene glycol. 

Although KMC is emerging as an attractive computational tool to study polymer degradation 

but complexity of KMC algorithm limits its application to complex systems and bulkier 

polymers. The transition and reaction rates need to be determined by experiments or another 

simulation technique unlike MD simulations, since KMC can’t by itself [94, 95]. As imbibed 

from the reported 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 

evolution of a system for chemically reacting molecules. Also, dynamics can be predicted for 

changing populations of the species appropriately with reaction by registering the positions and 

velocities of all the molecules [96-98]. 

2.3.5. Mesoscale Simulations 

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

developed to model Newtonian and non-Newtonian systems, including polymer melts and 
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blends. DPD is in principle like MD, except that the polymer is modeled as a collection of point 

particles that represent grains of polymer. The individual DPD particles or grains represent the 

dynamic behavior of several atoms or molecules. This implements the coarse-graining where 

the softer potential functions incorporated to represent bead-bead 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 

mesoscopic scale the internal degrees of freedom at atomistic level are ignored and only their 

center of-mass motion is resolved. Therefore, the information about individual atoms and its 

interactions cannot be known which is critical for studying the chemical interactions, heat flow 

in non-isothermal systems, and liquid-vapor interface in two-phase fluid systems. But DPD 

simulations prove to be a valuable tool to examine self-assembly, network formation, 

morphology development, rheological properties of polymers [17,89]. 

2.4. Tensile testing 

Tensile behavior is critical to the polymers and fibers performance. The testing for PLA 

fibers was performed on XQ-1C Fiber Tensile Tester using ASTM standard D3822 with 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 conditions for 

degradation.  Prior to the Tensile strength measurement denier was measured on vibroskop for 

all the samples. For each sample, triplicates were taken, and 15 specimens analyzed for each 

case from which readings for 12 nearest neighbors were taken for further statistical analysis. For 

P4HB the tensile texting was performed using MTS Criterion 43 Tensile Tester to obtain peak 

load and young’s modulus for 3 replicates of each sample for 4 specimens in each case to obtain 

statistically relevant data. The testing was dome for 125 mm gauge length at 250 mm/min speed. 
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The suture fineness in terms of diameter details were incorporated into the TM essential 

software template with other testing parameters before the testing. 

2.5. Scanning Electron Microscopy (SEM) 

SEM was used for analyzing the effect of degradation on the physical structure PLA 

fibers and P4HB monofilaments at different pH conditions after 25 days and 60 days 

respectively.  The images were captured at 250X, 2500X and 20000X were captured using 

SU8010 Hithachi at Donghua University, Songjiang Campus and FEI Verios 460L field-

emission scanning electron microscope (FESEM) at AIF NC State University to observed fiber 

surface and cross-section. The samples were placed on the holder with carbon tape and gold 

coated in order to make them conductive while doing SEM and negate chances 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 mechanism that is critical for 

polymer applications in-vivo. The cross-sections for PLA and P4HB fibers/monofilaments were 

prepared through nitrogen fracturing process to retain the microstructure details. 

2.6. Differential Scanning Calorimetry (DSC) 

Perkin Elmer Diamond DSC with Inter Cooler was used to monitor the thermal profile 

of P4HB sutures before and after degradation and compare the change in melting profile and 

crystallization profile on heating from -50°C to 110 °C and cooling from 110 °C to -25°C at 10 

°C/min. 

2.7. Mass Spectroscopy 

The Agilent TOF is an orthogonal acceleration time-of-flight mass spectrometer (oa-

TOF). The acceleration pulse applied to send the ions down the flight tube 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 on the flight time, leading to higher resolution. 6500 Series Q-TOF The 

Agilent 6500 Series Q-TOF LC/MS is a liquid chromatograph Q-TOF mass spectrometer that 

performs MS/MS using a quadrupole, a hexapole (collision cell) and a time-of-flight unit to 

produce spectra. The quadrupole selects precursor ions that are fragmented in the collision cell 

into product ions, which are then impelled to the detector, at an angle perpendicular to the 

original path. The Agilent 6500 Series Q-TOF LC/MS supports several atmospheric pressure 

ionization (API) sources. A common atmospheric sampling interface introduces ions from these 

various sources into the mass spectrometer vacuum system. For this study mass spectrometry 

analyses of all sample solutions were performed on an Agilent 6520 Q-TOF mass spectrometer 

coupled with an Agilent Technologies 1260 High-Performance Liquid Chromatography 

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

  

2.8. Thermal Gravimetric Analysis (TGA) 

Pyris 1 TGA was used for executing the degradation studies of PLA, PCL, PGA and 

P4HB. The degradation was carried out from 25°C to 600 °C at rates of 5 °C/min, 10 °C/min, 

Figure 2. 13: Mass spectroscopy using Q-TOF. 
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20 °C/min and 30 °C/min. the degradation was carried out at different rates in order to obtain 

the activation energy and depict the thermal profile to correlate with simulations.  
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CHAPTER 3: Integrating experiments and simulations to understand the hydrolytic 

degradation mechanism for polylactic acid 
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3.1. Introduction 

Bioresorbable polymers have become important materials for many applications in the 

biotechnology, medical device, and pharmaceutical industries. Their unique properties, such as 

biocompatibility, biodegradability and bioresorption, have led to their extensive usage in 

treating injuries and diseases through tissue engineering, wound dressings and drug delivery [1-

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 shortlist the polymer candidates 

based on their degradation performance, as it effects their in vivo behavior once placed inside 

the body.  

Poly-l-lactic acid or poly-d-lactic acid is formed after polymerization of optically active 

L-lactic acid and D-lactic acid monomers and the polymers are semi-crystalline in nature. L-

lactide is a naturally occurring isomer and is more readily available compared to its counterpart 

D-lactide. However, commercial polylactic acid polymer obtained from a natural source, such 

as Natureworks’ Ingeo polymer derived from corn oil, contains both isomers with about 98% 

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 around 60–65 °C, and 

its Tm is approximately 175 °C. In addition, PLLA exhibits high tensile strength (~59 MPa) and 

high modulus (~3.8 GPa) [9-11]. Its good tensile strength, low extension 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 Anchors (DePuy), 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 augmentation devices to 

replace nondegradable fibers, such as Dacron polyester. Biomedical research continues on the 

use of PLA as the base material for blood vessel conduits and lipoatrophy [12-13]. 

Furthermore, PLLA is a slower degrading polymer compared to other aliphatic 

polyesters like Polyglycolic acid (PGA).  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 rate of degradation 

depends to a large degree on the level of crystallinity as well as the porosity and thickness 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 of water, no significant changes will occur in 

the mass until much longer. Therefore, currently co-polymers of L-lactides or D-lactides with 

glycolides are being studied with the objective to develop polymers with a wider range of 

properties and hence increase their scope of application [9-10]. In addition, since hydrolytic 

degradation is critically dependent on the surrounding environment, pH plays a pivotal role in 

determining 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 (MD) simulations.  
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As the name suggests molecular 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 to distinguish between different 

bonds and chemical 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 observed analytically. This advantage has resulted 

in use of MD simulations in integration with experiments for interdisciplinary studies in the 

field of biology, chemistry, and physics [14]. Solving the newtons equations of motion through 

MD simulations allows predicting how interacting system evolves with time, and its mechanical 

properties. Important information regarding atomic positions, velocities and forces is obtained 

that helps in discerning the macroscopic properties like, pressure, energy, heat capacities using 

statistical mechanics. This is possible by determining conformational transitions and local 

vibrations by registering the changes in atomic position, over time (i.e. velocity) for each step. 

Therefore, MD simulation usually consists of three constituents: (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 motion ( F= ma; m is mass of particle and a is acceleration attributed to the 

displacement), for all particles in the system[15-16] 

MD simulations involves the proper selection of interaction potentials, numerical 

integration, periodic boundary conditions, and the controls of process parameters like pressure 

and temperature to mimic thermodynamics of real process.  Over here, the forcefield plays a 

critical role to define the interaction energies together with the parameters for the atoms and 

molecules of the system. According to the information needed from the system the required 
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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 

(µVT), constant chemical potential, volume and temperature; microcanonical (NVE), constant 

number of particles, volume and energy; canonical (NVT), constant number of particles, volume 

and temperature; and isothermal–isobaric (NPT), constant number of particles, pressure and 

temperature. To maintain the constant temperature and pressure; the common thermostats used 

are: Berendsen, Nose, Nose–Hoover and Nose–Poincare, and barostat used are Andersen, 

Hoover and Berendsen, respectively [17-18]. 

MD simulations are used today for multitude of applications. 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 effect of change in conditions and 

environment on the polymer and material properties. The dynamics of polymeric systems can 

provide valuable 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), rates of 

configurational/conformational changes, solvent/substrate binding, free energies; which indeed 

are responsible for large-scale deformations and properties for polymers [19-28]. 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 be predicted over space 

and time. This seems to be unlikely to be understood 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. Thus, hand-in-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 (DFT) calculations are helpful to 

determine the quantum level interactions and reactivity. These calculations are based on is based 

on following the Hohenberg–Kohn theorem, where the total energy of the system is given as a 

functional of the electron density [29-30]. 

Hence, in this research I will be using 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 PLA that will 

affect its properties 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 PLA resin (6100HP), supplied by NatureWorks™. This particular grade of PLA 

contains greater than 98% L-isomers and a small amount of D-isomers. The PLA melt spinning, 

and drawing was conducted using a Hills Multifilament Research Line at the Nonwovens 

Institute, North Carolina State University. A spin-pack with a 69 hole spinneret was used, 

resulting into multifilament yarn with 69 filaments. The spinning was carried out at 220 °C at 

winding speed of 1500 m/min. Following this drawing was carried out at 75 °C with draw Ratio 

of 2.8. Buffers at pH 2, 3, 7.4 and 10 were purchased from VWR. 

3.2.2. Degradation studies  

Degradation carried out at pH 2, 3, 7.4 and 10 for 5, 15 and 25 days at 37˚C. These pH 

conditions selected to mimic the pH conditions prevailing at various locations in the human 

body. The temperature of the study, 37˚C, is a normal body temperature. However, PLA shows 

slower degradation rate when implanted in vivo, at temperature 37 °C, and pH 7.4, 
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demonstrating complete degradation over 24-30 months.  For this study 25 days study is used 

as the focus is on developing simulation methodology and relative comparison at different pH 

conditions that prevail in the different parts of body, therefore the complete degradation is not 

required. Here the experimental degradation executed to correlate and validate the results from 

MD simulations for molecular scale information, and macroscopic characterization as 

mentioned below for macroscopic properties. 

3.2.3. Mass loss 

The degraded samples measured for changes in mass before and after degradation on 

Ohaus Adventurer Pro Precision balance. This was done to register degradation with respect of 

loss of mass over time in different pH conditions, which will play a critical role in change in 

tensile properties and hence will affect properties of polymeric and fiber implants placed in-

vivo. Percentage mass loss (WL%) is calculated by equation 3.1, 

                                                                                             𝑊𝐿% =
𝑊0−𝑊𝑓

𝑊0
𝘹100                                                                              (3.1)                                                                                                                              

Where Wo and Wf are, respectively, the initial and the final mass of the PLA fiber specimen.  

3.2.4. Tensile testing 

Tensile behavior is critical to the polymers and fibers performance. The testing was 

performed on XQ-1C Fiber Tensile Tester using ASTM standard D3822 with 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 conditions for degradation. For 

each sample, triplicates were taken and 15 specimens analyzed 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) 

SU8010 Hithachi scanning electron microscope was used for analyzing the degradation 

in PLA fibers at different pH conditions after 25 days. This facility was used at Donghua 

University, Songjiang Campus for the PLA fiber surface and cross-section were placed on the 

holder with carbon tape and gold coated in order to make them conductive while doing SEM 

and negate chances 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 

mechanism that is critical for polymer applications in-vivo 

3.2.6. Crystallinity measurement 

Rigaku SmartLab X-ray 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 XRD scan executed from 5-45°, with step of 0.05°. To do baseline correction 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 MAPS 4.2 by Scienomics, was performed for polymer/water 

systems at different concentrations of hydrogen (H+) and hydroxyl (OH-) ions to simulate 

different pH conditions. The number of H+ and OH- ions was fixed at 10, 30, 50 and 100 in the 

individual systems with 20 polymer 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 (Cl-) will be added to the system with OH- and 

H+ ions respectively. When the polymer implant is put in the body, it is 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 system for these studies. After building the 

amorphous cell with polymer, water, and ions it will be equilibrated to minimum energy and 

density. Thereafter, with an NVT ensemble using Nose/Hover thermostat, MD simulations are 

performed on the system at 37˚C, using ReaxFF parameterized for this system (A.C.T. Van Duin 

provided ReaxFF reactive force 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 repeat units will be studied. Thereafter, 20 polymer chains with 20 repeat units will be studied 

so as to predict the changes in molecular weight [66-25]. For simulations, three minimum energy 

systems will be simulated and analyzed for each composition. Changes in molecular weight, 

reaction products, and rate of degradation will be obtained through analysis of ReaxFF output 

files using MAPS. In addition to observe the reactivity of the PLA, polymer chain with 5 repeat 

units and water as a solvent, DFT calculations were performed on Gaussian 16. Molecular 

electrostatic potential (ESP) reactivity calculations were made by b3lyp/6-31+g(d) basis set 

[31]. Here at a point in the space around a molecule gives an indication of the net electrostatic 

effect, which is a contribution by the total charge distribution (electron + nuclei) of the molecule 

and correlates with dipole moments, electro negativity, partial charges and chemical reactivity 

of the molecule. This gives 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 whole electron is added or 

removed, however the calculation is not restricted to this amount. The Fukui equation 3.2 for 

the electrophilic attack, f−, is given for when 1 electron is removed [32], 

                                                        f−=ρ(N)−ρ(N−1)                                                                   (3.2) 
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Equally, the Fukui function for the nucleophilic attack, f+, is given for when 1 electron is added 

as represented in equation 3.3 

                     f+=ρ(N+1) − ρ(N)                                                                      (3.3) 

Where N and ρ represent number of electrons and density of electrons. Further the dual 

descriptor in equation 3.4 is described as combination of two Fukui functions for electrophilic 

and nucleophilic attack having a positive value where it is electrophilic (attracting electron rich 

or donating species or nucleophiles) and negative where it is nucleophilic (attracting electron 

deficient or withdrawing species or electrophiles). It is implemented as the difference between 

the Fukui plus and Fukui minus functions. 

                                                               f(r)=f+ − f−                                                                (3.4) 

3.3. Results 

3.3.1. Effect on mass 

From experiments, it was observed that the mass loss increased when PLA fiber was 

subjected to alkaline conditions of pH 10 in contrast to acidic and neutral pH conditions. In 

addition, the mass loss 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) that at pH 10 ~0.2% mass loss occurred for PLA fibers in 

5 days, which increased by 2.9 times to ~0.58% after 25 days.  Further, the % mass retention 

illustrated in figure 3.1 (b) demonstrate no significant change in mass at lower pHs but at pH 10 

it continuously increases 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 scales [33].   
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(a) 

 

(b) 

Figure 3.1: (a) Mass loss for different pH and degradation times, (* p<0.05); (b) % 

mass retention over time in different pH conditions for PLA fiber. 

3.3.2. Effect on mechanical properties 

On degradation of PLA fiber tensile strength gradually decreased from 5 to 25 days for 

pH 10 unlike to that of other pHs under study.  In the generic curve load- elongation curve as 

illustrated in figure 3.2 (a). As it demonstrates the loss of peak load occurs for the PLA fiber on 

degradation in different pH conditions. There is an initial increase in % elongation at 5-15 days, 

however after 25 days the decrease is demonstrated being highest for alkaline conditions. As 

measured from triplicates with 15 specimens each, the tensile strength in figure 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 

remaining time. However, at pH 2 10% loss in strength 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 15 days there was decrease noticed at pH 2, 3 and 7.4 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 

The surface and cross-section of the sample reveals that PLA degradation was higher in 

pH 10 after 25 days at 37˚C as compared to lower pH of 2, 3, and 7.4. The pores were observed 

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

3.3. The striations observed on PLA surface for degradation in lower pHs but unlike to pH 10 

the pore generation did not happen after 25 days.  Further, for the cross-section at different pH 

conditions after 25 days, there were not any discernable pores unlike to those seen on the surface. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3.2: (a) Generic load –Elongation plot illustrating the effect of pH assisted 

degradation on tensile properties of PLA fiber; (b) tensile strength (g/den) 

(*p<0.05) demostrating the decrease in alkaline conditions with time; (c)% 

strength retention observed to reduce with pH and time with lowest for alkaline 

conditions and (d) effect of pH assisted degradation on young’s modulus PLA 

fiber. 
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3.3.4. Effect on structural properties 

The wide-angle X-ray diffraction was executed for PLA fibers after 25 days of 

degradation in the pHs under study and compared with the control samples. The X-ray plots in 

figure 3.4 (a) illustrated that the crystallinity sample increases significantly on degradation 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 degradation. In addition, as observed 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 calculated from peak deconvolution using originPro for these are illustrated in table 

3.1, where for control sample due to the absence of clear peak at 28.8° the ratio couldn’t be 

 Control pH 2 pH 3 pH 7.4 pH 10 
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Figure 3.3: Change in topographical features on degradation of PLA fiber in 

different pH conditions after 25 days. 
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determined. In addition, the peak height ratio for these two peaks ranged from 65-70 with the 

peak area ratio 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 control. Again, due to the low intensity 

the peak couldn’t be measured on deconvolution hence the ratios for this peak in comparison to 

16.4° couldn’t be determined.  

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

and highest intensity peak respectively using PDXL software the results for which are illustrated 

in figure 3.4 (d).  The % crystallinity increased by ~35-37% after degradation of 25 days with 

maximum crystallinity observed ~90% for sample degraded at pH 10. Similarly, the highest 

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 3.1: Peak height and area ratios with respect to highest intensity peak measured from 

XRD. 

 pH 

Peak Ratios 
10 7.4 3 2 Control 

Max. Peak 

Height 
16.4:28.5 70.15 65.13 70.96 68.11 - 

Area Under 

Curve 
16.4:28.5 150.28 155.63 187.21 223.68 - 
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(a) 

 
(b) 

 
(c) 

 
 

(d) 

Figure 3.4: Wide angle X-ray 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 5° to 

45°, (b) from 26° to 32°, (c) from 31° to 37°, and (d) depicts the crystallinity and 

crystal size calculated from the XRD plot by analyzing highest intensity peak. 

 

3.3.5. Effect at molecular level while degradation 

To evaluate the molecular level degradation MD simulations were performed. As 

depicted from them during the hydrolytic degradation at higher pH values with more OH- ions, 

the extent and rate of degradation is increased. Through MD simulations for single chains as 

illustrated in Figure 3.5 (a). It was observed that the onset of hydrolytic degradation 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 

formed, they didn’t stay and combined back to form the polymer 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 hydroxyl content. 
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Further, these findings validated 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 experiments where the highest degradation was 

observed for alkaline pH.   

 
 

(a) 
 

(b) 

Figure 3.5: MD simulations results for (a) Time for onset of signle PLA chain in 

different ionic environment mimicking the range of pHs and no. of degradation 

products generated after the single chain degradation, (b) % of highest molecular 

weight PLA chain remaining after degradation in different ionc enviroment. 

The pH value for these systems were calculated using the following equation 3.5 (a) for 

acidic system and 3.5 (b) for the basic system where H+ and OH- is concentration of these ions 

calculated as molarity based on volume of the amorphous cell. The HCl and NaOH are used in 

ionic formed ensuring 100 % ionization in the polymeric systems [34] 

                                                             𝑝𝐻 = − 𝑙𝑜𝑔(𝐻+)                                                (3.5 a) 

                                                              𝑝𝐻 = 14 − 𝑙𝑜𝑔(𝑂𝐻−)                                          (3.5 b)       

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 0.43, -0.24, -0.03 and -0.52. Whereas for the alkaline systems pH was calculated 

to be 13.56, 14.03, 14.25 and 14.52 for increasing OH- from 10 to 100 ions. The negative pH is 
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not possible to find experimentally but do exist for higher molarities [35, 36]. Lastly for water-

based neutral system, pH is taken to be 7.4 as there are no ions present.  

To measure the rate constant of degradation of PLA the rate equation reported for the 

autocatalytic 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 

[H2O], ester [E] and acid generated.  

                                    
𝑑[𝐶𝑂𝑂𝐻]

𝑑𝑡
= 𝑘[𝐶𝑂𝑂𝐻][𝐻2𝑂][𝐸]                                                                          (3.6) 

Where carboxylic end-group concentration, and the ester concentration can be related to the 

number average molecular weight using [37] equations 3.7 (a) and (b). 

                                                        [𝐶𝑂𝑂𝐻] =
𝜌

𝑀𝑛
                                                              (3.7 a) 

                                                   [𝐸] =
𝜌

𝑀𝑛
(2𝐷𝑃 − 1)                                                        (3.7 b) 

In these equations, ρ is the density of the polymer sample (about 1.2 g/cm3) and DP is the 

average degree of polymerization, defined as the ratio Mn/M (M is the 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 assuming value of DP as mentioned, the rate constant can be represented as in 

equation 3.8. 

                                                   
𝑑 𝐿𝑁(𝑀𝑛−𝑀)

𝑑𝑡
= −𝑘                                                               (3.8) 

For MD simulations performed in this study for PLA, the number average molecular 

weight with respect to carbon (Cn) was considered in place of Mn to negate any effects of 

molecular weights due to attachment of Na+ and Cl- to the polymeric systems. Also, the weight 

of the repeat unit is replaced by the weight of carbon in repeat unit (Cnr) (36g /mol for PLA). In 

additions, as the degradation behavior was being evaluated any higher molecular weights 

formed while MD simulations were neglected as they modified the rate calculations to give 
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erroneous and misleading values. The number average molecular weight with respect to number 

of carbon atoms (Cn) in the system were calculated over the simulation trajectory using the script 

in appendix. Using equation 3.9 the rate constant (k) can be calculated for the degradation in the 

system.  

                                                          
𝑑 𝐿𝑁(𝐶𝑛−𝐶𝑛𝑟)

𝑑𝑡
= −𝑘                                                               (3.9) 

The plot of LN(Cn-Cnr) was made over degradation time and slope was calculated to obtain the 

rate constant (k) as illustrated in figure 3.5 (a) and (b) respectively. The negative value 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 degradation takes place in the extreme alkaline conditions 

in the system with 100 OH- ions with k of 2.43 ns-1. Almost straight lines plots were obtained 

for the other systems especially for water and acidic systems. 

The degradation was observed for alkaline conditions occurs at ester linkage as reported 

in the literature. This process is enhanced in the presence of alkali since the hydroxyl attack was 

initiated easily as compared to the hydronium ion attack. In the case acid assisted hydrolysis the 

hydronium ion is formed when the water and hydrogen ion react. Further the excess of OH- or 

alkali assisted hydrolytic degradation the direct attack on the ester carbon, which is sterically 

hindered for water due to the presence of methyl group. 
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(a) 

 
(b) 

Figure 3.6: (a) LN(Cn-Cnr) vs time for the degradation for different systems, (b) slopes 

determined from the linear plots for LN(Cn-Cnr) vs time. 

In aqueous conditions the methyl group at α carbon acts as an electron donating group 

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

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

carbon at ester linkage electropositive with two electron withdrawing groups attached to it 

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

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

simulations tetrahedral intermediate.  

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

However, in case of presence of higher amount of OH- the ether connected to the tetrahedral 

intermediate (CH3CO−) leaves on the hydrolysis of PLA chain generating of an alcohol and 

carboxylic acid ending oligomers resulting in chain scission and hence polymer degradation. 

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

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

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

donation of electrons and green arrow signify the alkali attack. 

    (3.10)                                                                                                                                             

To validate the findings from MD simulations and those reported in the literature in 

terms of reactions pathway and degradation products after hydrolysis DFT calculations were 

executed using Gaussian 16. The Fukui reactivity results for nucleophilic addition obtained by 

ESP charge distribution are illustrated in figure 3.7 (a), where higher values of reactivities are 

shown green and lower reactivities are red in color.   As observed the α carbon to the ester 

linkage developed negative potential making the carbonyl carbon more positive and hence 

susceptible to nucleophilic addition, as illustrated by being greener with highest reactivity 

values. In addition, the end groups of PLA chain demonstrate higher electrophilic reactivity thus 

have chances of being attacked by H+ or other positive ions which validate presence of Na 

terminated intermediates while simulations. Further the spatial charge distribution for 5 repeats 

PLA chain is demonstrated in figure 3.7 (b) where the bluer hue for lower electron density is 

observed at ester carbons. 
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Figure 3. 7: (a) Nucleophilic reactivity distribution, (b) the contour representing 3D 

surface for electrostatic potential for 5 repeat unit PLA chain. 

3.4. Discussion 

PLA degradation has been widely investigated for diverse biomedical applications in the 

past. The focus was mainly to evaluate the hydrolytic degradation triggered by autocatalytic 

degradation caused due to generation of carboxylic acid while degradation through bulk erosion 

of PLA. In this study the range pH considered hasn’t be investigated before in one study. Further 

the MD simulations using reaxFF to investigate hydrolytic degradation for PLA hasn’t been 

explored or reported in the literature. Thus, the current study is the first of its kind to evaluate 

PLA fiber degradation in pH 2, 3, 7.4 and 10 to determine the mechanical performance, 
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resorption profile, surface properties and reaction mechanism for PLA fibers after 5, 15 and 25 

days. The samples retrieved after in vitro degradation were collected and compared with day 0 

control.  The samples were characterized and analyzed by weight loss measurements, 

mechanical testing, SEM, and XRD. Only 25 days study was done as focus was to develop a 

methodology by determining hydrolytic degradation using experiments and MD simulations and 

validate the findings with literature. Once developed this methodology can be used to evaluate 

other less investigated polymers for applications where degradation plays major role in 

determining its properties and performance. 

The mass loss analysis for PLA revealed a gradual loss over the time period of 25 days 

in alkaline conditions at pH 10. The gradual loss in the mass signals towards the surface reason 

happening being highest in the alkaline conditions. Further the strength loss was also observed 

to increase gradually in alkaline conditions to upto 40% after 25 days. The loss however was 

limited to upto 25% in the acid and neutral conditions. In surface erosion the strength loss is 

reported to occur later to the mass loss contradictory to the observation made in this study as 

illustrated in figure 3.8. This can be due to the fact the true area of the sample decreases with 

degradation whereas the stress measurements are based on the original area calculated for the 

control sample. Thus, the ultimate load is calculated over the larger area resulting in lower peak 

stress and strength values opposite to the anticipated trend.  Also, due to the heterogenous loss 

in mass the pores and striations are created on the fiber surface as observed in SEM resulting in 

weakening of fiber. This further creates weak points in the fiber causing the decreased strength 

over the degradation period.  
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 In addition, the presence of pores on surface to unlike core was reconfirmed in the 

magnified cross-section SEM images from center and side were analyised as illustrated in figure 

3.9, validating the occurrence of surface erosion in fibers unlike to the bulk erosion. Besides 

this, the two surface plots obtained using image J software illustrate the periodicity in the pores 

generated as black depressions and white peaks. For the crystalline region, lamellar region has 

the two perpendicular directions are much greater than the dimension along the chain axis. This 

results in media diffusion and onset of degradation in non-crystalline region owing to its open 

structure and lesser intermolecular interactions. Elliptical pores (average values of 

a=0.23±0.05µm and b=0.09±0.02µm) on degradation reveal that there is asymmetric interaction 

between two regions that is lower than intermolecular interaction in non-crystalline region. This 

can be attributed to partial orientation in non-crystalline region while the drawing of PLA fibers 

in manufacturing stage [37]. This makes understanding the processing and structure-property 

relationship for fibers for medical applications important to tweak then as per the performance 

requirements in the human body. Further periodicity in the occurrence of pores along the fiber 

 

Figure 3.8: %Property retention in terms of % mass, and % strength retained 

over the degradation period of 25 days for PLA fiber. 
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axis had periodic distance of around 2±0.2µm. The lamellar periodic distance mentioned in the 

literature is in the range of nm unlike to as found in this study. Since this degradation study if 

limited only to 25 days further decrease in the periodicity of pores is anticipated as there is 

presence of striations, which can to further form pores on extended degradation. 

The cross-sectional images validated the hypothesis of surface degradation for PLA 

fibers. as also the outcome from 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 of sample. The media diffusing 

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 inherent orientation and 

semi crystalline profile as in fibers caused by stress induced orientation 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 10-15µm, its semi crystalline structure hinders the diffusion 

 

Figure 3. 9: Illustration of surface erosion happening in the case of PLA 

fibers potentially at the non-crystalline sites in the fringes lamellar model for the 

drawn fiber. 
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of external media into the bulk causing surface erosion as can be observed form the experimental 

analysis.  

Further the decrease in mechanical properties in initial period of degradation can be 

explained by the fact that degradation leads to decrease in molecular weight with increasing 

percentage of smaller sized polymer chains, which can easily slide past of the chains initializing 

the plasticizing effects. This chain breakage was observed at molecular level through MD 

simulations were both with single and 20 chain systems the degradation was found to have 

enhanced in alkaline condition forming lower molecular weight products and reduced fraction 

of original higher molecular weight PLA chains. Experimentally the rate of degradation 

calculated from the molecular weight measurements is reported to be 0.05 - 0.07 day-1. To 

validate the rates calculated in the extreme conditions for PLA degradation through MD 

simulations equation 3.11 was used, 

                                                                 (3.11) 

where k7.4 is the rate that has been reported for experimentally for PLA degradation as measured 

through calculation of molecular weights using GPC. Further experimentally the rates have been 

reported for neutral conditions at pH 7.4 as considered in the equation. The time parameter, t 

(40-60 days) as reported in different studies and ts (0.5 ns in the MD simulatutions). The 

calculated rate, ks, from the equation is measured to be 1.70 – 2.77 ns-1, for pHs ranging from 

10-14. This is close to the rate constant for degradation observed at extreme alkaline conditions 

in presence of 100 OH- ions and k of 2.43 ns-1. In other alkaline conditions however, lower rates 

are observed to those calculated using equation 3.9, mainly because of formation of reversible 

intermediates that re-form original chain at the end of degradation. Similarly, in acidic and 

𝑘7.4 ∗ log[
𝑡𝑠(𝑝𝐻𝑆)

𝑡(7.4)
] = 𝑘𝑠                       
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neutral conditions no degradation is observed at all with k value approaching 0. This could be 

firstly due to the intermediates being formed secondly the limited time to observe the 

degradation in these conditions. Lastly the linearly of slopes for all the degradation conditions 

confirm that only one degradation mechanism occurs through hydrolysis rather that 

autocatalysis reported to be caused by acetic acid generated causing chain backbiting. 

Further the presence of OH- as observed enhances the rate of degradation for PLA 

triggering nucleophilic attack at carbonyl carbon as is electron deficient. Unlike to this in acid 

catalyzed reactions H+ reacts with water to form hydronium ions which get attracted to negative 

carbonyl oxygen. This makes carbonyl carbon electrophilic attracting water to initiate 

hydrolysis. However due to limited charge concentration to make carbonyl carbon negative only 

alkali attack is intensively observed through simulation. This is validated by electronic density 

distributions as calculated from the fukui reactivity analysis confirming that electron distribution 

in aqueous environment as developed on PLA fiber result in conditions viable for hydrolytic 

degradation in alkali for PLA as compared to the acidic conditions [38,39].  

Lastly the modulus for all the pH conditions measured experimentally is initially found 

to decrease owing to the reduced molecular weight and increased plasticizing action of smaller 

molecular weight chains. However, in the later it is found to increase by almost 28% after 

degradation for 25 days in alkaline conditions. This can be attributed to firstly, increase in 

crystallinity for all the samples on degradation after 25 days as could be depicted by 16.4° peak 

becoming narrower and sharper. In addition, the intensification and formation of new peak at 

28.8° and 33.3° respectively due to degradation may cause the overall increase in the sample 

stiffness. The higher ratio for peak heights and lower ratios for peak areas for 16.4° with respect 
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to 28.8° peak indicate narrower and sharper peak formation on degradation at pH 10, also 

validated by the fact that samples collected here have highest crystal size. 

3.5. Conclusion 

For PLA fibers the hydrolytic degradation is found to be occurring at enhanced rate in 

alkaline conditions as compared to other pHs, with surface erosion being highest in case of pH 

10 after 25 days. There was minimal change observed in surface and performance 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 PLA based 

literature for hydrolytic degradation. Further the molecular level information through MD 

simulations and DFT calculations revealed that the positive center created at carbonyl carbon 

due to electron withdrawing groups results in the nucleophilic attack by negatively charged 

hydroxyl ions. Further the higher rates of degradation are like the theoretical calculations made 

based on the rates reported in literature. The validation of simulations results with those 

observed experimentally for degradation trends at different pHs, and from literature for 

degradation mechanism and reaction products verifies the use of simulations in integration with 

experiments for studying polymer degradation. 
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4.1. Introduction 

Poly-4-hydroxybutyrate (P4HB) is an aliphatic polyester produced by bacteria as energy 

storage material, and is a member of the family of polyhydroxyalkanoates (PHA's). The most 

common PHA is poly(3-hydroxybutyrate) (P3HB), which was discovered in 1920 being 

produced from the bacteria ‘‘Bacillus megaterium’’[1]. Since then, many other strains of 

bacteria have been discovered 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 pure and isotactic polymer exhibiting a semi-crystalline structure and having a 

limited range of molecular weight. In addition, because PHAs are naturally produced from 

bacteria, they do not contain any manufacturing additives, like catalysts and plasticizers, which 

can lead to post-implantation tissue inflammation.  At the same time other synthetic methods 

like ring opening polymerization are being explored for their manufacture.   Like other 

polyesters they also undergo hydrolytic degradation at the ester bond, but experience surface 

erosion over time.  The rate of degradation is determined 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 at present Tepha Inc. (Cambridge, MA) 

produces P4HB for medical applications under the 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 proprietary to Tepha Inc. [1, 2]. The controlled 

ownership, intellectual property rights 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 P4HB as a resorbable suture. 

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 detailed degradation 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 structure is simple and similar to that 

of polyglycolic acid (PGA) and polycaprolactone (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 properties, such as the load at break, as polypropylene (PP) 

and polydioxanone (PDO) sutures. In addition, P4HB exhibits an elongation at break of 100%, 

resulting in highly elastic properties. As with other PHB’s copolymerization of P4HB with other 

butyrates has been undertaken to enhance its initial mechanical performance or accelerate its 

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 functionalizing the P4HB polymer 

[4-6]. 

From the initial studies it was demonstrated that P4HB 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 that they demonstrated slower degradation 
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in the body compared to PDS II (PDO) sutures. On the other hand, the rate of degradation for 

P4HB has been reported to be faster in vivo than for poly-L-lactic acid (PLLA), PCL and other 

PHA’s. More recently, Odermatt et al have published another paper discussing the suture's 

degradation profile 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 at the 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 aliphatic polyesters, 

like polylactic acid (PLA) and P3HB, are reported to be their monomer repeat units, such as 

lactic acid and D-3-hydroxybutyric acid.  In the case of P4HB, the paper by Williams et al of 

Tepha, mentions that P4HB undergoes bulk hydrolysis to produce 4-hydroxybutyric acid (4HB).  

However, no experimental evidence has been presented 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, including the brain, heart, kidney, liver, lung, muscle, and brown fat.  

With a half-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 

processable into various forms, such as monofilaments for sutures and thermally molded screws 

and plates for orthopedic end-uses. Being flexible, resorbable and thermoplastic facilitates the 

manufacturing of P4HB into different forms and shapes of scaffolds for various tissue 

engineering applications [4, 8]. 

While there has been an increase in 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 body under different pH conditions.  As mentioned above 
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this biopolymer has a unique set of properties that have resulted in the introduction of a new 

class of innovative, fiber-based products for soft tissue repair and has led to its current 

commercial importance. In order to address these gaps in the literature and elucidate further 

understanding about its hydrolytic degradation, changes in P4HB were monitored under various 

pH conditions. It was anticipated that the fundamental understanding generated by this study 

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 

suggests molecular dynamics (MD) is concerned with molecular motion and total energy of the 

system, which contributes to the chemical reactivity and the duration of a reaction mechanism.  

This molecular level information is usually omitted during experiments at the macro scale. MD 

simulations involve solving Newtons equations of motion, and predicting how interacting 

systems evolve over time by determining conformational transitions and monitoring local 

vibrations and registering changes in atomic position over time for each mechanistic step [9-

12]. To mimic the thermodynamics of a chemical process, the correct selection of interactive 

potentials, numerical integration, periodic boundary conditions and control of the process 

parameters like atmospheric pressure and temperature, are required. To achieve this, particular 

force fields are selected 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 interactions and reactivity. These 

calculations are based on the Hohenberg–Kohn 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 investigation into hydrolytic degradation for P4HB reported here used MD 

simulations 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 P4HB when exposed to different tissues in the body over 

different periods of time. 

4.2. Materials and Methods 

4.2.1. Poly-4-hydroxybutyrate (P4HB) 

Monomax™ size 2/0, violet, monofilament sutures measuring 150 cm in length and 

having an average diameter of 0.30–0.39 mm were purchased from B. Braun Surgical S.A. 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 International to serve as the 

degradation media. The three buffer solutions used in this study were at: pH 3 (BDH-500), 

prepared with potassium hydrogen phthalate, hydrochloric acid and deionized water; pH 7.4 

(VWR-75801-000), prepared from phosphate buffered saline in deionized water; and pH 10 

(BDH-5082), prepared with sodium carbonate, sodium bicarbonate, and deionized water..  

4.2.3. Experimental Degradation Study 

The Monomax™ P4HB monofilament sutures was scoured for 20 minutes in Triton 

X100 (1g/L), at 40 ºC, and then dried for 10 mins below 40 ºC. This was done to remove any 

lubricant applied to the suture's surface. 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 carried out at a temperature of 37 + 2ºC simulating body temperature in an 

ORS 200 shaker bath filled with deionized water. A known weight of suture (95-100 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 environment 

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 with para-film and placed in the shaker bath 

for 10, 20, 40 and 60 days. When the degraded suture specimens were retrieved they were 

washed and rinsed in deionized water three times and dried at less than 40 ºC for 10 minutes 

and dehydrated overnight at room temperature before storing in airtight bags in a refrigerator at 

4°C prior to performing characterization tests on 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 to identify and analyze the degradation products. 

4.2.4. Mass Loss 

The degraded samples were measured for changes 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 of degradation with respect to the loss of mass over time under different 

pH conditions. It was 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 implants. The 

percentage weight retention (%WR) was calculated using Equation 4.1. 

               %WR=Wi/W0 ×100                                                                                       (4.1) 

.Where Wo and Wi are the initial dry weight and the dry weight of the degraded P4HB 

monofilament sample respectively 

4.2.5. Tensile Testing 

Tensile behavior is 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 

degradation 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 Permeation Chromatography (GPC) 

The average molecular weights and polydispersity index (PDI) were measured for the 

poly-4-hydroxybutyrate samples before and after hydrolytic degradation. Gel permeation 

chromatography (GPC) analysis was performed on a Waters HPLC system with an Alliance 

2695 pump, Waters 2414 refractive index (RI) detector, and Waters THF columns. The P4HB 

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 1ml/min. 

4.2.7. Differential Scanning Calorimetry (DSC) 

A Perkin Elmer Diamond differential scanning calorimeter (DSC) with an Inter Cooler 

accessory was used to monitor the thermal profile of the P4HB sutures before and after 

degradation and compare the melting and crystallization profiles on heating from -50°C to 110 

°C and cooling from 110 °C to -25°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 deconvoluted peaks and compared with the samples over the course of the degradation 

study. From the area under the curve, the enthalpies of fusion (∆Hf) and crystallization (∆Hc) 

were calculated using Equation 4.2. 

                           ∆H 𝑓or ∆H𝑐 (J/g) =
Area under the curve (mJ.0C/s)

𝑅𝑎𝑡𝑒 𝑜𝑓 ℎ𝑒𝑎𝑡ⅈ𝑛𝑔 (°C/s ) 𝛸 𝑊𝑒ⅈ𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑔)
                  (4.2)                                                

4.2.8. Optical Microscopy and Scanning Electron Microscopy (SEM) 

 A polarizing LABOPHOT-POL microscope at 100X magnification was used to observe 

changes in the diameter of the monofilament 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 the diameter of 10 filaments taken at random from each sample. In 

addition, microstructural and topographical changes in the surface and cross-section were 

observed after hydrolytic degradation using a FEI Verios 460L field emission scanning electron 

microscope (SEM). The specimens were mounted on the stub with carbon tape and sputter-

coated with 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, to observe 

any changes in topographical features for the monofilaments exposed for 60 days to the different 

pH and enzyme conditions. It was anticipated that this would facilitate the degradation profile 

of the polymer in vivo. The cross-sections for the P4HB monofilaments were prepared by a 

liquid nitrogen fracturing process to retain details of the microstructure. 

4.2.9. Crystallinity Measurements 

X-ray diffraction data for the P4HB monofilaments degraded for 60 days were acquired 

using a Rigaku SmartLab x-ray diffractometer with a Cu K-alpha radiation source (wavelength 

= 1.54Å) in a 2θ range of 5 to 45 degrees. The range of angle selected was based on the reported 

literature. The step size and time per step used to acquire the measurements were 0.05 degrees 

and 3 sec/step, respectively. 

4.2.10. Mass Spectroscopy 

Mass spectrometric analysis of all the sample solutions was performed on an Agilent 

6520 Q time-of-flight mass spectrometer coupled with an Agilent Technologies 1260 high 

performance liquid chromatograph (HPLC) (Agilent Technologies, CA, USA) The sample 

solutions were transferred to 2 mL transparent screw-top 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 flow rate of the HPLC system was set to 0.5 mL/min and the total run time 

for each specimen was 4 minutes. The injection volume for each specimen was set to 0.2μL. 

Ionization was performed via electrospray ionization and was carried out in a negative mode 

with the following parameters: gas temperature 350 ºC, 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 MD simulations, using MAPS 4.2 by 

Scienomics, were performed for P4HB polymer/water systems at different concentrations of 

hydrogen (H+) and hydroxyl (OH-) ions to simulate different pH conditions. The number of H+ 

and OH- ions was fixed at 10, 30, 50 and 100 in the individual systems with 20 polymer chains 

and 250 water molecules. The control condition 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 (Cl-) were added to the system with OH- and H+ ions respectively. These 

conditions were chosen to mimic the placement of the 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 

number of polymer chains in the system, since the implant in the body will be surrounded by 

excess aqueous fluid that is replenished continuously. After building the amorphous cell with 

polymer, water, and ions, the system was equilibrated to minimum energy and density. 

Thereafter, with an NVT ensemble using a Nose/Hover thermostat, MD simulations were 

performed on the system at 37˚C, using ReaxFF reactive force field parameterized for the 

system.  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 repeat units was 
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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 [15-18]. Changes in molecular weight, 

the release of reaction products, and the rate of degradation were determined 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 electrostatic potential (ESP) reactivity 

calculations were made using a b3lyp/6-31+g(d)??? basis set [19]. The Fukui equation 4.3a and 

4.3b were used to calculate Fukui function for electrophilic attack, f− (when 1 electron is 

removed) and nucleophilic attack, f+ (when 1 electron is added) [20], 

f−=ρ(N)−ρ(N−1)                                                            (4.3 a)                         

f+=ρ(N+1) − ρ(N)                                                          (4.3 b) 

where N and ρ represent number of electrons and density of electrons.  

4.3. Results 

4.3.1. Effect of hydrolytic degradation on mass retained 

During the 60 day study comparing degradation at pH 3, 7.4 and 10 the amount of weight 

loss was observed to be significantly greater at pH 3, with p value ≤ 0.05 compared to the other 

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 

(< 0.1%) at pH 7.4 and 10, the pH 3 sample witnessed 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, 7.4 and 10 the mechanical properties of the 

P4HB monofilament sutures were measured on an Instron mechanical tester. Typical P4HB 
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monofilament suture load-elongation curves are illustrated in Figure 4.2 (a) showing the effect 

of different degradation conditions. Figure 4 also shows the changes in peak 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 the remaining mechanical performance diminished 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 non-degraded sample. During the next 10 days the strength fell by ~20% 

to a peak load of ~12N. The peak load measured at 40 and 60 days was only ~8N and 2N 

respectively, while the percent strength retention fell to 0% as mentioned before. These changes 

in strength at pH 3 were found to be significant (p ≤ 0.05) at the different time points when 

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 0.  

 

Figure 4.1: % Mass retention (%WR) for P4HB monofilament sutures in different 

pH conditions over the period of 60 days. 



   

142 

 

 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 for the first 20 days as seen from the Young’s 

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 other hand, after 60 days of 

hydrolytic degradation, the pH 7.4 and pH 10 experienced no significant increase in their 

Young’s modulus (Figures 4.2(d)) (p value > 0.05). Note that for the sample hydrolytically 

degraded at pH 3, the Young’s 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.2: (a) Load elongation plot for P4HB monofilament sutures degraded at 

pH 3, 7.4 and 10 over the period of 60 days, (b) peak load (N) for the degraded 

samples (c) % strength retention for the degraded P4HB monofilaments, and (d) 

young’s modulus for the degraded P4HB monofilament suture samples. 
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modulus measured after 10 days was not significantly different from the non-degraded 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 average (Mn) 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 days of 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% and ~35% respectively. In addition, the PDI decreased by 23% 

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 narrowed with a reduction in PDI values from 1.65 to 1.50 (Figure 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 ln (Mn-M) vs time (Figure 4.3(d)). The logarithmic slope 

was calculated and found to provide a close fit 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, the rate of hydrolytic degradation was highest 

at pH 3 with 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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4.3.4. Effect of hydrolytic degradation on surface properties 

Optical microscopy executed to detect any change on the surface of monofilament 

sutures in terms of pores/cracks or change in diameter. It was revealed 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 pores or cracks or monofilament 

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

suture as per USP standards (0.30-0.39mm). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.3: (a) Percent weight average molecular weight retention (Mw), 

(b) Percent number average molecular weight retention (Mn), (c) Changes in 

polydispersity index, (d) Rate calculation for fit of logarithmic difference between 

the number average molecular weight (Mn) and repeat unit weight (M) for P4HB 

hydrolytic degradation over 60 days at pH 3, 7.4 and 10. 
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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 cross-sectional views were captured at 250X, 2500X and 20,000X 

for the control and hydrolytically degraded samples at pH 3, 7.4 and 10 (Table 4.3). When 

compared with the control P4HB monofilament, which had experienced no degradation, only at 

pH 3 did the sample show significant degradation. 

 

Table 4.1:  Optical microscopic images at 100X magnification for P4HB suture 

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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Further examination of the images was carried out using Image J software to measure 

the pore diameters on the degraded monofilament samples. Elliptically shaped pores were 

observed for the degraded samples with the major axis diameters ranging from 0.57 to 2.02 μm, 

having an average of 0.93μm. The minor axis of the elliptically shaped pores had dimensions of 

0.12 - 0.23μm, with an average of 0.18μm. Photomicrographs of the surface and cross-sections 

of the P4HB sutures following 60 days of hydrolytic degradation at pH 3 are shown in Figure 

4.5 (a) and (b). In Figure 4.5 (a) and Table 4.3 it appears that the pores on the surface have a 

periodicity, occurring about every ~1.20 ± 0.31μm. However, the size of the individual pores 

varied as mentioned previously. At higher magnification, one can observe pores inside the 

surface pores, which means that degradation also affected the interior of the sample.  The cross-

sectional images reveal deterioration in the interior of the suture (Figure 4.5 (b)) pointing 

towards bulk degradation as supported by the appearance of the microstructure in the fracture 

planes following tensile testing [22-24].  

 

Figure 4.4: Diameter of P4HB monofilament samples through the course of 

hydrolytic degradation. 
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Additional SEM photomicrographs were obtained from the tensile 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 pH 7.4 and pH 10 (Table 4.2). 

 
(a) 

 
(b) 

Figure 4.5: SEM photomicrographs of (a) the P4HB suture surface showing the 

periodicity of the peaks at the pore locations, and (b) the P4HB suture cross-

section after 60 days of hydrolytic degradation. 

The SEM photomicrographs of the P4HB suture hydrolytically degraded at pH 3 

show fracture without any plastic deformation at 250X magnification. The radial fan-shaped 

ridges at 2,500X and 8,000X are signature characteristics of brittle fracture. 

 

 

Table 4.2:  SEM photomicrographs of P4HB monofilaments  after 60 days of 

hydrolytic degradation showing brittle fracture at pH 3 and ductile fracture at pH 

7.4 and pH 10. 

 pH 3 pH 7.4 pH 10 

250X 

   
2,500X 

   
8,000X 
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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 cup and cone fracture (Table 4.3). Also, spherical and linear features were noted 

which are key features when there is elongation and necking at a ductile fracture site [25-26].
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Table 4.3: SEM images for the P4HB samples before and after 60 days of hydrolytic degradation. 

 Control pH 3 pH 7.4 pH 10 

Surface 

250X 

    

2.5KX 

    

20KX 

    

Cross-

section 
250X 
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Table 4.4: SEM images for the P4HB samples before and after 60 days of hydrolytic degradation. 

  Control pH 3 pH 7.4 pH 10 

Cross-

section 

center 

2.5KX 

    

20KX 

    

Cross-

section 

Edge 

250X 

    

2.5KX 
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4.3.5. Effect of hydrolytic degradation on thermal properties 

The DSC melt thermograms for the P4HB 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 using OriginPro, and the peak temperature (Tmax) and 

enthalpy of fusion for the deconvoluted peaks were determined, listed in Table 4.4 and plotted in 

Figure 4.7. 

 
(a) 

 
(b) 

 
(c) 

Figure 4.6: Comparison of melt thermograms during the 60 days of hydrolytic 

degradation: (a) pH 3, (b) pH 7.4 and (c) pH 10. 

For the control sample at Day 0 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 Peak 1, Peak 

2 and Peak 3 respectively. Peak 1 exhibited the highest intensity and the largest area under the 

curve having a ∆Hf = 31.42 J/g, which is almost double that of Peak 2 and Peak 3. 

Surprisingly, during the first 10 days of degradation, the lowest temperature peak at pH 3, 

Peak 1, disappeared by 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 days, and finally disappeared after 60 days (Figure 4.6(a)). As 

this occurred to Peak 2, the enthalpy of fusion, ∆Hf, increased with a broadening of the peak. In 

addition to the gradual increase in Tm by ~3°C for Peak 3 during the 60 days of degradation (Figure 

4.7(a)), the enthalpy of fusion, ∆Hf, increased overall by ~215% as illustrated in Figure 4.7(b). 
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Table 4.5: Changes in temperature and ∆H for the three deconvoluted peaks 

(Temperature of Peak 1 < Peak 2 < Peak 3). 

    Tm (ºC) ∆Hf (J/g) 

pH Days Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3 

Control 0 62.71 67.79 70.64 31.42 16.3 18.7 

3 

10   64.9 71.25   36.85 40.87 

20   67.77 71.89   54.54 53.37 

40   67.14 73.64   51.04 41.27 

60     73.66     57.82 

7.4 

10 63.63 68.87 72.2 33.75 28.35 9.26 

20 64.91 68.56 72.21 35.24 25.61 10.7 

40 65.38 68.87 73.47 36.61 22.8 12.02 

60   70.23 73.82   41.89 7.01 

10 

10 63.64 67.76 72.84 25.86 18.62 20.99 

20 65.87 69.2 72.85 45.32 25.1 7.38 

40   69.67 73.16   35.82 8.69 

60   66.97 72.15   23.95 43.07 

During the hydrolytic 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 sample at Day 0, 

Peak 2 at pH 7.4 became broader with increasing degradation time as seen by the increase in ∆Hf.  

And while Tmax, the highest temperature peak at pH 10, increased by ~ 2°C (Figure 4.7(e)), there 

was no particular trend followed by the enthalpy of fusion, ∆Hf, over the 60 days of degradation 

at pH 10 (Figure 4.7(f)). 
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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 crystallization, Tc, increased as the peak moved 

to a higher temperature (Figure 4.8(a)). Since the peak became narrower during degradation, ∆Hc 

decreased further. For the pH 7.4 sample (Figure 4.8(b), the peak positions kept fluctuating with 

no particular trend. However, for the sample collected after 60 days of degradation, Tc increased 

by ~4°C, and the area under the crystallization thermograms fluctuated, registering no particular 

trend in ∆Hc. In the case of the pH 10 sample, peak broadening and secondary peak formation 

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 

  
(a) 

 
(c) 

 
(e) 

 
(b) 

 
(d) 

 
(f) 

Figure 4.7: Changes in Tm over the degradation period of 60 days for (a) pH 3, (c) 

pH 7.4 and (e) pH 10; Changes in ∆H over the degradation period of 60 days for (b) 

pH 3, (d) pH 7.4 and (f) pH 10. 
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peak positions and the area under the curve are observed to fluctuate with no major tendency as 

depicted in Figure 4.9 (a) and (b). 

  

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. The X-ray diffraction plots 

for these samples are depicted in Figure 4.10(a) and the corresponding percent crystallinity 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 the untreated control P4HB sample was 

 
(a) 

 
(b) 

 
(c) 

Figure 4.8:  Crystallization thermograms for untreated control P4HB samples and 

hydrolytically degraded samples for up to 60 days at (a) pH 3, (b) pH 7.4 and (c) pH 

10. 

 
(a) 

 
(b) 

Figure 4.9: (a) Crystallization temperature (Tc) and (b) Enthalpy of crystallization 

(∆Hc) measured from the cooling endotherms for P4HB samples hydrolytically 

degraded at pH 3, pH 7.4 and pH 10. 
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~90%. This value remained the same at ~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 crystal size was measured from the highest intensity peak and found 

to be 116-118 Å 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 

conditions. The experimentally measured values were ~105 Å, ~101 Å and ~108 Å when exposed 

to pH 3, pH 7.4 and pH 10, respectively. 

 

Further, the d spacing for Peak 1 (110), Peak 2 (200), Peak 3 (210) and Peak 4 (120) have 

been reported in the literature to be at 4.1 Å, 3.8 Å, 2.9 Å and 2.1 Å respectively, while the 2ϴ 

values are 21.9º, 22.8º, 29.7º and 39.7º [15]. The peak values were found to be the same for the d 

spacing and 2ϴ values for all the P4HB samples with and without degradation. However, the 

intensity of the peaks varied, but there was no movement to a different wavelength.  In order to 

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

suture, a pH triggered hydrolytic degradation peak height and area ratios were calculated with 

 
(a) 

 
(b) 

Figure 4.10: XRD plots of 2q and percent crystallinity for P4HB monofilament 

sutures before and after 60 days of hydrolytic degradation at pH 3, pH 7.4 and pH 

10. 
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respect to the highest intensity peak (Peak 1). OriginPro was used to deconvolute the scans and 

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

 

As can be seen above the ratio of Peak1:Peak2 did not vary a lot between the four samples 

collected. For the peak height it was 1.7-2.9 and for the peak area it was 2.6-3.3. However, note 

that the ratios of Peak1:Peak3 and Peak1:Peak4 for both height and area were found to be 

significantly different from the unexposed control sample. At pH 3, the above-mentioned peak 

ratios for peak height differed from the control by ~13 points and ~31 points for Peaks 3 and 4 

respectively. On the other hand, the area ratios for Peak1:Peak3 and Peak1:Peak4 differed from 

the untreated control by ~ 8 and ~ 21 points respectively. Similarly, 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 Peak4. With degradation at pH 7.4, again the height ratios for both Peak3 

and Peak4 were seen to decrease. On the other hand, the area ratio for Peak1:Peak 3 demonstrated 

a small increase by 4 points, but Peak1:Peak 4 revealed a large decrease of ~40 points.  It is worth 

noting that no particular increasing or decreasing trends were observed in XRD peak ratios for the 

Table 4.6: Peak height and area ratios with respect to highest intensity peaks as 

measured from XRD for P4HB monofilament sutures at Day 0 (control) and after 60 

days of degradation at pH 3, pH 7.4 and pH 10. 

 pH 

Peak Ratios 
7.4 10 3 Control 

Max. 

Peak 

Height 

Peak1: Peak2 2.87 2.71 1.72 2.65 

Peak1: Peak3 19.31 21.59 17.18 30.20 

Peak1: Peak4 26.28 21.11 22.19 53.79 

Area 

Under 

Curve 

Peak1: Peak2 3.31 2.66 2.97 2.65 

Peak1: Peak3 34.64 26.01 38.58 30.01 

Peak1: Peak4 12.95 76.70 74.52 53.79 
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degraded samples at pH 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 order to determine the reaction products after hydrolytic degradation mass spectroscopy 

was performed using the negative mode with a Q-ToF mass analyzer.  With the use of ChemDraw 

the exact mass for the repeat unit of P4HB, i.e. 4-hydroxybutyric acid, was determined 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 media.  The P4HB samples hydrolytically degraded at pH 3 were 

the only samples to have a ~104.04 m/z peak as shown in Figure 4.11(a-c). This peak was absent 

for the pH 3 buffer solution (Figure 4.11(d)). Furthermore, the P4HB samples exposed to pH 7.4 

and pH 10 contained no such distinct peak.  

  

Figure 4.11: Negative mode Q-TOF mass spectroscopy scans (a-c) showing peaks 

from degraded P4HB samples after degradation at pH 3 for 60 days; (d) No such 

peaks were evident in the blank pH 3 buffer solution. 

(a) 

(b) 

(c) 
 

(d) 
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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 P4HB. In contrast 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 generated with simulations, 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 from both cases 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 ions, which was 

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 degraded species was highest for 

the 100 HCl . 

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 system with 20 chains also observed faster degradation in the 

presence of 50 and 100 HCl species.  As illustrated in Figure 4.12(b), only 20% of the original 

chains remained for the 100 HCl system, which was lower than all the other systems. These results 

are in agreement with 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 overall reduction in 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 revised as mentioned later in this section.  

The pH for the systems used in MD simulations was calculated using Equations 4.6(a) and 

(b). The concentration of H+ and OH- ions 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% ionized, and thus the number of ions represented 

the actual concentration in the molarity calculation [34].  

                                                             𝑝𝐻 = − 𝑙𝑜𝑔(𝐻+)                                                    (4.6 a) 

                                                              𝑝𝐻 = 14 − 𝑙𝑜𝑔(𝑂𝐻−)                                              (4.6 b)       

As anticipated, the calculations using the above equations revealed that extreme pH 

conditions existed in the MD simulations for both the acidic and basic systems under study. For 

the acidic systems by increasing H+ from 10 to 100 ions, the pH was calculated to be 0.52, 0.05, -

 
(a) 

 
(b) 

Figure 4.12: MD simulation results (a) Time for onset of single P4HB 

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

degradation products generated after single chain breakage, (b) Percent of original 

molecular weight P4HB chain remaining over time after degradation in different 

ionic and pH environments. 
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0.17 and-0.45. Whereas for the alkaline systems by increasing OH- from 10 to 100 ions, the pH 

was calculated to be 13.48, 13.95, 14.16 and 14.44. It has been reported that a negative pH is not 

possible from an experimental point of view. But negative pH's do exist for higher molarities, as 

observed in our MD simulations, which provides another reason to pursue degradation studies by 

MD simulations rather than rely solely on an experimental approach [35-36]. Lastly for the 

aqueous 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 its ester 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 the autocatalytic 

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 water [H2O], ester 

[E] and acid [COOH] generated during hydrolytic degradation.  

                        
𝑑[𝐶𝑂𝑂𝐻]

𝑑𝑡
= 𝑘[𝐶𝑂𝑂𝐻][𝐻2𝑂][𝐸]                                                                          (4.7) 

The carboxylic end-group concentration, and the ester concentration can be related to the number 

average molecular weight using Equations 4.8(a) and (b) [37, 30-31]. 

                                                            [𝐶𝑂𝑂𝐻] =
𝜌

𝑀𝑛
                                                              (4.8 a) 

                                                      [𝐸] =
𝜌

𝑀𝑛
(2𝐷𝑃 − 1)                                                         (4.8 b) 

Where, ρ is the density of the P4HB polymer (reported to be 1.22-1.25 g/cm3) and DP is the 

average degree of polymerization representing the total number of repeat units in the polymer 

chain, given by the ratio Mn/M, where Mn 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/mol.  The concentration 
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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 constant is calculated using Equation 4.9. 

                                         
𝑑 𝐿𝑁(𝑀𝑛−𝑀)

𝑑𝑡
= −𝑘                                                               (4.9) 

During the MD simulations there were many intermediates formed due to the attachment 

of Na+ and Cl- ions to the P4HB chains, and this led to misleading molecular weight calculations. 

To avoid this problem, the Mn for the whole polymer chain was substituted by the number average 

molecular weight for just the total number of carbons in the chain (Cn). In order to maintain the 

balance, the weight of the repeat unit was replaced by the weight of carbon in the repeat unit (Cnr) 

(48g /mol for P4HB). In addition, as the degradation behavior was being evaluated any higher 

molecular weight chains formed during MD simulations were neglected, as they modified the rate 

calculations to give erroneous and misleading values. The number average molecular weight with 

respect to number of carbon atoms (Cn) in the system were calculated over the simulation trajectory 

using the script in the appendix. Modification of Equation 4.9 was done to incorporate Cnr and Cn, 

while Equation 4.10 was used to calculate the rate constant (k) for hydrolytic degradation of the 

system.  

                                          
𝑑 𝐿𝑁(𝐶𝑛−𝐶𝑛𝑟)

𝑑𝑡
= −𝑘                                                               (4.10) 

The plot of LN(Cn-Cnr) against degradation time was generated, and the slope was 

calculated to obtain the rate constant (k) as illustrated in Figure 4.13(a) and (b). Negative values 

of k correspond to the breaking up of the longer chains into smaller ones as hydrolytic degradation 

proceeds which leads to a reduction in the number average molecular weight less the weight of 

carbon atoms in the repeat unit. The rate constant values, k, calculated for different pHs are 

illustrated in Figure 4.13(b). Unlike PLA, where the fastest degradation takes place in extreme 

alkaline conditions, the degradation of P4HB is fastest in the acidic system with 100 H+ ions with 
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k = 0.13 ns-1. The logarithmic function was used to calculate the slope of the degradation process 

as it gave a closer fit to the data. A similar approach was also used with the experimental data. 

Approximately straight-line plots were obtained for the other systems, namely for water, alkaline 

and the weak acidic systems.  However, for the degradation in 100 HCl, the plot had a logarithmic 

decay profile signaling a change in the degradation mechanism over time, as is the case of bulk 

erosion with a sudden loss of mass. 

As mentioned before from the results of single chain and 20 chain MD simulations of 

P4HB, degradation was observed under acidic conditions, with chain scission occurring at the ester 

linkage as hypothesized from the literature and results of PLA degradation. For P4HB this process 

is enhanced in the presence of acid, which catalyzes the formation of a hydronium ion, also 

observed in the simulations. The hydronium ion is formed when water and a hydrogen ion react 

together and attack the carbonyl carbon. In addition, the excess of OH- or alkali assisted hydrolytic 

degradation, involves direct attack on 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 and P3HB due to 

presence of a methyl group. 

 
(a) 

 

(b) 

Figure 4.13: (a) LN(Cn-Cnr) vs time for the degradation of different systems, (b) The 

slopes determined from the linear plots of LN(Cn-Cnr) vs time. 

System k (ns
-1
)

Water 0.04

10 HCL 0.02

30 HCL 0.03

50 HCL 0.03

100 HCL 0.13

10 NaOH 0.00

30 NaOH 0.02

50 NaOH 0.04

100 NaOH 0.03
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It was observed that in aqueous conditions, the carbonyl oxygen developed a partial 

negative charge forming the electrophilic site for the hydronium ion. Due to the absence of the 

methyl group at the α carbon in PLA, no other electron donating group is present to make the 

carbonyl carbon positive enough for nucleophilic attack through an alkali or OH- ion. At the same 

time the oxygen attached to the carbonyl carbon is an electron withdrawing group, which results 

in a negative charge concentration. This attack leads to the formation of a tetrahedral intermediate, 

as observed from the MD simulations, which finally breaks into carboxylic acid and hydroxyl 

terminated chains. 

As this is a reversible process, the course of various reactions leads to the formation of 

several intermediates and the reformation of the original polymer structure, as observed in the MD 

simulations. Regardless of the type of P4HB degradation system, there was invariably some 

degradation observed, and interestingly all the simulations witnessed the appearance of 4HB 

(C4H8O3) or its deprotonated form (C4H7O3
-). Even dimers, trimers and tetramers of these 

monomer units were observed during the simulations. However, only under strong acidic 

conditions with 100 HCl did the fastest degradation take place with a minimum of reversable 

reactions. The various steps in P4HB 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 degradation. In the reaction mechanism illustrated 

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 aliphatic polyesters in terms of the reaction pathways and the degradation products after 

hydrolysis, Fukui reactivity values were calculated by executing DFT calculations on Gaussian 

16. The Fukui reactivity results for electrophilic addition in the presence of water on 5 repeat units 

of P4HB was obtained by determining the ESP charge distribution as illustrated 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 previously the carbonyl oxygen has negative potential. So, this has the 

highest reactivity (greenest) for electrophilic addition. On the other hand, carbonyl carbon, unlike 

PLA, has lower Fukui reactivity values validating the attack by the acid assisted hydronium ion on 

the carbonyl oxygen. Furthermore, the spatial charge distribution for 5 repeat P4HB chains 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 the positively charged hydronium ions. 

  

  

 

 

Figure 4.14: (a) Electrophilic reactivity distribution, (b) Image representing the 

electrostatic potential on the 3D surface for 5 repeat units of the P4HB chain. 

4.4. Discussion 

Although poly-4-hydroxybutyrate (P4HB) is a member of the family of 

polyhydroxyalkanoate biopolymers which have been studied since the 1950's, it is only in the last 

two decades that P4HB has been applied commercially to biomedical applications, such as 

implantable meshes, plugs, vascular grafts and sutures, because of its excellent mechanical 

properties and bioresorbable nature [2-32]. Since the human body constitutes a complex 

environment in terms of a range of pH and enzymatic conditions, it is important to understand 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 degradation profile of an implanted polymer structure [33].  

There have been a number of studies by the investigators at Tepha Inc. which have 

examined the hydrolytic degradation for P4HB. However, they lack a detailed analysis of the 

degradation mechanism over a wide range of pH's [3, 4].  This study is therefore different from 

previous studies that have analyzed the hydrolytic degradation of P4HB, since this study has 

included examining the effect of a range of pH conditions on its properties, performance and 

reaction mechanism.  The objective here is to determine the mechanical performance, resorption 

profile, surface properties, thermal behavior and degradation mechanism for P4HB both 

experimentally at pH 3, 7.4 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 after in vitro degradation of 60 days and compared with the untreated 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 products using mass spectrometry. Thereafter, MD 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 

experiments. 

It was observed that for P4HB, 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 original weight 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 
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leading to a rapid loss in suture mass. Since this weight loss trend was followed by a loss in 

strength, this validates the bulk erosion phenomenon for P4HB monofilament sutures at pH 3. If 

the loss of mechanical properties had preceded the mass loss, this would have pointed towards 

surface erosion. However, for all the other exposure 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 Young’s modulus was observed to decrease during the initial 40 days, but then show 

an increasing 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 recrystallization. Even at pH 3, the Young’s modulus was seen over the 

initial 10 days to decrease due to chain breakage, but subsequently it increased to ~1.25 N/mm2 

after 60 days, which was the highest among all the samples. This signified that the sample had 

become stiff and brittle, which can be attributed 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 weight and disintegration of the crystalline 

region due to polymer degradation [34,35]. 

It is important to note that the rapid loss of strength at pH 3 during the initial 20 days can 

be validated by the rapid loss in molecular weights in just the first 10 days.  As the Mw and Mn 

decreased during the 60 day study, so the PDI was reduced simultaneously from 2.16 to 1.5.  The 

intensity of the change in molecular weights was not as drastic when exposed to pH 7.4 and pH 10 

as the Mw and Mn did not change significantly until 60 days when they decreased by 20% and 18% 

respectively. The fastest rate of degradation at pH 3 is also apparent from the calculated kinetic 

constants, where k = 1.18 at 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 erosion for the 
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hydrolytic degradation of P4HB monofilament sutures. The cumulative plots for all the pH 

conditions in Figure 4.12, including percent weight retention, percent strength retention and 

percent Mw retention for hydrolytic degradation over the period of 60 days, validate the initial 

experimental results. This confirms that the P4HB monofilament suture experiences 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 overall thickness of the 

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

between 0.35-0.37 mm throughout the degradation time with no apparent change in diameter.  

Furthermore, the SEM images revealed significant hydrolytic degradation after 60 days at 

pH 3, with brittle fracture and disintegration of the filament cross-section [2-4]. There were a few 

pores observed on the surface in periodic fashion. However, the internal core appeared to have 

disintegrated. The regular periodicity of the surface pores may point to a regular periodicity of 

crystalline and non-crystalline zones in the fringed lamellar model for the P4HB monofilament. It 

is likely that degradation started at a non-crystalline region that allowed the media to enter more 

readily compared to the closely packed crystalline regions [37-38]. In addition to the cryo-

 

Figure 4. 15: Percent retention of molecular weight, strength and mass as 

degradation mechanism appears to follow bulk erosion. 
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fractured samples, the cross-sectional views of the fiber residues following tensile 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 samples exposed to pH 7.4 and pH 10 showed evidence of 

plastic deformation and no apparent degradation. 

As expected, the thermal behavior characterized by DSC demonstrated that significant 

changes occurred at the molecular level during hydrolytic degradation for 60 days at pH 3. As the 

degradation progressed from Day 0 to Day 60, the melt thermogram of multiple peaks was reduced 

to a single narrower peak at a higher Tm and ∆Hm value. This suggests that the hydrolytic 

degradation under strong acid conditions resulted in the disappearance of smaller crystal lamellae 

which coalesced into bigger crystal lamellae requiring more energy to melt, and hence increasing 

the values for Tm and ∆Hm [34-38]. At neutral pH the lower temperature Peak 1 shifted and merged 

with the higher temperature peak, increasing the melt temperature, Tm, by a few degrees.  Under 

alkaline conditions no particular trend was observed, but peaks seemed to disappear and reappear, 

suggesting that recrystallization occurred during the 60 day exposure. The endothermic DSC test 

results at pH 3 showed the enthalpy of crystallization, ∆Hc, became increasingly negative during 

the 60 day trial, while the temperature of crystallization, Tc, increased by at least 6 degrees. This 

was because degradation caused the number of smaller crystal lamellae to increase. These crystals 

could then act as 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 recrystallization phenomenon was likely common to all these pH conditions [39]. 

The results are further validated by characterizing the hydrolytically degraded samples 

after 60 days using XRD and comparing the data with the untreated control. Under strong acid 

conditions at pH 3, 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 and a decrease in the height. This suggests that the 

major (110) peak at 21.9º experienced peak broadening, which could be attributed to the breaking 

of the larger crystal lamellae into smaller crystals at the time of degradation. This could also be 

validated from the calculated crystal size that occurred after 60 days of degradation. On the other 

hand, under neutral and alkaline conditions, the peak ratios for the height and area under the curve 

for the 21.9º peak (110) did not change over time. This is similar, but not identical, to the behavior 

observed by DSC, which indicated that recrystallization occurred during the course of degradation, 

forming smaller crystallites as determined from the calculations [40-1].The macroscopic effect of 

acidic hydrolytic degradation was evident in terms of roughening of the 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 analysis of P4HB 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 under extreme acid 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 function.  The value for both water at pH 7.4 and the alkali system at pH 10 was 0.10 

day -1. However, under acid conditions at pH 3, it was almost 12 times this value at 1.18 day -1.  

When the rate constants were calculated using the MD simulation approach, the calculated 

values were much lower compared to the experimental values. In the presence of water, OH- ions 

(alkali) and few H+ ions (weak acidity) the ‘k’ values fell in the 0.02-0.04 ns -1 range. However, 

in the presence of 100 H+ ions (strong acid) the kinetic constant was 0.13 ns -1, which is 4-6 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 

used for the simulations. 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 alkali assisted degradation 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 the case of acid 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 reversible reactions to 

a faster 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 laboratory 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 oxygen, which 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 assisted attack, which explains why the species exists, but has limited reactivity [37, 1]. 

In addition, the reaction products, such as 4-hydroxybutyrate, have been observed through an acid 

assisted hydrolytic degradation mechanism realized through the MD simulations and DFT 

calculations, which are the same reaction products found following the experimental analysis of 

the degraded and hydrolyzed P4HB monofilaments using mass spectroscopy and a Q-TOF 
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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, when the media was analyzed the initial 

molecular weight chains were not observed. Only the 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 therefore important to explore and understand details of their hydrolytic degradation 

process by undertaking both experiments and simulations. It was found that the hydrolytic 

degradation of P4HB was promoted in acidic conditions, unlike the alkali assisted degradation of 

polylactic acid (PLA). However, both of these polymers are aliphatic polyesters, 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 or withdrawing groups, whereas PLA does, which 

is the main reason behind the different degradation 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 as closely as possible. After 60 days of degradation the structure and 

properties for the P4HB 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, followed by the 

deterioration in mechanical properties and lastly, a slow loss of mass. The formation 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 crystallinity and the crystal size were evident for P4HB 

monofilaments that had been degraded under acidic 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 smaller fragments caused reorganization of the crystalline regions, shifts in the 

DSC peaks, 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 degradation of P4HB 

was initiated at the carbonyl oxygen, which is an electron withdrawing group resulting in a 

hydronium ion electrophilic attack on this electron rich part of polymer chain. This higher rate of 

degradation calculated from the simulations was confirmed by changes in the experimentally 

observed macroscopic morphology when P4HB was degraded under highly acidic conditions. As 

a result of this study of both experiments and simulations, it is now possible to predict the effect 

of a vast range of degradation conditions for P4HB and other resorbable polymers. With this bank 

of information, we are 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 implants for optimum 

clinical performance. 
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5.1. Introduction 

Poly-4-hydroxybutyrate (P4HB), which falls under the category of polyhydroxyalkanoates, 

also referred to as bacterial polyester, is a naturally available bioresorbable polyester produced 

from bacteria, which generates the polymer as a means of storing energy. The most common 

bacterial polyester is poly(3-hydroxybutyrate) (P3HB), which was discovered in 1920, produced 

from the bacteria Bacillus megaterium. Since then, many other strains have been discovered 

producing different types of bacterial polyesters. P4HB 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 P4HB occurs through a transgenic fermentation 

process to produce the homopolymer using Escherichia coli K12. 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 degradation profile.  

At present P4HB is the first and only PHA-based 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 bacteria, makes P4HB and other bacterial 

polyesters, a pure isotactic semi-crystalline 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, which can lead to an unacceptable inflammatory response 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 degradation 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 correspond to their repeat units, namely D-3-

hydroxybutyric acid.  In the case of P4HB, the paper by William et al. of Tepha, mentions that 

P4HB undergoes bulk hydrolysis to produce 4-hydroxybutyrate (4HB). However, no experimental 

evidence has been found. In addition, the degradation mechanism is believed to change to surface 

erosion if the hydrolytic process is mediated by enzymes. Again, in this case, no enzymatic 

degradation studies have been carried out to validate these claims [2-4].  Poly-4-hydroxybutyrate 

is reported to be a normal constituent of the mammalian body and is found within a variety of 

tissues, including brain, heart, kidney, liver, lung, muscle, and brown fat.  Poly-4-hydroxybutyrate 

is metabolized by the body at a faster rate with a half-life of approximately 27 min, and thereafter 

the P4HB 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) and polycaprolactone (PCL). 

The one exception 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 break, as polypropylene (PP) and polydioxanone (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 facilitates manufacturing into different forms and scaffold shapes 

for various tissue engineering applications [2-4, 6]. Copolymerization of P4HB with other 

butyrates has been undertaken to enhance their mechanical or absorptive properties [7]. In addition, 

there have been efforts to modify the chemistry of the backbone chain so as to produce non-acidic 

degradation products and control the rate of degradation by functionalizing the P4HB polymer [8]. 

Initial studies have reported that P4HB degrades slowly compared to PGA and PDO sutures. In a 

study conducted by Odermatt 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 II (PDO) sutures 

[3]. On the other hand, the in vivo rate of degradation is reported to be faster for P4HB than PLLA, 

PCL and other PHA’s. More recently in 2013, Odermatt et al. and Williams et al. published another 

paper discussing the suture's degradation properties in the human body and mentioning its use in 

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 publications have been made published which 

describe 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 introduction of a new class of innovative, fiber-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 degradation of P4HB in 

the presence of proteinase K under 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 (P4HB) Monomax® monofilament violet size 2/0 sutures with a 

150 cm length and an average diameter of 0.30–0.39 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 procured from 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, and deionized water, 

pH 10 (BDH5082) prepared from sodium carbonate, sodium bicarbonate, and deionized  water 

and pH 7.4 (VWR-75801-000) prepared as phosphate buffer saline in deionized water.  

5.2.3. Proteinase K 

In addition, the enzyme Proteinase K was used to explore its effect on the hydrolytic 

degradation of P4HB. The proteinase K (PB0451) purchased from Bio Basic, USA, had an activity 

of >30 units/mg protein (hemoglobin, pH7.5, 37oC). An enzyme concentration of 1mg/5mL of 

buffer was prepared to obtain a clear colorless solution. Proteinase K was selected for these studies 

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 [9-11]. 

5.2.4. Degradation study 

P4HB monofilament suture was scoured for 20 minutes in Triton X100 (1g/L), at 40 ºC, 

and then dried for 10 mins below 40 ºC. This was done to remove any spin finish on the suture's 

surface. Thereafter, the P4HB samples were degraded at different pH/enzymatic conditions of pH 



   

181 

 

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 37ºC simulating body temperature. The 

suture mass of 95-100 mg was placed in 80 mL of pH buffer with the 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 when placed in the human body. 

The P4HB monofilament suture samples and media were put in 100 mL beakers in triplicate, 

covered with para-film and placed in a shaker bath for 10, 20, 40 and 60 days. After these 

monofilament samples were retrieved, they were washed and rinsed in deionized water three times, 

dried at 40 ºC 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 undertake mass spectroscopy for the analysis of the degraded products. 

5.2.5. Mass loss 

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 done so as to 

register the level of degradation with respect of the loss 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 biotextile implants once implanted. The percentage mass 

retention (%WR) is calculated using Equation 5.1. 

           %WR =
Wi

W0
× 100                                                                             (5.1) 

Where wo and wi are the initial mass and the mass of the retrieved P4HB monofilament sample 

respectively.  
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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 kN load cell. 

The gauge length was 125mm and the crosshead speed was kept 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 specimens were tested, measured and analyzed 

for each sample. 

5.2.7. Gel permeation 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 Waters high pressure 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 THF at a concentration of 4 

mg/ml.  The sample was then filtered and diluted to 1mg/mL to run on the GPC at 1mL/min. 

5.2.8. Optical microscopy and scanning electron microscopy (SEM) 

A polarizing Labophoto-POL light microscope at 100X magnification was used to observe 

changes in the diameter of the samples collected after different 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 and topographical changes in the 

surface and cross-section of the monofilament samples were measured after different periods of 

enzymatic degradation with an FEI Verios 460L field-emission scanning electron microscope 

(FESEM) at the Analytical Instrumentation Facility (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, 2,500x and 20,000x using a 2kV accelerating voltage, to observe 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 critical for in vivo polymer applications. The 

cross-sections for the P4HB monofilaments 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 using a Rigaku SmartLab X-ray diffractometer 

with a Cu K-alpha radiation source (wavelength = 0.15418 nm) in a 2θ range of 5 to 45 degrees, 

for P4HB 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, respectively. 

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, CA, USA).  The P4HB sample solutions 

were transferred to 2-mL transparent screw-top glass vials. An isocratic elution was used with a 

mobile phase composed of water and acetonitrile (%B) at a ratio of 1:1. The flow rate of the HPLC 

was set to 0.5 mL/min and the total run time for each sample was 4 minutes. The injection volume 

for each sample was set at 0.2μL. Ionization was performed via electrospray ionization and was 

carried out in a negative mode with the following parameters: gas temperature 350 ºC, drying gas 

5 liters per minute, nebulizer 50 psi, Vcap voltage 3500 V and fragmentor voltage at 175 V. 
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5.3.Results 

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 that the acidic condition of pH 3 played a significant effect on the loss of mass, with p 

value ≤ 0.05. During the initial time period of 20 days there was no observed change in mass for 

any of the samples at any pH/enzyme condition. For those samples exposed to pH 7.4 and pH 10, 

there were 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.). 

 

Figure 5. 1:  Percent mass retention (%WR) for P4HB monofilament sutures in 

different pH-enzyme conditions over the period of 60 days. 

5.3.2. Effect of enzymatic degradation on mechanical properties 

Typical load-elongation curves for P4HB monofilament suture samples at Day 0 (control) 

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 indicates the changes in peak load, 

strength and modulus over the 60 day period of degradation.  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 Figure 5.2c for percent strength retention. But this was followed by an abrupt 

loss of strength 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 non-degraded sample. Thereafter during the 

next 20 days the strength loss was reduced to <1% with peak load of about 5N. The strength 

changes were significant with a p value ≤ 0.05.  In comparison, the strength loss during enzymatic 

degradation at pH 7.4 and 10 did not change significantly from the value measured at Day 0. 

 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 first 40 days of 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5. 2: (a) Typical load elongation curves for P4HB monofilament sutures 

enzymatically degraded over a period of 60 days. (b) Peak load (N) for the degraded 

samples (c) Percent strength retention for the different P4HB samples, and (d) 

Youngs modulus for the different P4HB samples. 
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the study (p > 0.05). On the other hand, between 40 and 60 days of degradation 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% respectively (p value ≤ 0.05). 

5.3.3. Effect of enzymatic degradation on molecular weight 

 As observed in Figure 5.3 the weight average (Mw) and number average molecular weights 

(Mn) 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 reductions of 8-10% at pH 7.4 and 18-20% at 

pH 10. The PDI for both pH's remained in the range of 2.00-2.16 for both pH conditions during 

the 60 days of enzymatic degradation. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.3: (a) Percent weight average molecular weight retention (Mw), (b) Percent 

number average molecular weight retention (Mn), (c) Change in polydispersity 

index, and (d) Rate calulation by linear fit of Ln of difference on number average 

molecular weight (Mn) and repeat unit weight (M) for P4HB during enzymatic 

degradation time of 60 days at pH 3, 7.4 and 10. 
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In comparison, at pH 3, both molecular weights lost about 40% of their original value after 

only 10 days.  In addition, the molecular weight distribution became narrower as the polydispersity 

index (PDI) fell from 2.16 to 1.75. In the remaining 40 days, the molecular weights gradually fell 

further to almost 15%, while the PDI was reduced to 1.50. This shows that at pH 3 the rate and 

intensity of polymer degradation was much faster resulting in a retained molecular weight of only 

about 15-20%. The kinetic constants (k) for enzymatic degradation at pH 3, 7.4 and 10, have been 

calculated from the slope of the plot of ln (Mn-M) vs time. Here Mn is the number average 

molecular weight and M is the weight of P4HB repeat unit [12]. As expected, the rate of enzymatic 

degradation was highest at pH 3 with k equal to 0.41. The other kinetics constants have been 

calculated to be 0.01 and 0.04 at pH 7.4 and pH 10 respectively. 

5.3.4. Effect of enzymatic degradation on topography 

The optical microscopic images for the enzymatically degraded samples shown in Table 

5.1 do not reveal any significant change in diameter as depicted in Figure 5.4. No visible signs of 

degradation such as surface pores or cracks or evidence of monofilament disintegration were 

evident at x100. The diameter is well within the range of suture size 2/0 in the USP standard. 

In order to examine the microstructural details and changes due to enzymatic degradation 

during the 60-day study, SEM images of the outer surface and cross-sectional views of the control 

and enzymatically degraded P4HB suture samples were captured at 250x, 2500x and 20,000x and 

analyzed (Table 5.2).  As seen in Table 5.2 there were no visible pores or cracks on the surface of 

the samples after exposure to pH 7.4 and pH 10. However, at pH 3 significant degradation was 

observed for the P4HB suture. The diameter of the surface pores was measured using Image J, and 

the average diameter was 1.26 ± 0.86 μm. Enlarged versions of the surface and the core after 60 

days of enzymatic degradation are seen in Figure 5.5. Here the periodic appearance of pores can 
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be observed on the surface at a regular distance of ~4μm or in the core at a distance of ~8μm. The 

core degraded samples revealed that intensive degradation occurred with extended pore-like 

striations after 60 days. 

 

Table 5.1: Microscopic images at x100 magnification for the P4HB suture samples 

after 10, 20, 40 and 60 days of enzymatic degradation. 

 Control pH 3 pH 7.4 pH 10 

10 

 

 

 

 

20 

 

 

 

 

40 

 

 

 

 

60 

 

 

  

 
Figure 5.4: Diameter of P4HB monofilament sample through the course of 

enzymatic degradation. 
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Table 5. 2: SEM images of the P4HB suture samples after 60 days of enzymatic degradation. 

 Control pH 3 pH 7.4 pH 10 

Surface  

250X 

 

  

 

2500X 

    

20000 X 
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Table 5. 3: SEM images of the P4HB suture samples after 60 days of enzymatic degradation. 

  Control pH 3 pH 7.4 pH 10 

Cross-section 
250X 

 

 

 

 

Cross-section 

center 

2500X 

    

20000 X 

    

Cross-section 

Edge 

2500X 

    

20000 X 
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(a) 

 

(b) 

Figure 5.5: The surface (a) and cross-section of P4HB (b) after 60 days of enzymatic degradation. 
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5.3.5. Effect of enzymatic degradation on the thermal properties 

 The differential scanning calorimetry (DSC) melting thermograms for the P4HB 

enzymatically degraded samples are illustrated in Figure 5.6. These plots were deconvoluted using 

OriginPro so as to identify the hidden peaks. Their maximum peak temperatures were measured 

and are listed in Table 5.3.  

 

Table 5.4: Change in temperature and ∆H for deconvoluted peaks: Peak 1, Peak 

2 and Peak 3 (Temperature of Peak 1 < Peak 2 < Peak 3) 

  Tm (ºC) ∆H (J/g) 

pH Days Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3 

Control 0 62.71 67.79 70.64 31.42 16.30 18.70 

3 

10 66.37 68.27 71.67 23.67 47.86 41.99 

20  66.85 72.08  48.58 40.76 

40  66.36 72.55  54.30 42.33 

60  67.63 73.50  50.56 46.37 

7.4  

10 64.94 69.70 73.98 34.51 26.30 26.52 

20 68.59 68.59 73.02 59.37 22.07 14.53 

40 66.52 69.21 70.32 52.51 13.15 31.16 

60 68.26 69.37 72.86 62.41 33.84 7.48 

10 

10 67.64 69.07 73.51 47.97 35.21 9.59 

20 66.22 68.91 72.56 51.30 37.65 10.26 

40 66.20 70.01  49.81 33.94  
60 65.72 70.32  48.39 43.75  

 
(a) 

 
(b) 

 
(c) 

Figure 5.6: Melting thermograms for enymatically degraded samples at (a) pH3, (b) 

pH 7.4 and (c) pH 10, for control (Day 0), 10 days, 20 days, 40 days and 60 days of 

degradation 
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For the control sample at Day 0 there were 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.  The 

temperature of Peak 1 < Peak 2 < Peak 3.  The enthalpy of melting (∆H) was calculated from the 

area under the plot. In particular, the intensity of Peak 1 which gave a value of ∆H 31.42 J/g, which 

was almost double that of Peak 2 and Peak 3 combined. 

Interestingly for the pH 3 sample, the lower temperature Peak 1 shifts and merges with the 

higher temperature peaks after Day 10, with gradual narrowing and sharpening of the new peak 

until Day 60. The Peak 1 shift to Peak 2, and the disappearance of Peak1 after 10 days, can be 

observed from Figure 5.6a. As this happens Peak 2, the melting point, Tm remains the same and 

∆H increases by more than 200%. Further, the increase of Tm by about 3°C for Peak 3 is 

accompanied by a proportional increase in ∆H by about 150%, as illustrated in Figures 5.7a and 

5.7b respectively. 

 
(a) 

 
(c) 

 
(e) 

 
(b) 

 
(d) 

 
(f) 

Figure 5.7: (a), (c), (e) illustate changes in Tm for pH 3, 7.4 and 10 over the 60 day 

degradation period. (b), (d) and (f) illustate changes in ∆H for pH 3, 7.4 and 10 over 

the 60 day degradation period. 
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At pH 7.4, there seems at be the appearance of peaks in Figure 5.6b with increasing 

degradation times. But when the peaks are deconvoluted, three major peaks appear. As observed 

in Figures 5.7c and 5.7d that lower temperature Peak 1 shifts to a higher temperature after 60 days 

with an increase in Tm by 2-6°C and a corresponding increase in ∆H by about 100%. The Tm for 

Peak 2 did not change, although the ∆H doubled after 60 days compared to that at Day 0.  During 

40 days of degradation there was an opposing trend in ∆H with Peaks 2 and 3 decreasing and 

increasing respectively. This may have been because the two peaks are very close to each other 

hence could be considered as one.  It appeared that an opposite trend to that of pH 3 existed for 

samples at pH 7.4. The higher Peak 3 Tm disappeared and merged with the lower temperature Peak 

2 as demonstrated by a decrease in the intensity of ∆H from 18.70 J/g to 7.48 J/g. At pH 10 a 

similar trend was observed in Figures 5.7e and 5.7f with Peak 1 intensifying up to 60 days, and 

Peak 3 minimizing and disappearing after 20 days. Peak 1 Tm increased marginally from about 

62°C at Day 0 to about 66°C after 60 days with a 55% increase in ∆H after Day 10, which remained 

constant over remaining time. 

The DSC cooling thermograms for enzymatically degraded P4HB samples are illustrated 

in Figure 5.8 for the different pHs over the 60 days degradation period. For all three pH's, it was 

observed that the crystallization temperatures Tc increased to higher temperatures as enzymatic 

 
(a) 

 
(b) 

 
(c) 

Figure 5.8: Crystallization thermograms for enzymatically degraded 

samples (a) at pH 3, (b) at pH 7.4 and (c) at pH 10. 
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degradation progressed. At pH 3 the cooling peak became broader while shifting to higher 

temperatures and reducing the enthalpy of crystallization, ∆Hc, although the area under the curve 

increased as seen in Figure 5.9b. At pH 7.4 the peak temperature fluctuated as degradation 

progressed with no particular trend.  The enthalpy of crystallization, ∆Hc increased initially with 

peak narrowing during the first 20 days. Thereafter it decreased as the peak broadens. In the case 

of pH 10 the trend for Tc was similar to that of the pH 3 sample as degradation proceeds for 60 

days. Tc increased from about 13ºC at Day 0 (control sample) to about 20ºC after 60 days. Further, 

as the peak became narrower after Day 10, ∆Hc decreased as illustrated in Figure 5.9b. 

5.3.6. Effect of enzymatic degradation on crystallinity 

The results of x-ray diffraction measured for the P4HB control sample at Day 0 and the 

samples enzymatically degraded for 60 days at pH 3, 7.4 and 10 are illustrated in Figure 5.10. 

From these plots the percent crystallinity was measured using PDXL 4 software. For the control 

sample, it was found to be 90-91%, which reduced to about 88% for the sample enzymatically 

degraded for 60 days at pH 3. At pH 7.4 and pH 10 the level of crystallinity was found to be about 

83% and about 85% respectively. In addition, the crystal size for the highest intensity peak at Day 

0 (control) was 116-118 Å. Similar to the percent crystallinity results, the crystal size of the 

 
 

(a) 

 
 

(b) 

Figure 5. 9: (a) Crystallization temperature (Tc) and (b) Enthalpy of crystallization 

(∆Hc) measured from cooling endotherms   
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enzymatically degraded samples was found to be reduced after 60 days of exposure, with sizes of 

about 99 Å, about 104 Å and about 108 Å for the pH 7.4, 10 and 3 samples respectively. 

To elucidate further understanding about the change in crystal structure for the P4HB 

monofilament suture after enzymatic degradation, the peak height and area ratios for the highest 

intensity peak (Peak 1) were calculated and are presented in Table 5.4.  The d spacing for Peak 1 

(110), Peak 2 (200), Peak 3 (210) and Peak 4 (120) was 4.1 Å, 3.8 Å, 2.9 Å and 2.1 Å respectively. 

It was measured at 2ϴ which was observed to be 21.9º, 22.8º, 29.7º and 39.7º from the XRD data 

[15]. To obtain the peak heights and area under the curve the XRD plots for all the samples were 

deconvoluted using originPro so the respective measurements could be made.  

From Table 5.4 it can be seen that the Peak 1:Peak 2 ratio doesn’t change much for the 

different samples with values lying between 2.6-3.1 for both height and area. For the pH 3 and pH 

10 samples, the peak ratios for both measurements increased by 3-4 units.  However, there was an 

increase of around 8 units for the pH 7.4 samples.  The highest change was found for the Peak 

1:Peak 4 ratio for the pH 3 samples where the peak height ratio decreased and the peak area 

increased!! This means that the peak was broadening. Interestingly the Peak1: Peak 4 height ratio 

increased by 2.7 and 2.9 times for pH 10 and pH 7.4 respectively. 

 

Figure 5.10: X-ray diffraction plots enzymatically degraded P4HB samples for 60 

days at pH 3, 7.4 and 10 compared with the untreated control sample. 
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5.3.7. Reaction products as a result of enzymatic degradation  

Reaction products were identified using mass spectroscopy in a negative mode with a Q-

ToF mass analyzer. Using ChemDraw the exact mass for 4-hydroxybutyric acid, the repeat unit of 

P4HB, was calculated to be 104.04 g/mol. The negative ion mode resulted in the loss of a proton, 

and hence m/z was reduced by 1. The media were collected after time intervals of 10, 20, 40 and 

60 days, and they were compared with the undegraded control media.  The peak at 104.034-104.04 

m/z appears in those media samples collected after degradation for 60 and 40 days at pH 3 (Figures 

5.11b and 5.11d, and after 60 days at pH 10 (Figure 5.11a). At pH 7.4, no peak with this m/z was 

found (Figure 5.11c). In addition, the plots in Figures 5.11e, 5.11f and 5.11g illustrate the m/z for 

pH 10, pH 7.4 and pH 3 respectively. The peak at m/z 103.0347 was present even in the control 

buffer solution. However, the media sample collected after 60 days of degradation has only this 

one peak while the other peaks present in the media disappeared. 

Table 5.5: Peak height and area ratios for the highest intensity peaks as measured 

from XRD. 

 pH 

Peak Ratios 
7.4 10 3 control 

Max. Peak Height 

peak1:peak2 3.19 2.80 3.00 2.65 

peak1:peak3 38.11 34.34 33.21 30.20 

peak1:peak4 154.59 145.22 29.93 53.79 

Area Under Curve 

peak1:peak2 3.16 2.79 2.98 2.65 

peak1:peak3 37.71 33.52 34.54 30.20 

peak1:peak4 87.61 67.22 61.17 53.79 
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Figure 5.11: Mass to charge ratio plots for media collected after enzymateic 

degradtion at (a) pH 10 - 60 days, (b) pH 3 - 40 days, (c) pH 7.4 - 60 days, (d) pH 3 - 

60 days, (e) pH 10 buffer, (f) pH 7.4 buffer and (g) pH 3 buffer. 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 
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5.4. Discussion 

Poly-4-hydroxybutyrate (P4HB) is a bioresorbable polymer naturally produced by bacteria 

via transgenic fermentation techniques. This material is only few decades old and has been 

evaluated for a number of biomedical applications like meshes and plugs for hernia repair, vascular 

grafts and surgical sutures for soft tissue repair [2, 13]. To be used successfully for these 

applications it is important to understand the mechanism, profile and timeline of degradation so as 

to select the most desirable properties when used for in-vivo applications without premature failure 

or tissue degeneration [14].  

There have been previous studies to examine the hydrolytic degradation of P4HB, but not 

involving detailed analysis [3, 4]. The current study is the first of its kind to evaluate this P4HB 

polymer in the form of a monofilament suture using enzymatic degradation with the proteinase K 

enzyme. The objective here was to determine the mechanical performance, resorption profile, 

surface properties and thermal behavior of P4HB monofilaments when exposed to enzymatic 

degradation at pH 3, pH 7.4 and pH 10 for periods of 10, 20 40 and 60 days.  The samples retrieved 

after in vitro degradation were collected and compared with the Day 0 control before and during 

the 60 days enzymatic degradation study.  The samples were characterized and analyzed by mass 

loss measurements, mechanical testing, chromatography (GPC), scanning electron microscopy 

(SEM) and differential scanning calorimetry (DSC). The buffered media was collected after each 

degradation step and analyzed for reaction products using mass spectrometry.  

The analysis of mass loss revealed that there was minimal loss at pH 7.4 and pH 10. 

However, in the case of the pH 3 samples, rapid mass loss was seen after 40 days, and around 95% 

weight was lost after 60 days of enzymatic degradations. This behavior signals that there is bulk 

erosion happening in the case of P4HB monofilament sutures. Further, the loss in mechanical 
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properties was also observed to precede the loss in mass at pH 3. And this is known to be a 

signature of bulk erosion. In fact, strength retention approached 0% after 60 days of degradation 

at pH 3, and the Young’s modulus at pH 3 increase by 150%. This signifies that the polymer 

sample was becoming brittle and stiff. The brittleness in the sample can be attributed to the loss of 

elongation as seen in the typical stress strain curves. The loss of the elastic region is either due to 

loss of non-crystalline zones or the simultaneous loss of molecular integrity due to polymer 

degradation and disruption of the crystalline regions. Lastly, there was no observed change in 

Young's modulus at pH 10, whereas at pH 7.4 there was a significant increase in modulus by 30%, 

which could be due to changes in crystalline and non-crystalline regions and reductions in 

molecular chain length. Such reductions increase chain mobility due to the loosening of 

entanglements and resulting in polymer recrystallization [16, 20]. 

The results from the degradation study indicated that there was a loss in molecular weight 

at all 3 different pHs, but specifically there was significant degradation leading to much shorter 

polymer chains as pH 3. The PDI reduces simultaneously with molecular weight changes for both 

Mw and Mn.  The intensity of the molecular weight change was not as severe for the pH 7.4 and 

pH 10 samples compared to the pH 3 samples as evidenced by the calculated kinetic constants. In 

agreement with the mass and strength results, the molecular weight data also point towards a bulk 

erosion mechanism in the case of P4HB. The cumulative plot for all the pH conditions for percent 

mass loss, percent strength retention and percent Mw retention in Figure 5.12 validate the fact that 

bulk erosion is occurring for P4HB monofilament sutures where molecular weight retention 

precedes the loss in strength and finally mass [17]. This finding is also corroborated from the 

microscopic images where the diameter is found to be between 0.35-0.37 mm throughout the 

degradation time with no significant change.  
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Furthermore, the SEM images revealed significant degradation in pH 3 after 60 days with 

brittle fracture and disintegration of the monofilament's cross-section [2-4]. There were a few pores 

seen on the surface at regular spacing, but the surface damage was not as intense as the internal 

core. The periodicity of the surface pores may suggest that the P4HB monofilament has a regular 

periodicity of crystalline and non-crystalline zones in a fringed lamellar model.  It is proposed that 

the degradation starts at the more open structure of the non-crystalline regions where the media 

can enter more easily than into the closely packed crystalline regions [18-19].  

The thermal behavior observed by DSC identified significant changes to the P4HB polymer 

at the molecular level, particularly for those samples exposed to enzymatic degradation at pH 3. 

As the degradation progressed from Day 0 to Day 60, the multiple peaks in the melting thermogram 

of the control sample decreased and combined to just a few narrower peaks at higher Tm and ∆H 

values. This suggests that the enzymatic degradation at pH 3 resulted in the disappearance of 

smaller crystal lamellae that may have recrystallized into bigger crystal lamellae requiring more 

energy to melt, hence increasing the values for Tm and ∆H [16, 19-20]. For the pH 7.4 and pH 10 

samples the lower temperature Peak 1 shifted by few degrees towards the higher temperature Peak 

 
Figure 5. 12: Percent retention of molecular weight, strength and mass as 

degradation proceeds signaling towards bulk erosion. 
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2, and higher temperature Peak 3 shift backward towards Peak 2, resulting in overall increases in 

Tm and ∆H and the formation of emerging single major peak.  The shifting of peaks to lower and 

higher temperatures provides evidence of re-crystallization of the pH 7.4 and pH 10 samples as 

the enzymatic degradation study proceeds. At the same time, there were still multiple peaks 

existing even after 60 days of degradation. The observed results from the crystallization 

endotherms showing increased negativity of ∆Hc suggests there was broadening of the peaks due 

to a wider range crystal sizes following recrystallization.  Such a change is evident for pH 3 when 

degradation took place leading to the formation of smaller crystal lamellae acting as nuclei for 

crystallization at a higher temperature, thus enhancing the crystallization process.   For the pH 7.4 

sample no significant change was observed, while for the pH 10 sample the change in thermal 

properties suggests recrystallization occurs during degradation [21]. 

The results are validated by XRD analysis performed for the enzymatically degraded 

samples after 50 days and compared with undegraded control. The results indicate that there were 

minor changes in peak ratios for the samples enzymatically degraded at pH 3. An observed increase 

in area under the curve and a reduction in the major peak (110) at 21.9º suggests peak broadening 

that is due to breaking of the larger crystal lamellae into smaller lamellae size. On the other hand, 

in the case of pH 7.4 and pH 10, the peak ratio height and area under the curve for 21.9º peak (110) 

compared with other peaks becomes almost twice when compared with peak  (120) at 39.7º. This 

means that the Peak 4 contracts as Peak 1 strengthens, which signifies the occurrence of 

recrystallization as previously observed in case of DSC [15, 22]. 

Lastly, using mass spectrometry, the enzymatic degradation was validated by identifying 

4-hydroxybutyric acid, the repeat unit or monomer of P4HB, in the media collected at the end of 

the 60 day degradation study. Since, the monomer was not observed until Day 20 for the pH 3 
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sample, and not until Day 40 for the pH 7.4 sample, this supports the conclusion, which is indicated 

by other analytical evidence, that bulk erosion is taking place during the P4HB enzymatic 

degradation study.   

5.5. Conclusions  

For P4HB the enzymatic degradation in the presence of proteinase K was found to occur 

through bulk erosion. The fastest rate of degradation occurred during 60 days at pH 3, compared 

to minimal degradation at pH 7.4 and pH 10 which provided less harsh conditions on ester linkages. 

The higher crystallinity of the samples and the higher molecular weight resulted in restricting the 

degradation to only the harsh condition of pH 3. In addition, since the suture monofilament samples 

were thick with diameters in the range of 0.30 - 0.39 mm, the diffusion of media through the 

limited non-crystalline regions seemed faster than the diffusion of degraded species out from the 

bulk. This agreed with the mass spectroscopy results showing bulk erosion of the samples. The 

high degradation rate of P4HB at pH 3 resulted in a rapid loss of mechanical stability and 

morphological integrity during the 60 days of enzymatic degradation at pH 3. As a result of this 

study, further investigations could be undertaken to measure the effect of other enzymes on the 

rate of degradation in different media depending on the anatomical site where biomedical implants 

made from P4HB and other resorbable polymers are being used. 
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6.1. Introduction 

Aliphatic polyesters have become an important solution for biomedical applications like 

tissue engineering scaffolds, drug delivery systems and surgical sutures owing to their unique 

mechanical, biocompatible and resorbable properties. These polymers are attractive materials for 

medical implants/devices because of their fiber forming characteristics coupled with their ability 

to degrade or resorb. Synthetic fiber forming bioresorbable polymers open new doors for diverse 

applications that can be achieved by varying the spinning process parameters or fabricating 

different structures by weaving, knitting, braiding or nonwovens production [1-3]. 

In order for thermoplastic polymers to be processed and able to withstand fabrication and 

post treatments, the polymer must first be thermally stable. In this regard aliphatic polyesters are 

thermoplastic polymers having hydrolysable aliphatic ester linkages in their backbone chain. Due 

to the presence of ester bonds all polyesters are degradable by esterification in a chemically 

reversible process.  But only aliphatic polyesters can degrade and resorb over the time frame 

required for most of biomedical applications.  This is attributed to the short chain length present 

between the ester bonds. This class of polyesters is the earliest and most extensively investigated 

class of bioresorbable polymers having immense diversity and synthetic versatility, which makes 

them unique. 

However, there has been little discussion in the literature about the thermal properties of 

aliphatic polyesters and the use of computer simulations remains largely unexplored for this class 
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of polymers. Since thermal properties and thermal degradation play critical roles while processing 

these polymers and exposing them to thermal treatments, it is important to know how these 

polymers respond to heat using computer simulations followed by experimental validation. For 

this work I have selected four aliphatic polyesters, namely: polylactic acid (PLA), polyglycolic 

acid (PGA), polycaprolactone (PCL) and poly-4-hydroxybutyrate (P4HB), all used to study and 

undertake experiments and simulations. The output from these simulations correlates well with the 

calculations of activation energy and thermal degradation profiles. These polymers were selected 

since they have been used widely for medical applications, and PLA and its main competitor, 

polycaprolactone, are under consideration for use in drug delivery systems. At present this study 

has focused on homopolymers.  In the future it will be important to study homopolymers and 

copolymers as they are developing unique blends for use as implantable surgical sutures. 

6.2. Materials and Methods 

6.2.1. Aliphatic polyesters 

Polylactic acid (PLA), polyglycolic acid (PGA), polycaprolactone (PCL) and poly-4-

hydroxybutyrate (P4HB) were selected as the polymers for this study, since these are the polymers 

used for diverse range of medical applications. These polymers come under the category of 

aliphatic polyesters with the difference in number of carbon atoms in their repeat units as illustrated 

in Figure 6.1. The number of carbon atoms increases from 2 in PGA to 4 in P4HB and 6 in PCL. 

PLA on the other hand has 2 carbons in the backbone chain but has an attached methyl side group. 

The PLA multifilament yarn (6100HP) supplied by NatureWorks™, was a polymer with greater 

than 98% L-isomer and less than 2% D-isomer. The P4HB sample was in the form of a size 2/0 

Monomax® monofilament violet suture, measuring 150 cm in length and having an average 

diameter of 0.30–0.39 mm.  It was procured from B. Braun Surgical S.A., Barcelona, Spain. The 



   

208 

 

PCL multifilament yarn was purchased from Guangdong Zhuhai Adhesive Products Co. Ltd., 

Zhuhai, Guangdong, China, and the PGA sample was purchased from Polysciences Inc. in the 

form of polymer chips (Catalog No.06525-5). 

 
PGA 

 
P4HB 

 
PCL 

 
PLA 

Figure 6.1 : Repeat unit structures for the aliphatic polyesters used in the thermal 

degradation studies. 

6.2.2. Thermogravimetric analysis (TGA) 

A Pyris 1 thermogravimetric analyzer (TGA) was used for undertaking the degradation 

studies of PLA, PCL, PGA and P4HB. Degradation experiments were carried out from 25°C to 

600 °C at rates of 5 °C/min, 10 °C/min, 20 °C/min and 30 °C/min.  The reason why degradation 

was carried out at different rates was to facilitate the calculation of the activation energy and 

degradation profile of the feed polymers. The purge for the air was maintained at a pressure of 20 

psi. The sample size for the studies was taken for all the polymers. To calculate the activation 

energy from the TGA plots the Kissinger isothermal method was implemented. This method was 

selected instead of the Flynn-Wall-Ozawa method or the Kissinger-Akahira-Sunose method since 

it gave a satisfactory correlation (92-99 %) for all the polymers with a linear expression. This could 

be attributed to the fact that the Kissinger method includes the peak temperature (TP), which is 

calculated from the overall average. Thus, the randomness of single conversions is normalized, 
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which provides the closer fit. This method allows us to obtain a value for the activation energy 

(Ea) from a plot of LN(β/TP
2) against 1000/TP for a series of experiments at different heating rates 

(β). The peak temperature, TP, is obtained from the DTG plots.  The activation energy Ea is 

calculated from the slope of the plot, which is equal to –Ea/R, where R is the universal gas constant 

(8.314 J / mol·K). Equation 6.1 is used for calculating the activation energy [4-5] 

                                                 𝐿𝑁 (
𝛽

𝑇𝑃
2) = 𝐿𝑁 (

𝐴𝑅

𝐸𝑎
) −

𝐸𝑎

𝑅𝑇𝑃
                                                         (6.1) 

Here A, is the pre-exponential factor which varies for each polymer and is rate dependent. 

6.2.3. Molecular Dynamics simulations 

Molecular dynamics (MD) simulations using MAPS 4.2 by Scienomics, was performed to 

execute the process of thermal degradation of PLA, P4HB, PGA and PCL in the presence of air 

from 298.15 K to different temperatures above the melting point for each polymer. This was done 

in order to simulate oxidative degradation of these polymers and depict a degradation profile that 

would reproduce the same conditions and correlate with the experiments. Amorphous cells were 

created with 20 polymer chains and 250 oxygen molecules. The excess oxygen was used to mimic 

the constant air flow in the TGA. After building the amorphous cells with polymer chains and 

oxygen molecules, the systems were equilibrated to minimum energy and density. Thereafter, with 

an NVT ensemble using a Nose/Hover thermostat, MD simulations were performed on the system 

from 298.15 ⁰K to 1400 ⁰K, 1600 ⁰K, 1800 ⁰K, and 2000 ⁰K with average thermal heating rates of 

2.20, 2.60, 3.00 and 3.40 ⁰K/ps. The ReaxFF force field was used for these systems, parameterized 

for C, H, O systems (A.C.T. Van Duin provided the ReaxFF reactive force field).  In order to 

facilitate the analysis of the thermal degradation profile at the molecular level following the MD 

simulation approach, the systems were studied in triplicate with 20 polymer chains having 20 

repeat units so as to predict changes in mass with temperature and other thermal attributes [66-25]. 
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To obtain the activation energy from the MD simulations, the rate constant (kT) was measured at 

different temperatures during the degradation process by using Equation 6.2.  

                                          𝐿𝑁(𝑁𝑡) − 𝐿𝑁(𝑁0) = −𝑘𝑇 × 𝑡      (6.2) 

N0 is the number of polymer molecules with the highest molecular weight at the start of 

the degradation process, and Nt is the number after time t.  The value of the rate constant kT, is 

used in the Arrhenius Equation 6.3, to calculate the activation energy of degradation (Ea) [6-7]. 

                                                            𝑘𝑇 = 𝐴 × 𝑒
−
𝐸𝑎
𝑅𝑇                                                           (6.3) 

where A is the pre-exponential factor and R is the universal gas constant. The values Ea are 

obtained from the slope of the linear correlation between LN (kT) and 1000/T. 

6.3.  Results 

6.3.1. PGA thermal studies 

The TGA plots for PGA using different rates of heating are illustrated in Figure 6.2 (a), 

where it can be observed that as the heating rate increases, so the degradation rate increases, and 

the onset of degradation shifts to a higher temperature by almost 30 °C from 5 to 10 °C/min, and 

by ~23 °C from 10 to 20 °C/min. For the heating rate increase from 20 to 30 °C/min the rise in 

onset temperature was only about 10 °C. As anticipated the temperature at which 50% of the mass 

was lost also illustrated an increase of around 20% with the increase in heating rate from 5-30 

°C/min. From these plots the percent conversion for different rates was calculated and as 

demonstrated in Figure 6.2 (b) the loss of mass with time was measured. The percent conversion 

was revealed to be higher for higher rates, with complete loss of mass in 20 minutes at 30 °C/m in 

contrast to 70 minutes at 5 °C/min. 
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In addition to the TGA plots, the DTG plots were obtained to evaluate the peaks for the 

highest mass loss as can be in Figure 6.2 (c). Two peaks were observed for the degradation profile 

of PGA; pyrolysis and oxidative degradation. These peaks were deconvoluted so as to observe the 

℃/min Tonset ℃ T50℃ 

5 309.44 345.26 

10 338.65 375.29 

20 361.86 403.05 

30 372.23 413.43 

 

  

    

 

 

 

 

 

 

 

 (a) 

                 
  (b) 

 
(c) 

 
(d) 

Figure 6.2: (a) TGA mass loss profile with respect to temperature and Tonset and T50, 

(b) percent conversion change with respect to time, (c) DTG plots at 5, 10, 20 and 30 

°C/min, (d) calculation of activation energy for PGA using Kissinger model for two 

peaks from  DTG plots. 
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peak heights. The temperature observed from the peak heights (TP) for the two peaks was used to 

calculate the activation energy from the slope of the plot in Figure 6.2 (d). The activation energies 

for Peak 1 and Peak 2 are calculated to be 7.31 and 6.98 kJ/mol, respectively with regression 

coefficient (R2) of 96-98%. 

The thermal behavior was thereafter evaluated using MD simulations and the molecular 

weight loss profile for the longest molecular weight chains was determined through the reaxFF 

Target ⁰C Tonset ±3 ⁰C T50±3 ⁰C 

1126.85 26.15 176.25 

1326.85 26.43 188.95 

1526.85 37.02 214.76 

1726.85 40.26 218.35 

 
(a) 

 
(b) 

Figure 6.3: (a) Molecular weight loss profile for the longest PGA chains with respect 

to simulation time as temperature increases, with Tonset and T50 at the temperatures 

under study, and (b) the thermal rate constant kT vs 1000/T to measure the slopes for 

activation energy calculations. 
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analysis tool, as illustrated in the Figure 6.3(a). This figure shows the temperatures for the onset 

of degradation and for 50% of remaining mass of the longest chains. The calculation of activation  

℃/min Tonset ℃ T50℃ 

5 298.57 325.40 

10 346.12 373.98 

20 352.59 371.10 

30 354.79 367.79 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6.4: Thermal analysis for PLA (a) TGA mass loss profile as a function of 

temperature and Tonset and T50, (b) Percent conversion change with degradation time, 

(c) DTG plots at 5, 10, 20 and 30 °C/min, (d) calculation of activation energy for 

two peaks from DTG plot using Kissinger model. 
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energy (Ea) was executed using Equations 6.2 and 6.3 from the slopes of the plots from Figure 6.3 

(b). The activation energies for 1400°K, 1600°K, 1800°K and 2000°K (1126.85°C, 1326.85°C, 

1526.85°C, and 1726.85°C respectively) were found to be 5.35, 5.81, 5.87 and 7.34 kJ/mol 

respectively with R2 correlation coefficients of 98-99%. 

6.3.2. PLA thermal studies 

On analyzing the thermal profile of PLA, it was observed that it is similar to PGA with a 

difference of ~10 ℃ in Tonset. The mass loss profile and the change in conversion of the PLA 

sample are illustrated in Figure 6.4 (a) and (b) where the 50% mass loss is predicted to take place 

around 325⁰C at 5 °C/min, with ~14% rise in T50 for the other rates. Interestingly the mass loss 

profile at higher rates of heating appears to be similar, hence the onset temperature and 50% 

conversion temperature at higher heating are also similar. When compared to PGA the values are 

similar, with complete conversion at ~500 °C and the required time decreasing as the rate of 

degradation increases. The DTG plots in Figure 6.4 (c) were derived from the TGA plots and 

deconvoluted to identify the degradation peaks. The value of TP was determined for the two peaks 

and used in the Kissinger model to obtain the plots from LN(β/TP
2) vs 1000/TP as can be observed 

in Figure 6.4(d). The activation energies calculated from the slope of these plots using Equation 

6.1 were found to be 7.23 and 8.31 kJ/mol, with R2 regression coefficients of 91-96%. 

Using MD simulations the thermal behavior was further evaluated to obtain thermal 

degradation profile and activation energy. As observed from the TGA results, the Tonset appears to 

increase with a faster rate of heating for simulations. T50 however is higher at 1400°K; thereafter 

decreasing and increasing from 1600 - 2000K, as observed in Figure 6.5 (a). The activation 

energies were calculated using Equations 6.2 and 6.3. The calculated thermal constant (kT) is 

plotted against 1000/T. From the slope of these plots in Figure 6.5 (b), activation energies were 



   

215 

 

measured to be 10.14, 20.37, 19.12 and 18.80 kJ/mol for the simulations performed at 1400°K, 

1600°K, 1800°K and 2000°K respectively, with R2 regression coefficients of 91-96%. 

6.3.3. P4HB thermal studies 

Like the previous polymers the thermal TGA experiment for the P4HB sample was run at 

different heating rates. The mass loss profile and percent conversions are illustrated in Figure 6.6 

(a) and (b). It was observed that as the rate of TGA heating increased from 5-30 °C/min, the onset 

temperature for degradation increased by 13% at 5 to 10 °C/min, and by 3% and 1% at 20 and 30 

°C/min respectively. Similarly, the temperature to obtain 50% conversion increased by 80°C from 

  

Target ⁰C Tonset ±3⁰C T50 ±3⁰C 

1126.85 34.76 489.57 

1326.85 38.34 423.64 

1526.85 38.44 473.33 

1726.85 44.80 503.60 

 

  

 

 

 

 

 

 

                        (a) 

 
(b) 

Figure 6.5: (a) Molecular weight loss profile for the PLA chains with 20 repeat units 

with respect to simulation time, and Tonset and T50 at the temperatures under study, 

and (b) the thermal rate constant kT vs 1000/T to calculate the activation energy from 

the slopes. 
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5-30 °C/min with highest increase of 49 °C at 5 to 10 °C/min. Again, from the percent conversion 

plots it was observed that it takes the longest time of 70 mins to obtain a 100%  

℃/min Tonset ℃ T50℃ 

5 302.38 326.38 

10 360.84 375.29 

20 371.43 401.67 

30 375.54 411.97 

  
                                              (a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6.6: P4HB thermal analysis (a) TGA mass loss profile with respect to 

temperature and Tonset and T50, (b) Percent conversion change with respect to time, 

(c) DTG plots at 5, 10, 20 and 30 °C/min, (d) calculation of activation energy using 

Kissinger model for two peaks from the DTG plot. 
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conversion at 5°C/min and around 15 mins at the highest heating rate. The DTG plots in Figure 

6.6 (c) were derived from the TGA data and the slopes were obtained implementing the Kissinger 

model as can be seen in Figure 6.6 (d). The activation energies were calculated using Equation 6.1 

and they were found to be 7.32 and 6.98 J/mol, with R2 regression coefficients of 92-96% for the 

two deconvoluted peaks. 

MD simulations were performed to examine the thermal degradation profile of P4HB and 

compare it with the experimental results. The data from the MD simulations using reaxFF analysis 

are illustrated Figure 6.7 (a), predicting the molecular weight loss profile for a P4HB chain of 20 

Target ⁰C Tonset ±3⁰C T50 ±3⁰C 

1126.85 32.61 269.50 

1326.85 34.83 315.73 

1526.85 37.36 330.35 

1726.85 40.62 452.58 

  
(a) 

 
(b) 

Figure 6.7: (a) Molecular weight loss profile for the P4HB chains with 20 repeat 

units until complete degradation to 0.25 ns for different temperatures, with Tonset and 

T50 at the temperatures under study, and (b) the thermal rate constant kT vs 1000/T to 

measure the slopes for activation energy calculations 
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repeat units. The Tonset varied a little among the different study temperatures (by 2-3°C), but the 

temperature to obtain 50% conversion increased by 100°C from 1400 to 2000°K.  The activation 

energy (Ea) calculated from the slopes of the plots in Figure 6.7 (b) for the studies at 1400°K, 

1600°K, 1800°K and 2000°K are to 7.65, 7.90, 9.98 and 8.41 kJ/mol respectively, with R2 

regression coefficients in the range of 91-98%. 

6.3.4. PCL thermal studies 

On analyzing the thermal profile of PCL, it was observed that it had highest Tonset compared 

with PLA, PGA, and P4HB, because it increased from 383 - 420 °C with increasing heating rates 

from 5 - 30 °C/min as illustrated in Figure 6.8 (a). Similarly, higher temperatures were required to 

achieve a 50% mass loss at temperatures above 400 °C/min as depicted in the results. From Figure 

6.8 (b) it was observed that it takes about 100 mins to obtain 100% conversion at 5 °C/min. The 

time to achieve higher conversions became shorter as the rate of heating increased, with 20 mins 

required for complete degradation at 30 °C/min. The DTG plots in Figure 6.8 (c) were derived 

from the TGA plots and deconvoluted to identify the degradation peaks. The two peak 

temperatures determined from the DTG plots were used in the Kissinger model to obtain the plots 

from LN(β/TP
2) vs 1000/TP as illustrated in Figure 6.8(d). The activation energies from the slope 

of these plots were calculated using Equation 6.1 and found to be 6.90 and 5.67 kJ/mol, with R2 

regression coefficients in the range of 97-99%. 

Using MD simulations the thermal behavior for PCL was further analyzed to obtain the 

thermal degradation profile and activation energies. As observed the Tonset appeared to increase 

with faster heating rates for the simulations. Similarly, T50 increased with increasing temperatures 

from 1400-1800 °K, as observed in Figure 6.9 (a). The activation energies were measured by 

implementing Equations 6.2 and 6.3. The calculated thermal constant was plotted vs temperature  
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℃/min Tonset ℃ T50℃ 

5 383.93 403.85 

10 387.19 411.97 

20 415.71 441.45 

30 420.23 448.98 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6.8: Thermal analysis for PCL (a) TGA mass loss profile with respect to 

temperature and corresponding Tonset and T50, (b) change in percent conversion with 

respect to time and (c) DTG plots at 5, 10, 20 and 30 °C/min, and (d) calculation of 

activation energies for two peaks from DTG plot using the Kissinger model. 
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and from the slope of the plots the activation energies were measured and found to be 9.89. 22.69, 

15.46 and 8.31 kJ/mol at 1400, 1600, 1800 and 2000 °K respectively, with R2 regression 

coefficients in the range of 95-99 %..There were issues for higher temperature studies of PCL 

using MD simulations which may have generated a wider range of activation energies. The 

problem could be attributed to the longer chains with more carbons in PCL, leading to chain 

entanglements and complications in molecular level calculations. 

Target ⁰C Tonset ±3⁰C T50 ±3⁰C 

1126.85 36.33 513.85 

1326.85 42.37 571.58 

1526.85 46.35 595.65 

1726.85 51.15 614.75 

 
(a) 

 
(b) 

Figure 6.9: (a) Molecular weight loss profile for the PCL chains with 20 repeat units 

until complete degradation at different temperatures, with Tonset and T50 at the 

temperatures under study, and (b) the thermal rate constant kT vs 1000/T to measure 

slopes for activation energy calculations. 
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6.4. Discussion 

The thermal degradation of PGA, PLA, P4HB and PCL have been evaluated individually 

in the past using TGA experiments. However, no studies have reported and compared the thermal 

properties for these particular bioresorbable polymers that are attractive candidates for medical 

applications. In addition, no study has reported the implementation of computational tools to 

evaluate the thermal behavior for these polymers so as to calculate and compare their activation 

energies.  Understanding the thermal properties of any new bioresorbable polymer is important as 

processing and sterilization involve high temperatures and air containing oxygen, which enhances 

the degradation process.  Furthermore, when the polymer is cooled, the degradation may continue 

due to the ambient temperature surpassing the activation energy for degradation. Processing 

induced degradation may at times go unnoticed at the molecular level leading to deterioration of 

the polymer's mechanical characteristics and performance. When such polymer's are used for 

biomedical applications, this poses a major concern which may lead to fatalities when placed in 

the patient’s body. 

Although, TGA has been used a multitude of times to evaluate thermal behavior, the 

detailed isoconversional analysis to determine the kinetics of the degradation at different rates 

and/or to different temperatures, has generated limited discussion [8]. This is due in part to the 

complex series of analysis steps. Also, the use of different experimental conditions and various 

procedures and assumptions for the calculations generates a variety the derived kinetic parameters. 

To overcome this problem, the MD simulation methodology using reaxFF developed here and 

validated with experimental data can be implemented to obtain rate constants and activation 

energies for the thermal degradation of many different polymers. Since most processing involves 

direct contact with the atmosphere, the oxygen in the air causes a significant effect on the 
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degradation of the polymer. Thus, thermal degradation studies for this study are carried out in the 

presence of air and/or oxygen in experimental TGA and MD simulations [9-10].  

Thermogravimetry measurements on PGA, PLA, P4HB and PCL were carried out at the 

four heating rates of 5, 10, 20 and 30 ℃/min. It was evident from both experimental and MD 

simulation results that the highest degradation time was required for PCL compared to the other 

polymers. This could be attributed to PCL's longer repeat unit with 6 carbons. Experimentally PLA 

and PGA followed similar degradation profiles. The PGA degraded faster with 50% conversion 

obtained more rapidly at lower temperatures as discussed above in the TGA results and those 

reported in literature [11-13].  Also, the P4HB experiments at the signature temperatures varied by 

a few degrees from the PLA values. 

 However, in the MD simulations, PLA and PCL both showed delayed thermal 

degradation. As in the TGA experiments, the PCL degraded at high temperatures above 500 ℃. 

The difference in the simulation result from the experimental data for PLA could be attributed to 

the fact that the methyl side group present on PLA has a more prominent effect at the molecular 

level, causing steric hindrance and a delayed attack by oxygen leading to degradation at a higher 

temperature. In addition, it is evident from the experimental data that there are two degradation 

mechanisms occurring sequentially. The first peak is attributed to pyrolysis degradation, and the 

second peak to oxidative degradation [11]. But when the MD simulations were performed in 

oxygen, pyrolysis does not appear to take place, which explains why PLA has a higher degradation 

temperature than PGA or P4HB in simulations.  PGA and P4HB have 2 and 4 carbons in their 

repeat units without any methyl side groups. As a result, they incur faster degradation. The second 

peak in the DTG curves is associated with the loss of the ester groups due to oxidation [12]. 

Furthermore, although they follow similar trends, all the Tonset and T50 values are lower for the 
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simulations as compared to the experiments. This is because during the simulations each and every 

molecular level reaction is registered, and they go unnoticed during the experimental study where 

the mass lost at the macro level is measured. Secondly, the rates of heating in the MD simulations 

are much lower than in the experiments, leading to faster degradation. This is also observed in the 

TGA experiments that as the rate of heating decreases, the temperature required for degradation 

falls. However at higher rates of heating degradation at higher temperatures is observed which 

could be firstly due to faster increase in temperature causing delayed heating of polymer to higher 

temperatures, and secondly the kinetic energy of air/oxygen molecules also increases, limiting in 

their attack on the polymer chain. The DTG curves obtained at 5 °C/min, 10 °C/min, 20 °C/min 

and 30 °C/min consisted of two peaks, indicating that thermal degradation of the polymer take 

place in a two-stage reaction, which is most probably associated with the pyrolysis and loss of 

ester groups. This is in agreement with previously reported results [11,12] for thermal degradation 

of PLA in air.  

The activation energy for the polymers measured both experimentally and through MD 

simulations revealed that the initial thermal activation energy calculated from the first DTG peak 

was about 7kJ/mol for all the aliphatic polyesters. For the second peak, the Ea value was the same 

for P4HB at 6.98kJ/mol. However, the Ea value was found to be lower for PCL (~6kJ/mol) and 

higher for PLA (~8kJ/mol). From the MD simulations, the Ea value was found to be marginally 

different from experimental values for PGA and P4HB, being 5-7kJ/mol and 8-10 kJ/mol 

respectively. In the case of PLA and PCL, following similar trends towards degradation at higher 

temperatures, the calculated activation energies were also higher than the values from the 

experiments. For PLA the measured Ea value was 10-20 kJ/mol, and for PCL it was observed to 
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be 10-22 kJ/mol.  The gains could be attributed to their chemical structures leading to delayed 

degradation at the molecular level. 

6.5. Conclusion  

From this study it is evident that although PGA, PLA, PCL and P4HB are all in the same 

category of aliphatic polyesters, they have different thermal degradation profiles attributed to their 

chemical structures. This is important to bear in mind since their degradation profiles are critical 

for determining the processing conditions as homopolymers or blends so as to achieve the desired 

properties. Additional simulations have been successfully implemented in this study to obtain the 

thermal degradation profile and markers for thermal degradation like Tonset, T50 and Ea. The trends 

for these thermal attributes are similar to those experimental values for Tonset and T50. With lower 

values attributed to slower heating rates it was possible to capture each and every detail at the 

molecular level. Further, the Ea values for PGA are similar to the experimental values and those 

reported in the literature. Similarly, the Ea values for P4HB from simulations are similar to those 

obtained from experiments, but to date no literature has been reported. Lastly, the Ea values for 

PLA and PCL are higher than those observed experimentally, but similar to those in the literature. 

This needs to be further analyzed in terms of the reaction mechanisms so as to elucidate the reason 

for the Ea value being higher than that reported for oxidative degradation, but lower than the Ea 

value for degradation in nitrogen [5,12]. This study has demonstrated that MD simulation 

methodology can be successfully implemented for the study of thermal behavior of other polymers 

being developed so as to screen and shortlist them based on their thermal properties before 

undertaking experimental and prototype processing. 
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CHAPTER 7: Conclusions, Limitations and Future Work 

7.1. Conclusions  

This study has ventured into exploring two goals related to polymer degradation.  The first 

involves the use of analytical methods comprising experiments and computer simulations, and the 

second involves applying those analytical methods to the evaluation of the chemical and thermal 

degradation of aliphatic polyesters. Given that poly-4-hydroxybutyrate (P4HB) is a comparatively 

new resorbable aliphatic polyester synthesized by bacteria, there is a deficiency in our 

understanding of its degradation process and how this process effects its polymer properties. So, 

it has been worthwhile to use the methodology developed during the first goal of this study to 

understand degradation of P4HB in greater detail and compare it with the widely used commercial 

and FDA approved poly(lactic acid) (PLA). Although PLA has been studied extensively for its 

properties, the reported literature provides us with a number of different degradation mechanisms 

and profiles. As a result, the use of simulations with experiments has helped us understand the 

degradation of PLA in more detail, and has validated the computational findings for hydrolytic 

degradation. Lastly, by undertaking the development of an MD simulation method for polymer 

degradation studies, we have been able to perform thermal degradation analysis on four aliphatic 

polyesters, namely PGA, PLA, P4HB and PCL, using both experiments and simulations. So here 

in Chapter 7 we revisit these two major goals and four related objectives so as to evaluate what 

has been achieved and what more can be undertaken to strengthen the future research pertaining 

to these polymers and involving experimental and computational tools.  

The first objective addressed in Chapter 3 involved understanding the hydrolytic 

degradation of PLA using experiments to investigate the macroscopic changes and implementing 

MD simulations and DFT calculations to explore the molecular scale changes involved in the 
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degradation process.  First it was necessary to compare and validate the experimental and 

computational results and compare them with those reported in the literature. Using the 

characterization tools for monitoring the mechanical, structural and surface properties during 

degradation in different pH media. Unlike the variability of the results reported in the literature 

that PLA degradation occurs faster in acids, more rapid degradation of PLA was observed in 

alkaline conditions at pH 10. These findings were further validated by the results from MD 

simulations when the increased rate of degradation was associated with alkaline conditions, and 

the reaction by-products were lactic acid, its oligomers and alcohol. Furthermore, these findings 

were corroborated by reactivity analysis using DFT calculations which proved that the hydroxyl 

ion attack was on the carbonyl carbon. 

The second objective, described in Chapter 4, involved using the above developed 

methodology to execute a detailed degradation study for P4HB monofilament size 2-0 sutures. 

Since PLA and P4HB are both aliphatic polyesters, it was hypothesized that both polymers will 

degrade following the same mechanism.  However, the trends were totally opposite. Unlike PLA, 

P4HB degraded faster in acidic conditions, which was demonstrated both through extensive 

experimental characterization and computationally. Since there is no previous literature discussing 

the degradation of P4HB in detail, it was necessary to identify the reaction products after 10, 20, 

40 and 60 days degradation at pH 3, 7.4 and 10 using mass spectroscopy, and compare these results 

with the reaction products observed from simulations.  Close agreement was found between the 

experimental data and the reaction mechanisms from MD simulations and the reactivity analysis 

obtained from DFT calculations.  

The third objective pertaining to enzymatic degradation for P4HB was addressed in 

Chapter 5. The proteinase K enzyme was selected for this study owing to its effective performance 
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over a wide range of pH values. The expectation was that the presence of the enzyme at pH 3, 7.4 

and 10 would after 60 days enhance the rate of degradation. However, a contradictory finding was 

observed because the presence of the enzyme reduced the rate of degradation when compared to 

the hydrolytic degradation results of P4HB in Chapter 4. Extensive analysis of the mechanical, 

thermal, surface and structural properties was performed in this study, which revealed that 

although the extent of degradation was reduced in the presence of the enzyme, the fastest rate of 

degradation was still under acidic conditions. 

The fourth objective involved implementing the above developed methodology to study 

the thermal degradation for aliphatic polyesters like PLA, PGA, P4HB and PCL. The thermal 

degradation profile and activation energies were measured and calculated for these polymers using 

both experiments and MD simulations. The differences in their repeat unit structure were 

demonstrated by their distinguished thermal behavior.  PCL was found to degrade at higher 

temperatures unlike the other polymers. PLA and PGA on other hand experienced a similar 

degradation profile, whereas P4HB performed in between these two extremes. The activation 

energies measured from the experiments and from the simulations were in the same order of 

magnitude for PGA and P4HB, but the simulation values were found to be higher compared to the 

experimentally observed values in the case of PLA and PCL. These differences could be attributed 

to the side methyl group on PLA and longer repeat unit for PCL.  But this needs further 

investigation through reaction mechanism analysis and altering the polymer chain length under 

study. 

7.2. Limitations 

The study performed and reported in this dissertation has been the first of its kind to use a 

two-pronged approach to polymer degradation analysis. However, there are a number of 
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limitations that are listed below. Firstly, the experiments for hydrolytic degradation were carried 

out on a multifilament form of PLA, but a monofilament form of P4HB. Since the biomedical 

applications are used in a multitude of sizes, shapes and forms, the finding from this study may 

differ between these two polymers as degradation is thickness dependent and is affected by size 

and shape. For example, filament formation during melt spinning creates stress induced 

crystallization which would have affected the degradation in the study and may not be present in 

molded forms of the polymer. Secondly, the MD simulations with reaxFF and DFT calculations 

to elucidate molecular level information, were studied over a 20-repeat and a 5-repeat unit polymer 

chain length respectively. Although the results do validate the findings from the experiments for 

these specific aliphatic polyesters, it would be worthwhile to evaluate longer polymer chains 

representing the real system. To undertake such a study, the computational cost and time are 

current limitations that could be addressed in future with GPUs and supercomputers. Thirdly, for 

the enzymatic degradation study only one enzyme was evaluated. Within the complex environment 

of the human body there are literally hundreds of enzymes and other proteins that contribute to the 

degradation process. So the use of one specific enzyme does not accurately predict polymeric 

degradation in the in vivo environment.  Also, both hydrolytic and enzymatic degradation studies 

were carried out experimentally in a shaker bath which does not accurately mimic the dynamic 

motion of the human body. Lastly, there may have been limitations during the thermal degradation 

study in terms of the size, shape and form of the polymer specimens under investigation. The 

results of the thermal profile measurements and activation energy calculations may have been 

induced in part by their thermal histories and preprocessing conditions. As mentioned above, larger 

and more complex polymer structures have resulted in issues with the validity of simulations that 

use smaller and less dense systems. 
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7.3. Future work 

Polymer materials of natural or synthetic origin surround us and are essential in a multitude 

of applications that impact our everyday lives. Over the last 50 years a series of "temporary" 

engineered polymeric materials that are resorbable under specific conditions over a predictable 

period of time are continually being developed and applied to help maintain a sustainable 

environment. However, understanding their degradation behavior is critical to the performance for 

any application from spacecraft to biomedical devices so as to prevent any fatal outcome or 

premature failure.  This study establishes a methodology to understand the structure of resorbable 

polymeric materials. It also elucidates structure / property relationships by integrating macroscopic 

and molecular level analytical techniques. Within this thesis dissertation this methodology has 

been used to understand the hydrolytic degradation of two polymers and the thermal degradation 

of four polymers. So it is now ready to be applied to other bioresorbable polymers so that 

biomedical solutions will be able to reach patients more quickly. Furthermore, since the reported 

literature on P4HB is so limited, other enzymes and degradation conditions can be explored so as 

to widen the field of potential applications. Lastly, in future thermal degradation studies it would 

be critical to understand the reaction mechanisms involved in oxidation, pyrolysis and nitrogen 

degradation. This methodology can be used to evaluate all three reaction mechanisms for 

theoretical understanding and experimental comparisons. As new polymers are synthesized for the 

first time computational analysis will provide some initial screening before moving towards 

experimental testing and performance evaluation. 

 

 

 

 

 

 



   

231 

 

APPENDICES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

232 

 

To validate molecular dynamics simulations calculations performed on LAMMPS using 

ReaxFF force field, further DFT calculations were performed using Gaussian 16. In order to further 

validate the reaction mechanisms, the reaction sites for possible reaction were calculated by 

measuring Fukui nucleophilic and electrophilic addition ad illustrated in Appendix 1 and Appendix 

4 for Chapter 3 and Chapter 4 respectively. MAPS software is used for visualization of trajectory, 

determining the reaction species, reaction products and reaction mechanisms. The data analysis 

for MD simulations through reaxFF further measurement of molecular weight from MD 

calculations with respect to time, chemical environment and temperature was performed using 

Phython. The script for the same is listed in Appendix 3 in Chapter 3.  For the experimental results 

for XRD and DSC were further analyzed using Origin Pro The parameters a and subsequent results 

are for XRD are illustrated in Appendix 2 for Chapter 2, Appendix 1 for Chapter 4 and Appendix 

3 for Chapter 5. The DSC results using the similar approach for peak analysis are listed in 

Appendix 2 for both Chapter 4 and Chapter 5. Lastly, the image analysis method and results using 

image J are illustrated in Appendix 1 for Chapter 5. 
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CHAPTER 3  

Appendix 1: Fukui Analysis 

 

Atom 

Atom 

Type f(nuc) f(elec) f(radikal) 

 

 

 

1 C -0.02269 -0.03451 -0.0286 

2 O 0.057282 0.041931 0.049607 

3 C 0.010702 -0.00052 0.005093 

4 O 0.033431 0.018497 0.025964 

5 H 0.025086 0.019076 0.022081 

6 C -0.01046 -0.00466 -0.00756 

7 H 0.01466 0.006948 0.010804 

8 H 0.008969 0.009228 0.009099 

9 H 0.023191 0.009133 0.016162 

10 H 0.007087 0.004621 0.005854 

11 C -0.0107 -0.02819 -0.01945 

12 O 0.049659 0.072896 0.061278 

13 C 0.017628 -0.02138 -0.00188 

 

14 O 0.011733 0.046789 0.029261 

15 H 0.030761 0.02203 0.026396 

16 C 0.014436 0.000155 0.007296 

17 H 0.005728 0.008802 0.007265 

18 H 0.005064 0.009949 0.007507 

19 H 0.014999 0.011896 0.013448 

20 C -0.0331 -0.04222 -0.03766 

21 O 0.099303 0.093681 0.096492 

22 C 0.029572 -0.00985 0.00986 

23 O 0.026286 0.052431 0.039359 

24 H 0.03075 0.030348 0.030549 

25 C -0.03331 -0.00206 -0.01768 

26 H 0.02305 0.011807 0.017429 

27 H 0.022367 0.015439 0.018903 

28 H 0.045777 0.015616 0.030697 

Figure 1: Effect of simulated pH conditions 
on degradation of PLA single chain 
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Figure 3: Spatial distribution of 
charges for nucleophilic addition 
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29 C -0.08993 -0.03729 -0.06361 

 

30 O 0.155596 0.10464 0.130118 

31 C 0.045971 -0.02967 0.008149 

32 O 0.059852 0.070094 0.064973 

33 H 0.080296 0.03264 0.056468 

34 C -0.06387 -0.00144 -0.03265 

35 H 0.03883 0.014017 0.026424 

36 H 0.029683 0.013162 0.021423 

37 H 0.075907 0.015582 0.045745  

38 C -0.06919 -0.13612 -0.10266 

39 O 0.057891 0.019312 0.038602 

40 C 0.050942 0.055645 0.053294 

41 O 0.026437 0.043743 0.03509 

42 H 0.045442 0.072078 0.05876 

43 C -0.01918 0.000457 -0.00936 

44 H 0.015068 0.035897 0.025483 

45 H 0.01039 0.045031 0.027711 

46 H 0.02769 0.027093 0.027392 

47 O 0.025374 0.282006 0.15369 

48 H -0.00046 0.015257 0.007398 
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Figure 4: Fukui reactivity for 
nucleophilic addition 

 
Figure 5: Fukui reactivity for 
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Appendix 2: XRD Analysis 

 

[10/27/2019 10:42:20 "" (2458783)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve1!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 33335.33197505 

 

 

[10/27/2019 10:44:11 "" (2458783)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve2!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 70306.621317659 

 

 

[10/27/2019 10:45:02 "" (2458783)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve2!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 314.31941460272 

 

 

[10/27/2019 12:09:36 "" (2458783)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve3!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 46746.341568499 

 

 

[10/27/2019 12:09:50 "" (2458783)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve3!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 249.69275753778 
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[10/27/2019 12:10:39 "" (2458783)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve4!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 52286.477703848 

 

 

[10/27/2019 12:10:49 "" (2458783)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve4!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 335.97438039455 

 

 

[10/27/2019 12:12:08 "" (2458783.508426)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve5!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 49413.806987512 

 

 

[10/27/2019 12:12:17 "" (2458783.508530)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve5!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 328.80145768571 
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CHAPTER 4  

Appendix 1: DSC Analysis 

 

Control  

[10/7/2019 20:22:44 "" (2458763.849120)] 

polyarea(polyarea) 

Input 

iy(Input) = [Book1]nlfitpeaksCurve1!(A"Independent Variable",B"Fit Peak 1") 

type(Area Type) = 1 (abs:Absolute Area) 

Output 

area(Area) = 26.184159220194 

 

 

[10/7/2019 20:23:12 "" (2458763.849444)] 

polyarea(polyarea) 

Input 

iy(Input) = [Book1]nlfitpeaksCurve1!(A"Independent Variable",C"Fit Peak 2") 

type(Area Type) = 1 (abs:Absolute Area) 

Output 

area(Area) = 13.580788260075 

 

 

[10/7/2019 20:23:37 "" (2458763.849734)] 

polyarea(polyarea) 

Input 

iy(Input) = [Book1]nlfitpeaksCurve1!(A"Independent Variable",D"Fit Peak 3") 

type(Area Type) = 1 (abs:Absolute Area) 

Output 

area(Area) = 15.583859054499 

 

pH 3 10 days 

[11/1/2019 12:14:19 "" (2458788)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve1!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 33.775693885409 

 

 

[11/1/2019 12:14:28 "" (2458788)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve1!(A"Independent Variable",C"Fit Peak 2") 
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    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 37.467671693001 

 

pH 7.4 10 days 

 

[11/1/2019 12:18:30 "" (2458788)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve2!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 31.49581746197 

 

 

[11/1/2019 12:18:40 "" (2458788)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve2!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 26.464437569511 

 

 

[11/1/2019 12:18:52 "" (2458788)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve2!(A"Independent Variable",D"Fit Peak 3") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 8.6460794125026 

 

pH 10 10 days 

 

 

[11/1/2019 12:49:44 "" (2458788)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve3!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 24.139749076985 

 

 

[11/1/2019 12:49:59 "" (2458788)] 

polyarea(polyarea) 
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  Input 

    iy(Input) = [Book2]nlfitpeaksCurve3!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 17.37431545159 

 

 

[11/1/2019 12:50:04 "" (2458788)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve3!(A"Independent Variable",E"Fit Peak 4") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 19.586196136997 

 

 

pH 3 20 days 

 

[11/1/2019 15:01:32 "" (2458788)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve4!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 66.279218764144 

 

 

[11/1/2019 15:01:38 "" (2458788)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve4!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 41.704844209051 

 

pH 7.4 20 days 

 

[11/1/2019 15:31:07 "" (2458788)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve6!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 30.545086294269 
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[11/1/2019 15:31:14 "" (2458788)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve6!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 22.191870923654 

 

 

[11/1/2019 15:31:25 "" (2458788)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve6!(A"Independent Variable",D"Fit Peak 3") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 9.2773852315411 

 

 

[11/1/2019 15:31:32 "" (2458788)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve6!(A"Independent Variable",E"Fit Peak 4") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 0.30984992776848 

 

pH 10 20 days 

[11/1/2019 15:34:53 "" (2458788.649225)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve7!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 44.185926336097 

 

 

[11/1/2019 15:35:13 "" (2458788.649456)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve7!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 24.475626751756 

 

 

[11/1/2019 16:19:50 "" (2458788.680440)] 
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polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve7!(A"Independent Variable",D"Fit Peak 3") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 7.1931758992298 

 

ph 3 40days 

[11/3/2019 12:04:27 "" (2458790.503090)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve8!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 47.038851637057 

 

 

[11/3/2019 12:04:42 "" (2458790.503264)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve8!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 38.041732253653 

ph 7.4 40days 

[11/3/2019 12:05:48 "" (2458790.504028)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve9!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 34.168360170053 

 

 

[11/3/2019 12:06:22 "" (2458790.504421)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve9!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 21.279236764525 
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[11/3/2019 12:06:36 "" (2458790.504583)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve9!(A"Independent Variable",D"Fit Peak 3") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 11.216122330912 

 

pH 10 40 days 

 

[11/3/2019 12:10:14 "" (2458790.507106)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve10!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 34.330070684251 

 

 

[11/3/2019 12:10:51 "" (2458790.507535)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve10!(A"Independent Variable",D"Fit Peak 3") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 8.3253919796148 

 

 

ph 3 60days 

[11/3/2019 12:14:06 "" (2458790.509792)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve11!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 47.779381091513 

 

pH7.4 60 days 

[11/3/2019 12:45:14 "" (2458790.531412)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve12!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 
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  Output 

    area(Area) = 41.552810670736 

 

 

[11/3/2019 12:45:25 "" (2458790.531539)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve12!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 36.625431236441 

pH10 60 days 

[11/3/2019 12:45:14 "" (2458790.531412)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve12!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 41.552810670736 

 

 

[11/3/2019 12:45:25 "" (2458790.531539)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book2]nlfitpeaksCurve12!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 36.625431236441 

cool  

control 

[10/9/2019 11:51:09 "" (2458765.493854)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve1!(A"Independent Variable",B"Gaussian Fit of pH3 

B"Control"") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 35.769633412287 

pH 3 day 10 
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[11/3/2019 14:42:15 "" (2458790.612674)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book3]nlfitpeaksCurve1!(A"Independent Variable",B"Gaussian Fit of Sheet1 

H"Heat Flow Endo Up (mW)"") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 37.316711676128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

245 

 

Appendix 2: XRD Analysis 

 

Control 

[11/5/2019 09:34:57 "" (2458792.399271)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve1!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 0.84719244156726 

 

 

[11/5/2019 09:35:05 "" (2458792.399363)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve1!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 0.32027068201671 

 

 

[11/5/2019 09:35:11 "" (2458792.399433)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve1!(A"Independent Variable",D"Fit Peak 3") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 0.028055017774713 

 

 

[11/5/2019 09:35:21 "" (2458792.399549)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve1!(A"Independent Variable",E"Fit Peak 4") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 0.015749681107488 

 

pH 3 

[11/5/2019 09:40:19 "" (2458792.402998)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve2!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 
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  Output 

    area(Area) = 0.88516772295872 

 

 

[11/5/2019 09:40:32 "" (2458792.403148)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve2!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 0.29772587402914 

 

 

[11/5/2019 09:40:39 "" (2458792.403229)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve2!(A"Independent Variable",D"Fit Peak 3") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 0.022946660705943 

 

 

[11/5/2019 09:40:47 "" (2458792.403322)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve2!(A"Independent Variable",E"Fit Peak 4") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 0.011878694359123 

 

pH 7.4 

 

[11/5/2019 10:39:25 "" (2458792.444039)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve1!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 0.93531221727692 

 

 

[11/5/2019 10:39:31 "" (2458792.444109)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve1!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 
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  Output 

    area(Area) = 0.28289175796824 

 

 

[11/5/2019 10:39:40 "" (2458792.444213)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve1!(A"Independent Variable",D"Fit Peak 3") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 0.027004497247644 

 

 

[11/5/2019 10:39:47 "" (2458792.444294)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve1!(A"Independent Variable",E"Fit Peak 4") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 0.07221899353142 

 

Ph 10 

[11/5/2019 12:05:32 "" (2458792.503843)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve2!(A"Independent Variable",B"Fit Peak 1") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 0.88097111098598 

 

 

[11/5/2019 12:05:49 "" (2458792.504039)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve2!(A"Independent Variable",C"Fit Peak 2") 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 0.33067237207676 

[11/5/2019 12:20:10 "" (2458792.514005)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]nlfitpeaksCurve3!(A"Independent Variable",B"Gaussian Fit 

AK"Smoothed Y9"") 

    type(Area Type) = 1 (abs:Absolute Area) 
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  Output 

    area(Area) = 0.033873082651272 

peak4 

[11/5/2019 12:02:33 "" (2458792.501771)] 

polyarea(polyarea) 

  Input 

    iy(Input) = [Book1]Sheet1!(P"pH10, 60 Days",AF"Smoothed Y4")[481:596] 

    type(Area Type) = 1 (abs:Absolute Area) 

  Output 

    area(Area) = 0.011486672073516 
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Appendix 3: Code for Analyzing Simulations Results 

1. import numpy as np 

import pandas as pd 

 

df = pd.DataFrame(pd.read_excel('CalculateNM.xlsx')) 

#print(df) 

i = 1 

x = 0 

y = 0 

n = 0 

j = 0 

m = 0 

u = 0 

v = 0 

t = 0 

N = 0 

W = 0 

sn = 0 

SN = 0 

NP = 0 

M = 0 

SM = 0 

MP = 0 

row = [] 

col = [] 

p = 0 

q = 0 

while j <= 179: 

    t = df.iloc[x, y] 

    if t >= 0 and t < 11: 

        n = df.iloc[x, y + 1] 

        m = df.iloc[x, y + 2] 

        N = n * m 

        sn = n + sn 

        SN = SN + N 

        M = n * m * m 

        SM = SM + M 

    x = x + 1 

    j = j + 1 

NP = SN / sn 

MP = SM / SN 

#print('Group', i) 

print('Intervel', 0, 11) 

print(NP) 

print(MP) 
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col.append('0-11') 

col.append(NP) 

col.append(MP) 

row.append(col) 

col = [] 

p = p + 1 

 

i = 1 

x = 0 

y = 0 

n = 0 

j = 0 

m = 0 

u = 0 

v = 0 

t = 0 

N = 0 

W = 0 

sn = 0 

SN = 0 

NP = 0 

M = 0 

SM = 0 

MP = 0 

while i <= 49: 

    x = 0 

    y = 0 

    u = 1 + (i * 10) 

    v = 11 + (i * 10) 

    print('Intervel', u, v) 

    while j <= 179: 

        #print(df.iloc[x, y]) 

        t = df.iloc[x, y] 

        if t >= u and t < v: 

            n = df.iloc[x, y + 1] 

            m = df.iloc[x, y + 2] 

            N = n * m 

            sn = n + sn 

            SN = SN + N 

            M = n * m * m 

            SM = SM + M 

        x = x + 1 

        j = j + 1 

    if sn == 0: 

        NP = 0 

        MP = 0 
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    else: 

        NP = SN / sn 

        MP = SM / SN 

#    print('Group', i) 

#    print('SM', SM) 

    print(NP) 

    print(MP) 

    col.append(str(u) + '-' + str(v)) 

    col.append(NP) 

    col.append(MP) 

    row.append(col) 

    col = [] 

    p = p + 1 

    n = 0 

    m = 0 

    j = 0 

    N = 0 

    W = 0 

    sn = 0 

    SN = 0 

    NP = 0 

    M = 0 

    SM = 0 

    MP = 0 

    i = i + 1 

dff = pd.DataFrame(row) 

dff.to_excel('Output_100NaOHT.xlsx', sheet_name='Sheet1') 
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Appendix 4: Fukui Reactivity 

Atom  Atom Type notr anion cation f(nuc) f(elec) f(radikal) 

1 C -0.32335 -0.31396 -0.35173 -0.00938 -0.02839 -0.01888 

2 H 0.079326 0.076075 0.09242 0.003251 0.013094 0.008173 

3 C 0.36322 0.368478 0.326688 -0.00526 -0.03653 -0.0209 

4 C -0.54243 -0.53688 -0.51594 -0.00555 0.026486 0.01047 

5 C 1.066295 1.064386 1.000677 0.001909 -0.06562 -0.03185 

6 H 0.149776 0.147418 0.174159 0.002358 0.024383 0.013371 

7 O -0.70676 -0.70612 -0.62203 -0.00064 0.08473 0.042046 

8 O -0.72275 -0.72322 -0.52986 0.00047 0.19289 0.09668 

9 H 0.15001 0.147683 0.174431 0.002327 0.024421 0.013374 

10 H 0.066439 0.062917 0.082832 0.003522 0.016393 0.009958 

11 H -0.04929 -0.05204 -0.02757 0.002744 0.021726 0.012235 

12 H -0.04921 -0.05197 -0.02757 0.002756 0.021642 0.012199 

13 H 0.079475 0.076218 0.092553 0.003257 0.013078 0.008168 

14 C 0.446492 0.449332 0.393141 -0.00284 -0.05335 -0.0281 

15 H -0.00627 -0.00771 0.02397 0.001436 0.030242 0.015839 

16 C 0.173425 0.174419 0.124634 -0.00099 -0.04879 -0.02489 

17 C -0.74241 -0.73361 -0.7112 -0.0088 0.031212 0.011209 

18 C 1.164475 1.158 1.105673 0.006475 -0.0588 -0.02616 

19 H 0.188635 0.184247 0.211551 0.004388 0.022916 0.013652 

20 O -0.66835 -0.67094 -0.59534 0.002594 0.073007 0.037801 

21 O -0.72663 -0.73246 -0.55842 0.005824 0.168213 0.087019 

22 H 0.188788 0.184395 0.211563 0.004393 0.022775 0.013584 

23 H 0.013054 0.011343 0.041626 0.001711 0.028572 0.015142 

24 H 0.01281 0.011213 0.041549 0.001597 0.028739 0.015168 

25 H -0.00642 -0.00779 0.023799 0.001375 0.030217 0.015796 

26 C 0.346711 0.362199 0.303783 -0.01549 -0.04293 -0.02921 

27 H 0.008911 0.003239 0.035082 0.005672 0.026171 0.015922 

28 C 0.208792 0.192586 0.16401 0.016206 -0.04478 -0.01429 

29 C -0.70723 -0.66615 -0.6808 -0.04109 0.026435 -0.00733 

30 C 1.143521 1.090409 1.092744 0.053112 -0.05078 0.001167 

31 H 0.184588 0.159264 0.204831 0.025324 0.020243 0.022784 

32 O -0.68382 -0.69662 -0.62168 0.012792 0.06214 0.037466 

33 O -0.72487 -0.77124 -0.57682 0.046375 0.148047 0.097211 

34 H 0.185039 0.161048 0.205481 0.023991 0.020442 0.022217 
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35 H 0.006554 0.00653 0.032513 2.4E-05 0.025959 0.012992 

36 H 0.006142 0.004711 0.03161 0.001431 0.025468 0.01345 

37 H 0.009087 0.001397 0.035397 0.00769 0.02631 0.017 

38 C 0.38089 0.420657 0.349695 -0.03977 -0.0312 -0.03548 

39 H 0.002812 -0.01667 0.023362 0.019479 0.02055 0.020015 

40 C 0.239478 0.173625 0.203099 0.065853 -0.03638 0.014737 

41 C -0.76142 -0.62948 -0.7435 -0.13194 0.01792 -0.05701 

42 C 1.15729 1.018702 1.125622 0.138588 -0.03167 0.05346 

43 H 0.190338 0.126526 0.203696 0.063812 0.013358 0.038585 

44 O -0.62003 -0.64193 -0.58483 0.021903 0.035196 0.02855 

45 O -0.72157 -0.82524 -0.62934 0.10367 0.092229 0.09795 

46 H 0.190283 0.122666 0.203652 0.067617 0.013369 0.040493 

47 H -0.0019 0.00015 0.017456 -0.00205 0.019357 0.008653 

48 H -0.00127 0.003209 0.018288 -0.00448 0.019559 0.00754 

49 H 0.003148 -0.01407 0.023647 0.017219 0.020499 0.018859 

50 C 0.242645 0.340591 0.235015 -0.09795 -0.00763 -0.05279 

51 H 0.028437 -0.00928 0.037135 0.037721 0.008698 0.02321 

52 C 0.121684 -0.0824 0.104127 0.20408 -0.01756 0.093262 

53 C -0.31649 -0.12759 -0.31332 -0.1889 0.00317 -0.09286 

54 C 0.854472 0.728192 0.852448 0.12628 -0.00202 0.062128 

55 H 0.11109 0.015898 0.113354 0.095192 0.002264 0.048728 

56 O -0.67792 -0.78114 -0.67601 0.103215 0.001909 0.052562 

57 O -0.65952 -0.83732 -0.65409 0.177797 0.005431 0.091614 

58 H 0.111396 0.020595 0.113652 0.090801 0.002256 0.046529 

59 H 0.020959 0.051246 0.028429 -0.03029 0.00747 -0.01141 

60 H 0.020338 0.050283 0.027784 -0.02995 0.007446 -0.01125 

61 H 0.028298 -0.0056 0.036998 0.033895 0.0087 0.021298 

62 H 0.474783 0.471567 0.475871 0.003216 0.001088 0.002152 
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CHAPTER 5  

Appendix 1: Image J Analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fiber diameter from Image J 

  Label Area Mean Min Max Angle Length 

        

1 
 

0.069 19861.57 9243.076 41719.67 -1.79 2.078 

2 
 

0.022 18887.46 7967 43176 0 0.649 

3 
 

0.084 25217.25 11445.37 42039.47 0.725 2.554 

4 
 

0.07 19473.37 4985.8 46822.77 0 2.121 

5 
 

0.03 25954.39 13614.65 40758.3 0 0.866 

6 
 

0.011 19246.16 9509 42319.33 0 1.042 

7 
 

0.005 19006.42 6802.949 41634 1.273 0.472 

8 
 

0.004 21265.34 5731.635 41662.56 -22.479 0.33 

9 Mean 0.037 21114 8662.435 42516.51 -2.784 1.264 

10 SD 0.032 2864.497 2912.328 1870.048 8.006 0.858 

11 Min 0.004 18887.46 4985.8 40758.3 -22.479 0.33 

12 Max 0.084 25954.39 13614.65 46822.77 1.273 2.554 
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Appendix 2: DSC Analysis 

 
Peak Analysis for DSC plots using originPro 

  

[10/7/2019 20:22:44 "" 

(2458763.849120)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve1!(A"I

ndependent Variable",B"Fit 

Peak 1") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 26.184159220194 

 

 

[10/7/2019 20:23:12 "" 

(2458763.849444)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve1!(A"I

ndependent Variable",C"Fit 

Peak 2") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 13.580788260075 

 

 

[10/7/2019 20:23:37 "" 

(2458763.849734)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve1!(A"I

ndependent Variable",D"Fit 

Peak 3") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 15.583859054499 
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[10/8/2019 13:14:19 "" 

(2458764.551609)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve2!(A"I

ndependent Variable",B"Fit 

Peak 1") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 20.398152083926 

 

 

[10/8/2019 13:15:04 "" 

(2458764.552130)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve2!(A"I

ndependent Variable",C"Fit 

Peak 2") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 41.241688906812 

 

 

[10/8/2019 13:15:23 "" 

(2458764.552350)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve2!(A"I

ndependent Variable",D"Fit 

Peak 3") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 36.17874863751 

-60 -40 -20 0 20 40 60 80 100 120

-12

-10

-8

-6

-4

-2

0

2

4

p
H

 3
 1

0
 D

a
y
s
 (

H
e

a
t 
F

lo
w

 E
n

d
o
 U

p
 (

m
W

))

73-36 (Sample Temperature (°C))

 pH 3 10 Days

-60 -40 -20 0 20 40 60 80 100 120

-10

-8

-6

-4

-2

0

2

F
it
 P

e
a

k
 1

Independent Variable

 Fit Peak 1

 Fit Peak 2

 Fit Peak 3



   

257 

 

 
 

[10/8/2019 11:40:37 "" 

(2458764.486539)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve3!(A"I

ndependent Variable",B"Fit 

Peak 1") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 37.241957850403 

 

 

[10/8/2019 11:40:52 "" 

(2458764.486713)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve3!(A"I

ndependent Variable",C"Fit 

Peak 2") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 31.248246862368 

 

 

 

 

 
 

[10/8/2019 11:43:52 "" 

(2458764.488796)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve4!(A"I

ndependent Variable",B"Fit 

Peak 1") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 41.993189186204 

 

 

[10/8/2019 11:44:02 "" 

(2458764.488912)] 

polyarea(polyarea) 
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iy(Input) = 

[Book1]nlfitpeaksCurve4!(A"I

ndependent Variable",C"Fit 

Peak 2") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 32.734940328478 

 

 

[10/8/2019 13:06:53 "" 

(2458764.546447)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve5!(A"I

ndependent Variable",B"Fit 

Peak 1") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 42.129169225631 

 

 

[10/8/2019 13:09:29 "" 

(2458764.548252)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve5!(A"I

ndependent Variable",C"Fit 

Peak 2") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 38.638022227835 

  

 

[10/8/2019 17:37:49 "" 

(2458764.734595)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve14!(A"

Independent Variable",B"Fit 

Peak 1") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 17.573378261508 
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[10/8/2019 17:38:07 "" 

(2458764.734803)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve14!(A"

Independent Variable",C"Fit 

Peak 2") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 23.054092468363 

 

[10/8/2019 17:37:53 "" 

(2458764.734641)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve14!(A"

Independent Variable",D"Fit 

Peak 3") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 23.246814102659 

 

[10/8/2019 17:37:41 "" 

(2458764.734502)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve14!(A"

Independent Variable",E"Fit 

Peak 4") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 11.819880459844 

 

[10/8/2019 17:37:30 "" 

(2458764.734375)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve14!(A"

Independent Variable",F"Fit 

Peak 5") 
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type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 

0.86321090250408 

 
 

[10/8/2019 16:43:55 "" 

(2458764.697164)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve9!(A"I

ndependent Variable",B"Fit 

Peak 1") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 48.387707260449 

 

 

[10/8/2019 16:44:24 "" 

(2458764.697500)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve9!(A"I

ndependent Variable",C"Fit 

Peak 2") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 17.990356734813 

 

 

[10/8/2019 16:46:50 "" 

(2458764.699190)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve9!(A"I

ndependent Variable",D"Fit 

Peak 3") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 11.843995990527 

 

 

-60 -40 -20 0 20 40 60 80 100 120

-10

-8

-6

-4

-2

0

2

p
H

 7
.4

 2
0
 D

a
y
s
 (

H
e

a
t 
F

lo
w

 E
n

d
o
 U

p
 (

m
W

))

73-24 (Sample Temperature (°C))

 pH 7.4 20 Days

-60 -40 -20 0 20 40 60 80 100 120

-9

-8

-7

-6

-5

-4

-3

-2

-1

F
it
 P

e
a
k
 1

Independent Variable

 Fit Peak 1

 Fit Peak 2

 Fit Peak 3



   

261 

 

 
 

[10/8/2019 16:49:25 "" 

(2458764.700984)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve7!(A"I

ndependent Variable",B"Fit 

Peak 1") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 40.607343859615 

 

[10/8/2019 16:50:13 "" 

(2458764.701539)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve7!(A"I

ndependent Variable",C"Fit 

Peak 2") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 10.168972584318 

[10/8/2019 16:49:42 "" 

(2458764.701181)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve7!(A"I

ndependent Variable",D"Fit 

Peak 3") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 34.268105130215 
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[10/8/2019 16:52:59 "" 

(2458764.703461)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve6!(A"I

ndependent Variable",B"Fit 

Peak 1") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 51.174943907813 

 

 

[10/8/2019 16:53:22 "" 

(2458764.703727)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve6!(A"I

ndependent Variable",C"Fit 

Peak 2") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 27.752801953094 

 

 

[10/8/2019 16:53:42 "" 

(2458764.703958)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve6!(A"I

ndependent Variable",D"Fit 

Peak 3") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 6.1334724140629 
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[10/8/2019 17:07:25 "" 

(2458764.713484)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve10!(A"

Independent Variable",B"Fit 

Peak 1") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 41.80996510822 

 

 

[10/8/2019 17:07:34 "" 

(2458764.713588)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve10!(A"

Independent Variable",C"Fit 

Peak 2") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 30.688281810193 

 

 

[10/8/2019 17:07:54 "" 

(2458764.713819)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve10!(A"

Independent Variable",D"Fit 

Peak 3") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 8.3634707740425 
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[10/8/2019 17:08:58 "" 

(2458764.714560)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve11!(A"

Independent Variable",B"Fit 

Peak 1") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 34.808969143955 

 

 

[10/8/2019 17:09:06 "" 

(2458764.714653)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve11!(A"

Independent Variable",C"Fit 

Peak 2") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 17.598322513094 

 

 

[10/8/2019 17:09:13 "" 

(2458764.714734)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve11!(A"

Independent Variable",D"Fit 

Peak 3") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 10.531860744904 
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[10/8/2019 17:20:58 "" 

(2458764.722894)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve13!(A"

Independent Variable",B"Fit 

Peak 1") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 40.596916946319 

 

 

[10/8/2019 17:21:08 "" 

(2458764.723009)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve13!(A"

Independent Variable",C"Fit 

Peak 2") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 27.661596717169 

 

 

 

[10/8/2019 17:11:23 "" 

(2458764.716238)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve12!(A"

Independent Variable",B"Fit 

Peak 1") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 42.662011521862 

[10/8/2019 17:11:18 "" 

(2458764.716181)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve12!(A"

Independent Variable",C"Fit 

Peak 2") 

type(Area Type) = 1 

(abs:Absolute Area) 
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Output 

area(Area) = 38.572189441909 

 

[10/8/2019 17:11:12 "" 

(2458764.716111)] 

polyarea(polyarea) 

Input 

iy(Input) = 

[Book1]nlfitpeaksCurve12!(A"

Independent Variable",D"Fit 

Peak 3") 

type(Area Type) = 1 

(abs:Absolute Area) 

Output 

area(Area) = 6.1339241887347 

 

 

 

[10/9/2019 11:51:09 "" 

(2458765.493854)] 

polyarea(polyarea) 

  Input 

    iy(Input) = 

[Book1]nlfitpeaksCurv

e1!(A"Independent 

Variable",B"Gaussian 

Fit of pH3 

B"Control"") 

    type(Area Type) = 1 

(abs:Absolute Area) 

  Output 

    area(Area) = 

35.769633412287 

  

[10/9/2019 11:56:39 "" 

(2458765.497674)] 

polyarea(polyarea) 

  Input 

    iy(Input) = 

[Book1]nlfitpeaksCurv

e2!(A"Independent 

Variable",B"Gaussian 

Fit of pH3 D"pH 3 10 

Days"") 

    type(Area Type) = 1 

(abs:Absolute Area) 

  Output 

    area(Area) = 

53.896250574602 
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[10/9/2019 11:58:28 "" 

(2458765.498935)] 

polyarea(polyarea) 

  Input 

    iy(Input) = 

[Book1]nlfitpeaksCurv

e3!(A"Independent 

Variable",B"Gaussian 

Fit of pH3 F"pH 3 20 

Days"") 

    type(Area Type) = 1 

(abs:Absolute Area) 

  Output 

    area(Area) = 

42.820172047188 

 
 

[10/9/2019 12:02:03 "" 

(2458765.501424)] 

polyarea(polyarea) 

  Input 

    iy(Input) = 

[Book1]nlfitpeaksCurv

e4!(A"Independent 

Variable",B"Gaussian 

Fit of pH3 H"pH 3 40 

Days"") 

    type(Area Type) = 1 

(abs:Absolute Area) 

  Output 

    area(Area) = 

45.940130645214 

 

 

[10/9/2019 12:03:24 "" 

(2458765.502361)] 

polyarea(polyarea) 

  Input 

    iy(Input) = 

[Book1]nlfitpeaksCurv

e5!(A"Independent 

Variable",B"Gaussian 

Fit of pH3 J"pH 3 60 

Days"") 

    type(Area Type) = 1 

(abs:Absolute Area) 

  Output 

    area(Area) = 

49.176764867466 
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[10/9/2019 12:05:37 "" 

(2458765.503900)] 

polyarea(polyarea) 

  Input 

    iy(Input) = 

[Book1]nlfitpeaksCurv

e6!(A"Independent 

Variable",B"Gaussian 

Fit of "pH 7.4" D"pH 

7.4 10 Days"") 

    type(Area Type) = 1 

(abs:Absolute Area) 

  Output 

    area(Area) = 

32.951085301482 

 

 

[10/9/2019 12:10:19 "" 

(2458765.507164)] 

polyarea(polyarea) 

  Input 

    iy(Input) = 

[Book1]nlfitpeaksCurv

e8!(A"Independent 

Variable",B"Gaussian 

Fit of "pH 7.4" F"pH 

7.4 20 Days"") 

    type(Area Type) = 1 

(abs:Absolute Area) 

  Output 

    area(Area) = 

31.118034090583 

 
 

[10/9/2019 12:11:42 "" 

(2458765.508125)] 

polyarea(polyarea) 

  Input 

    iy(Input) = 

[Book1]nlfitpeaksCurv

e9!(A"Independent 

Variable",B"Gaussian 

Fit of "pH 7.4" H"pH 

7.4 40 Days"") 

    type(Area Type) = 1 

(abs:Absolute Area) 

  Output 

    area(Area) = 

35.230624899295 
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[10/9/2019 12:07:44 "" 

(2458765.505370)] 

polyarea(polyarea) 

  Input 

    iy(Input) = 

[Book1]nlfitpeaksCurv

e7!(A"Independent 

Variable",B"Gaussian 

Fit of "pH 7.4" J"pH 

7.4 60 Days"") 

    type(Area Type) = 1 

(abs:Absolute Area) 

  Output 

    area(Area) = 

36.30162956006 

 
 

 

[10/9/2019 12:14:59 "" 

(2458765.510405)] 

polyarea(polyarea) 

  Input 

    iy(Input) = 

[Book1]nlfitpeaksCurv

e10!(A"Independent 

Variable",B"Gaussian 

Fit of pH10 D"pH 10 

10 Days"") 

    type(Area Type) = 1 

(abs:Absolute Area) 

  Output 

    area(Area) = 

36.768735840248 

 
 

[10/9/2019 12:21:13 "" 

(2458765.514734)] 

polyarea(polyarea) 

  Input 

    iy(Input) = 

[Book1]nlfitpeaksCurv

e11!(A"Independent 

Variable",B"Gaussian 

Fit of pH10 F"pH 10 

20 Days"") 

    type(Area Type) = 1 

(abs:Absolute Area) 

  Output 

    area(Area) = 

31.228898973842 
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[10/9/2019 12:24:36 "" 

(2458765.517083)] 

polyarea(polyarea) 

  Input 

    iy(Input) = 

[Book1]nlfitpeaksCurv

e13!(A"Independent 

Variable",B"Gaussian 

Fit of pH10 H"pH 10 

40 Days"") 

    type(Area Type) = 1 

(abs:Absolute Area) 

  Output 

    area(Area) = 

38.021881851481 

 

 

[10/9/2019 12:26:08 "" 

(2458765.518148)] 

polyarea(polyarea) 

  Input 

    iy(Input) = 

[Book1]nlfitpeaksCurv

e14!(A"Independent 

Variable",B"Gaussian 

Fit of pH10 J"pH 10 60 

Days"") 

    type(Area Type) = 1 

(abs:Absolute Area) 

  Output 

    area(Area) = 

34.385507624938 
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  pH Days Tc (ºC) ∆Hc(J/g) 

Control 0 13.36 -42.92 

3 

10 11.83 -62.55 

20 14.14 -55.85 

40 15.93 -59.41 

60 20.54 -59.01 

7.4  

10 16.19 -37.59 

20 12.47 -38.18 

40 16.95 -45.56 

60 14.52 -44.27 

10  

10 17.6 -42.18 

20 15.17 -40.04 

40 16.5 -46.65 

60 20.03 -39.00 
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Appendix 3: XRD Analysis 

 

Peak analysis for XRD using origin Pro 
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