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SYNOPSIS 

Degradation products of biodegradable polymers may or may not be eliminated 

completely from biological system. Major lacunae in biodegradable polymer studies include 

their undesirable degradation, low molecular weight leachables, induction of inflammatory 

response and mechanical stability interrupting intended biomedical applications. Studying the 

degradation kinetics of polymer helps to tailor the properties of polymer according to the 

specific application. The present study focuses on biodegradable polymer-Poly(ε-

caprolactone) used as scaffold for growth and repair of bone. Mesenchymal stem cells 

(MSCs) are attractive for bone tissue engineering and regeneration approaches. MSCs possess 

self-replicating ability, immunomodulatory function and are able to differentiate into different 

cell lineages. Stem cells are vulnerable towards nano to macro level cues provided by material 

of interest. The cell- material interaction studies helps in evaluation of cell viability, growth, 

anchorage dependency, proliferation and cell-cell communication on biomaterial. 

First chapter is an introduction starting with definition of biomaterials. Further 

detailed on; biomaterial classification, proposed biomedical applications, criteria in selection 

of biomaterial and principles underlying in tissue engineering. Also summary of present study 

is mentioned. 

Second chapter contains brief review on biomaterials and its evolution anticipating 

with its biomedical applications. Emphasis given on the role of biodegradable polymers in the 

field of tissue engineering, especially in the context of bone tissue engineering. This part also 
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explains the role of toxicological evaluation in field of biomaterial science. Major portion of 

review gives an outlook to the importance of cell-material interaction studies. 

The third chapter describes the various materials and methodologies utilized for the 

present study. It can be divided into three broad sections: First section includes fabrication of 

polymer (Polycaprolactone/PCL) films, in vitro degradation study and analysis of 

degradation. Second section includes isolation and culture of bone marrow mesenchymal stem 

cells (BMSCs) from mouse and its characterization. Third section consists of in vitro cell-

polymer interaction studies. 

The fourth and fifth chapter details results and discussion respectively. 

Polycaprolactone was successfully fabricated into solvent cast films. In vitro degradation 

studies of PCL films were carried out in three biological fluids (PBS, SBF and culture media) 

for 90 days. Different biological parameters were considered to evaluate the effect of PCL 

film and its extracts on isolated primary BMSCs. Cytotoxicity of BMSCs in response to PCL 

degradation products was assessed by MTT. Oxidative stress induced in cells was carried out 

by DCFH-DA. Live dead assay using Calcein-AM and PI helped in the evaluation of cell 

viability. Change in mitochondrial membrane permeability was detected by JC-1 probe. 

Morphological analysis of BMSCs performed with giemsa and actin staining. Apoptosis was 

evaluated by DNA laddering. Clonogenic assay was used to check colony forming ability of 

stem cells upon treating with polymer extract. The results of the biological assays with cell-

material interaction indicated that PCL films and its short-term degradation products are non-

toxic to bone marrow mesenchymal stem cells. Assessment of in vitro hemolytic property of 

fabricated PCL and its degradation products suggested good blood compatibility.  
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The sixth chapter concludes the study by highlighting the point that PCL and its 

degradation products are non-toxic to primary mouse bone marrow mesenchymal stem cells. 
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1 INTRODUCTION 

Biomaterials have revolutionized the health care industry.  American National Institute 

of Health biomaterial is ‘‘any substance or combination of substances, other than drugs, 

synthetic or natural in origin, which can be used for any period of time, which augments or 

replaces partially or totally any tissue, organ or function of the body, in order to maintain or 

improve the quality of life of the individual’’. In simple form Williams et al., (1987), defines 

biomaterial as “a nonviable material used in a medical device, intended to interact with 

biological systems”. Improved and efficient field of biomaterials have propelled its strategies 

into tissue engineering, nanotechnology, and the delivery of bioactive agents for treating, 

repairing, and restoring function of tissues. Each biomaterial is considered for its unique 

chemical, physical, and mechanical properties in demand to specific applications (figure1). 

Broadly biomaterials are classified into metals, ceramics, composites and polymers. 

Metals 

Metals are characterized by metallic interatomic bonding. Use of metals as implants is 

traceable to ancient egyptian and south American civilization. Its widely acceptance is due to 

the mechanical properties and inertness. When processed it suitably contribute high tensile, 

high fatigue and high yield strengths. Nowadays, various types of metals are being used 

which generally classified into  stainless steel alloys ,Cobalt-Chromium alloys, Titanium and 

its alloys and precious- metal (gold, silver..) alloys[1].Metal stiffness affects the tissues of 

contact, 2%-12% of patients show signs of metal intolerance and sensitization to metallic 
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components and there are reports of malignomas developing at the site of metal implants are 

disadvantages associated to it [2] 

 
Figure 1: Different biomedical application of biomaterials[3] 

 

Ceramics 

Bioceramics is used as dental and bone implants. It holds properties of high 

biocompatibility, high resistance to corrosion, high resistance to compression and low 

electrical and thermal conductivities. This group includes Alumina, zirconia, biocoral, 

bioglass and at leading place, hydroxyapatite/calcium phosphate (HAp). Difficulties in 

processing and fabrication, and brittleness of these materials tend to limit their clinical 

application. 
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Composites 

It is defined as those materials that consist of two or more fundamentally different 

components that are able to act synergistically to give properties superior to those provided by 

either component alone[4]. Reinforced plastics such as fiberglass as well as natural materials 

such as bone are considered as composite material. Properties of composites depend on the 

structural complexity of individual components. Carbon fibers have been incorporated in the 

high density polyethylene used in total knee replacements. Fibrous composites with its 

resilience are an alternative to metals for more flexible bone plates and femoral stems. 

Composite hip replacement prostheses have been made with carbon fibers in a matrix of 

polysulfone and polyetherether ketone (CFR-PEEK)[5].Composites wide application is found 

in dentistry. Difficulty in choosing appropriate fabrication, lack of standard tests for the 

assessment of composite as implants and complex fatigue behavior makes clinical output of 

composites’ limited. 

Polymers 

Polymers are widely used and versatile among biomaterials. The success of polymeric 

based biomaterial is coupled with its ease of availability with low cost and provides with their 

tailorable properties like mechanical, electrical, chemical and thermal behaviours, implying to 

its functions. Polymers in their considerable amounts and variety occur as natural and 

synthetic. Synthetic polymers are preferred over natural one as they could be synthesized with 

predictable properties and shows uniformity in structure and there is no question of 

antigenicity. There are biodegradable and non-biodegradable polymers based on their ability 
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of degradation. Degradable polymer comprises monomers connected by link that could be 

disintegrated under conditions like hydrolysis, microbial action and so on. Non-biodegradable 

possess adamant interatomic bonds which is difficult to be broken. Few examples of non-

biodegradable include Ultra-high molecular weight polyethylene(UHMWPE), Poly vinyl 

chloride and Poly(tetrafluoro ethylene) /Teflon. Advanced research on polymeric biomaterial 

has lead to the merging of concepts between various disciplines of materials science, 

biomedical engineering, biophysics and biology.  

Orthopedic injuries are most common and many of these severe injuries include long 

bone fractures are observed in the developing countries. It has been estimated that about 90% 

of these injuries are from road traffic accidents (WHO global status report, 2015). Injuries 

impose huge toll personally and globally as productivity of country get compromised. One 

solution is to improve surgical intervention and enhancement of medical research. Bone 

possesses the intrinsic capacity for regeneration as part of the repair process, but the healing 

process depends on the defective tissue size and site. Well-established clinical approaches are 

restricted to autograft and allograft transplantation. However, there is scarcity in donor 

availability and associated with postoperative complications like immune rejection and 

pathogen transfer. Next best resolution is orthopedic implants. But there is ongoing concern of 

surgical removal after fracture fixation, arthroscopies or intervertebral disc interventions.  

Commonly observed complications after implant removal are infections, impaired wound 

healing, refractures, tissue and nerve damage and post-operative bleeding [6].Utilizing the 

biodegradable property of polymer one could counteract the issues related with surgical 

implant removal, where several important factors like material degradation time correlated to 



5 

 

tissue growth, mechanical support, immunogenicity and toxicity of material as such or 

degradation products are to be considered in design of biodegradable implants. 

Tissue engineering brings out with concept of developing spare parts of body via 

biotechnological practices replacing injured, diseased or lost tissues. Tissue engineering 

brings out with concept of developing spare parts of body via biotechnological practices 

replacing injured, diseased or lost tissues. Tissue engineering is a triad built upon with 

scaffold, matrix (growth factor, morphogens, adhesions etc.,) and cells, in which ideally all of 

these components should contribute in providing biological cue to succeed in generation of 

functional organ. Many researchers worldwide are in search of scaffold formulation ideal for 

biological system with minimal or no adverse effect. Osteoblasts, chondrocytes and 

mesenchymal stem cells obtained from tissues could  be expanded in culture and seeded onto 

a scaffold that will slowly degrade and resorb as the tissue structures grow in vitro and/or in 

vivo [7] and several biodegradable polymers have come under focus for utilizing as scaffold 

including poly(α-hydroxyesters) and natural polymers such as collagen and chitin. The 

necessary requirement of these scaffolds is to be able to control the degradation kinetics in 

such way that the properties could be retained in required time span. 

Biodegradation is process of gradual breakdown of material in presence of biological 

activity. Degradable materials application includes the local treatment of cancer, the 

development of vaccines, the manufacture of nanoparticles with increased plasma half-life, 

controlled drug delivery systems, artificial organs, resorbable orthopaedic devices such as 

bone cements, pins, screws, and plates [8]. Parallel to these sophisticated uses, there are 

serious questions raised about the suitability of degradable material where mechanical 
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stability, undesirable degradation, inflammatory inducing leachables, tag along interfering the 

application of need. For better understanding and to solve the problems associated to 

degradable biomaterial, is to study their chemical and physical degradation mechanisms.  

The important properties to be considered in design of biomaterial is that, these 

materials must not evoke a sustained inflammatory response, possess a degradation time 

coinciding with their function, have appropriate mechanical properties for their intended use, 

produce non-toxic degradation products that can be readily resorbed or excreted and include 

appropriate permeability and processability for designed application[9]. Non-toxicity is a 

norm for usage as biomaterial, unless it is specifically engineered for such requirements (e.g., 

a "smart bomb" drug which kills cancer cells)[10]. Low molecular weight leachables from the 

material could induce adverse effect at cellular level and evaluation of material toxicity is an 

important criterion. It is critical to examine the biocompatibility and toxicity of any 

degradation product of a polymer for making of biomedical devices. Thus, Toxicology for 

biomaterials has evolved to be integral to biomaterial science.  

Novelty of biomaterial and its application in medicine has been evolved through 

decades of research. The factors like biocompatibility, mechanical properties and degradation 

behavior are of concern and the comprehending the underlying mechanisms of these may help 

us to tailor the properties of polymer according to the specific application. Studying 

degradation kinetics leads to better understanding and predictable behavior of wide range of 

biomedical applications. Degradation products of biodegradable polymers may or may not be 

eliminated completely from biological system. Although, it has immense application as the 

material disappear as functional tissue regenerates. When a living system encounter with any 
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physical, chemical or biological agent, it will gradually get down to effect on cellular level. 

Very little has been deciphered about the molecular events and associated successful cell 

growth on these materials. Adding to a level to the existing problem, the biodegradable 

polymer shows dynamic nature which will take over the control of cellular interactions. 

Biomaterial in contact with tissue possesses a robust microenvironment indicating the need to 

study the interaction of cells at interface of degradable polymer and their by-products.  In the 

present study, the focus is on biodegradable polymers that are used as scaffold and growth 

repair of bone. When it comes to bone tissue engineering osteoinduction and osteoconduction 

are important concepts, properties of polymer has allowed researchers to use this material 

depending on location and function injured tissue. 

Concept of stem cells is the major focus in fields of developmental biology, cancer, 

embryology and regeneration for a long time. Stem cells are undifferentiated pluripotent cells, 

which could be transformed to become specialized tissues like heart, liver,  bone marrow, 

blood vessel, pancreatic islet and nerve cells. Nowadays, stem cells are represented as unique 

in vitro model system to predict or anticipate toxicity in living system. Mesenchymal stem 

cells (MSCs) are considered to be the most important seed cells for the repair of injured 

tissue. MSCs were originally isolated from bone marrow and now have been successfully 

isolated from adipose tissue, compact bone, placenta and other connective tissues [11]. 

Compared to other pluripotent cells including embryonic stem cells (ESC) and induced 

pluripotent stem cells (iPSC), mesenchymal stem cells (MSC) are attractive for tissue 

regeneration approaches, since these cells possess ability to differentiate into various cell 

types and are less prone to tumorigenicity. There are reports of bone augmentation and 
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supporting the differentiation of osteoblasts with bone marrow mesenchymal stem cells 

cultured in biodegradable polymer [12]. 
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2 REVIEW OF LITERATURE 

2.1 BIOMATERIALS 

Biomaterials have a long history, but the field of biomaterials began to flourish in its 

glory largely between 1920 and 1980[10].The Romans, Chinese, and Aztec have used gold in 

dentistry more than 2000 years ago [10]. There exists evidence of using sutures in Neolithic 

period. Implantations before 1950s were not successful as there was no available knowledge 

on the sterilization, toxicity, immunological response or chemistry of materials. Possibly the 

first study assessing the in vivo bioreactivity of implant materials was performed by H. S. 

Levert (1829) where gold, silver, lead and platinum specimens studied in dogs and platinum 

was found be tolerant [10]. During the turn of the era, natural materials were gained 

popularity and later synthetic plastics got introduced, but with biomaterial toxicology studies 

most of material did not see light anymore. 

Even though, biomaterials are used largely in development of medical devices, they 

have found its application to grow cells in culture, in apparatus for handling proteins, in 

devices to regulate fertility in cattle, in the aquaculture of oysters, is used as a cell-material 

"biochip" that would be integrated into computers. Also, polymers bring minor contribution to 

affect eco-balance. 

The goal of all early biomaterials was to “achieve a suitable combination of physical 

properties to match those of the replaced tissue with a minimal toxic response in the 

host”[13]. Early biomaterials included silicones, polyurethanes, Teflon®, nylon, 

methacrylates, titanium and stainless steel. Later, the paradigm of biomaterial science shifted 
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in creating bioactive materials. For example, biologically reactive hydroxy-carbonate apatite 

(HCA) layer is equivalent to the inorganic mineral phase of bone.  The growing HCA layer on 

the surface of the material provided an ideal environment for six cellular reaction steps that 

included colonization by osteoblasts (the cells that make bone), followed by proliferation and 

differentiation of the cells to form new bone that had a mechanically strong bond to the 

implant surface [14]. Bioactive materials would enhance the biological tissue response and 

integration. Bioglass®, mineral trioxide aggregate composed of calcium and silicate, calcium 

phosphates, hydroxyapatite (HA), ceramics are few other examples. Sooner it translated into 

clinical use widely. During same period, another advancement of biomaterial science was 

observed with resorbable biomaterials, which undergo chemical cleavage and resorption in 

body, allowed the tissue integration accurately as the material breaks down allowing the 

regenerating tissue to take over.By 1984 clinical use of resorbable polymers as sutures was 

routine. Resorbable fracture fixation plates and screws in orthopedics and controlled-release 

drug-delivery systems were in their infancy. Culmination of bioactivity and biodegradability 

is employed in third generation biomaterials. Metals have been used in the development of 

porous structures that focused on titanium and titanium alloys[15].Third-gen biomaterials are 

designed to stimulate biological response at molecular level. Molecular modifications of 

resorbable polymer systems elicit specific interactions with cell integrins and thereby direct 

cell proliferation, differentiation and extracellular matrix production and organization[14]. 

But numerous issues arise in clinical application of biomaterials as adequate information is 

lacking from in vitro and invivo models. 
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2.2 BIODEGRADABLE POLYMERS 

Polymers are macromolecules, which contain covalently bonded repeating monomers 

that can be same or different, i.e., homopolymers and copolymers . These materials can be 

amorphous and crystalline with chains being linear, branched or cross-linked with other 

chains.Polymer properties are affected by temperature and it is important to synthesize 

biodegradable polymers with the glass transition temperature (Tg) above the body 

temperature as polymers become very flexible above their defined Tg [16].Based on their 

origin, polymers can be classified as natural or synthetic. Natural polymers are mainly used 

for the repair of small bone fractures that do not impart high loads on implant materials as 

they have low mechanical strength. Mechanical properties of synthetic polymers can be 

controlled which helps in acquiring desirable properties according to the application 

necessity. Synthetic polymers also have the advantage of having a well-controlled and 

reproducible molecular structure and are also non-immunogenic [17].Non-degradable 

polymers are those that require a substantially longer time to degrade than the duration of 

their application[8]. 

According to Vert et al., (1992) biodegradables are solid materials and devices which 

breaks down due to macromolecular degradation with dispersion in vivo but no proof for the 

elimination from the body (this definition excludes environmental, fungi or bacterial 

degradation).This macromolecular degradation gives fragment of low molecular weight 

fragments, which may or may not necessarily affect the biological integrity of system. 

Another term comparable term used is Bioresorption, which is a concept reflecting total 
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elimination of the initial foreign material and of bulk degradation by-products (low molecular 

weight compounds) with no residual side effects[18]. 

There are various types of polymer degradation such as photo, thermal, mechanical 

and chemical degradation[8]. Basic theme of degradation is the processes of converting 

polymers to oligomers down to monomeric forms. Major ways of polymer degradation in 

biological system are hydrolysis and enzymatic reaction. Hydrolytically degradable polymers 

are materials that possess hydrolytically labile chemical bonds in their backbone and can be 

broken down without secondary influence [9]. Water enters the polymer resulting in swelling 

and the bonds get cleaved by chemical reaction. Chemical and physical changes go along with 

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

monomers or pH [8]. The degradation time is dependent on the nature of chemical bond, 

water uptake, monomer solubility and stability.Degradation kinetics is highly dependent upon 

the molecular weight of the polymer. High molecular weight polymer takes more time to 

degrade, as the chain length increase in turn increases the number of bonds. Degradable 

polymers possessing bonds that are susceptible to hydrolysis including esters, anhydrides, 

acetals, carbonates, amides, urethanes and phosphates. The most widely researched 

biodegradable polymers are the poly(α-esters). 

2.2.1 Poly(α-esters) 

Poly(α-esters) contains aliphatic ester bond in their backbone. There is much debate 

on the enzymatic degradation of aliphatic polyesters. Various enzymes, such as tissue 

esterases, pronase and bromelain, have been investigated in attempts to clarify their effect on 



13 

 

the degradation rate[19]. Due to the relative ease of their synthesis (via ring-opening or 

condensation polymerization) and commercial availability, poly(α-esters) have been the most 

researched degradable biomaterials till date. 

2.2.2 Polyglycolide or Poly(glycolic acid) (PGA)  

Polyglycolide has a melting point (Tm) greater than 200°C, a glass transition 

temperature (Tg) of 35-40 °C and very high tensile strength 12.5 GPa [20]. Common 

processing techniques such as extrusion, injection and compression moulding, solvent casting 

can be used to fabricate PGA into various forms. PGA looses complete mass over period of 9 -

12 months. Because of their rapid degradability, it has been used profoundly in drug delivery 

and as a short term tissue engineering scaffolds. The widely used resorbable sutures (Dexon®, 

American Cyanamide Co.) is made of PGA multifilament[21]. The degradation process 

occurs in two stages, the first involves the diffusion of water into the amorphous regions of 

the matrix and simple hydrolyticchain scission of the ester groups. The second stage of 

degradation involves largely the crystalline areas of the polymer. The degradation product 

glycolic acid is a natural metabolite. Nevertheless,high level of glycolic acid have been linked 

to a strong, undesired inflammatory response [22]. Because of the bulk degradation of PGA, 

there will be sudden loss of mechanical properties. 

2.2.3 Polylactide or Poly(lactic acid)(PLA)  

Poly(lactic acid)comes in four isomeric forms: poly(L-lactic acid) (PLLA), poly(D-

lactic acid) (PDLA), poly(D,L-lactic acid) (PDLLA)-a racemic mixture of PLLA and PDLA 

and meso-poly(lactic acid)[23]. For biomedical research, only PLLA and PDLLA have shown 
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promise and have been extensively studied.PLA is more hydrophobic than PGA and is more 

resistant to hydrolytic attack than PGA.Fixsorb, is  a PLLA based  bone fixator [24].They are 

blend with other polymers creating composites of desirable properties 

2.2.4 Poly(lactide-co-glycolide) (PLGA)  

Poly(lactide-co-glycolide) formed by copolymerization of PLA (both L- and D,L-

lactide forms) and PGA. One particular advantage is that by adjusting the molar ratio of 

lactide to glycolide significant changes in property of material is introduced intended for 

specific application. Evidence  in the degradation times of 50:50 PLGA, 75:25 PLGA and 

85:15 PLGA are being 1–2 months, 4–5 months and 5–6 months respectively[25]. PLGA has 

been used to deliver chemotherapeutics, proteins, vaccines, antibiotics, analgesics, anti-

inflammatory drugs and siRNA[9]. Under product name of Vicryl® (Ethicon), a 10:90 PLGA 

construct is in market as suture material.PLGA has been used commonly in tissue engineering 

and it  has demonstrated the capacity of 3D printing [26]. However, the inflammatory 

response induced by PLGA-scaffold is a concern for using them as grafts. 

2.2.5 Polycaprolactone (PCL) 

Polycaprolactone is prepared by the ring-opening polymerization of the cyclic 

monomer -caprolactone (figure 2) and was studied as early as the 1930s [27]. Catalysts such 

as stannous octoate are used to catalyze the polymerization and low molecular weight 

alcohols can be used to control the molecular weight of the polymer[28]. It is a 

semicrystalline polyester with great organic solvent solubility, a melting temperature of 55-60 

°C and glass transition temperature of −54 °C [29]. PCL is FDA approved polymer which 
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enables a faster possibility to marketing. Commercial product of PCL, Capronor® is a 

contraceptive that is able to deliver levonorgestrel in vivo for over a year and has been on the 

market for over 25 years[30]. PCL possess long term degradation of 2-4 years depending on 

the molecular weight and  has been used as long term implants. Current researches focus on 

usage of PCL in micro to nano sized drug delivery systems and in making appropriate 

scaffold seeded with cells for repairing as well as augmenting the repair of tissues. There are 

studies on accelerated degradation to predict the effect of degradation of PCL polymer both in 

vivo and in vitro host. PCL have greatest potential among polyesters for advancement of new 

commercial medical devices. 

 
Figure 2 Simplified representation of synthesis of polycaprolactone[31] 

 

2.3 PCL IN BONE TISSUE ENGINEERING 

If we look into the publications of PCL in field of biomaterial and/tissue engineering, 

only few groups are doing degradation studies and resorption kinetics of PCL scaffolds and 

literature statistics shows an increase of study on PCL stems during late 90’s. From previous 

degradation studies presented in the literature, it can be concluded that PCL undergoes a two-

stage degradation process; first, the non-enzymatic hydrolytic cleavage of ester groups and 

second, when the polymer is more highly crystalline and of low molecular weight (less than 
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3000)  polymer [18]. Studies using pure PCL in orthopedic applications are rare .Mostly, 

positive properties of PCL are employed by blending them with other biopolymers. PCL 

possesses superior rheological and viscoelastic properties over many of its resorbable-

polymer counterparts which renders, it easy to manufacture and manipulate into a large range 

of scaffolds [18]. PCL is regarded as a soft and hard tissue compatible bioresorbable 

material[32] and extensive research undergoes in  musculoskeletal tissue, bone and cartilage. 

The first attempt at bone tissue engineering was documented in 1668 by the Dutch surgeon 

Job van Meek'ren, who successfully repaired the bony defect of a soldier's cranium using 

adog's skull [33]. Natural-based fillers such as alginate, chitosan   gelatine, collagen and eggs 

shell powder were used to improve the cell compatibility and hydrophilicity of PCL[34]. 

Leaching of low molecular weight compounds or release of acidic by products from 

polymer(s) are the major cause of inflammation reactions caused by polymer implants. 

Development of PCL products expedited to clinic depends on investigating degradation of the 

scaffold material influencing cellular viability and favorable host response over the time 

course. 

2.4 CELL INTERACTIONS WITH POLYMER  

The cell is a unique biological living material composed of different hierarchical 

structures at different spatial levels[35]. Existence of Living being’s is on the cells dynamic 

functionality and internal biochemical signaling. Evaluating the interaction of cells with 

polymer is critical to select the suitable polymer for biomedical application. As it aids in 

understanding of how polymeric material exerts its influence on cell viability, growth, 

anchorage dependency, proliferation and cell-cell communication. 
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2.4.1 Biocompatibility  

Implantable biomaterials should not cause abnormal responses in local tissues and 

should not produce toxic or carcinogenic effects for considered to be biocompatible. 

Biocompatibility of bioresorbable polymers such as aliphatic polyesters is unquestionably 

related to biodegradability and bioresorbability. The determination of both the degradation 

rate of the polymer and the local tissue clearance are crucial in predicting the concentration of 

by-products present in the tissue and resultant host response[18]. The degree to which the 

homeostatic mechanisms are perturbed, the pathophysiological conditions created and 

resolution of the inflammatory response can be considered a measure of the host reaction, 

which ultimately determines the relative compatibility of the device[36]. 

The extent of the compatibility of medical device depends on the properties of the 

biomaterial  (a) composition, (b) contact duration, (c) degradation/erosion rate, (d) 

morphology, (e) porosity, (f) roughness, (g) shape, (h) size, (i) sterility, and (j) surface 

chemistry. 

2.4.2 In vitro cell culture  

Cell culture technique is employed in studying the cell interaction with polymer in 

vitro.This method is advantageous because it can easily be performed and provides 

reproducible results[35]. Also, the effects of different materials on cells and vice versa could 

be compared with each other. Although many of the cellular responses observed inside body 

with implantable material may not be produced with in vitro studies. Cell function is sensitive 

to chemical, morphological and mechanical properties of the surface, thus every aspect of 
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material preparation can introduce variables which influence cell interactions[37] . In order to 

enhance the properties of biomaterials in the early stages of interaction with cells and tissues, 

surface and chemical modifications techniques are applied yielding the third generation of 

biomaterials[35]. 

Cytoskeleton, considered as the cell skeleton or scaffolding of the cell is the 

mechanical component of cell and is composed of microtubules, actin filaments and 

intermediate filaments. It is involved in cellular adhesion and anchorage to another cell or 

material in contact. It is shown that cells respond to the resistance of the substrate, by 

adjusting its adhesions, cytoskeleton and overall state [38]. Different techniques are used to 

study and quantify the extend and strength of cell adhesion on a substratum. For visualization,  

radiolabeled or fluorescent labeled cells could be used or by measuring amount of the binding 

dye of cells that are attached. 

The phenomenon of migration is the coordinated action of cell movement in a four-

step based motion pattern:  

 Protrusion of the leading edge,  

 Formation of new adhesions near the front,  

 Cell contraction  

 Release of  adhesions[38]. 

Cellular migration is essential for tissue regeneration and repair and thus to study the 

cellular movement on the surface of material or as a group of cells in presence of material. 

Experimental methods for characterizing cell motility can be divided into visual assays and 
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population assays: In former one, the movements of a small number (usually ~100) of cells 

are observed individually and later allow the observation of the collective movements of 

larger numbers of cells [37]. There exists an inverse relationship between cell migration and 

spreading[39]. Microarray printing of polymer and polymer blends allows for screening of 

interactions of cells with synthetic polymer surfaces. 

Cells can alter their environment and adhesion mechanism by secreting fibronectin or 

by manipulating the extracellular matrix. Cell morphology, adhesion and migration in turn 

will influence the cell proliferation and differentiation[39]. Folkman and Moscona varied the 

composition of tissue culture polystyrene to control cell shape and observed corresponding 

changes in cell growth. Once dedifferentiated chondrocytes re-expresses differentiated 

collagen phenotype when cultured in two dimension is further evidence of cell morphology 

controlling function[40].The in vitro cytotoxicity assays are the primary biocompatibility 

screening tests for a wide variety of materials that are used in medical devices. The 

testmaterial or the extract of material, in case of degradation studies, appropriate solution is to 

be placed directly on the cells. The evaluation is done following standards given by the 

American Society for Testing and Materials (ASTM), the British Standards Institute (BSI) 

and the International Standards Organization (ISO). Further these standards are being 

modified and developed with new methodologies. 
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2.4.3 In vivo methods 

Although current evidences confirm that materials found to be non-toxic remains non-

toxic, it is important to do in vivo test before engaging material for human use. Cell-Polymer 

interaction is complicated due to the presence of blood, interstitial fluids and the presence of 

multiple cell types in various activation states[37]. When a biomaterial is implanted inside 

body numerous reactions occur at the surrounding tissues and cells, and at the biomaterial’s 

interface. One of the commonly observed phenomenons of any implanted biomaterial is 

Foreign Body Response (FBR). This can be divided in several overlapping phases that include 

non-specific protein adsorption and inflammatory cells recruitment with release of cytokines 

and chemokines.It involves mainly the interaction of macrophages and foreign body giant 

cells on synthetic surfaces where the chemical, physical and morphological characteristics of 

the synthetic surface are considered to play a role in modulating these cellular 

events[36].Finally this results in formation of foreign body giant cells directly on material 

surface and consequent encapsulation of implants by fibrous avascular tissue. It is featured 

that fibrous encapsulation is by decreasing adhesion of tissue-specific cells and the presence 

of a fluid-filled void between the tissue and implant [41]. 

Notable implantation techniques adopted for the investigation of cell-polymer 

interactions in rodents and larger animals (typically rabbits, pigs or sheep) have been short-

term studies for the analysis of protein adsorption, inflammatory cell recruitment and 

adhesion, and macrophage fusion most often employ either intra-peritoneal (IP) implantation 

or the subcutaneous (SC) cage-implant, also known as the wound chamber model [37]. Direct 

implantation of polymers into host tissues such as dermis (subcutaneous), muscle, bone and 
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brain are done with incubation tie of weeks-months. Polymer-based constructs have been 

surgically implanted at sites where they are expected to perform biological functions, for 

example vascular grafts, heart valves and cardiac patches. The methods of evaluation involves  

analysis of histology, histochemistry, immnunohistochemistry, transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), biochemistry and mechanical 

testing [37]. While translating results from animal model for implementing to human should 

be cautious given the anatomy and biology of these species are different.  

2.5 TOXICOLOGY: INTEGRAL TO BIOMATERIAL SCIENCE  

Any substance is toxic when it causes adverse effect on living organisms. Testing of 

biomaterial as intact as well as degradation products and leachables for its toxicity is essential 

for any biomaterial considered to be used inside living system. With better understanding of 

immune system functionality, biomaterials which have been used off shelf have found to be 

toxic. As degradable materials are gaining its popularity, it opened scopes to study the effect 

of these wear products affecting the tissues locally and systemically. If the degradation by-

products released from the material is toxic, it could damage tissues and organs of the body. 

The evaluation of the degradation products is as important as it is a controversial topic. 

Mostly, implants are composed of different material and contribution of wear products often 

cannot be attributed by only one component, such as joint replacement where particles from 

wear can be metallic, polymeric and ceramic and relative contributions by their size, shape 

and chemistry is uncertain [42]. Studying degradation products by test material helps in 

predicting the potential toxicity. Must have criteria to select a biomaterial is biocompatible 

and this in turn comes with two components toxicity and immunological response elicit by the 
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material. Thus, appropriate bench testing of material toxicity will reduce the biocompatibility 

risk. Assessment the toxicological risk of the chemicals that elute from devices is exclusively 

covered by ISO 10993 parts -9 and 13. 

2.6 STEM CELLS  

The “biomimetic” scaffold mimics the properties of a native tissue, which dynamically 

interact with the cell by generation and transmission of biophysical signals and undergo 

gradual replacement by newly synthesized tissue matrix. We have seen numerous 

breakthroughs in our understanding of the molecular mechanism and cues that drive cell 

behavior; but effect of biomaterial on the cells remains elusive till date. If we could integrate 

the biologically complicated environment with engineering aspects of materials, it would 

essentially advance its applications. Bioengineering platform with stem cells rendering 

biological fidelity helped the field of tissue regeneration and engineering. Stem cells (SC) are 

undifferentiated cells which possess the capacity to be differentiated into different types in 

body during the developmental stage or during the lifetime of living organism. SC is known 

for its self-renewal, dedifferentiation and differentiation. Scientists are working with 

embryonic stem cells, adult or somatic stem cells and induced pluripotent stem cells (iPSC). 

Synthetic nature of material may cause unusual cell behavior. There is a recent reporting of a 

hydrogel with temporally controllable stiffness showed that stem cells possess a mechanical 

memory of their past physical environments, which affects their cell fate decisions[43] .  3D 

cultures popularity came as spatial cues are essential for tissue development and regeneration. 

Many 3D culture systems, such as hydrogels, provide environments that aim to mimic the 
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chemical composition of the native extracellular matrix (ECM), these systems fails to 

recapitulate the spatial heterogeneity of the in vivo cellular microenvironment[42]. 

Embryonic stem cells (ESCs) referred as pluripotent, which are able to differentiate 

into different types of cells in the body, they are derived from inner cell mass of blastocyst 

which is generated via in vitro fertilization (IVF). ESCs provides us with unlimited 

proliferation of different types of cells, ultimately which leads to therapies designed to replace 

or restore damaged tissues. It helps us to study the early development pattern. They generate 

enough human tissues to do test for checking the safety and efficacy of human drugs. 

However, ESCs suffer from never-ending ethical controversies. 

In 2006, Takahashi and Yamanaka and colleagues [44] made discovery that 

pluripotency could be induced in adult cells using just 4 embryonic transcription factors 

namely Oct3/4, Sox2, c-Myc and Klf4, and these cells popularly known as Induced 

pluripotent cells (iPSCs). Although the concept was highly celebrated, it is plagued with 

technical challenges and inconsistency. Currently, viruses are used to introduce the 

reprogramming factors into adult cells, and this process must be under stringent control before 

the technique can lead to useful treatment for humans. 

Both ESC and iPSC transplantation raises the question of teratoma formation due to 

their uncontrolled proliferation and suffers from immuno-rejection. Also, the lack of complete 

understanding of these cells behavior in vivo. Adult stem cells have restricted ability in terms 

of proliferation and differentiation, but it holds key to possible successful clinical 

applications. Adult stem cells are found in differentiated tissue or organ that helps in normal 
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homeostasis and rarely participate in process of healing or regeneration in presence of stimuli. 

The origin and presence of stem cells in some mature tissues are still absurd. The adult stem 

cell can renew itself and can are differentiated to give rise to specialized cell types of the 

tissue or organ. 

Scientists now have evidence that stem cells exist in the central nervous system and 

the heart, where it was thought to have little or no repair/ regeneration capacity. If one could 

find stem cell population and regulatory niche differentiation of adult stem cells can be 

controlled in the laboratory, these cells may become the basis of transplantation-based 

therapies. Till date, only Bone Marrow Transplantation (BMT) as stem cell therapy is carried 

out as routine medical practice (SCOP). 

The evidence that bone marrow includes cells that can generate connective tissue-

forming cells was originally provided by the pioneering work of Alexander Friedenstein[45], 

a population of plastic adherent, highly proliferative cells, that were able to form colony of 

fibroblasts (hence the name colony-forming unit-fibroblasts, CFU-F). He conducted numerous 

experiments prove the existence of precursor for osteoblasts and fibrous tissue within the bone 

marrow of different species. One to 2 weeks after seeding bone marrow cells at low density in 

liquid cultures containing serum, he observed discrete colonies consisting in plastic-adherent, 

nonphagocytic, elongated cells of fibroblastic appearance[46]. Later in 90’s,other works 

confirmed the presence of precursor cells and found they were multipotent and could give rise 

to osteoblasts, chondrocytes and adipocytes[47]. Figure 3, represents the differentiation 

pathways observed in Bone marrow. Multipotent bone marrow cells have been called in 

different names from its initial discovery as osteogenic stem cells, marrow stromal stem 
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cells,Skeletal Stem Cell and it was Arnold Caplan introduced the term Mesenchymal Stem 

Cells(MSCs)[48].Under appropriate conditions MSCs not only differentiates into adipocytes, 

chondrocytes and osteoblasts, but it is reported to give rise to endothelial cells,  neural cells, 

hepatocytes and epithelial cells(figure 4)[46]. However, the micro environment controlling 

the mesenchymal stem cell population is tissue is still unknown and there are no specific 

markers for identification of MSC. Minimal criteria standards of defining MSCs are proposed 

by The Mesenchymal and Tissue Stem Cell Committee of the International Society for 

Cellular Therapy includes[49]: 

(1) Plastic adherence – under standard conditions cells must show adherence to plastic. 

(2) Expression of specific antigens – 95% of the MSC population must express CD105, 

CD73 and CD90 and (2%) lack of CD45, CD34, CD14 or CD11b, CD79α orCD19 

and HLA class II. Helps in identifying MSCs from heterogeneous population. Surface 

Ag expression is not universally well characterized. Murine BMSCs express stem cell 

antigen-1 (Sca-1) and CD44, but they vary in the frequency of the CD73-, CD90- and 

CD105:-positive cells [50]. 

(3) Multilineage differentiation potential – able to differentiate to osteoblasts, adipocytes 

and chondroblasts using standard in vitro differentiating conditions. 
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Figure 3: Hematopoietic and stromal cell differentiation in bone (Terese Winslow et al., 2008) 

 
Figure 4: MSCs ability of differentiation into bone, cartilage, muscle, marrow, 

tendon/ligament, fat cells and other connective tissues(Adapted from Caplan et al., 2005) 
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There are number of studies which showed the therapeutic application of bone marrow 

derived mesenchymal stem cells (BMSCs) especially for orthopedic purposes. The trend of 

using stem cells is in the framework of regenerative medicine are cell based therapies and 

tissue engineering.In all of the preclinical and clinical studies, the engraftment of MSCs into 

damaged tissues via migration to enhance tissue repair/regeneration is a crucial process for 

clinical efficacy, regardless of the type of organ or specific disease[51]. As an example, 

clinical assays shows MSC-induced improvement of bone growth and mineralisation in 

children affected with genetic disorder, osteogenesis imperfecta[52]. 

The method of administration, time of delivery and number of cells used in are 

important for preferred therapeutic effect, and this is under investigation. MSCs can be seeded 

onto natural or synthetic scaffolds before their implantation into damaged tissue sites. Such 

technologies have been successfully applied in cartilage repair and long bone repair, with the 

generation of well-integrated and functional hard tissues like there is report of natural repair 

of osteochondral defects enhancement with biocompatible, biodegradable materials that 

support the repair process [53] and use of  porous hydroxyapatite ceramic accelerating 

 critical-size defects of sheep long bones[54]. Another crucial factor that makes MSCs 

popular for tissue engineering is their immunomodulatory function. MSCs have been shown 

to suppress the excessive immune responses of T cells, B cells, dendritic cells, macrophages 

and natural killer cells[51]. Thus mesenchymal stem cells with biomaterial inside body 

reduces the inherent  response of  foreign body rejection.MSC with PLGA were capable of 

suppressing host inflammatory response induced with PLGA alone[55]. 
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In spite of the fact that MSCs are the most widely used stem cells in current clinical 

applications, further studies are required to understand their regulatory niche, interactions 

between MSCs and the inflammatory milieu and development of methodologies 

comprehending the in vivo modulation of cells merged with biomaterial is challenging. The 

use of adult mesenchymal stem cells for human therapies comes from preclinical studies with 

other mammals such as mouse. Mouse MSCs in vitro and in vivo behavior evaluation are 

required to evaluate clinical efficacy and standardize procedures of human mesenchymal stem 

cells. To obtain maximal clinical benefit eliminating the ambiguous results, the problems 

including tissue sources, numbers of cells, the optimal passage time in culture before use, cell 

subpopulation and standardized process of cell production, need to be solved before MSCs 

based treatment given to patients[56]. 

2.7 HYPOTHESIS  

Among biomaterials, biodegradable polymers are most favored one for biomedical 

applications. The degradation products/leachables escaped from the material may or may not 

have an adverse effect. Polycaprolactone (PCL) polymer is extensively used in field of bone 

tissue engineering. PCL undergoes two-stage degradation process. The degradation products 

of low molecular weight released may interact with tissue of contact. Stem cells are crucial 

player for homeostasis in any tissue. Present study attempts to short term in vitro degradation 

of PCL and its effect on bone marrow stem cells. 
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2.8 OBJECTIVES 

(i) Fabrication of Polycaprolactone (PCL) 

(ii) In-vitro degradation study of PCL in physiological conditions 

(iii).Interaction of PCL and its degradation products with mouse primary bone marrow 

mesenchymal stem cells 

2.9 OUTLINE OF STUDY  

Current study is an attempt to evaluate the in vitro polymer degradation pattern using 

different biological fluids viz., Phosphate buffered solution (PBS), Dulbecco’s modified 

Eagle’s medium (DMEM) with serum and Simulated body fluid (SBF). The polymer of 

interest for the present study is Polycaprolactone (PCL), one of the earliest synthesized 

polymer found to have extensive biomedical application.The degradation profile of the 

sample was observed over a period 90 days. The parameters like weight loss, change in pH 

and UV-visible spectra of extracts were determined for various time points including 7, 14, 

30, 60and 90 days. Gel permeation chromatography was employed in determining molecular 

mass distribution during period of degradation study. Primary culture of mouse bone marrow 

mesenchymal stem cells (mBMSCs) was used to evaluate the toxicity of biodegradable 

polymer. Various biological assays were conducted to determine the effect of PCL and its 

short- term degradation products on stem cells. Stem cells are promising model and an 

alternative to in vivo toxicity studies.  
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3 MATERIALS AND METHODS 

3.1 MATERIALS  

Poly(ε-caprolactone) pellets was purchased (Sigma-Aldrich Corporation, St. Louis, 

USA,Mw ~14,000 g/mol and Mn ~ 10,000). Ammonium per sulfate, Ascorbate-2-phosphate, 

Alizarin red, Bovine serum albumin, Chloroform, Dexamethasone, β-glycerophosphate, 

Indomethacin, Oil Red, SigmaFast BCIP/NBT, Tris base, and Trypan blue were purchased 

from Sigma. Di-potassium hydrogen phosphate trihydrate, Ethanol, formaldehyde, glacial 

acetic acid, hydrogen peroxide, hydrochloric acid, methanol, potassium chloride, sodium 

chloride,sodium hydrogen carbonate, sodium hydroxide was from Merck, India. Potassium 

permanganate (Sd Fine Chemicals, Mumbai). Coomassie Brilliant blue, 4, 6-Diamidino-2-

Phenylindole (DAPI), Giemsa stain were obtained from Himedia Laboratories, India. 

Antibiotic and antimycotic solution (10,000 units/mL of penicillin, 10,000 µg/mL of 

streptomycin and 25 µg/mL of fungizone® antimycotic) were purchased from Gibco (Grand 

Island NY, USA). 2,7-dichlorodihydrofluorescein diacetate (H2DCFH-DA), DMEM-High 

Glucose, Fetal bovine serum (FBS), JC-1 probe, and 0.25% trypsin EDTA were purchased 

from Invitrogen, USA. Calcium chloride,magnesium chloride hexahydrate, 3-(4, 5-dimethyl 

thiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT),sodium sulfate and trisodium citrate 

were from Sisco Research Laboratories (SRL), India. All the reagents used in this study were 

of analytical grade quality.Mouse mAb to CD 90/Thy 1, mouse mAb to CD 44, mouse mAb 

to CD 45, Rabbit anti-mouse lgG FITC, Cytopainter were purchased from Abcam. All sterile 

cell culture plastic wares were purchased from Nunc (Thermo Fisher Scientific). 
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3.2 EQUIPMENTS 

Laminar air flow (Mark Air particulars, India), Incubator shaker (New Brunswick 

Scientific, USA), Steam sterilizer (Nat Steel, India), CO2 incubator (Sanyo, Japan), automated 

microplate reader (ultra microplate reader, Bio-Tek Instruments,) USA Fluorescent 

microscope (Axio Scope A1 Carl Zeiss, Germany), phase contrast microscope (Leica), Waters 

HPLC system 600 Series Pump, Waters Styragel HR series HR5E/4E/2/0., FACS Aria III 

(BD Biosciences).  

3.3 METHODS  

3.3.1 Preparation of polymer film  

Poly(ε-caprolactone) [PCL] was dissolved in chloroform to form a 10% concentration 

solution. To obtain a homogeneous polymer solution, the polymer kept for dissolution for an 

hour or longer with a magnetic stirrer at room temperature .Solvent cast films were formed by 

evenly pouring the solution over the surface of a glass petri dish. The petri dish containing the 

polymer solution was then rapidly transferred into hot air oven kept overnight at a 

temperature of 400 C. Once dried, films were cut into pieces by using scalpel blade. 

3.3.2 Macroscopic and Microscopic analysis 

Macroscopic analysis of films as prepared was carried out to evaluate color, opacity 

and flexibility, with digital images captured using Nikon camera. Microscopic analysis of 

PCL films was carried out with Phase contrast microscope and stereoscope. 
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3.3.3 Characterization of polymer films  

3.3.3.1 Contact angle measurement  

Sessile drop method was used in determining contact angle measurement. Deionised 

water (3µl) was automatically dispensed onto the film using a gas tight Hamilton precision 

syringe. Images of the droplets were captured within 5 sec. Contact measurement was made 

by Video contact analyzer (Data physics, OCA Plus, Germany) and imaged using SCA 

software. The base line and the tangent were drawn using software and the contact angle from 

both the sides of water droplet was measured. Contact angle were measured from 6 different 

positions on the same film and average valve is represented. 

3.3.3.2 Swelling study 

Pre weighed PCL films were immersed in PBS at 37ºC at pH 7.4.At various time 

points, the samples were taken out of PBS and dried ona filter to remove excess water and 

weighed. Thepercentages of water uptake were measured using the formula below: 

Equation 1:  𝑾𝒂𝒕𝒆𝒓 𝑼𝒑𝒕𝒂𝒌𝒆 (%) = [(𝑾𝒘 − 𝑾𝒅) ÷ 𝑾𝒅] × 𝟏𝟎𝟎 

 Where; 𝑊𝑑 and 𝑊𝑤 are specimen weights before and after soaking in PBS. 

3.3.3.3 In vitro degradation studies 

Degradation assays were carried out by immersing the PCL films in three different 

biologically related fluids namely; 

(i) Phosphate buffered solution (PBS) of pH 7.4,  
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(ii) Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 

bovine serum of pH 7.4 ± 0.5, and  

(iii) Simulated body fluid (SBF) of pH 7.3 ± 0.5. SBF was prepared as per ISO 

standard, ISO 23317:2014(E). 

Samples in test solutions were kept at constant temperature of 37ºC with constant stir 

at 60rpm. All samples were fully immersed in test solutions. At different time interval, the 

polymer film and its extract were taken out for biological analysis. 

3.3.3.3.1 Weight loss 

The samples were collected from the test solution after predetermined period of 7, 14, 

28, 60 and 90 days incubation. Samples retrieved were washed with deionized water and then 

dried on a filter to remove excess water and weighed. 

Percentage weight loss was measured using the formula below: 

Equation 2: 𝑾𝒆𝒊𝒈𝒉𝒕 𝑳𝒐𝒔𝒔 (%) = [(𝑾𝒐 − 𝑾𝒕) ÷ 𝑾𝒐] × 𝟏𝟎𝟎 

Where; Wo is the starting dry weight and 𝑊𝑡 is the dry sample weight after removal 

from biological fluid.  

3.3.3.3.2 Gel permeation chromatography (GPC) 

Gel permeation chromatography/ Size Exclusion chromatography (SEC) is used in 

determination of molecular weight distribution of the polymers. The samples dissolved in 

tetrahydrofuran (THF) and 20 µl of solution was injected into the GPC, which had been 
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previously calibrated with polystyrene(PS) standards in THF with known molecular weights 

(556000, 34300 and 3250).Themobile phase flow rate maintained as 1.0ml/min.  

PCL film allowed for degradation was compared to parent film. Data capture and 

processing was performed by Empower 2 GPC software. 

3.3.3.3.3 UV-Visible spectroscopy (UV-Vis.) 

UV-Vis. spectra were obtained on a UV Visible Spectrophotometer (UV 1601, 

Shimadzu, Japan, Lamda 25, PerkinElmer, Singapore), in a range of 200-700nm. 

3.3.4 Animals 

Mesenchymal stem cells were isolated from the mouse bone marrow. Bone marrow 

was collected from the cadaver of mouse, which is approved by Institutional Animal Ethics 

committee. Swiss Albino mice were obtained from the Division of Laboratory Animal 

Sciences, Biomedical Technology Wing, Sree Chitra Tirunal Institute for Medical Science 

Technology, Trivandrum. The body weight of the animals was between 17-23g. The animals 

were maintained in a 12-h light/dark cycle at a constant temperature of 22±3°C and humidity 

(30-70 %). All the experiments with MSCs were carried out after getting the approval from 

Institutional Committee for Stem Cell Research (IC-SCR).  

3.3.5 Isolation and culture of mouse bone marrow Mesenchymal stem cells (MSCs)  

Swiss albino mice of body weight between 17-23g were sacrificed by cervical 

dislocation. Animals are then rinsed with 70% (vol/vol) ethanol. The mouse was placed over 

sterile glass dish and incision was made in the skin in vicinity of the hind limbs where they 
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attach to the trunk and the skin was pulled down. The hind limbs are bisected through the 

knee joint. The muscles and tendons associated with femur are scraped off by scalpel blade at 

diaphysis of bone. After cleaning, the bones are kept in 1 X phosphate-buffered saline (PBS) 

with a pH of pH 7.4. Further dissection was performed in sterile hood. Epiphyses just below 

the end of the marrow cavity are removed. Following this, a 24-gauge needle attached to a 1 

ml syringe containing DMEM was inserted into the spongy bone exposed, and bone cavities 

are flushed thoroughly at least three times using a syringe until the bones become pale. The 

bone marrow cells were cultured in 25-cm2 plastic culture flask in presence of 5 ml DMEM 

supplemented with 20% (vol/vol) FBS. The culture flasks were incubated at 37 0C with 5% 

CO2 in a humidified chamber without disturbing them. After 24 h, non-adherent cells that 

accumulate on the surface of the dish are removed by changing the medium and replacing 

with fresh complete medium. After an additional 48 h, culture media was changed. Thereafter, 

repeated this step every 24 h for up to 72 h of initial culture. Frequent media change was 

given.to decrease the adherence of non-MSCs and hematopoietic cells to the culture dishes to 

some extent. 

When primary culture reached confluence of 60-70%, the cells are washed with PBS 

and is treated with 0.25%  trypsin containing 0.02% ethylenediaminetetraacetic acid (EDTA) 

for 2 min at room temperature. After incubation, trypsin is neutralized by adding 1.5 ml of 

complete medium, and all lifted cells cultured in a 25-cm2 flask. Discarded the non-lifted 

cells. Culture media was changed every 3days by replacing with 5 ml media each time. 
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3.3.6 Characterization of BMSCs 

Primary cells cultured in DMEM supplemented with 20% (vol/vol) FBS maintained 

for 12-14 days to decrease the contamination with hematopoietic lineage cells. MSCs isolated 

from mouse bone marrow were identified by its fibroblast like morphology. Adherence 

proprety, phenotypic characteristics devoid of hematopoietic and endothelial cell markers and 

multi-differentiation properties were analysed. 

3.3.6.1 Plastic adherence  

To understand morphology and adherence of cells, actin staining was carried out. For 

this, cells seeded on coverslip were fixed with 4% formaldehyde and permeabilized with 

Triton X-100. CytoPainter F-actin Staining Kit  (ab112127) was used, working solution of 1x 

Red Fluorescent Phalloidin Conjugate was added and kept in dark for at room temperature for 

15-60 minutes. Excess dye washed with 1X PBS. The phalloidin conjugate has 

Excitation/Emission wavelength = 594/610 nm, compatible with Texas Red filter.  

3.3.6.2 Immunotyping characterization 

Cells are characterized by immunophenotyping with cell surface CD markers which 

are specific for MSC. Although ambiguity in specific marker for MSCs exists,murine MSCs 

typically express Sca-1(murine hematopoietic stem cell and MSC marker), CD90 and CD44 

(receptor for hyaluronate and osteopontin).But negative for CD11b (macrophage and 

monocyte marker), CD31(endothelial cell marker), CD34 (primitive hematopoietic progenitor 

and endothelial cell marker), CD45 (pan-leukocyte marker)[57]. Here, CD 90+ CD44+ CD45 

markers were used for the characterization of MSCs. Cells fixed with 4% formaldehyde, were 
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blocked with 1 %BSA in 1X PBS for 30 min and excess BSA was removed by 1X PBS wash. 

Primary antibody (1:100 dilutions in 1%BSA) added and incubated at 40C overnight. Excess 

antibodies were washed with 1X PBS and the cells were incubated with secondary antibody, 

Rabbit anti-mouse lgG (1 :400 dilutions in 1% BSA) for1 h at room temperature in dark. The 

nucleus was then stained with DAPI (4',6-diamidino-2-phenylindole). Again PBS wash was 

given and observed under fluorescent microscope. Unstained cells act as a control for all 

antibodies. FACS (fluorescence activated cell sorting) analysis was performed to evaluate 

cells quantitatively. 

3.3.6.3 Multilineage differentiation 

Multi-differentiation potential of BMSCs into osteogenic and adipogenic cells were 

analyzed in vitro. BMSCs of passage 3 were used in the differentiation assays. For the assay, 

1 X 104 cells/well density was seeded on 6-well tissue culture plate. 

Osteogenic differentiation was induced by culturing MSCs base medium DMEM with 

20% FBS supplemented with  10-7 M dexamethasone, 10 mM β-glycerol phosphate and 50 

μM ascorbate-2-phosphate for 21 days. Medium change given every third day. On the 21st 

day, calcium deposition observed by staining with Alizarin Red S staining and by detecting 

alkaline phosphatase using BCIP/NBT as a substrate. For inducing adipogenic differentiation, 

cells were incubated with DMEM media supplemented with 20% (vol/vol) FBS, 10-7 M 

dexamethasone, 50μM indomethacin  and 50 μM ascorbate-2-phosphate for 21 days, with 

media change given twice per week. Lipid rich vesicles of adipocytes were stained by Oil Red 

O staining detected by bright red colour. 
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3.3.7 Interaction of PCL film and extract with BMSCs 

3.3.7.1 Direct contact assay 

This method allows the simultaneous extraction and analysis of leachable chemicals 

from the specimen with a serum-supplemented medium. Cellular monolayer was prepared by 

seeding 1 X 105  BMSCs on a 6 well plate with 2 ml DMEM media supplemented with 10 % 

FBS, which allowed to become confluent to 70-80%. Pure PCL film prepared was placed on 

cellular layer and maintained for 7 days. Cells grown in culture plate were considered as 

negative control and polyisoprene (Natural rubber) as positive control. Images were taken 

using phase contrast microscope. 

3.3.7.2 Cell morphology and growth of MSCs on the PCL films 

Sterilized PCL films placed in 6 well culture plates.Cells were seeded on the polymer 

film at density of 2 X 104 cells per well in 0.5 ml of DMEM supplemented with 10% FBS, 

maintained in standard culture conditions. Cells grown on culture plate without polymer film 

served as control. 

3.3.7.3 MTT assay  

Most commonly used method for evaluating cellular viability is MTT assay. Principle 

of the assay is that metabolically active cells reduces the yellow tetrazolium MTT (3-(4, 5-

dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) by action of NAD(P)H-dependent 

cellular oxidoreductase enzymes of mitochondira, into an insoluble, dark purple colored 

formazan product. In brief, 2 × 10 4 cells were seeded into each well of a 96 well plate. After 
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24 hr incubation allowing attachment of cells, polymer extracts in PBS and SBF at different 

time points at were treated and maintained in a CO2 incubator at 37°C overnight. Cells 

without extract treatment were used as negative control. After incubation, the treated media 

was removed and 100µl MTT reagent (50µg/well) was added and maintained at RT for 4h in 

dark. The formazan crystals formed by the intracellular reduction of tetrazolium salt was 

dissolved by adding 100 µl of DMSO in each well and incubated in dark for 15 min. 

Absorbance measured by using micro plate reader at the absorbance of 540nm. Measurement 

of mitochondrial metabolic rate using MTT reflects viable cell numbers. Equation 3:  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑐𝑒𝑙𝑙𝑠

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑐𝑒𝑙𝑙𝑠
)  × 100 

3.3.7.4 Detection of Reactive Oxygen Species (ROS)  

Increased levels of ROS are indication of oxidative stress in cells leading to damage of 

lipids, proteins and DNA. ROS include the superoxide anion (O2
−), hydrogen peroxide (H2O2) 

and hydroxyl radicals (OH·), all of which have inherent chemical properties that confer 

reactivity to different biological targets. Fluorogenic 2’, 7’ -dichlorofluorescin diacetate 

(DCFDA or H2DCF) is used for ROS measurement. The cell permeant reagent (DCFDA) 

diffuses, gets deacetylated by cellular esterases to a non-fluorescent compound, which is later 

oxidized by ROS into highly fluorescent 2’, 7’ - dichlorofluorescein (DCF).Cells were seeded 

in 96 well plate at density of 2 X 104 cells per well in 100µl of DMEM incubated overnight in 

humidified chamber with 5% CO2 at 37°C. After attachment, the cells were treated with 

polymer extracts. Cells without treatment are considered as negative control and cells treated 

with 100µM H2O2 act as positive control. Then, incubated with 5µM DCFDA kept for 30-45 
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minutes at 37 ºC.  Fluorescence was measured with Excitation/Emission wavelength = 

485/535 nm in a micro plate reader. Qualitative analysis performed with florescence 

microscope.  

3.3.7.5 Mitochondrial Membrane Potential (MMP) Assay 

Mitochondrial disruption includes changes in the membrane potential and alterations 

to the oxidation-reduction potential of the mitochondria which in turn indicates cells health. A 

cationic dye tetraethylbenzimidazolylcarbocyanine iodide (JC-1), is used in this study to 

monitor mitochondrial health.JC-1 dye exhibits potential-dependent accumulation in 

mitochondria,a decrease in the red/green fluorescence intensity ratio represents membrane 

depolarization. In healthy cells with high mitochondrial potential JC-1 form J-aggregates with 

intense red fluorescence. When cells undergo apoptosis JC-1 remains in the monomeric form, 

shows only green fluorescence. Cells were seeded in 96 well plate at density of 2 X 104 cells 

per well in 100µl of DMEM incubated overnight CO2 incubator at 37°C. After 24 h, cells 

were treated with polymer extract of 7, 14,28 and 60 days.The cells were incubated with 2µM 

JC-1 dye for 20-30 min. Excess dye was removed by PBS wash. Fluorescence was measured 

with Excitation/Emission wavelength = 535/595 nm for red fluorescence and 485/535 nm 

green fluorescence. Qualitative analysis was carried with fluorescence microscope JC-1 

aggregates detected with fluorescence setting of Texas red and JC-1 with FITC. 

3.3.7.6 Live Dead Assay 

Calcein-AM and Propidium Iodide (PI) solution was used for tracking the apoptosis of 

cells. Calcein-AM, acetoxymethyl ester of calcein, is highly lipophilic and cell membrane 
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permeable. Though, Calcein-AM itself is not a fluorescent molecule, the calcein generated 

from Calcein-AM by esterase in a viable cell emits strong green fluorescence (excitation: 490 

nm, emission: 515 nm). On the other hand, PI is a nuclei staining dye, which cannot pass 

through a viable cell membrane. Once PI enters into dying or dead cell, it intercalates with the 

DNA double helix of the cell to emit red fluorescence (excitation: 535 nm, emmision: 617 

nm). Seeded cells were treated with PCL extracts of 7 and 60 days. As control, untreated cells 

were used. After 24hr, cells were incubated with Calcein-AM (1µg/ml) for 30 min and PI 

(0.5µg/ml) for 1 min at RT in dark. These cells were subjected to flow cytometric analysis. 

3.3.7.7 Acridine orange/Ethidium bromide staining 

Dual acridine orange/ethidium bromide (AO/EB) fluorescent staining accurately 

distinguish cells in different stages of apoptosis. BMSCs were treated with extract of 30 days 

in PBS for 24h.After incubation cells were trypsinized. The cell pellet were resuspended in 1 

ml PBS. AO (5 μg/ml) and EtBr (3 μg/ml) were added to the cell suspension and immediately 

observed under fluorescent microscope using green and red filter.  

3.3.7.8 DNA laddering assay 

Cells were cultured in six well plates and exposed to PCL extract in PBS (30 day) for 

24 h. Following exposure, the cells were washed with PBS, trypsinized, and cell pellets were 

collected. Apoptotic DNA ladder assay was performed using Apoptotic DNA ladder assay kit 

(Life technologies, USA). Briefly, 35μl of TE lysis buffer was added and the cells were 

resuspended followed by the addition of Enzyme A and Enzyme B. The cells were incubated 

with both the enzymes under appropriate temperature as indicated in the kit. Ammonium 
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acetate and 100 μl of absolute alcohol were added, and the pellets were resuspended in 70% 

ice cold ethanol. DNA was allowed to precipitate at −20 °C, and the tubes were air dried to 

evaporate excess ethanol. DNA samples were resuspended in suspension buffer, and loaded 

onto agarose gel with ethidium bromide stain . The isolated DNA samples were run on 1.5 % 

Agarose gel under 70 V. After electrophoresis, the DNA bands were visualized under the Gel 

Doc imaging system. 

3.3.7.9 Clonogenic assay 

Colony formation assay was necessary for assessment of long-term cytotoxicity 

(Saotome et al., 1989). BMSCs were seeded on 6 well plates with 1000 cells/well containing 

growth culture media of 2 ml. After allowing the cells for attachment, they were treated with 

test extracts. Plates were incubated at 37°C in a 5% CO2 incubator without media change, for 

12-14 days. Cells without extract were negative control. For visualizing colonies, Coomassie 

brilliant blue staining was used.  

Equation 4: Plating efficiency = number of colonies counted / number of cells plated  

3.3.7.10 Hemocompatibility of PCL film and its degradation products 

The direct and indirect (extract) methods for material-mediated hemolysis is 

conducted per ASTM F756 “Standard Practice for Assessment of Hemolytic Properties of 

Materials”.PCL film and its extracts of 14 and 60 days in PBS was analyzed. As negative 

control UHMWPE was used and saline was used as positive control. The results of the test 

sample should be compared to the results of the negative control (Table 1).       
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Hemolytic Index 

above 

the negative control 

Hemolytic Grade 

0–2 non-hemolytic 

2-5 slightly hemolytic 

>5 hemolytic 

Table 1 Pass/fail criteria determining hemolysis property of material 

Equation 5- % hemolysis or hemolytic index calculation using formula:  

𝑯𝒆𝒎𝒐𝒍𝒚𝒔𝒊𝒔 𝑰𝒏𝒅𝒆𝒙 =
𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒉𝒆𝒎𝒐𝒈𝒍𝒐𝒃𝒊𝒏 𝒓𝒆𝒍𝒆𝒂𝒔𝒆𝒅 𝒊𝒏 𝒔𝒖𝒑𝒆𝒓𝒏𝒂𝒕𝒂𝒏𝒕

𝑻𝒐𝒕𝒂𝒍 𝒉𝒆𝒎𝒐𝒈𝒍𝒐𝒃𝒊𝒏 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏
 𝒙 𝟏𝟎𝟎 
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4 RESULTS  

4.1 POLYCAPROLACTONE  FILM  FABRICATION 

In the present study, solvent casting technique was adopted in preparation of the 

Poly(caprolactone) [PCL] films, with chloroform as solvent.Prepared polymer film showed a 

uniform and smooth surface morphology.PCL is a crystalline polymer and it formed a white 

and opaque film (figure 5).Once it is dry, films were cut into disc shaped pieces of 0.15 mm 

thickness. The thickness of the resulting films varies according  the to the solvent used[58]. 

 
Figure 5:Macroscopic analysis of PCL films- (a-b) Gross morphology of the PCL films. (c) 

Light microscopic image (4x magnification) and phase contrast image (20x magnification). 
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4.2 CONTACT ANGLE MEASUREMENT  

Contact angle quantifies the wettability of material surface.The film prepared for the 

study showed a average contact angle of 82.3 ± 2. 

 
Figure 6:Contact angle measurement of solvent cast PCL film 

 

4.3 SWELLING STUDY  

Water uptake ability of polymer influences its degradation process. The infiltration 

water into films is determined by change in weight after incubation in a solvent and is 

expressed as percentage increase in weight, as given in section 3.3.3.2. There was no 

difference in weight by keeping PCL film in PBS for 24h.The weight showed a constant value 

and thus 0% water uptake noted up to 24h.  

4.4  IN VITRO DEGRADATION STUDY 

Study involved in checking the weight loss of polymer film, and pH change of 

biological fluids used. As per ISO 10993-13:2010, the ratio of the mass of the test sample to 

the volume of the test solution was kept as 1.0g/10 ml. The degradation setup designed to 
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simulate the conditions of biological environment. Degradation profile obtained from the 

study gives an outlook to 90 days degradation of PCL film. 

4.4.1 Weight loss of PCL film and pH change 

Percentage weight loss of PCL determined by as explained in section 3.3.4.1. Weight 

loss of 3.3% and 2.3% was obtained for PCL films immersed in Phosphate Buffer solution 

(PBS) and Simulated Body Fluid (SBF) respectively (Figure 7 a- c). Three test solutions used 

in the study namely PBS, SBF and DMEM with serum have similar pH to human blood 

plasma. Proper pH is critical for cellular functioning. During the course of study, no change in 

pH was observed. But, there was a noted color variation in DMEM supplemented with serum 

of 10% FBS with PCL films. Also, keeping the material with DMEM media accounted for a 

rise in pH 0f 8.0 ± 0.5. Because of inconstancies related to polymer immersion in media with 

serum, further studies are carried on with material in test solutions of PBS and SBF. 

4.4.2 Surface morphological analysis during degradation 

Although there was no morphological variation visually, microscopic images provided 

a closer characterisation. Figures a-c represents surface morphology of PCL film before and 

after immersion in fluids. After 90 days of immersion, the surface of PCL kept in PBS shows 

beads like structure with few cavities randomly arranged (figure 8.b). On the other hand, PCL 

films kept in SBF for 90 days showed frozen crystal like structures on surface (figure 8.c). 
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Figure 7: Percentage of weight loss from the PCL film immersed in (a) PBS and (b) SBF 

during the degradation for various time periods. (c) Comparison of weight loss observed in 

test solutions evaluated over time span of 90 days.(Results represented as mean ± S.D, n=3). 

 

Figure 8: Light microscopic images showing surface of PCL films before and after 

degradation study.(a) PCL films before immersion in solution. PCL films after immersion in 

(a) PBS and (b) SBF for 90 days.[ 4 x magnifications] (n=3). 
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4.4.3 Gel Permeation Chromatogram (GPC) analysis 

The major parameter to monitor the degradation velocity is to the evaluation of loss of 

molecular weight.GPC analysis measures number average molecular weight (Mn), weight 

average molecular weight (Mw) and higher average molecular weights (Mz, Mz+1) at the 

same time by measuring the entire distribution of the polymer. It also gives molecular weight 

of the highest peak (Mp), which is the mode of the molecular weight distribution. The figure9 

shows molecular weight distribution for the samples over the 90 days study. The PCL 

chromatogram exhibited monomodal molar weight distributions. The reduction of ~13% in 

molecular weight- Mw (accounting the error rate of 27% in gel permeation chromatogram) 

was observed for PCL films over a period of 90 days degradation time in PBS. Also,  

reduction in polydispersity index (PDI) was noted, sharpening the peak of chromatogram.  

 
Figure 9: GPC chromatogram of Polycaprolactone solvent cast films of (a) 0 day and (b) 90 

day. Table 2 (c) shows changes in molecular weight (Mw), molecular number (Mn) and poly 

dispersity for degradation study 
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4.4.4 UV-Visible spectroscopy 

All PCL film extracts shows an absorbance in the range of 220-380 nm (figure 10). 

The PCL films immersed in PBS kept in heat chamber at 1000C for 5 days and the extracts 

was analyzed for comparison study with extract of PCL collected at room temperature. Figure 

10 shows an increased absorbance for thermally degraded polymer extracts compared to PCL 

films without heat treatment. There is an increase in absorbance as the degradation time and 

the peak is sharpened for PCL extracts from heat treatment.  

 
Figure 10 UV visible absorption spectra of PCL extracts in PBS at 7, 14, 28 days and TD 

represents thermally denatured PCL film extract 
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4.5 ISOLATION AND CHARACTERIZATION OF MICE BMSCS 

Mice bone marrow mesenchymal stem cells were isolated (figure 10) according to 

protocol of Soleimani et al., 2009[59].The cells isolated from femur bone of mice was 

maintained in standard culture conditions with complete media DMEM supplemented with 

20% FBS. Adherent layer of fully confluent cells observed after 7 days of initiating culture 

(figure 10.g). 

Bone marrow consists of heterogeneous population of cells and thus characterization 

of MSCs plays crucial role for its identification and usage for experiments. All isolated cells 

showed characteristic spindle morphology within 2 weeks of culture and cells showed 

positive staining of cytoskeletal actin filaments indicating plastic adherence property (figure 

12). FACS analysis (figure 13) and Immunofluorescence images (figure 14) showed positive 

staining for CD90 and CD44 marker, and negative for CD45 marker confirming the 

mesenchymal origin. Mesenchymal stem cells exhibit the multi-differentiation potential 

giving rise to cells of diverse lineages. Osteoblasts maintains bone structural integrity by 

secretion and mineralization of the bone matrix. Proliferating osteoblasts shows alkaline 

phosphatase (AP) activity and are detected by using BCIP/NBT. Also, Calcium deposits are 

an indication of successful in vitro bone formation, stained using Alizarin Red S. The Oil red 

O staining is used in to quantify the adipose conversion and triglyceride. When fat cells are 

stained with Oil red O, the degree of staining seems to be proportional to the extent of cell 

differentiation[60].Isolated cells were able to undergo adipogenesis (figure 15).and 

osteoblastogenesis (figure 16). 
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Figure 11 Isolation of mice BMSCs. Swiss albino mouse was sacrificed by cervical 

dislocation (a) Incision at inguinal region and removal of skin (b) cut off femurs below the 

femoral head (c) Isolated femur bones (d) and (e) Flushing out of bone marrow into media (f) 

seeding of cells (g) phase contrast image of confluent  layer of BMSCs at 7days. 

 

 
Figure 12 Plastic adherence of isolated BMSCs shown by actin staining. (a) 40x and (b) 60x 

magnification 
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Figure 13: Phenotypic characterisation of isolated BMSC using CD surface markers.   (a) 

Phase contrast image of BMSCs (3rd passage). Immunohistochemistry showing expression of 

positive markers (b) CD 90 (c) CD44 and (d) CD 45 negative marker. (images of 40x 

magnification). 

 

 
Figure 14:Histogram analysis of cell surface markers (a) unstained cells (b) CD 44 marker 

(80%) and (c) CD 45 marker(20%). 
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Figure 15:Adipocytes of BMSCs stained with Oil-red-O.(a)  4x and (b) 20x magnification. 

 

 
Figure 16: Osteoblastogenesis assayed with  (a) Alizarin Red S and (b) Alkaline phosphatase 

staining. [10x magnification]. 

 

4.6 DIRECT CONTACT ASSAY 

In this study, change in morphology and number of cells were observed by allowing 

physical contact with PCL material. This procedure acts as qualitative cytotoxic assay. The 

figure 17shows cell/polymer interface and it was noted that, there is no visible change in cell 

morphology or attachment compared to controls. Cells grown in culture plate withultra high 

molecular weight polyethylene (UHMWPE) act as negative control.The positive control 

polyisoprene/ natural rubber(figure 17.d) showed cytotoxicity, as cells began change its 
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morphology from spindle to round and showed detachment from surface. While, the cell 

density remained constant with PCL film indicating no cytotoxic behavior. 

 
Figure 17 Direct contact study - Phase contrast images of cells (a) on culture plate; along with 

(b) PCL films (c) UHMWPE and (d) Rubber.(Magnification – 10x) 

 

4.7 CELLULAR MORPHOLOGICAL ANALYSIS AND 

CYTOSKELETAL ARRANGEMENT 

Interaction of material extract with cells is considered as indirect method of checking 

cytotoxicity.In present study, morphological examination of cells by Giemsa stain reveals no 

evident variation in the PCL extract treated cells from that of untreated control cells (figure 

18). And the actin staining indicated intact cytoskeletal integrity in presence of polymer 

extract. 
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Figure 18:Giemsa staining of BMSCs (a) control untreated (b) treated by PCL extract in PBS 

of 30 day. [4x and 100xmagnification] (c) Fluorescence image of  actin  filaments stained 

with cytopainter  in cells treated with polymer extract in PBS of 30 day.[20x magnification]  

 

 

4.8 LIVE DEAD ASSAY BY CALCEIN AM-PI 

The extent of cell death induced by extracts was studied using flow cytometry analysis 

using Calcein-PI staining, where calcein AM stains viable cells and PI stains dead cells. The 

extracts of 14th day and 60th day were exposed to BMSCs. As shown in figure 19, no cell 

death or apoptosis occurred as a result of exposure by PCL extracts on cells.The data showed 

a presence of early apoptotic cells of 3.9%, 2.7% for polymer extracts of 14 th and 60th day 

respectively compared to control 2.7%. The relative percentage of live to dead cells with 

treatment groups was equivalent to control (figure 19.d). 
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Figure 19: (a-c) Flow cytometric analysis of the effect of PCL extract on BMSCs, apoptosis  

observed using CalceinAM-PI. Quadrant Q4 shows the percentage of normal viable cells and 

Q1 the percentage of necrotic cells (PI positive cells). (a)untreated BMSCs, (b)extract of 14 

day (c)extract of 60 day treated cells.(d) Graph representing percentage of viable and dead 

cells. 

 

4.9 ACRIDINE ORANGE/ETHIDIUM BROMIDE STAINING 

Dual staining by acridine orange/ethidium bromide(AO/EB) distinguishes membrane 

disrupted cells on verge of apoptosis to necrosis. Figure 20 is the representative image 

showing (a) control untreated compared to (b) cells treated with degradation products of 30 
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day in PBS. Results implies to no presence of dead cells as there is no indication of EB 

positive cells.  

 
Figure 20 AO/EB staining (a) Control cells (b) Treated cells with 60 day PCL extract in PBS 

 

4.10 ASSESSMENT OF CELL METABOLIC ACTIVITY -MTT ASSAY 

The assay displayed a general trend of cellular activity upon exposure to material 

extract. As indicated in figure 21, there was no cytotoxic response observed with different 

PCL extracts in PBS (7, 14, 28 and 60 days extraction period). A reduction in cell viability of 

~10% is observed for PCL extract of 90 day treatment of cells with 100%.Also, there was no 

significant dose-related toxicity. The study also evaluated the degradation product of pure 

PCL with SBF as extractant is used to check the toxic effect. The material extracted in SBF at 

time points, 30 and 60 days were treated with BMSC (fig b). The cell viability remained 

unchanged for the material extracted in SBF, whilst the cells treated with SBF without the 

PCL extract showed higher percentage viability of 11%, than untreated control cells. 
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Figure 21  Cell viability was measured using MTT assay, represented as percentage of cell 

viability upon exposure to PCL extracts in (a) PBS and (b) SBF at different time points. 

(Results represented as mean ± S.D, n=3). 

 

4.11 DETECTION OF OXIDATIVE STRESS- DCFH-DA ASSAY 

To determine the reactive oxygen species generation corresponding to degradation 

products of polymer, extracts of PCL is treated with BMSCs. The resultant fluorescent 

intensity at λEx 485nm/λEm 530nm is measured and compared to control cells for estimating 

the cumulative production of ROS over a period of 24h exposure to different PCL extracts (7, 

14, 28 and 60 days extraction period). The figure 22, represents the measure of ROS 

generation. It is evident that the level of ROS production in treated cells is not different from 

untreated control cells. Whereas, the cells treated directly with oxidant H2O2 shows an 

oxidative burst indicating severe cytotoxicity.  
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Figure 22 ROS formation inside the cells stained with DCFDA. (a) Quantitative measurement 

of DCF fluorescence. (Results represented as mean ± S.D, n=3). 

Fluorescent images of cells (b) Control untreated (c) treated with 100µM H2O2 and (d) PCL 

extract of 60 day 

4.12 MITOCHONDRIAL MEMBRANE POTENTIAL (MMP/ ΔΨM) 

ASSAY 

Evaluation of mitochondrial membrane integrity is considered as factor representing 

cytotoxicity. MMP of cells was examined by membrane-permeant fluorescent JC-1 

probe.healthy cells JC-1forms aggregates in cytosol of cells emitting red fluorescence, 

whereas in apoptotic cells JC-1 gets disintegrated into monomeric form, emitting green 

fluorescence. Decrease in red fluorescence represents membrane depolarization. To indicate 

cell health, ratio of red/green fluorescence intensity was measured (figure 23.a). Quantitative 
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analysis indicates no membrane potential variation for extract treated cells, as the red to green 

fluorescence ratio of control to treated cells is found be similar. The representative image 

(figure 23. b-c) shows that control cells and treated cells emit red fluorescence demonstrating 

no toxic effect on cells by PCL extract. 

 
Figure 23 (a) Change in mitochondrial membrane potential expressed as fluorescence ratio of 

J aggregate to J-monomers. (Results represented as mean ± S.D, n=3). Fluorescence images of 

MMP changes in BMSCs upon PCL extract. JC-1 dye stained (b) Control cells and (c) PCL 

extract of 60 day. (20X magnification). 
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4.13 APOPTOTIC DNA LADDER ASSAY 

The apoptotic effect of polymer (PCL) extract was evaluated by using apoptotic DNA 

ladder assay kit. No DNA fragmentation was observed in BMSCs exposed to polymer extract 

of 30thday (figure 24).Result suggest that degradation products of PCL does not affect the 

integrity of nuclear DNA. 

 

Figure 24 Agarose gel electrophoresis of DNA samples isolated from cells exposed to extract. 

Lane 1: DNA ladder -10Kb, Lane 2: Control (Untreated MSCs), Lane 3: H2 O2 treated cells, 

Lane 4: extract of PCL in PBS of 30 day treated cells. 

 

4.14 CLONOGENIC ASSAY 

Colony formation indicates the cells reproduction ability.From this assay it was 

observed that inherent property of BMSCs ability to form colony forming units remained 
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unaffected by treatment with extract of polymer. The figure 25.(a-b), indicated representative 

images showing the colony formation by BMSCs.Colonies containing more than 50 

individual cells are considered as a colony. Plating efficiency(calculated from equation 4 

section 3.3.7.8) , which is a measure of the number of colonies originating from single cells 

found to be 0.076 and 0.072 for untreated and treated cells, respectively. The data implies that 

there are no potential cytotoxic agents in PCL degradation products affecting the efficiency of 

colony formation. 

 
Figure 25 Clonogenic assay (a) Representative image of single colony formed by 

BMSCs(10x). Colony formation of (b) untreated cells and (c) treated cells by PCL extract of 

30 day (4x). (d) Graph depicting number of colonies formed. 
  



63 

 

 

4.15 CULTURE OF BMSCS ON PCL FILMS 

The BMSCs cultured on to PCL films shows no characteristic morphological 

change(figure 26).It was observed that the cell attachment and adherence on PCL films is not 

prominent as cells cultured on polystyrene control (commercial culture plates), this might be 

due to the hydrophobic nature of PCL films. And it was observed that adhered cells appeared 

more towards the edges of the polymer surface. 

 
 

Figure 26: Phase contrast images of BMSCs on (a) culture plate (b) PCL film. (c-d )optical 

microscope images showing morphological evaluation of BMSCs on PCL films by giemsa 

stain; (c) 4x and (d) 10x magnification. Arrow marks the adhered cells. 
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4.16 EFFECT OF DEGRADATION PRODUCTS ON DIFFERENTIATED 

MSCS 

BMSCs were allowed to under differentiation in osteogenic differentiation media for 

21 days. Alkaline phosphatase assay using BCIP/NBT as a substrate, stained cells blue-violet 

(figure 27. a). MTT assay on differentiated cells upon exposure to PCL extract in 7 day with 

PBS vehicle, indicated increase in cellular activity (figure 27.b).

 

Figure 27  (a) ALP activity .10X magnification. (b) Cell viability upon extract (7 day) 

treatment. (Results represented as mean ± S.D, n=3). 
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4.17 HEMOCOMPATIBILTY  

Hemolysis test allows interaction of PCL film and its degradation products interaction 

with erythrocytes in blood. The membrane damage property is determined by the release of 

haemoglobin and quantified as explained in section 3.3.7.8. The results of the study(figure 28) 

indicated that PCL in direct with the blood induced an average hemolytic index (above 

negative control)of 1.42 and the degradation products induced a hemolytic indices of 1.64 and 

1.56 for 7 day extract and 60 day extract respectively. The values lie in range 0-2. 

 

 
Figure 28  Pictographic representation of hemoglobin release upon exposure to (a) PCL film 

(b) 60 day PCL extract, compared to (c) Positive control 
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5 DISCUSSION 

Biodegradable polymer with versatile and tailorable properties has found its role in 

biomedical applications. The general criteria for selecting an implantable polymer are to 

match the mechanical properties and the time of degradation according to the need of 

intended application [18] An in-depth understanding of physical, chemical, biological and 

engineering aspects of polymer helps to predict the performance of medical devices. 

Examining the influence of material as bulk and its degradation products released over time in 

host is crucial when biodegradable polymer used as implant. Polycaprolactone (PCL) belongs 

to family of polyesters with degradation period up to 3-4 years. PCL has found its application 

in densitry, drug delivery system, sutures, wound dressings and contraceptive devices. Owing 

to long term degradation, PCL was not popular in a great amount but resurgence of interest in 

material saw light in the field of tissue engineering. 

 Literature survey indicated that studies with pure PCL are rare. The present study is 

an effort in understanding the short term degradation of PCL. Also to investigate the cell-

material interactions using mouse bone marrow mesenchymal stem cell (BMSCs).   

In most medical interventions PCL is used as composites and it is essential to 

determine the contribution of individual component and its behavioural properties. Studies of 

cell-material interactions are crucial for tissue engineering. Stem cells with its self replicating 

and multi-lineage differentiation potentially help in healing process of tissues. Stem cells 

respond to nanoscale, microscale and macroscale cues of biomaterials. Investigating the 

interplay between MSCs and biomaterial scaffold is essential before intended for biomedical 
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application. The present study explained the fabrication of PCL film, characterization, 

degradation and biological assays using mouse bone marrow mesenchymal stem cells 

(BMSCs) with bulk material and its degradation products.  

Evaluation of polymer in the form of films helps in comprehending the behaviour and 

properties of polymer to be used as a scaffold in tissue engineering. PCL is a hydrophobic 

polymer. Organic solvents such as chloroform, dichloromethane, carbon tetrachloride, 

toluene, cyclohexanone and 2-nitropropane are known to solubilise the PCL at room 

temperature[18].  Solvent cast-PCL film made in chloroform was used in the present study. It 

is reported there are two methods for preparing solvent cast films such as ;Solvent casting of 

polymer onto a Petri dish and Spin casting onto glass cover slips and  there is no difference 

between two surfaces of the resulting cast films[58] . Thickness of the solvent cast films 

varies with solvent used[58]. The choice of solvent is also known to influence the degree of 

contact angle [58]. Generally a material with contact angle greater than 900 is considered to be 

hydrophobic. The contact angle measurement of the film prepared for the present study is 

found to be slightly less than conventional hydrophobic material and denotes favorable 

wettability. While, swelling study data (24h) corresponds to the intrinsic hydrophobic nature 

of PCL. The polymer PCL consists of ester bonds and major pathway of degradation is 

hydrolysis. Reports indicated that the surface to volume ratio plays a role in water 

penetration[61]. 

Short term degradation studies provide information on immediate response of material 

in host. Thein vitro degradation study was carried out based on ISO standard 10993 part 13. 

Design of degradation study should simulate the physiological environment. In this study 
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phosphate buffered saline, culture media with serum and simulated body fluid were used as 

biologically related solutions for extraction. Phosphate buffered saline is the commonly used 

vehicle because of its osmolarity and ion concentrations match with the biological system 

(isotonic solution). Cell culture with serum is considered as extraction vehicle because of its 

ability to support cellular growth. Simulated body fluid has similar ionic composition of blood 

plasma. Synthetic materials implanted into bone defects get encapsulated by a fibrous tissue. 

This leads to isolation of implants from the surrounding bone. An essential requirement of 

bonding of material to bone is the formation of bone like apatite on its surface when 

implanted in the living body[62] Bone bioactivity of various types of materials have been 

evaluated by apatite formation in SBF[62]. Weight loss of the material is correlated to the 

extent of degradation process.  

The present study indicated an increase in weight loss of PCL immersed in PBS 

compared to SBF. Presence of no acidic by-products changing the pH of extract (solution) is 

due to the slow degradation behavior of polymer. The change in pH of culture media cannot 

be confirmed as influence of material interaction. Normally culture media turns to alkaline 

upon storage. This alkalinity of media is attributed by interruption in CO3/HCO3 balance 

affecting buffering. 

The morphology of PCL films immersed for a period of 90days in PBS and SBF 

showed variation microscopically. This change implies that degradation starts from surface 

and may proceed to inner regions. Observation of the study is correlated to conventional 

degradation behaviour of polymers. Reports[63] indicates that  amorphous regions is more 

prone to degradation and hydrolytic attack shifts towards the center of the crystalline 
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domains. The PCL film in SBF showed crystal like morphology which may indicate the 

possible formation of hydroxyapatite crystals. This crystal formation may probably be the 

explanation of decreased weight loss observed for polymer film immersed in SBF. 

The number average molecular weight obtained from Gel Permeation 

Chromatography (GPC) of both control (PCL film before degradation) and degraded film 

(PCL film after degradation) is higher than the commercially available PCL materials 

(Mn~10,000). Similar studies have reported the same phenomenon. This occurs as the mobile 

chains of polymer becomes freed by interaction with solvent and bonds with other free chains 

which  subsequently increase the chain number[64]. Polydispersity is the measure of the 

broadness of molecular weight distribution. Decrease of the PDI of polymer indicates the loss 

of low molecular weight products.Göpferich et al,.[8]described this process as erosion, since 

the polymer material losses its monomers and oligomers. 

UV-visible absorption spectroscopy was employed in checking the deterioration of 

polymer. Absorption range showed by extracts of PCL is due the presence of carbonyl groups 

(260-340 nm) and the presence of sharpness related the absorption of different types of 

carbonyl groups. This is in harmony with the study of Campos et al.,[65]Thermal degradation 

represents an accelerated degradation model. In this study thermally degraded polymer 

showed higher intensity in absorption peak indicating faster degradation. Studies have proven 

that thermal degradation of polymer occur in two stage mechanism involving random rupture 

of the polyester chains via ester pyrolysis reaction [66].PCL degrades by end-chain scission at 

higher temperatures while it degrades by random chain scission at lower temperatures [67].  
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Second phase of the present study has attempted to provide an outlook on the effect of 

short term degradation products of PCL on mouse BMSCs. PCL with its resilience and 

degradation property has found its extensive use in bone tissue engineering application. In 

tissue engineering the biomaterial scaffold is believed to mimic the extracellular matrix of 

cells. It is crucial to check the behavioural properties cells in response to physicochemical 

characteristics of material. The future use of adult mesenchymal stem cells (MSCs) for human 

therapies depends on the establishment of preclinical studies with other mammals such as 

mouse[50]. Mouse MSCs shows morphological and functional characteristics as human 

MSCs. Controlled balance between the activities of bone forming (osteoblast) and bone 

resorbing (osteoclast) cells helps in maintenance of bone integrity[68]. Although skeletal 

turnover continues throughout adult life, the net effect of formation and resorption on bone 

mass is zero in healthy individuals[68]. There are numerous studies in understanding the bone 

biology and mesenchymal stem cells as separate entities. Recent advances correlate the MSCs 

contribution in supporting bone homeostasis following injuries or disease. Researchers 

showed electrospun PCL/nanohydroxy apatite (nHAP) composite nanofibers supported the 

growth of bone marrow mesenchymal stem cells (MSCs) without compromising their 

osteogenic differentiation capability upto 21 days[69]. Another study shows that recombinant 

human bone morphogenetic protein-2 (rhBMP2)-coated PS/PCL nanofibrous composite 

scaffold indicates recovery of the bone defect after eight weeks of implantation in the rat 

calvarial defect model[70]. 

There are two stem cell populations with distinct progenies  are housed in adult bone 

marrow; hematopoietic stem cells and MSCs[71]. There exists an ambiguity in identity of 
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MSCs. The guidelines of Mesenchymal and Tissue Stem Cell Committee of the International 

Society for Cellular Therapy (ISCT)[49] were used in defining a cell as MSCs. By the virtue 

of plastic adherence and serial culturing hematopoietic cell contamination with primary 

isolation was reduced and successful propagation of MSCs was achieved. The 

immunophenotyping with CD markers helps in identifying CD90+, CD44+ and CD45- cells, 

representing MSCs. These cells showed multilineage differentiation into osteoblasts and 

adipocytes.Cells of passage 3-4 were used for all the studies. 

Different biological parameters affecting BMSCs upon exposure of PCL and its 

extracts were evaluated. Cytotoxic effects are determined by both qualitative and quantitative 

means. Evaluation of general morphology, detachment, membrane integrity, cell lysis and 

apoptosis were carried out. 

The direct contact assay is the most sensitive method for checking cytotoxicity of the 

medical devices.Growing cells in contact with material of interest allows physiochemical 

interaction helps to predict whether leachables affect the cells in vitro. No malformation, 

degeneration and lysis of cells around the PCL film material were indicated from the study. 

The foremost effect following exposure of cells to any toxic materials is the alteration 

in cell phenotype which is particularly evident in adherent cells. Cytotoxic effect tends  lose 

cells  characteristic shape and may get detached from the culture dish[72]. Characteristic 

morphology maintained and no cytoskeletal rearrangement was observed upon treating 

BMSCs with extracts of PCL. Live dead assay with calcein AM-PI staining of BMSCs treated 

with polymer extracts revealed no indication of dead cells..Further to confirm effect of 
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degradtion products on BMSCs dual AO/EB staining was used. AO stains both dead and live 

cells but EB stains only cells that have lost its membrane integrity. The study revealed the 

absence of dead cells in presence of short term degradation products of 60 days. 

The MTT assay is a commonly used method to determine the cell growth and toxicity. 

Regulatory protocols such as ANSI/AAMI/ISO 10993-5 refer to the MTT cytotoxicity assay 

as a preferable assay for screening of biocompatibility of materials used in medical devices. 

According to standards, reduction of cell viability by more than 30 % of the blank, 

material/chemical considered to have cytotoxic. In this study MTT assay showed no toxicity 

dependence upon incubation of BMSCs with degradation products of PCL in PBS (with 

different time period: 7, 14, 28 and 60 days). Also, the study suggested no dose dependent 

toxicity. In a contemporary study, Serrano et al.[73] have investigated the mitochondrial 

redox activity of L929 fibroblasts on PCL films and showed a slight stimulation of 

mitochondrial activity at culture times being at 48 h. SBF is known to predict the degree of in 

vivo bone bioactivity of the material and the studies are valid unless the material does not 

interact with SBF in producing toxic substances. Most of the studies focus on bioactivity of 

PCL composites. Here MTT assay using BMSCs indicated that ionic interaction of SBF with 

degradation products is non-toxic. While an increase in mitochondrial activity was observed 

in treating cells with SBF alone, this might be occurred by the apatite interaction with cellular 

electrolytes. Many in vitro studies have demonstrated their good cellular compatibility with a 

range of cells including osteoblasts and mesenchymal stem cells[74]. Thus the present study 

demonstrates that that the BMSCs could tolerate degradation products released from PCL. 
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Reactive oxygen species (ROS) are chemically reactive ionic species with oxygen. 

Intracellular ROS indicator DCFH-DA allows quantitative assay for detection of ROS 

generated in effect of treatment with PCL degradation products. There was no difference 

observed in ROS production in treated BMSCs with PCL extract from that of untreated 

control cells. Low level ROS is involved in cell signalling and maintains cellular homeostasis, 

while increased production of ROS results in oxidative stress leading to cellular death.Excess 

ROS is harmful because of its potent ability to interact with a wide range of cellular 

molecules implicated in cytotoxicity and mutagenic damage[75]. Increased ROS is known to 

inhibit the osteogenic differentiation. It is also reported thatH2O2 reduces osteogenic 

differentiation in human and murine MSCs and osteoblast precursors[76]. The study of 

Lyublinskaya et al., [77]focused on the involvement of ROS in the process of MSCs 

dedifferentiation ability,they showed that very low and very high level of ROS could block 

the stem cell self-renewal.The study further implies that using PCL based scaffold may not 

interfere with stemness of MSCs. 

Mitochondria are considered as intracellular power house, responsible for more than 

90% of a cell’s energy production via ATP (adenosine triphosphate) generation. Exposure of 

toxic substances affects mitochondrial membrane integrity. This study utilized a fluorophore 

JC-1 probe. JC-1 measures the charge gradient Δψm across the inner mitochondrial 

membrane. Present study showed no change in mitochondrial membrane potential upon 

exposure to degradation products of PCL at any time point. Mitochondrial dysfunction has 

been shown to participate in the induction of apoptosis. The mitochondrial permeability has 
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been demonstrated to induce depolarization of the transmembrane potential (∆ψm) and 

subsequent release of apoptogenic factors and loss of oxidative phosphorylation[78]. 

Apoptosis (programmed cell death) is a process triggered by extrinsic and intrinsic 

stimuli like radiation, oxidative stress and genotoxic chemicals. DNA fragmentation is a key 

feature of apoptosis and is catalyzed byCa2+ and Mg2+ dependent nuclear endonucleases. In 

this study PCL degradation products of 30 day was exposed to BMSCs and there was no 

evidence of genotoxic effect induced by polymer extracts. In a report on studying formation 

of blood vessels in porous polycaprolactone (PCL) scaffolds by the delivery of endothelial 

progenitor cells (EPCs) indicated that on increasing the EPCs seeding density, the scaffolds 

displayed an increase in the apoptosis[79]. 

Clonogenic or colony formation assay is method checking in vitro cell survival based 

on the ability of a single cell to grow into a colony[80]. This study demonstrated that colony 

forming ability of BMSCs is maintained in both treated and untreated control cells. 

Quantitatively it was found that treatment with PCL extract (30 day extraction) to BMSCs 

showed no significant variation of plating efficiency from control cells. Basically the 

clonogenic assay enables an assessment of the differences in reproductive viability (capacity 

of cells to produce progeny; i.e. a single cell to form a colony of 50 or more cells). The assays 

allows to  distinguish between control untreated cells and cells undergone various treatments 

such as exposure to ionising radiation, various chemical compounds (e.g. cytotoxic agents) or 

in other cases genetic manipulation[81].  

Material considered as potentially cytotoxic, if plating efficiency for the highest 

concentration of the sample extract (100 % extract) is less than 70 % of the control group. 
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Cell viability and adhesion on biomaterial is considered to be important criteria in 

tissue engineering. A reduced adherence observed from the present study might be attributed 

by hydrophobic nature of the PCL backbone. Nevertheless the cellular morphology and 

adherence property of BMSCs were maintained. A related study has been reported with 

growing of L929 fibroblast cells on PCL surface[73]. 

MTT assay with osteoblasts on exposing PCL extract in PBS of 7day indicated an 

increase in cell activity. This study implies that that PCL short degradation in physiological 

conditions does not interfere with viability of bone cells. 

Hemolytic material when in contact with blood causes erythrocyte lysis and produces 

increased level of plasma hemoglobin, which in turn induces toxic effect. This may have an 

adverse effect on target organs like kidney. Assessment of hemolytic property of material 

meets the requirement of the test, if the blank corrected hemolytic index is found to be less 

than 2.0. The results of the study suggest that the unmodified pure PCL and its extracts in 

PBS are non-hemolytic and thus it has good blood compatibility. But careful consideration 

should be given since they may or may not cause potential in vivo hemolysis. 
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6 CONCLUSION 

It is surprising that out of numerous publications on PCL-based scaffold in tissue 

engineering, only a few have incorporated the study of its degradation kinetics and 

implication of degradation by-products. The biomedical applications of biodegradable 

polymers have increased tremendously however their toxicological impact is still in paradox. 

The present study focussed on the evaluation of in vitro degradation of PCL for 90 days and 

investigation on the toxicity of degradation products on mouse bone marrow mesenchymal 

stem cells. 

The degree of in vitro degradation of PCL films in three biological fluids (PBS, SBF 

and culture media with serum) were carried out. The amount of degradation is more or less 

similar in SBF and culture media. However a slight increase in the rate of degradation 

observed in PBS. Unmodified pure PCL films showed a change molecular mass distribution 

and variation in surface morphology during course of study. This may indicate the possible 

rearrangement of polymer chains.The biocompatibility end point considered for study include; 

in vitro cytotoxicity, genotoxicity, clonogenic ability and hemocompatibility. BMSCs were 

used forscreening the potential toxicity and interaction with biodegradable polymer and its 

extracts. Although PCL have an intrinsic hydrophobic behaviour, it possessed a favourable 

surface wettability for adherence of cells. The cell morphology was maintained on unmodified 

PCL but the cell attachment was very slow. There was no alteration in phenotype and 

functionality of BMSCs were to observed upon exposing the degradation products of PCL 

extracts. PCL degradation products on differentiated MSCs indicated a slight increase in cell 
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activity. Present study suggests that the short term degradation products of PCL are non-toxic 

and biocompatible on stem cells.  

PCL-based biomaterials have not been translated more widely into the clinic because 

of the lack of comprehensive understanding of molecular mechanism underlying cell-material 

interactions. Robust development in bioengineering of biodegradable polymeric materials 

ensuring biocompatibility in hands with stem cell biology, will leads to the advancement of 

tissue engineering and enhancement of medical interventions.   
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