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ABSTRACT 

Structural polymers are susceptible to accumulated damage in the form of 

internal microcracks that propagate through the material, resulting in its mechanical 

failure. Self- healing approaches offer a solution to repair these damages automatically. 

The first generation self-healing materials includes a microencapsulated healing agent 

within a catalyst-embedded matrix. The propagating microcracks rupture the 

microcapsules, releasing healing agent into the damaged region. Catalyst-triggered 

polymerization of the released healing agent repairs the damage. Our research focuses 

on a similar approach for addressing “damage accumulation failure” of PMMA bone 

cement caused by microcracks initiation and propagation.  In this work, polyurethane 

(PU) microcapsules encapsulating a tissue adhesive, 2-octylcyanoacrylate (OCA) were 

synthesized using in situ interfacial polymerization of toluene-2,4-diisocynate (TDI) and 

polyethylene glycol 200 (PEG 200) through oil-in-water microemulsion. The process was 

optimized by studying different combinations of organic solvents, surfactants, 

temperatures, agitation rate, pH, and reaction time and their effects on 

microencapsulation process were observed. Microcapsule surface morphology, shell 

thickness, encapsulated OCA viability, thermal degradation, and chemical structure of 

the microcapsules shell were evaluated using different characterization techniques.  
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1. INTRODUCTION  

          Through the pioneering efforts of Charnley, poly(methyl methacrylate) (PMMA) 

bone  cement emerged as one of the promising biomaterials in orthopedics [2]. PMMA 

acts as a space-filler, holding the stem of an artificial joint replacement against the bone. 

It can absorb up to 10 times the forces generated by body weight to ensure the implant 

remains in place for bone remodeling. However, these implants tend to fail due to 

aseptic loosening of the construct or by immunological rejections. Many studies have 

determined that the aseptic loosening of constructs [3, 4] are related to the chemical and 

mechanical nature of the bone cement like strength and its thermal properties which 

play a key role in implant’s shelf-life [5]. Jasty et al, has shown that the orthopedic 

implants mostly fail due to the “damage accumulation failure”, where numerous 

microcracks in bone cement initiate and propagate, leading to loosening of the 

prosthesis. The cracks ranging from 40µm to 2mm were observed in their study on post-

mortem retrieved bone cement mantles [5, 6].  Further evidence of damage accumulation 

and microcrack initiation under dynamic loading in cement mantle was observed by 

Culleton et al. [7] and Topoleski et al. [8] 

             In Sweden over the period from 1979-2000, it was reported that 75% of the 

revisions required for total hip joint replacements (THJRs)  were due to aseptic 

loosening and in which >50% of the loosening failures were caused by microcracks 
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initiation and their propagation [9-11]. Bone cement is a brittle material with weak 

tensile and shear strength, but high compressive strength. The average values of tensile 

strength of the bone cement range from 21.7 to 34.8 MN/m2, while the compressive 

strength ranges from 64 to 103 MN/m2 and the young’s modulus ranges from 3150 to 

5050 MN/m2[12]. However, loosening of cemented implants is usually caused by 

mechanical failure of the PPMA bone cement under cyclic loading [13]. Previous studies 

have addressed these problems by modifying cement formulation such as adding cross 

linking agents [14, 15], increasing tensile strength and fracture toughness by reinforcing 

with metallic wires, or incorporating covalently connected SiO2 glass networks to 

prevent bone cement failure [16-18]. By rejoining and welding the surfaces above glass 

transition temperature, Kausch and co-workers [19] showed a complete rehealing of a 

crack developed at room temperature in  PMMA specimen [20]. Based on this principle, 

Lin et al. [21] and Wang et al. [22] treated PMMA with methanol and ethanol 

respectively to reduce its glass transition temperature and found a progressive healing 

of PMMA at 40˚C-60˚C. However, limited research has been focused in resolving 

“damage accumulation failure” of the cemented implants caused by microcracks. The 

only possible treatment available clinically is revision surgery to replace the entire 

implant.   
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             In this study, we propose a self-healing biomaterial approach to significantly 

improve the longevity of orthopedic implants. Self-healing materials are designed to 

sense failure and respond to the damage in an autonomous fashion to restore material 

structural function. Our approach was adopted from the existing self-healing system 

pioneered by White et al. that includes an epoxy matrix co-embedded with 

microcapsules containing an encapsulated healing agent and a solid chemical catalyst. 

Microcracks propagating through the matrix rupture the microcapsules, releasing 

healing agent into the cracked region, leading to damage repair by its polymerization in 

presence of catalyst [23]. This embedded capsule approach offers remarkable potential 

for practical applications [23-25]; White et al. reported 75% healing efficiency of damage 

recovery in self-healing epoxy polymer containing microencapsulated 

dicyclopentadiene (DCPD) and Grubb’s catalyst [23]. To date, these self-healing 

polymers have been designed primarily for automotive paints, electronics, and 

aerospace applications [1]. In this study, we introduce a similar approach for designing 

self-healing bone cement, where microcracks can be autonomically healed, preventing 

the “damage accumulation failure” of the cement by arresting further propagation of the 

cracks. We predict that the life span of any prosthesis implanted using PMMA bone 

cement can be significantly increased with this self-healing bone cement approach.       
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             The aim of this study is to encapsulate a clinically-approved tissue adhesive 

OCA, in PU microcapsules synthesized by an in situ interfacial polymerization of TDI 

and PEG 200 through oil -in -water microemulsion. Microcapsules surface morphology, 

shell thickness, core OCA viability, and the chemical structure of the microcapsules shell 

were evaluated using various characterization techniques. The influence of various 

parameters such as temperature, surfactant concentration, pH, agitation rate, and 

reaction time were also examined.  
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2. BACKGROUND  

2.1 Self-healing materials  

             Structural polymers are susceptible to accumulated damage in the form of 

microcracks that propagate through the material and result in its mechanical failure. 

Cracks are typically formed in the center of the material where their detection and repair 

are almost impossible. However, polymer composites can be chemically engineered to 

self-heal [26-28]. Self-healing represents a new paradigm for active and responsive 

materials.  In general, self-healing can be defined as the ability of a material to repair 

damages automatically and autonomously [29, 30]. These materials are designed to 

sense and repair the damage unconventionally without any use of external forces.  The 

self-healing approach in polymer composites has seen a promising development in 

recent years [26, 31].  

             The development of self-healing materials was inspired by biological systems in 

which damage triggers an autonomous healing response. This concept in material 

design involved many interdisciplinary approaches to successfully incorporate self-

healing properties in polymers and composites. Self-healing strategies have been 

classified into three main categories: embedded liquid healing agent, thermally activated 

healing of the solid phase, and healing through projectile puncture [32, 33]. 
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2.1.1 Different design approaches for self-healing system 

2.1.1.1 Embedded liquid healing agent  

           These systems utilize either (1) microcapsules or (2) vascular networks containing 

liquid healing agent. When a crack propagates through the material, embedded catalyst 

is exposed and the microstructures rupture to release the healing agent into the crack 

through capillary action where it polymerizes and repairs the damage.  

2.1.1.1.1 Microcapsule based self-healing system 

          These types of systems employ a monomer encapsulated within a polymer shell. 

When the microcapsules are ruptured by a propagating crack, the monomer comes in 

contact with the catalyst also present in the crack plane, initiating polymerization and 

thus healing the damage [32, 34] (Figure 1).  
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         Figure 1:  Mechanism of self-healing using microcapsules embedded system 

 

The first successful implementation of self-healing polymer using 

microencapsulation system was reported by White et al. [24]. A monomer healing agent, 

DCPD, encapsulated in a urea-formaldehyde polymer shell was dispersed within an 

epoxy matrix containing Grubb’s catalyst.  Their work reported a 75% recovery of 

fracture toughness after 48 hrs of healing time, demonstrating the feasibility of this 

material design. Many other research works have demonstrated different 

microencapsulation and their characterization techniques [33, 35-37].  

There are many different factors that have to be considered for developing 

microcapsule-based self-healing materials. Each of these factors depends on the 
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chemistries and properties of the reactants in the system. For instance, the healing agent 

must be inert to the polymer shell and should be compatible with the dispersion 

medium during encapsulation process. The healing agent monomer should also have 

lower viscosity to permit ease of flow into the cracked region through capillary action 

following capsule rupture. The healing agent should also have low volatility to remain 

present in the damage region for extended periods to allow sufficient time for 

polymerization. In general, the polymerization reaction should be fast to prevent further 

crack propagation and should not exhibit cure-induced shrinkage of the matrix [38].  

2.1.1.1.2 Hollow fiber-based self-healing systems 

To achieve multiple healing and delivery of large amount of liquid healing agent 

in the composite material, Dry et al. [38, 39] and Motuku et al. [40] have developed 

hollow fiber embedded systems. Belay et al. [41] pioneered the use of hollow glass fibers 

embedded in the composite matrix. In their study, the hollow fibers containing healing 

agent acted as the structural fibers of the composite which were aligned in the direction 

of reinforced fibers of the composite matrix. The principle behind the self-healing ability 

of this system is same as seen in the microencapsules embedded system: a propagating 

crack fractures the hollow fibers, releasing the healing agent into the cracked region, 

where polymerization in the presence of catalyst results in the damage repair (Figure 2).  
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Figure 2:  Mechanism of self-healing using embedded hollow fibers containing 

healing agent (adopted from [1]). 

 

2.1.1.2 Thermally induced self-healing system 

Healing can also be achieved by using heat to induce autonomous repair of the 

damage. Unlike the previous approaches, this system does not contain any catalyst or 

embedded liquid healing agent, which eliminates the dependence of healing on a liquid 

resin delivery system altogether [32]. Wudl et al. [42] have designed a remendable 

polymer that uses a reverse Diels–Alder mechanism for the reformation of the cross-

linked molecular bonds at the damaged site when heated at 115 ˚C for 30 min and  

cooled back to 40 ˚C [42, 43].  The Diels-Alder thermally reversible reaction was 

developed and studied by Kennedy and Wagener [44, 45], where the cross-linking and 

reversible groups containing bonds that can be cleaved and formed by thermal cycling, 

were attached to the linear backbone of the polymer composite [42, 46]. Chen et al. [42] 

developed a polymeric material that can be repeatedly self-repaired at 120 ˚C where 



 

10 

intermolecular bonds disconnect but re-connect upon cooling. Thermally-induced 

healing material systems are limited to thermally stable polymers and in order to 

achieve autonomous healing, a self-heating system must be introduced at the damaged 

site [1].  

2.1.1.3 Projectile puncture 

          In the third approach to self-healing, the penetration of a polymer film by a 

projectile causes localized heating at the damage site resulting in closure of the 

puncture/crack without external intervention [32, 47]. Ionomers are a special class of 

copolymers containing less than 15% of ionic content. Certain classes of ionomers have 

shown self-healing ability through projectile puncture. The presence of these ionic 

groups and their interactions produces physical cross-links that are reversible in nature. 

This reversible nature of ionic bonds makes them applicable for designing self-healing 

polymer systems [38] and certain classes have shown self-healing ability in response to 

projectile puncture. However, recent studies show that the non-ionomers also exhibit 

self-healing response following the projectile puncture; the heat produced during 

projectile puncture caused a localized elastic melt response, closing the puncture and 

healing the damage [32, 48]. The advantage of projectile puncture systems is nearly 

instantaneously healing of damage without external intervention.  
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2.1.2 Applications of self-healing materials 

Self-healing materials are still in the preliminary stages of development but will 

be available for many applications in near future. To date, their applications have been 

localized to automotive, aerospace, and building industries. For example, the first self-

healing car coating “Scratch Guard Coat”, has been developed by Nissan Motor Co. Ltd. 

in 2005 [49]; according to the company’s report, this coating self-heals in the presence of 

sunlight or heat. The use of dense polymer networks with flexible linkages enables this 

healing to occur [38]. Hollow fiber-reinforced composites have been used in aircrafts and 

space application to repair damage [50]. Self-healing metallic materials capable of 

repairing corrosive damage have been developed thereby increasing their service life 

and reducing maintenance costs. Self-healing materials should be introduced to medical 

industries where they could be used to manufacture orthopedic and dental implants that 

undergo long-term cyclic mechanical loadings [46] and fail as a result of these cyclic 

loads.  Use of these self-healing composites may improve implant longevity and 

performance, reducing the rate of revision surgery. 

In this study, we focused on one such application in medical industry where we 

selected a liquid healing agent-based microencapsule system to incorporate the self-

healing property in existing PMMA bone cement. Microencapsules were synthesized via 
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oil-in-oil-in-water (o/o/w) microemulsion, followed by in situ polymerization for shell 

formation. Emulsion and microencapsulation are discussed in the following sections. 

 

2.2 Microemulsions  

Microemulsions are isotropic dispersions of two immiscible liquids, such as oil 

and water, stabilized by an interfacial film of surfactant molecules. Unlike emulsions, 

microemulsions are thermodynamically stable, optically transparent, and retain ultralow 

surface tension [51]. Because of these unique features, microemulsions have been used 

as prospective vehicles for drug delivery. Due to the presence of polar and non-polar 

micro-domains, both hydrophilic and lipophilic drug molecules can be solubilized and 

encapsulated [52, 53].  

2.2.1 Different types of emulsions 

In general, microemulsions consist of a dispersed phase, continuous phase, 

surfactant, and potential co-surfactants. Depending on the composition of oil, water and 

surfactant, these may be monodispersed spherical droplets (diameter < 100 nm) of oil 

dispersed in continuous water phase (o/w microemulsion) or water droplets dispersed 

in  continuous oil phase (w/o microemulsion) [54] with the interface stabilized by 

surfactant molecules (Figure 3A). 
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2.2.1.1 Oil-in-water microemulsion 

In an o/w microemulsion system, oil droplets are dispersed within a continuous 

aqueous phase. During emulsification, microscopic droplets contain oil in the center, 

stabilized by surfactants and co-surfactants on the outer surface (Figure 3B). Surfactants 

should be more soluble in the continuous phase to steadily disperse the other phase. 

Hence, in o/w microemulsions, hydrophilic surfactants with hydrophilic-lipophile 

balance (HLB) values >10 are used by solubilizing them in aqueous phase. In general, co-

surfactants are added to the system with surfactants to obtain the desired value of HLB 

for the formation of stable microemulsion.  Co-surfactants are typically an alcohol or 

amine and are typically used with ionic or non-ionic surfactants. These microemulsions 

are used to encapsulate non-polar organic substances that are immiscible with water. In 

this study, an o/w microemulsion has been used to disperse the OCA healing agent 

within a continuous aqueous phase.  

2.2.1.2 Water-in-oil microemulsion        

A w/o microemulsion describes an emulsion in which water microdroplets are 

dispersed in oil continuous phase. The microstructures in this system consist of 

hydrophilic droplets in the center stabilized by surfactant molecules (Figure 3C). The 

surfactants with very low HLB that are soluble in the continuous oil phase are used to 
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promote the formation of w/o emulsions. This system is used to encapsulate hydrophilic 

drugs. 

 

Figure 3: Type of emulsions (A) Adsorption of surfactant molecules at the oil/water 

interface. (B) Oil-in-water microemulsion. (C) Water-in-oil microemulsion. 

2.2.2 Types of surfactants and their role in the formation of 
microemulsions 

 
Surfactants are organic compounds that lower the surface tension of liquids and 

interfacial tension between two immiscible phases. They are amphiphilic molecules 

characterized by their HLB values. Surfactants with HLB>10 are more hydrophilic, and 

dissolve in the continuous aqueous phase to form an o/w emulsions whereas surfactants 

with HLB<10 are more hydrophobic, dissolve in the continuous oil phase, and favor w/o 

emulsion formation [55]. Microemulsions often require co-stabilizers to facilitate their 

formation. Usually a low HLB co-surfactant is combined with a high HLB surfactant to 



 

15 

achieve the required HLB value for the formation of a stable microemulsion with very 

low interfacial tension [51, 55]. There are four different groups of surfactants available: 

anionic, cationic, non-ionic and amphoteric (also called zwitterionic).  

2.2.2.1 Anionic surfactants 

Anionic surfactants dissociate in water into an anion and a cation, where the 

hydrophilic head of the surfactant is negatively charged. They are generally alkali metal 

salts or ammonium salts such as poly(sodium 4-styrenesulfonate) and sodium dodecyl 

sulfate [56, 57].  

2.2.2.2 Cationic surfactants 

Cationic surfactants also dissociate into an anion and a cation, however, the 

hydrophilic head is positively charged for these surfactants. Due to the positive charge 

of the head group, these surfactants are strongly absorbed onto negatively charged 

surfaces such as fabrics and cell membrane of bacteria. Therefore, they are used as fabric 

softeners and antibacterial agents [56]. Examples include cetyl trimethylammonium 

bromide and dodecyltrimethylammonium bromide [58, 59] 

2.2.2.3 Non-ionic surfactant 

Non-ionic surfactants do not dissociate in water and the hydrophilic group has a 

neutral charge. These surfactants are commonly used in the formulation of emulsifier, 

dispersant and low temperature detergents [56]. Examples include polyoxyethylene 
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ether and ethoxylated sorbitan esters (polysorbates) such as Tween 20 (polyoxyethylene 

sorbitan monolaurate) and Span 80 (sorbitane monooleate) [60]. 

2.2.2.4 Amphoteric surfactant 

These surfactants depend on the environmental pH to dictate the charge of their 

hydrophilic group. The head group is positive in acidic solutions, negative in alkaline 

solutions, and zwitterionic in the intermediate pH range [56]. At the isoelectric point, the 

physicochemical behavior of these surfactants often resembles the non-ionic surfactants. 

Amphoteric surfactants include N-alkyl derivatives of simple amino acids, such as 

glycine (NH2CH2COOH) and amino propionic acid (NH2CH2CH2COOH)[61]. 

2.2.3 Factors effecting emulsion stability 

Even in the presence of a surfactant with an appropriate HLB value, emulsion 

stability depends on many other factors. Interfacial film formation and its stability are 

critical for the formation of stable emulsion. Optimal film formation fails to occur when 

the emulsifiers that maintains the interface between the particles evaporate, leading to 

coalescence and breaking of the emulsified droplets. This can be prevented by use of 

both oil-(Span 80) and water-(Tween 20) soluble surfactants to form a stable emulsion 

with strong interfacial film [62, 63]. Charge on the dispersed drop is also an important 

factor for emulsion stability. If an ionic surfactant is used, it imparts a charge on the 
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interface surrounding the dispersed phase, which can increase or reduce the coalescence 

rate of the droplets based on the electric potential of the system [64]. 

 High viscosity also contributes to the emulsion stability. Increase in the viscosity 

of continuous phase reduces the diffusion of dispersed phase, which in turn decreases 

the collision and coalescence of the droplets. If needed, natural thickening agents are 

added to increase the viscosity of the continuous phase [62, 65]. Rapid changes in 

temperature also decreases emulsion stability [63].   

2.3 Microencapsulation   

Microencapsulation is a process in which tiny droplets or particles are entrapped 

within another material [66, 67]. The substance that is encapsulated is often referred to 

as the core material, active phase, or internal phase, while the entrapping material is 

referred to as the shell or external phase [66]. Microcapsules have a size ranging from 3 

to 800 µm and can encapsulate 10-90%  of core material [57]. The manufacturing of 

polymer shelled microcapsules with liquid core is a promising technology because of 

their potential applications in food, agriculture, and pharmaceuticals. 

Microencapsulation processes can be divided into three primary categories: physical 

coating (ex: spray drying), phase separation (ex: coacervation), and interfacial 

polymerization [57]. Different encapsulation methods and their respective external 

phases are summarized in Table 1.  
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Table 1: Various encapsulation techniques and their possible continuous 

phases for selected shell materials [67]. 

Encapsulation     

methods 
      Shell material  Continuous Phase  

Interfacial 
polymerization 

Water soluble or 
insoluble monomers 

Aqueous  or organic 
solvent 

Coacervation Hydrophobic polymers Organic solvent 

Salting out Water soluble Water 

Solvent evaporation Hydrophilic or 
hydrophobic polymers 

Water/Organic 
solvent 

Spray drying Hydrophilic or 
hydrophobic 

Air, Nitrogen 

Phase separation Hydrophilic or 
hydrophobic 

Aqueous/Organic 
solvent 

 

 

Microencapsulation via interfacial polymerization can be performed through 

either o/w or w/o emulsions. It requires an emulsion containing a water-soluble 

monomer in the aqueous phase and an organic-soluble monomer in an oil phase 

brought together at the interface to react [68]. The dispersed phase is subsequently 

encapsulated following interfacial polymerization. For this research, in situ interfacial 

polymerization was performed to encapsulate OCA in PU shelled microcapsules. In situ 

polymerization is a type of interfacial polymerization where the meeting of reactant 

monomers at the interface results in the formation of a shell [69]. The first step of an in 

situ encapsulation procedure is the formation of an o/w or w/o emulsion, where the 
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solution of hydrophobic core to be encapsulated and a reactive monomer are dispersed 

in a continuous aqueous phase containing surfactant. Thereafter, another reactive 

monomer is added to the system to trigger the polymerization reaction between the 

monomers and a catalyst is added to increase the reaction rate. Polymerization occurs 

exclusively in continuous phase and on the continuous phase side of the interphase 

formed by two immiscible phases, resulting in a polymer microcapsule containing a 

liquid core (Figure 4).                                   

               
Figure 4: Schematic diagram of microcapsule shell wall formation through in situ interfacial 

polymerization: (A) Oil phase containing monomer 1 is added to the aqueous phase containing 

surfactant. (B) System is agitated to form oil in water microemulsion, followed by addition of 

monomer 2. (C) The micro-droplets are stabilized by surfactant molecules, and monomers react at 
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the interface resulting in polymerization; whereas, the organic phase evaporates simultaneously. 

(D) The polymerization reaction results in the formation of polymer shelled microcapsules 

encapsulating the active core material. 
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3. MATERIALS AND METHODS 

3.1 Materials 

The monomers TDI and PEG 200 (number molecular weight in g/mol) were 

purchased from Sigma-Aldrich. 2-butanone, paraffin oil, acetonitrile, bismuth 

neodecanoate (BNDC), 1,4-butanediol (1,4-BD), polyvinyl alcohol (PVA), Tween 20, 

Span 85 were all purchased from Sigma-Aldrich. OCA and a D&C Violet used to stain 

the OCA were kindly provided by Ethicon, Inc., NC, USA.  

3.2 Methods 

3.2.1 Polycondensation reaction of TDI and PEG to form a 

polyurethane shell.    

 

The polycondensation reaction used in this study for the shell formation was 

outlined by Ramanathan et al. [70] and Iskakov et al. [71] . Polyurethane shell was 

synthesized by in situ interfacial polymerization method using TDI, PEG 200, and 1,4-

butanediol as chain extender.  The reaction is represented in Equation (1) [72]. Initially, 

the TDI dissolved in organic phase was dispersed in aqueous continuous phase 

containing surfactant to form o/w microemulsion under continuous agitation. PEG 

solution in deionized water was then added to the system to initiate the 

polycondensation reaction between the monomers. The molar ratio of polyol and 

diisocyanate added was 1:2. The chain extender 1,4 BD was added to complete the 
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polymerization. The reaction progressed at the interface for 2 h at 75˚C in presence of a 

catalyst and resulted in a polymer layer at the interface.   

              

 

Equation 1: Wall forming reaction of polyurethane microcapsule 

 

3.2.2 Encapsulation of OCA using butanone as solvent in dispersed 

phase 

 

3.2.2.1 Without addition of catalyst 

Aqueous phase was prepared by dissolving PVA (2 g) in deionized water (100 

ml) at room temperature; PEG monomer (2 ml) was then added to the aqueous solution. 

The organic phase was prepared by mixing TDI (1 g) and OCA (1 ml) together in 

butanone (1 ml).  

During the encapsulation process, the aqueous phase was agitated at 450 rpm to 

which the organic phase was added slowly, resulting in the formation of an o/w 

microemulsion.  Initially, the temperature was maintained at 50 ˚C, but it was gradually 

increased to 70 ˚C during 1 h of reaction. At 70 ˚C, 1 ml of 1, 4-BD was added to the 



 

23 

system to initiate crosslinking of the polymer shell. The reaction was continued for 1 h 

and then the agitator was stopped; microcapsules were washed in deionized water to 

remove unreacted TDI and then vacuum filtered. These filtered microcapsules were air 

dried at room temperature for 48 h. The schematic outline of the procedure is given in 

the Figure 5.  

                               

      

Figure 5: Schematic diagram of microencapsulation of OCA using butanone as solvent 
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3.2.2.2 Addition of catalyst 

              The above method was slightly modified by using an oil soluble catalyst to 

increase the reaction rate and to reduce the formation of collapsed capsules. The process 

was similar to section 3.2.2.1, where the aqueous phase consisted of deionized water (100 

ml) containing PVA (2 g) and PEG (2 ml). For this approach, the organic phase also had 

200 µl BNDC as catalyst dissolved in butanone (1 ml) along with TDI (1 g) and OCA (1 

ml). The reaction was carried out for 2 h, with 450 rpm agitation at 70 ˚C. The capsules 

were washed, vacuum filtered, and air dried for 48 h. 

3.2.3 Encapsulation of OCA without use of organic solvent in 

dispersed phase 

 
             To avoid the use of an organic solvent, OCA was directly emulsified in aqueous 

phase containing surfactant and found that OCA by itself formed a clear emulsion, 

which was stable enough to form polymer shell around it. The organic phase was 

prepared by mixing 0.5 g TDI and 300 µl BNDC catalysts in 1 ml OCA. The OCA was 

stained with purple dye to distinctly observe the emulsion formation and its stability. 

The aqueous phase containing deionized water (100 ml) with PEG (1 ml) and PVA (1.5 

g), was agitated at 450 rpm and organic phase was added slowly to the stirring system. 

The pH of the aqueous phase was adjusted to 4 by adding 4M HCl (20 µl) to prevent the 

polymerization of OCA droplets in the emulsion. The temperature was set to 50 ˚C 

initially and gradually increased to 75 ˚C over 1 h. 1, 4-BD (1 ml) was added after 1 h 
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reaction. The reaction was continued for 1 h with 450 rpm agitation at 75 ˚C. The 

obtained microcapsules were washed with deionized water to remove unreacted TDI 

and residual OCA, vacuum filtered and air dried (Figure 6).  

                                           

       

Figure 6: Schematic diagram of microencapsulation of OCA in the absence of an organic 

solvent in the dispersed phase 
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3.2.4 Encapsulation of OCA using acetonitrile and paraffin oil as 

solvents in dispersed phase 

 
In this method, water miscible and immiscible solvents were used to dissolve the 

core materials and disperse them in the aqueous phase. Initially, the organic phase was 

divided into two sub-phases (A & B) by dissolving TDI and OCA in two different 

solvents and then both were dispersed in the aqueous phase. Sub-phase A was formed 

by mixing OCA (1 ml) and paraffin oil (500 µl). Sub-phase B consisted of TDI (0.5 g) and 

catalyst BNDC (300 µl), dissolved in acetonitrile (5 ml) containing Span 85 (50 µl) as 

surfactant. The aqueous phase consisted of PVA (1.5g), Tween 20 (500 µl), and PEG (1 

ml) dissolved in deionized water (100 ml). The pH of the system was adjusted to 4 by 

adding 4M HCl (20 µl).  

Before adding the organic phase to the agitating system, sub-phase A was 

dispersed in sub-phase B and the resulting solution was then added to the aqueous 

phase under agitation. Initial temperature of the system was maintained at 30 ˚C. After 

addition of the dispersed phase, the temperature was increased to 50 ˚C, which was 

maintained for 30 min. At this point, 1, 4-BD (1 ml) was added to the system and 

temperature was raised to 70 ˚C. The reaction was continued for 1.5 h at 450 rpm. The 

microcapsules were washed with deionized water, vacuum filtered and air dried.                                                          
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Figure 7: Schematic diagram of microencapsulation process using acetonitrile and 

paraffin oil as solvents in dispersed phase. 

3.3 Characterization techniques 

3.3.1 Scanning electron microscope 

               Surface morphology, shell thickness and size of the microcapsules were 

examined using Scanning electron microscopy (FEI XL30 SEM-FEG, SEM). 

Microcapsules were mounted on a conductive stage using double sided tape. Several 

microcapsules were ruptured with a blade to facilitate the shell thickness measurement 

and were then coated with a thin layer of gold/palladium using a vacuum sputter coater 

(Denton Desk IV). The voltage used for imaging was 1.5 kV. 
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3.3.2 Optical microscope 

 Optical microscopy was performed using a phase contrast microscope (Nikon 

Eclipse TE2000-U), to further analyze microcapsule size and uniformity of shell 

thickness. A group of microcapsules were placed on a microscope slide, diluted with 

water, and were examined at 10X magnification. 

3.3.3 Encapsulated core liquid viability test  

             The presence of encapsulated core material was studied by slicing capsules open 

under stereoscope (Bausch & Lomb) with a scalpel blade. The reactivity of the core OCA 

was then tested by crushing the microcapsules between two slides and observing 

whether or not the released contents glued slides together.  

3.3.4 Fourier-transform infrared spectrometer 

Fourier-transform infrared spectroscopy (Thermo Electron Nicolet 8700, FT-IR) 

was performed to determine the chemical structure of the microcapsule shell formed by 

in situ polymerization. The obtained spectra were then compared with the standard FT-

IR spectra of PU. The capsules used for this analysis were crushed into pellet (Thermo 

Scientific KBr table press and 3mm Die set) and then analyzed under reflecting mode to 

obtain transmission spectra of the polymer. 
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3.3.5 Thermogravimetric Analyzer   

Thermogravimetric analysis (TA Instruments Q500 V6.7, TGA) was carried out to 

determine the thermal degradation properties of microcapsules. The initial sample 

weight was kept within 10-11mg. Samples were placed in a Pt pan and heated from 100-

600 ˚C under nitrogen atmosphere at a linear heating increase of 10 ˚C/min. 
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4. RESULTS 

4.1 Microcapsules size, surface, and structural morphology  

4.1.1 Microcapsules synthesized using butanone as organic solvent 

The morphology of the microcapsules synthesized using 2-butanone as the 

solvent without the addition of BNDC were observed under SEM and are presented in 

Figure 8. Microcapsules containing OCA with an average diameter of 284 µm were 

formed; however, many collapsed microcapsules were also seen under SEM. These 

deflated capsules had rough and wrinkled morphology with deep depressions on their 

surface (Figure 8B).  

By adding BNDC, the capsule morphology was improved. As shown in the 

Figure 8C, uniform microstructures with smooth surface morphology having an average 

diameter of 207±84.6 µm were formed. However, most of the structures formed were 

microspheres with solid core, as observed via SEM (Figure 8D).                      
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Figure 8: Surface and structural morphology of microcapsules under SEM. (A, B) Synthesized 

using 2-butanone as solvent in the absence of catalyst. (C, D) Synthesized using 2-butanone as 

solvent in the presence of BNDC catalyst. 

4.1.2 Microcapsules synthesized without organic solvent in dispersed 

phase 

 

The surface and structural morphology of the microcapsules fabricated without 

using an organic solvent were observed under SEM. Although spherical and smooth-

surfaced microstructures with an average diameter of 236±72.5 µm were formed (Figure 

9A), most were found to be microspheres with solid cores (Figure 9B).                             
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Figure 9: SEM images of microcapsules (A) surface and (B) structural morphology produced in 

the absence of organic solvent in dispersed phase. 

 

4.1.3   Microcapsules synthesised using acetonitrile and paraffin oil as 

dispersed phase solvent 

                
Microcapsules containing OCA formed using acetonitrile and paraffin oil as the 

organic phases were analyzed using SEM. Microcapsules with an average diameter of 

225±56 µm were observed (Figure 10A). In Figure 10B, the dark region surrounding the 

broken microcapsules signifies the presence of encapsulated core liquid.               
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Figure 10: Microcapsules formed using acetonitrile and paraffin oil as disperse phase (A) 

Uniform sized distribution (B) Presence of liquid contents 

 

4.2 Shell wall thickness 

The shell thickness and its uniformity were also observed using SEM and optical 

microscope. An average shell thickness of 26±5.2 µm was obtained by measuring the 

broken capsules shell under SEM (Figure 11A). A small amount of microcapsules 

diluted with a distilled water drop were placed on a slide and observed via optical 

microscope. A round uniform shell was observed and the average thickness of 24±6µm 

was calculated from it (Figure 11B).  
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Figure 11: Microcapsules shell thickness and its uniformity analysis via (A) SEM and  

(B) Optical microscope 

 

4.3 Encapsulated core liquid viability test 

Microcapsules containing dyed OCA were observed and imaged under a 

stereoscope using a 5X zoomed digital camera (Figure 12A).  The presence of core liquid 

was observed by slicing open the microcapsules using a scalpel blade under a 

stereoscope. A video was recorded during the experiment where liquid core flowing out 

was clearly observed. A still shot of the video is shown in Figure 12B. Viability of 

encapsulated OCA was assessed by crushing small amount of microcapsules between 

two microscope slides. The released liquid content strongly glued the slides together 

(Figure 12C).  
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Figure 12:  Assessment of encapsulated liquid content. (A) Stereoscope image of microcapsules 

containing dyed OCA, (B) Core liquid flowing out of the ruptured microcapsules, (C) Cover 

slips glued together by contents released from crushed microcapsules. 

4.4 Shell structure analysis via FT-IR  

FT-IR analysis of microcapsules enables the study of chemical structure of the 

polymer shell to verify the presence of PU chemical bonds along the polymer chain, 

following the interfacial polymerization of PEG and TDI. As seen in Figure 13, the 

spectrum contains an absorption band for N-H stretching at 3360 cm
-1

 and a bond 

representing CH2-CH3 stretching at 2930. C=O stretching of urethane are observed at 

1740 and 1690 cm
-1

. Moreover, =C-H stretching at 2860 cm
-1

, C-C stretching at 1530 cm
-

1
, C-O-C stretching at 1170 cm

-1
, and =CH-H OOP bending of the phenyl at 818 cm

-1
 are 

also seen. The IR spectrum also indicates the completion of reaction between TDI and 

PEG by the disappearance of NCO absorption band at 2276 cm-1 and appearance of the 

N-H and C=O absorption bands. Moreover, =C-H stretching at 2860 cm-1, C-C stretching 

at 1530 cm-1, C-O-C stretching at 1170 cm-1, and =CH-H OOP bending in the phenyl at 
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818 cm-1 are also seen. Thus, the shell material of the produced microcapsules was 

mainly composed of polyurethane [73, 74].  

 

 

Figure 13: FT-IR spectra of empty PU microcapsules prepared with TDI and PEG interfacial 

polymerization with 2 h reaction time. 

  

4.5 Thermal analysis of microcapsules  

The thermal degradation characteristics of the pure monomer OCA, pure PU 

shell and PU microcapsules containing OCA were analyzed using TGA (Figure 14). The 

percentage weight loss of the samples were attributed to the respective components 

according to the TGA analysis of PU microcapsules given by Li et al. [75].   
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             As shown in Figure 14, the TGA curve of OCA displays one step weight loss of 

94% from 141 to 237 ˚C and this rate of weight loss peaks at 233 ˚C with complete 

vaporization by 242 ˚C. The TGA curve of PU shell exhibits three phases of weight loss 

with increasing temperature. The initial weight loss of 4% from 48 to 147 ˚C should be 

attributed to absorbed water evaporation. The second phase of weight loss of 65% from 

130 to 305 ˚C should be due to degradation of soft segment during the 

depolycondensation of PU and attains a maximum rate of weight loss at 234 ˚C. The 

third phase of weight loss of 22% from 305 to 544 ˚C, could be attributed to the loss of 

hard segment in the polymer chain; 5.7% of the original sample weight remains at 643 

˚C.  

The thermal degradation curves of PU microcapsules containing OCA are a 

combination of the TGA curves of OCA and PU shell samples. The TGA curves of 

microcapsules also show three phases of weight loss. The first phase of 6% weight loss 

was seen from 48 to 147 ˚C and can be attributed to the evaporation of residual water. 

The second phase of weight loss is from 152 to 326 ˚C with 58% weight loss and 

maximum rate of weight loss at 230 ˚C. The third phase is in between 327 to 544 ˚C with 

30% of weight loss. 3.02% of the original sample weight remains at 643˚C. The TGA 

analysis suggests that the thermal stability of PU microcapsules encapsulating OCA has 
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increased, as the onset of their degradation was at 148 ˚C compared to pure OCA and 

PU which began degrading at 141˚C and 130˚C respectively.                 

                  

                                 

Figure 14: (A) TGA and (B) derivative TGA thermograms of OCA, PU shell, and 

microcapsules. 
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4.6 Effect of pH on OCA encapsulation  

The microencapsulation of OCA was performed at different pH range and it was found 

that a pH of 4 enables the encapsulation of OCA as an unreacted liquid monomer 

(Figure 15 A).  During the encapsulation process, the addition of the organic phase at pH 

>5 resulted in the formation of white soft microstructures which were seen in reaction 

vessel after 10 min (Figure 15 B and C). 

 

Figure 15: SEM images of microcapsules synthesized at different pH conditions (A) 

pH=4, (B) pH= 6, and (C) pH= 8. 
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5. DISCUSSION 

5.1 Two immiscible solvents are needed to dissolve OCA and TDI in 

the dispersed phase 

 
To achieve encapsulation of OCA as an unreacted monomer, the shell 

component monomers in the dispersed phase should be inert to the OCA to prevent 

OCA polymerization. Structural morphologies of the microcapsules formed from using 

different organic solvents as the dispersed phase are shown in Figures 8, 9 and 10. The 

uniform and spherical microcapsules formed by the procedure using butanone as well 

as without any organic solvent in dispersed phase resulted in solid spheres instead of 

hollow core filled microcapsules (Figures 8D and 9B) of crushed microcapsules. From 

these results, it can be anticipated that the OCA and TDI present in the dispersed phase 

would have mixed thoroughly in the organic solvent before its addition to continuous 

phase and formed the microemulsion droplets containing both liquid OCA and TDI in 

the core. The TDI and OCA present in these droplets were polymerized by reacting with 

the PEG present in the continuous phase or by reacting among themselves or by both 

methods. The outside to inside gradient of polymerization was confirmed by observing 

a sample of microcapsules under stereoscope for every 15 min during the encapsulation 

process. Until a time point near 30 min, the incompletely formed microcapsules were 

able to glue slides together very strongly when crushed between them. At later time 

points, these microcapsules did not had a core containing liquid and after a reaction 



 

41 

time of 2 h, these uniformly sized solid spheres as seen in Figures 8C and 9A were 

obtained.  

As 2-butanone is a nonpolar solvent, it can easily solubilize both OCA and TDI. 

In order to prevent blending of OCA and TDI, two immiscible solvents were used to 

dissolve OCA and TDI in separate dispersed phases. As seen in the Figures 10B and 

11A, the obtained microcapsules were not solid spheres, but had a solid shell containing 

a liquid core. When paraffin oil containing OCA was added to the acetonitrile containing 

dissolved TDI and Span 85, an O/O microemulsion with OCA dispersed in a TDI 

solution was formed. Later, this organic emulsion was dispersed in aqueous phase 

containing PEG and PVA to form an O/W microemulsion. The affinity of acetonitrile 

towards the aqueous phase will localize the TDI monomer near the interface, enabling it 

to react efficiently with the PEG monomer present in the continuous aqueous phase and 

resulting in the polymerization of only the shell but not the core phase. 

             The primary limitation with the procedure mentioned above is the presence of 

residual paraffin oil in the core and on the surface of the formed microcapsules. As the 

boiling point of paraffin oil is very high (224 ˚C), it is not possible to evaporate it from 

the system during the encapsulation process. In this study, the volume of paraffin oil 

used is small compared to the total volume of dispersed phase (1:10). However, the large 

scale production of these microcapsules would require more oil.  The residual oil 
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present on the surfaces can be easily removed during the washing and drying steps, but 

when developed in large scale, the oil present along with the OCA in the core could 

hinder its adhesive properties. Hence, a different nonpolar solvent that can dissolve 

OCA but not TDI needs to be investigated to replace paraffin oil among the two 

immiscible solvents used.   

5.2 A longer reaction time facilitates the completion of the TDI and 

PEG reaction 

 
          Although the reaction between PEG and TDI is rapid in the presence of a catalyst, 

a longer reaction time is needed for total consumption of TDI monomer and also for 

complete crosslinking of the PU shell. As seen in Figure 15, FT-IR spectra of 

microcapsules synthesized with only 1 h reaction time contains an absorption band at 

2276 cm-1, indicating the presence of unreacted isocyanate group [73, 76]. The 

incompletion of the TDI-PEG reaction can also be clearly observed due to the absence of 

N-H absorption band at 3360 cm-1 in the spectra.  The spectra of microcapsules 

synthesized with 2 h reaction time shows an absorption band for N-H at 3360 cm-1 

(Figure 13). From the disappearance of isocyanate band at 2276 cm-1 and appearance of 

N-H band, it can be inferred that the TDI and PEG reactant monomers require a 

minimum of 2 h reaction time to form a completely synthesized PU shell.  
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Figure 16: FT-IR spectra of PU microcapsules obtained by interfacial polymerization of TDI 

and PEG with a reaction time of 1 h. 

5.3 Acidic environment stabilizes OCA  

 
          The optimization of the pH for the system plays a major role in stabilization of 

OCA with the continuous aqueous phase. The tissue adhesive OCA monomer 

polymerizes rapidly in the presence of moisture, forming long chains of poly-alkyl 

cyanoacrylate [77]. In general, the OCA monomer is stabilized by a weak acid; to initiate 

the polymerization reaction, the weak acid has to be neutralized by a weak base. A small 

amount of water is sufficient to catalyze its anionic polymerization reaction (Equation 2).                          
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Equation 2 : Initiation and propagation reactions for cyanoacrylate-based tissue adhesives in 

the presence of weak base [78] 

 

Hence, maintaining acidic environment during the encapsulation process can 

prevent OCA polymerization. Moreover, Dossi et al. [77] have experimentally shown 

that OCA does not polymerize at all in an environment of pH 2-3. In figure 15B and C, 

the microstructures might be formed due to the rapid polymerization of OCA when it 

comes in contact with the moisture and/or polyol groups present in aqueous phase. As 

the acidic environment decreases the OCA polymerization rate, microcapsules with 

encapsulated OCA were obtained at pH 4 (Figure 15A).  
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6. FUTURE DIRECTIONS  

          There are numerous avenues that could be investigated to further optimize 

this system. The encapsulation technique could be optimized to increase the yield of 

encapsulated OCA. This could be achieved either by (1) finding a TDI immiscible 

nonpolar solvent that can dissolve OCA to replace the paraffin oil in the fabrication 

process or (2) using an oil-in-non aqueous microemulsion where the water continuous 

phase would be replaced by a non aqueous polar solvent. Alternatively, fabrication of 

microcapsules can also be performed by using a syringe having duel compartments 

arranged in a concentric way with a common outlet. The inner compartment could be 

filled with the liquid core material OCA and the outer with TDI solution. This syringe 

would then be used to slowly add disperse phase to the continuous  phase. 

Theoretically, the droplets formed through this method would contain OCA in the core 

surrounded by a TDI solution. Following interfacial polymerization of TDI and PEG, PU 

microcapsules containing OCA could be fabricated.   

Once the microcapsules with high yield of encapsulated OCA are produced, 

other parameters including microcapsule shelf life and mechanical properties should be 

tested. Shelf life of the OCA-filled microcapsules can be tested via TGA analysis, where 

microcapsules stored in a sealed glass vials will be periodically analyzed using TGA to 

observe changes in their components [33]. Compression loading experiments on 
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individual microcapsules could be performed to determine the elastic stiffness of the 

shell wall and the strength of microcapsules shell [33]. Moreover, future investigation 

should focus on testing the mechanical properties and healing efficiency these 

microcapsules embedded in a PMMA bone cement matrix.  
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7. CONCLUSIONS  

 Liquid OCA filled-PU microcapsules were sucessfully synthesised using in situ 

interfacial polymerization of TDI and PEG 200 in an O/W microemulsion. Spherical 

microcapsules with an average diameter of 225±56 µm and  shell thickness of  26±5.2 µm 

were fabricated with  an agitation rate of 450 rpm. The presence and viability of 

encapsulated OCA were analyzed via stereoscope and a slides adhering assay. In this 

study, a new encapsulation procedure was demonstrated using two immiscible solvents 

in the dispersed organic phase for encapsulating materials that are not compatible with 

classical W/O or O/W emulsions. The PU shell formation and completion of 

polycondensation reaction of TDI and PEG were confirmed by FT-IR  analysis. Increased 

thermal properties of the microcapsules compared to  empty PU microcapsules were 

observed by thermal analysis using TGA.  
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Table 2: Glossary of terms 

    Abbreviations                        Definitions 

BNDC Bismuth neodecanoate 

1,4 BD 1,4-butanediol 

ddH20 Deionized water 

DCPD Dicyclopentadiene 

FT-IR Fourier- transform infrared spectrometer 

HCl Hydrochloric acid 

OCA Octylcyanoacrylate 

O/W Oil in water 

PEG Polyethylene Glycol 

PU Polyurethane 

Tween 20 Polyoxyethylene sorbitan monolaurate 

PVA polyvinyl alcohol 

SEM Scanning electron microscope 

Span 80 Sorbitane monooleate 

TGA Thermogravimetric analyzer  
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THJRs Total hip joint replacements 

TDI Toluene 2,4-diisocynate 

W/O Water in oil 
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