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ABSTRACT 

The goals of this research were to prepare different types of microcapsules containing green 

healant and evaluate the self-healing efficiencies and mechanical behaviors of green resins 

containing different loadings of these microcapsules.  

Soy protein isolate (SPI) exhibits high water solubility and great potential for crosslinking to 

improve the properties. Further, it is a fully sustainable plant-based protein that is commercially 

available in all parts of the world 1. Because of these virtues, SPI was chosen as the resin as well 

as the healing agent in the present research. Glutaraldehyde (GA) was chosen as the SPI crosslinker 

in this research due to its easy availability and fast reactivity with SPI. Microcapsules were 

prepared using the evaporation technique. Poly(DL-lactide-co-glycolide) (PLGA) was used as the 

shell material to encapsulate the SPI healant. 

Two microcapsule preparation techniques were developed and are discussed in this thesis. To 

produce uniform-sized microcapsules, a membrane emulsification technique 2 was used. Instead 

of using Shirasu Porous Glass (SPG) membrane 3–5, which is frequently used in the preparation of 

monodispersed particles and microcapsules, syringe filters were used to reduce the production 

costs. Results showed that the diameters of the spherical microcapsules produced with the aid of 

the syringe filter ranged between 0.5 μm and 2 μm with an average diameter of 1.30 μm. In addition 

to spherical microcapsules with a narrow size distribution, elongated microcapsules with aspect 

ratios greater than one were obtained using the syringe filter emulsification technique. 

Microcapsules with various geometrical shapes including spherical, rod-like, dog-bone and 

elliptical, were prepared. It was found that the aspect ratio of elongated microcapsules obtained 

reached as high as 20. 



 

 

 

 

Polyvinyl alcohol (PVA) was introduced onto the surfaces of microcapsules to enhance their 

bonding with the resins. However, the results showed that the interfacial adhesion was still not 

strong enough as many unbroken microcapsules were observed at the resin fracture surfaces. This 

confirmed the possibility that some cracks can go around the microcapsules instead of fracturing 

the microcapsules, adversely affecting the self-healing efficiency. 

To further improve the microcapsule/resin adhesion, a second microcapsule production 

technique was developed by incorporating ground bacterial cellulose (GBC) into microcapsules. 

Due to its exceptional mechanical properties and morphology, GBC was used as the reinforcing 

agent as well as a surface modifier in this research. A spraying technique was used in the course 

of preparing microcapsules with GBC. A porous structure was constructed as a result of applying 

this technique. Another geometry made from the spraying technique was the elongated 

microcapsules with aspect ratio as high as 50. The benefit of incorporating GBC in the 

microcapsules was to increase the surface roughness and to improve the self-healing efficiency by 

enhancing the fracture surface bridging ability of the healant. The results showed that 

microcapsules coated with GBC adhered to the resin better such that both tensile strength and 

fracture toughness were enhanced. 

The SPI resins embedded with the four kinds of microcapsules mentioned above were 

characterized for their self-healing characteristics. The highest self-healing efficiency (strength 

recovery) of about 47% compared to 14% for the control resin (virgin) and 63% toughness 

recovery compared to 24% of the control resin were obtained. With the help of self-healing 

properties, the application of green resins and composites can be expanded. This can help reduce 

the use of petroleum-based polymers and composites as well as the wastes generated at the end of 

their life and promote sustainability in the modern society.  
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CHAPTER 1 INTRODUCTION 

Polymeric materials have been playing a primary role in the field of materials since the first 

commercial plastic, celluloid, was introduced in the market in 1870 6. Plastics have filled in the 

weaknesses of conventional materials such as metal, wood, and ceramics in many applications. 

Polymers have great economic benefits as well as more desirable properties including good 

strength and toughness, non-degradability, the ability to be rust-free, and many others. 

Unfortunately, most of the current polymer-based materials depend fully on petroleum for their 

production. This trend, unfortunately, is contradictory to the concept of a sustainable lifestyle 

expected by today’s society. For the past half-century, the world had witnessed a 200-fold growth 

in the production of plastics, which reached 381 million metric tons in 2015 7. The primary concern 

is the sustainability of the petroleum supply which is not expected to last for more than 5-6 decades 

at the current rate of consumption 8. However, besides the petroleum supply problems resulting 

from the feed sources for polymers, polymeric products’ ultimate fate has also been one of the 

most critical concerns of the human civilization. Unfortunately, the disposal of plastics in an 

environmentally benign way has not been solved to date. In addition, the recycling rate has grown 

much more slowly than desired. Polymer recyclability which was 0% in 1980 increased to only 

19.5% in 2015 7. This means that more than 80% of polymers/plastics were not recycled and 

instead were discarded in landfills or incinerated. Incineration generates an enormous amount of 

carbon dioxide emission along with other toxic gases while the polymers discarded in landfills or 

in oceans pollute land, water, and air and acutely disrupt the entire ecosystem 9. 

There are two main approaches to address these issues in general. One approach is to develop 

renewable substitutes, primarily obtained from sustainable plants. Plant-derived proteins such as 
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soy protein are considered as one of the prime alternative sources with their vast availability and 

economical value 10. Apart from searching for inexhaustible or renewable materials, improving the 

service life of current polymer-based materials including the bio-derived ones could also alleviate 

the harsh environmental problems human beings are currently facing. The incorporation of self-

healing characteristics in green resins and composites would further optimize the longevity of these 

materials, lower the maintenance costs, improve safety and promote further sustainability. 

Consequently, this dissertation discusses the development of self-healing green resins based on 

soy protein that have improved useful life that can contribute to making our world ‘greener’ than 

it is now. The methods developed can be easily applied to other plant proteins and starches as well. 

1.1 Reinforced Composites  

Composites are defined as materials that synergistically combine two or more components with 

significantly varied physical and chemical properties to obtain properties that cannot be obtained 

by one component. The synergy between the components results in significantly better composite 

properties. Abundant examples of composites can be cited in nature as well as in engineered 

materials. In most cases, stiffer and stronger materials such as fibers (discontinuous phase) act as 

reinforcement and are embedded in resins (continuous phase) which are more ductile 11. 

Depending on the composition and structure of the composites, different properties have been 

obtained in nature. For example, the enamel in human teeth, which is made of up to 95% of 

minerals, is the hardest material in the human body. Human bones, on the other hand, contain 

approximately 55-60% minerals (on a dry mass basis) and the rest being mostly collagen results 

in more flexible/ductile bones 12. 
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Engineered composites are commonly grouped into metal-based composites, ceramic-based 

composites or polymeric composites based on the continuous phase (matrix/resin) used. Polymer 

matrix composites (PMCs) used in the industry utilize either thermoset or thermoplastic resins. 

Metal matrix composites (MMCs) and ceramic composites (CMCs) have gained popularity in 

recent decades but their applications are limited due to their high densities and costs compared to 

PMCs. While PMCs have been of great research interests, they suffer from some drawbacks that 

include low damage tolerance or heat transfer ability, lower use temperature, etc. For example, 

research has been conducted to improve damage tolerance 13 or heat transfer abilities 14 among 

many other functionalities. 

Composite materials can also be classified into different categories based on the discontinuous 

phase used including continuous fibers, flakes, whiskers (short fibers), fabrics and particles (e.g., 

nanoparticles or nanotubes). Continuous fiber reinforced composites are the most studied among 

all kinds of composites because of their excellent mechanical properties.  

Compared to conventional materials, PMCs enjoy many benefits including low costs, 

availability of diverse materials and low density which are critical in majority of the applications. 

They are widely used in the fields of aerospace 15, construction materials 16, sports equipment 17, 

and many other areas because of their exceptional specific properties. One of the mechanisms for 

improving mechanical properties, especially for continuous fiber reinforced composites, is the 

mechanism of load transfer from the broken fibers to the intact fibers in the immediate 

neighborhood via shear in the resin. Since this load transfer occurs through the fiber/resin interface, 

it is important to have good interaction or bonding between the two. Together with good interfacial 

interaction between the resin and the reinforcement, the use of the stiffer and stronger 

reinforcement and the polymeric resin form a composite with good overall properties. 
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Particulate reinforced composites (PRCs), which are commonly known as nanocomposites 

when at least one dimension of particulate matter falls into nanoscales, are of growing interest as 

well. Bigger particles are prone to act as defects rather than reinforcement and, hence, are rarely 

used 18. Even though it has been reported that some composites have used microparticles as the 

reinforcement, these studies have shown that the composites’ mechanical performance dropped 

with increase in the particle size 19–21. PRCs with nanoparticles primarily exist in resins with high 

modulus materials such as metal 22 or even ceramics 23. Besides being used in applications where 

mechanical properties are important, these composites have also been used in other applications 

such as erosion-protection 24, self-healing 25, high-temperature tolerance 26,27, and UV absorption 

28. 

Unlike continuous fiber reinforcement, particle filled composites are much more complex. One 

reason for this is that their macroscopic mechanical behaviors are strongly affected by the particles’ 

size, shape and aspect ratio, along with dispersion, loading, and orientation as well as particle/resin 

interfacial adhesion between. Consequently, theoretical models developed for PRCs suffer from 

many limitations 29. Reinforcing particles could be hard ceramic particles such as TiO2, SiO2, or 

Al2O3 
30, or nanomaterials with high aspect ratio such as halloysite nanotubes (HNTs) 31, carbon 

nanotubes (CNTs) 32, nanocrystalline cellulose (NCC) 33 or non-structural particles like 

microcapsules 34 and others. Many efforts have been spent to investigate the impact of different 

loadings of fillers on the overall performance of composites and are mentioned here. Gojny et al. 

found that the stiffness and fracture toughness of epoxy composites could be enhanced with a low 

loading of just 0.1 wt% of CNTs 35. Azeredo et al. showed that chitosan composites with 15 wt% 

of cellulose nanofibers (CNFs) loading performed better in terms of tensile properties compared 

to other loadings 36. This is caused by the uniform dispersion of CNFs and strong CNF/chitosan 
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interactions. Many studies have been published showing an analytical relationship between 

particle sizes and composite properties but a general conclusion has not been reached 37,38. To 

obtain a uniform dispersion of the reinforcing phases, many methods have been utilized in the 

preparation of particulate filled composites including high speed stirring, ultrasonication 38, 

homogenization and plasma coating 39. This list is not exhaustive. In addition, modifications have 

been made to filler surfaces to prevent them from precipitation and/or aggregating 40. 

As we look at the advantages of current engineered composites such as low densities, excellent 

mechanical properties, and low prices, their drawbacks should be taken into consideration as well. 

One of the major concerns, as mentioned earlier, is the environmental issue regarding the disposal 

of these composites at the end of their useful life. In fact, the bonding of two distinctive materials, 

which gives them excellent properties, makes these composites more difficult to recycle as well. 

A key to address these worries is to develop green composites that not only use sustainable 

materials but can be easily composted at the end of their life. Thus, nothing goes into landfills or 

needs to be incinerated. 

1.2 Self-healing materials 

Self-healing refers to the ability all living organisms possess in case of injuries to autonomously 

heal and increase their longevity as well as to adapt to the changes in the environment 41. Inspired 

by the functionalities and mechanisms behind this naturally occurring process, many researchers 

have developed or engineered autonomously healing or self-healing composites. Artificial self-

healing materials refer to materials that have the capability of recovering from certain or all kinds 
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of damages such as deformation, cleavage or cracks and corrosion, without any external 

interventions.  

Self-healing materials come with many benefits. Materials that can withstand damages such as 

mechanical impairment, oxidation, thermal degradation, and others, are of particular interest for 

the reasons that they can increase the service life of the products made using those materials, 

improve the safety and substantially lower the cost of maintenance. As PMCs become one of the 

dominant composite categories, their inherent weaknesses including reinforcement/resin 

debonding, microcrack formation, low modulus, UV-initiated degradation, limited thermal 

compatibility, and other defects, limit their applications. All materials are subject to recurring and 

accumulating damages, i.e., ‘aging’ during use and self-healing materials possess the ability to 

recover autonomously from such damages, partially or even fully and, thus, extend their useful 

lifetime as well as safety during use. 

Two general schemes are normally considered to address the problem of mechanical failure: 

first is to prevent damages such as microcracks from being created initially by strengthening or 

toughening the resin and by reducing or eliminating the defects within the composites during the 

preparation periods. The second strategy is to arrest or heal those damages or microcracks as soon 

as they occur to keep them from forming macroscopic cracks that can lead to catastrophic failures. 

Self-healing materials have been developed in response to the second paradigm. 

Because of the fact that the idea of artificial self-healing materials came from living organisms, 

the concept of self-healing has been discussed for quite some time. The healing process takes place 

at the expense of thermodynamics, that is to say, it leads to negative entropy and it consumes 

energy. For living creatures, self-healing often refers to the ability to recover from injuries without 

external chemical or physical interventions. However, these interventions exclude the energy those 



 

 

7 

 

creatures constantly intake from their surroundings, for example, sunlight, food and/or thermal 

energy 42. Self-healing behaviors do require energy. Therefore, the two primary self-healing 

categories: the extrinsic self-healing and the intrinsic self-healing all suffer from some drawbacks 

because of the lack of refilling energy. The extrinsic self-healing is usually ‘single-time use’ or 

has limited recovery cycles at the sites of cracks in most cases, while the intrinsic self-healing 

commonly needs extra help from outside such as UV light, moisture, pH changes, etc. 42 but can 

have unlimited recovery cycles. 

Another paradox about self-healing properties is that the healing is usually unable to reach one 

hundred percent recovery of the properties of the virgin materials even though there are a few 

exceptions 43. There are several reasons for this. One is that new fracture surfaces are often created 

by microcracks 44. When a fracture happens, even on a microscale, it might leave uneven surfaces 

that create air gaps in resins even after the self-healing. Also, the healant itself may not be as strong 

as the virgin material. For extrinsic self-healing materials, the healing zone may form a 

distinguishable interface that leaves this zone more vulnerable to further damages 45. Despite the 

fact that the healing agents are mostly made of the same polymers as the resin, different healed 

interfaces can be formed due to different curing/forming conditions. Additionally, the healing rate 

is one of the problematic issues regarding low self-healing efficiency. The rate of healing could be 

affected by temperature, moisture and pH conditions among other factors 44. A balance between 

the stability of the healing agents and reactivity has to be met so that a desirable healing effect can 

be achieved. 

Autonomous healing materials have the ability to catch and cure microcracks so that such 

microcracks are less likely to propagate and result in premature failures and cut the product’s 
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service life. Given the benefits brought by self-healing materials, the questions discussed above 

need to be addressed. 

1.3 Get ‘greener’—integration of self-healing properties in green resins 

Even though the development of conventional self-healing materials can be traced to several 

decades back, self-healing green materials are still in the embryonic stage. Most of the previous 

studies have explored self-healing behavior in epoxy resins and composites and have achieved 

great successes 46. Zheludkevich, et al. who encapsulated corrosion inhibitor with chitosan showed 

a well-defined self-healing ability of the coatings 47. Kim and Netravali set up a series of 

experiments to prepare microcapsules and integrate them in protein-based 48 and starch-based 49,50 

resins and demonstrated healing efficiencies as high as 47%, 51%, and 72%, respectively. The 

present research has primarily focused on the preparation of green microcapsules containing soy 

protein and bacterial cellulose reinforced soy protein (composite) healant to achieve autonomous-

healing behavior in soy protein based green resins. 
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CHAPTER 2 LITERATURE REVIEW 

     2.1 Soy protein isolate  

Soybeans possess the highest protein content (36%) among other legumes and cereal species 51. 

The protein content of soy protein isolate (SPI), the purest form of soy protein, could be 90% or 

higher on a dry mass basis despite variances in soybeans from different production sites. Soy 

proteins are relatively inexpensive and the genetically engineered or modified (GM) soybean has 

been responsible for boosting soybean production over the last two decades. Overall, the fact that 

they are rich in proteins, water-soluble and economical makes soy protein an excellent raw material 

for plastics. In the present research, SPI was used as the base resin. 

2.1.1 Structure and functionality  

Globulins and albumins, which make up to 50-90% of all proteins in soybeans, are two 

dominant proteins present in soybeans. Due to the high percentage of globulins in soy protein, it 

exhibits higher hydrolysis resistance compared to the proteins with coil or helical structures 52. Soy 

proteins contain about twenty different amino acids which could be divided into three groups based 

on their polarities: non-polar amino acids, basic amino acids, and non-charged residues 53. Amino 

acids contain functional groups such as amine groups, hydroxyl groups, carboxyl groups, and 

many others, which can be crosslinked and, thus, utilized to contribute towards soy protein plastics’ 

mechanical properties. 

Proteins have several characteristic features such as isoelectric point, which is affected by 

factors such as pH conditions, ion strength, and others. Research has shown that SPI’s structures 
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and emulsifying properties vary distinguishably under various pH conditions 33,34. In the case of 

SPI, the isoelectric point is between 4.0 and 5.0 pH 56. 

Gelation is another characteristic phenomenon associated with the protein solution. Gelation 

involves two steps of which the first is denaturation. There are many ways to denature proteins. 

Heating, homogenization, placing in an acidic or alkaline environment and other methods are 

known to denature proteins 57. The second step, in essence, is the formation of a three-dimensional 

network by protein coagulation which can be realized by the addition of crosslinking agents or 

ionic solutions. Disulfide bonds in some proteins play an important role in denaturation and the 

hardening processes 58. 

2.1.2 Maillard reaction in protein  

The Maillard reaction is nonenzymatic glycosylation that occurs on amino groups of protein by 

reducing sugars, which is also known as the browning process because of the color it generates 59. 

The Maillard reaction is widely used in the food industry as it can increase digestibility and add 

attractive flavors, colors, and textures to food. The Maillard reaction occurs naturally and it is 

believed to be associated with the aging phenomenon in live creatures 60. 
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Figure 1. The initial Maillard reaction with D-glucose. This is known as the Amadori 

rearrangement 61. 

 

 

Figure 2. The initial Maillard reaction with D-glucose. This is known as the Heyns 

rearrangement 61. 
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In fact, the Maillard reaction is not one simple reaction, on the contrary, it always takes place 

in a set of steps. For example, one initial reaction of fructose and protein is a condensation process 

where carbonyl and amino groups react and form the reversible Schiff base. The resulting product 

undergoes either an Amadori rearrangement or a Heyns rearrangement and forms the isomers as 

indicated in Figure 1 and Figure 2, respectively 61. The Maillard reaction can further carry on with 

decomposition of the Amadori and Heyns adducts, and the final stage of the reaction is still under 

investigation 61,62. 

There are many other crosslinking agents for proteins that exhibit a similar capability including 

amine-reactive crosslinkers, sulfhydryl reactive crosslinkers, carbohydrate reactive crosslinkers, 

and carboxyl reactive crosslinkers 63. Among the various crosslinking agents for proteins, 

glutaraldehyde (GA) is probably the most commonly used because of its high reactivity and 

commercial availability. GA has been widely used in enzyme immobilization even though there is 

no agreement on its exact reaction mechanism 64. Therefore, GA was selected as the crosslinker 

for the present research. 

2.1.3 Applications of SPI 

Natural polymers have played an important role in many applications in biomedical areas. A 

great number of biopolymers are considered as good candidates in medical systems due to their 

biocompatibility resulting from their structural similarity compared to the extracellular matrix 

(ECM). Because of the abundant existence of proteins in the human body, plentiful research has 

been conducted on the development of biomedical devices. Soy proteins, in particular, enjoy 

additional advantages which include low price, high solubility in water, plentiful availability and 
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a lower likelihood of animal-borne-pathogen transmission, in comparison with most animal-based 

proteins. Considering all these factors, soy protein stands out as a perfect candidate for use in 

building biomedical devices.  To date, numerous studies have investigated the use of soy proteins 

for biomedical purposes. Some researchers have successfully electrospun nanofibers from sodium 

alginate and SPI blends and used them as drug carriers due to their non-toxicity and 

biocompatibility 65,66. In addition to the application as fibers, SPI has been prepared in the form of 

films 67,68, hydrogels 69 and particles 70 for wound dressing and drug delivery. Electrospun SPI has 

also been shown to be useful in nanofiltering air to remove air-borne bacteria 71. 

In addition, soy protein based composites have been used worldwide in industrial as well as 

home applications. Soy based adhesives were popular in the wood composite industry in the 1930s 

until petrochemical adhesives took their place with lower prices and better performance in terms 

of adhesive properties and moisture resistance. However, at present, there is a trend to re-introduce 

natural products into markets to avoid the environmental disaster brought upon by the excessive 

use of non-biodegradable synthetic materials 72. Consequently, plenty of research has been devoted 

to investigating soy proteins as adhesives 73. To overcome the intrinsic drawbacks of soy based 

adhesives, research interests have been focusing on modifications of water resistance and adhesive 

enhancement, in order to replace petrochemical adhesives and attain equivalent or even better 

properties 73. Soy protein based composites have been shown to possess excellent mechanical 

properties 74,75, and have great potential to replace some of the current non-biodegradable 
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2.2 Self-healing materials  
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The nature of the application of structural polymers or composites makes them open to attacks 

caused by thermal and mechanical fatigue, which often create microcracks deep within the 

materials. These microcracks are typically hard to detect and repair. Once the microcracks form in 

composites, the integrity of the polymeric materials is severely impaired as the microcracks keep 

growing and if unattended can reach a catastrophic level. This phenomenon leads not only to a 

shorter service life but can create a potential safety hazard. To resolve this, scientists have been 

developing self-healing materials that can heal the microcracks as soon as they are formed. 

2.2.1 Ways to achieve self-healing characteristic 

In the open literature, self-healing methods have been divided into two basic categories: 

intrinsic healing and extrinsic healing 42. The main difference to distinguish these two categories 

is whether the healing agent is in the same phase as the resin or not. Within these two categories, 

self-healing materials can be subdivided according to the healing mechanisms used. They are 

commonly classified into three subcategories: crack-filling, diffusion and bond reformation 45. 

Detailed classifications of self-healing mechanisms are presented in Figure 3 45. However, there is 

no clear boundary between these different categories in some cases because multiple healing 

mechanisms could be involved in a single self-healing system. Among those various healing 

mechanisms, the microcapsule-based material is probably the most studied crack-filling system 

and has been widely used in a breed of self-healing applications 76. 
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Figure 3. The organizational structure of self-healing mechanisms 45. 

 

 

Figure 4. Conceptual schemes of different self-healing mechanisms: (a) A dual-microcapsule 

healing system; (b) a dual-component microvascular healing network; (c) an intrinsic healing 

system 77. 

2.2.1.1 Crack-filling based self-healing  

Self-healing by crack-filling, i.e., fracture surface adhesion is perhaps the most common and 

successful methodology in self-healing systems. In this approach, the healing agent is usually 

encapsulated into spherical shells (microcapsule system) or hollow tubes/fibers (microvascular 

network) or sometimes there are no protective shells (phase-separation system) for the healant 45. 

The different crack-filling systems are then embedded within the resin where the healing agent is 

driven to fill and heal the cracks through the capillary effect or concentration gradient. Microcracks 

attack resins first as they are the continuous phase and weaker than the reinforcement and spread 
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or grow to fracture the shell (microcapsules or tubes) that are in their path, to release the healing 

agents. Upon contact with crosslinkers or the catalysts (such as polymer initiators), the healing 

agents crosslink or polymerize within the microcracks, bond the fracture surfaces and, thus, ‘heal’ 

them. The schematic diagram of different self-healing mechanisms is shown in Figure 4 77. 

To successfully establish a crack-filling healing system, the combination of the healing agent 

with the crosslinker/catalyst has to meet several requirements. First of all, all fluid components 

should be able to stay at a sufficiently low viscosity so that they can flow into the cracks over a 

long period of time, i.e., they must have a long shelf life. Second, the healing agents and 

crosslinker/catalyst should be able to survive through composite preparation and processing 

conditions (primarily under heat and pressure) without decomposition or degradation. In addition 

to the selection of the optimal combination of the healing agent with the crosslinker/catalyst, 

materials for the shell are one of the primary considerations. The materials for forming shells need 

to be soluble in an organic solvent with relatively low evaporation pressure. In addition, the shell 

should be strong enough so that it survives the composite preparation conditions but weak enough 

to rupture when approached by the microcracks. Last but not least, the diffusion rate and reactivity 

between the healing agent and crosslinker/catalyst must be efficient and fast enough to bridge the 

cracks as quickly as possible, and the shrinkage rate after crosslinking or polymerization should 

be minimal to obtain a strong bridge 45. 
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Figure 5. Schematic diagram of the microcapsule based crack-filling self-healing mechanism: (a) 

A crack formed in the composite; (b) the crack propagates through microcapsules and healing 

agents leach out from microcapsules; (c) upon the contact with the catalyst, the healing agent starts 

polymerizing and eventually fills up the crack volume 46. 

A crack-filling healing mechanism enjoys many advantages over intrinsic healing. One reason 

is that, in most cases, crack-filling (healing) is triggered by mechanical failures caused by cracks, 

abrasion, erosion, etc. However, intrinsic healing might require outside help, such as heat, UV 

light or pH changes, for damage detection and triggering of self-healing. Another advantage of 

crack-filling is its outstanding healing efficiency. As an example, a two-component healing agent 

system made of microencapsulated epoxy and imidazole was prepared by Rong et al. 43. Their 

results showed that the self-healing efficiency of this system can reach 100% in terms of fracture 

toughness.  

A crack-filling based self-healing system performs better in brittle materials since the 

microcapsules or the vascular tubes take energy to rupture so that the healing agents can burst out 
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78. The formation of microcracks releases more energy in brittle materials than in the flexible ones. 

There are, however, several drawbacks dragging crack-filling based self-healing system down, 

especially for the microcapsule system. To start with, the introduction of microcapsules with 

healant results in a significantly destructive impact on resin mechanical properties. Several 

systematic studies investigating the effects of microcapsule sizes and loadings in the composite 

have been undertaken 79,80. Generally, with higher microcapsule loading self-healing efficiency is 

greatly improved but this is at the expense of compromising the mechanical properties of the 

composite as well as the resin.  

Many techniques have been developed to address this issue. Norris et al. embedded vasculatures 

into the composite aiming at better delivery of the healing agents 81. Their results indicated that 

composites containing transversely oriented vasculatures demonstrated higher fracture toughness 

compared to pure resins. Also, both microcapsule-based and vasculature-based crack-filling 

systems can only achieve ‘single-recovery’ at the damaged sites. Once the healing agents are 

exhausted, no additional healing can occur. To improve the service life of the self-healing materials, 

one can optimize the concentration of microcapsules in the resins and/or replace microcapsules 

with microvascular or hollow fibers/tubes that can hold more healing agents. However, even then 

the liquid healing agent will deplete after a few times of healing the cracks, preventing any further 

healing. 

Microcapsule fabrication system  

A typical solvent evaporation system of encapsulation through water in oil in water (W/O/W) 

emulsification usually involves four steps: 1) dissolving shell materials in an organic solvent 

(Phase I) and dissolving the healing agent, separately, in another solvent (Phase II) which is 

immiscible with the solvent used in Phase I; 2) dispersing Phase II in Phase I and forming an 
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emulsion (W/O emulsion I); 3) dispersing emulsion I in a third continuous phase and forming an 

emulsion (W/O/W emulsion) and 4) evaporating the organic solvent in Phase I and eventually 

harvesting the microcapsules.  

To obtain a consistent quality of microcapsules for a self-healing purpose, several factors need 

to be evaluated carefully. These include vapor pressure (lower is better for faster evaporation) and 

solubility of the shell material in the organic solvent; the concentration of the shell material in the 

organic solvent; emulsification techniques (including homogenization, ultrasonication, membrane 

extrusion, etc.); strength of the solid shell materials and the ratio of Phase I and Phase II and others. 

Those factors determine the thickness of the shell, the sizes, the encapsulation efficiency and the 

morphology of the microcapsules. Kim and Netravali prepared self-healing composites containing 

encapsulated SPI/water solution 82. In the article, they discussed the impact of encapsulation 

formulation parameters including the homogenization rate, the concentration of shell material 

solution, the stabilizer’s concentration on microcapsule size and distribution, protein loading, the 

encapsulation efficiency of microcapsules as well as their relation to self-healing performance 82. 

One of the most crucial problems in the microcapsule based self-healing system is to be able to 

manufacture adequate microcapsules. This requires that the encapsulation approach should be 

user-friendly or could be easily industrialized as well as economical. Solvent 

extraction/evaporation, phase separation (coacervation) and spray-drying are the three main 

techniques for microencapsulation. The most frequently used technique to prepare microcapsules 

is perhaps the solvent-evaporation method since it requires milder processing temperatures than 

the spray-drying technique. However, microcapsules produced via this technique could be smaller 

in size than those produced using the spray-drying process 83.  Furthermore, as mentioned earlier, 

the shell should be robust enough so that it can withstand the composite fabrication processes 
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(primarily temperature and pressure) while it should break when it comes in the path of the 

microcrack. 

There are two main designs of microcapsule healing systems: a single-microcapsule system and 

a dual-microcapsule system 84,85. A single-microcapsule system is more commonly accepted. In it, 

the liquid healant such as monomers, polymers or polymer solutions are encapsulated and the 

catalysts or crosslinkers are dispersed in composites or resins. The dual-microcapsule system refers 

to a self-healing material within which two components are encapsulated within the microcapsules, 

individually. Even though the dual-microcapsule system brings more issues such as an increase in 

the complexity of the processing, a reduction of self-healing efficiency, a delayed response time 

and a decrease in mechanical properties of the resin, it is still worth researching to protect the 

catalyst or crosslinker or to slow down the reaction 45,86. Guo and his coworkers designed a dual-

component system with microencapsulation of hydrophobic amine and isophorone diisocyanate 

(IPDI), separately, for the purpose of self-healing anti-corrosion coating 85. The results showed 

that the self-healing efficiency reached as high as 98% in Guo’s work 85.  

Microvascular network  

The microvascular network is another approach that uses a crack-filling mechanism (Figure 4 

b) 77. The vascular networks can be observed from natural biological systems such as blood vessels 

in a body or veins in a leaf. A microvascular network is generally composed of healing agent-filled 

hollow fibers or tubes that are incorporated within the resin. Construction of the artificial vascular 

network is still a significant challenge because of the complexity of the architecture. Compared 

with the microcapsule system, however, the microvascular network has greater potential to 

enhance mechanical performance as well as the ability to heal larger crack volumes simply because 

more healant can be stored. Moreover, this biomimetic design enables materials to heal up cracks 
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repeatedly and in broader areas instead of being confined to a small range of areas as is commonly 

seen in a microcapsule system 78. A variety of techniques including electrospinning 87, wet-

spinning 88, 3D printing 89, laser ablation 90, and direct-write 91 have been employed to create a 

complex of the microvascular networks but only networks made of uniform vascular pathways 

have been developed so far. Eslami-Farsani et al. constructed a 3D microvascular network using 

the 3D printing method and achieved a maximum self-healing efficiency as high as 89% in creep 

rupture 92. Pang and Bond developed a fiber-reinforced resin that could automatically repair on-

site damages by capillary action from filled hollow fibers 93. Their study showed a prominent 

healing effect from hollow fibers that restored a significant fraction of the flexural strength loss.  

Similar to the microcapsule based self-healing system, the microvascular healing system can 

be designed with a single-component healing system or a dual-component healing system. An 

example of a dual-component microvascular network is the system developed by Hansen et al. 78. 

In their study, a novel design with interpenetrating microvascular networks was tailored using a 

direct-write technique and then one network was filled with epoxy and another was charged with 

epoxy hardener (crosslinking agent). Hansen et al. concluded that their design was effective in 

repeated healing and had the potential to fabricate complex microvascular networks 78. 

Phase-separation particle healing systems  

One last known practice in microcapsule healing materials is storing the healing agent directly 

in the composite resin. As a consequence, there is no shell around the healing agent and this can 

simplify the preparation process. However, this also brings with stricter requirements for the 

healing agent. This method was first invented by Zako et al. who incorporated solid epoxy 

microparticles into the composite resin directly 94. The repairing behavior in this study was 
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activated by increasing the temperature up to the epoxy microparticles’ melting point so that they 

could flow into the crack to fix it.  

2.2.1.2 Intrinsic self-healing 

An intrinsic self-healing material is able to recover from damage by inherently reversible 

bonding within the resin. Consequently, materials heal themselves an unlimited number of times 

in such a way that the original properties can be fully recovered, in theory. Intrinsic healing 

mechanisms can be further classified into different types based on the major bonding forces in the 

role of self-healing. One strategy for intrinsic healing is bond reformation including hydrogen 

bonds, thermally reversible bonds, and ionomeric coupling. Another strategy in the intrinsic self-

healing system involves diffusing molecules into a crack. A diffusion-based self-healing system 

includes thermoplastic phase dispersion and molecular diffusion 45. This unique self-healing 

mechanism demands high molecular mobility so that the ‘healing’ molecules or entities can move 

from their localized positions to the nearest damaged zones with ease and, therefore, intrinsic self-

healing is mostly seen in soft materials.  

Bond reformation  

Reversible covalent bonding enables self-healing polymers to mend mechanical or visual 

damage at the molecular level. However, the nature of the bond reformation mechanism limits the 

healing efficiency. One explanation is that the recovery can only happen on the sites of those 

reversible bonds which are also known as the ‘weak-links’ within the material 95. Bond reformation 

can be realized by reversible chemical reactions, and one of the most prominent examples is the 

thermally reversible Diels-Alder (DA) reaction. Figure 6 shows a typical reaction route where a 

DA and retro DA reactions take place. Tanasi et al. prepared a kind of elastomer by crosslinking 
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natural rubber via DA reaction in which the retro DA generation happened at 130°C and the DA 

regeneration happened at 40°C 96. The results reported in Tanasi et al. showed that the modified 

natural rubber recovered 80% of its tensile strength with small deformations 96. Hydrogen bonding 

is another routine technique in self-healing materials that can be activated by multiple stimuli 

including temperature, pH, glucose, and others 97. A stretchable supercapacitor with self-repairing 

capacity was developed by Hu et al. using self-healable flour 98. Their research showed that 

fabricated electronics can restore their intrinsic stretchability and capacitance for as many as 40 

breaking/healing cycles. This was attributed to the hydrogen bonds formed between the flour and 

water molecules. One common external stimulus for intrinsic self-healing has been UV light. For 

example, Wang et al. conducted a series of experiments developing coumarin-based polyurethanes 

that exhibited excellent repairing properties after exposing them to UV light for 40 min 99. 

 

Figure 6. Schematic representation of a typical Diels-Alder reaction 100. 

 

Diffusion  

Molecular diffusion relies on the chemical or physical linkages brought by the movement of 

mobile species such as thermoplastic polymers or their segments and the ‘dangling chains’ 

attached to the molecular backbone, which can be moved by different types of external stimuli 45. 

A requirement for this kind of diffusion is that the polymer is above its glass transition temperature 
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(Tg). One of the major techniques utilized in diffusion-based healing is the dangling chain 

diffusion healing which takes advantage of the interactions among the dangling chains on polymers. 

Zhang et al. successfully developed such a polymer with dangling chains and fabricated a 3D sol-

gel network where the dangling fluoroalkyl chains on the branched thiol-one fluorinated siloxane 

gave the polymer rapid and lasting self-healing properties 101. The phase-separation healing 

technique, in fact, employs the diffusion mechanism, and can also be called healing via a 

thermoplastic/thermoset blend. 

2.2.2 Evaluating self-healing efficiency 

Based on different applications and properties, the methodologies for evaluating self-healing 

efficiencies can be different, except that the elimination of the effects of virgin materials is always 

significant. To justify a self-healing evaluation, several factors need to be considered. Firstly, 

plastic deformation which is slowly recovered with time occurs in all materials after any impact 

or damage to the materials. It is essential that the materials undergo a series of deformations, in 

which materials absorb and release energy, in the self-healing tests. The deformation will then be 

considered as part of the self-healing. Even though the recovery of deformation is one of the 

healing behaviors, it is important to eliminate the virgin healing effect to show specific healing 

improvement after the self-healing modifications. Therefore, a reference group of virgin materials 

consisting of no self-healing characteristics or mechanisms is usually used. Therefore, different 

loadings of the healant may lead to a false interpretation of self-healing efficiency and, hence, the 

loading needs to be carefully examined. The healing additives can impose negative or positive 

impacts on the mechanical properties of the resin or the composite, which can make it harder or 
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easier to recover. For example, if the incorporation of the healant reduces the strength of the virgin 

material from 20 MPa to 5 MPa, then it would be much easier to get 100% healing by reaching a 

strength of 5 MPa rather than 20 MPa. Moreover, the self-healing properties are supposed to 

restore to materials’ best mechanical performance but not compromise the mechanical properties 

when added. Thus, a self-healing material causes a non-negligible impact on comparing samples 

with varied loadings of healant. 

The damage modes in real applications are usually complex. This causes difficulties in the 

evaluation of healing efficiency. Figure 7 shows a schematic of different damaging modes in 

polymer composites 77. Even though there is a lack of an agreement on a standard of a measurable 

application of damage, several practices for the self-healing efficiency evaluations have been 

common. Tensile, compression and bending tests are the most prevailing protocols while other 

damaging methods such as abrasion, cutting, needle puncture, impact and so forth have also been 

reported in the evaluation of self-healing efficiency 77. 
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Figure 7. Schematic showing different damage modes in polymer composites 77. 

 

Based on a variety of distinct damage modes, the corresponding requirements of the testing 

specimens have been well designed. The most crucial fracture loading conditions for evaluating 

self-healing efficiency involve quasi-static fracture, fatigue, and impact. These result in a vast 

variety of structural fractures including Mode I crack openings, Mode III tearing, mixed-mode 

fractures or delamination 77. Quasi-static fracture testing is one of the most common practices in 

characterizing self-healing materials due to the predictable and measurable crack propagations 102. 

The extent of damage relies on the geometry and the applied force in the healing cycles, both of 

which can be controlled. A tapered double-cantilever beam (TDCB) was originally designed for 

measuring high-temperature creep and fatigue crack growth which were introduced into the 

evaluation of healing efficiency 46. Table 1 lists major fracture types and the corresponding 

geometries of the test specimens used, and Figure 8 and Figure 9 give two examples of TDCB 

specimens that have slightly different geometries 46,103. Fatigue is generally caused by repeated or 

cyclic stress applied to the specimens which complicates the evaluation. As a result, fewer studies 

focus on fatigue damage. Out-of-plane damage can induce extensive damage volume which can 

be quantified by compression-after-impact testing.  

Table 2 lists the calculations of self-healing efficiency on the basis of the different mechanical 

properties tested 45. The self-healing efficiency is commonly denoted as 𝜂 and is defined as the 

recovery percentage in terms of the virgin specimen with respect to the specific property being 

tested. 

Table 1. Major fracture types and the corresponding geometries of the test specimens used 45. 
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Table 2. Formulae for calculating self-healing efficiency based on different testing properties 45. 

 

 

Material property Calculation formula Denotation

Fracture Toughness KI: Mode I fracture toughness. 

Strength
X: X could be tesile, compressive, 

flexural, tearing and impact strength.

Strain Energy
U: Strain energy;                                    

A: surface area generated by fracture

Stiffness E: Young's modulus 
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Figure 8. Typical plots of self-healing efficiency test for fracture toughness using a TDCB 

specimen 46. 

 

 

Figure 9. Dimensions of localized TDCB specimens with: (a) 47 mm and (b) 25 mm groove 103. 

 

2.3 Nanocrystalline cellulose  

Nanocrystalline cellulose (NCC) also known as cellulose nanocrystals (CNC), is a nanoscale 

material with high crystallinity and excellent strength that can be prepared from plant biomass that 

is commonly discarded as waste. Accordingly, numerous efforts have been spent on the 

preparations and applications of NCC due to its vast availability in nature and exceptionally 

advantageous properties that include low thermal expansion, optical transparency, wetting 

property, biocompatibility, and mechanical performance. Ground bacterial cellulose (GBC) is 

considered to be one type of NCC. However, GBC can perform even better than other NCCs 

because of its inherently high aspect ratio. 

2.3.1 Methods of producing nanocrystalline cellulose 



 

 

29 

 

Cellulose, the most abundant polymer in nature, is obtained from vegetation (biomass), bacteria, 

animals, and algae. Because of the large quantity of cellulose biomass produced, most of it is not 

used and ends up in landfills or naturally decomposed in soil. One reason for this is that cellulose 

present in the biomass is not ready for use because there are other organic residues that come with 

it. Also, certain requirements, regarding dimensions, functionalities on the surfaces and 

mechanical properties must be met for their application or use. Impurities present in cellulose can 

lead to thermal instability, the introduction of defects and negative impacts on optical and 

mechanical properties. Cellulose extraction techniques used at present can be divided into 

chemical and mechanical treatments. Chemical treatments include mercerization (alkaline 

treatment), hydrolysis, organic solvent treatment and ionic liquid treatment whereas mechanical 

treatments mainly include homogenization, ultrasonication, grinding and milling. 

Acid hydrolysis is the most frequently used practice in the preparation of NCC regardless of 

the type of acid used. Usually, amorphous cellulose gets hydrolyzed into the monomeric 

components and then it would be broken down into discrete segments. It has been shown that the 

amorphous fraction in native cellulose is more prone to be hydrolyzed by acid because of its easier 

accessibility compared to the crystalline regions 104. Mineral acids are generally preferred because 

of their low cost and high efficiency in hydrolyzing. Among almost all commercially available 

mineral acids, sulfuric acid (H2SO4) is the most commonly used because it can disrupt amorphous 

cellulose better 105. Hydrolysis of cellulose in sulfuric acid is used in the preparation and 

suspension of cellulose nanocrystals with various morphologies such as the rod-like, spherical and 

network-structured by Lu and Hsieh 106. In their study, H2SO4 was used because it introduced 

negatively charged sulfate groups into cellulose in the esterification of cellulose. The electrostatic 
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force pulls cellulose fibers away from each other and finally prevents aggregations in cellulose 

nanocrystals from happening.  

Besides H2SO4, hydrochloric acid (HCl), nitric acid (HNO3), phosphoric acid (H3PO4) and other 

inorganic acids have also been used in cellulose treatment 107,108. Even though H2SO4 can 

efficiently hydrolyze cellulose, the thermal stability of the cellulose gets severely compromised 

with the introduction of sulfate groups.  As a consequence, milder acids, such as H3PO4, are 

considered as better options 109. A combination of H3PO4 hydrolysis, enzymatic hydrolysis and 

sonication have been proposed by Tang et al. 110. They reported that the yield of cellulose 

nanocrystals treated this way was around 24 wt% with increased crystallinity as well as thermal 

stability. While organic acids are not so common, formic acid 111, acetic acid 112, fumaric and 

maleic acids 113 have been used. One of the most prominent disadvantages of acid hydrolysis 

treatment is the low yield of NCC and detrimental effects on the environment. Enzymatic 

hydrolysis is a promising alternative that is energy-saving, greener, and higher-yielding. 

Beltramino et al. attempted to optimize the enzymatic conditions by shortening the hydrolysis time 

and reducing the use of sulfuric acids 114. Their study indicated that NCC produced in the optimal 

condition showed higher crystallinity, a minor reduction of negative charges in NCC and increased 

total yield to as high as 82%. Enzymes, however, are expensive compared to inorganic acids. 

Mechanical treatments, on the other hand, are indispensable complementary techniques in the 

preparation of cellulose nanocrystals. Kang et al. described a green and simple method for 

preparing NCC without the application of organic solvents 115. In their study microcrystalline 

cellulose (MCC) was refined into NCC in ball milling carried out at 300 rpm for 0.5 to 16 h in a 

45 mL zirconia pot containing seven zirconia balls and the final NCC turned out to have higher 

thermal stability. 
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Ultrasonication is another important technique for obtaining NCC with mechanical treatment. 

Li et al. were successful in refining MCC using ultrasound to obtain rod-shaped NCC 116. They 

found that the obtained NCC showed rod-shaped structure with diameters ranging from 10 nm to 

20 nm and lengths ranging between 50 nm and 250 nm while the crystallinity decreased slightly 

with longer ultrasonic exposures. The explanation for crystallinity deduction was that ultrasound 

attacks or shears both the crystalline and amorphous regions non-selectively. 

High-pressure homogenization (HPH) has also been a powerful technique for treating cellulose 

to obtain NCC. For instance, Wang et al. reported that NCC extracted from cotton fibers through 

HPH exhibited narrow size distribution and had a circular cross-section, however, the weighted 

average molecular weight and thermal stability dropped significantly which was attributed to the 

disruption of the network structure of cellulose chains 117. They also documented that the water-

binding capacity of cellulose was affected by mechanical treatments. Results of Ulbrich and Flöter, 

on the other hand, showed a three-fold increase of water binding capacity in cellulose as a result 

of increased porosity in cellulose realized by repeated homogenization 118. 

Much research has been conducted investigating the effects of different processing methods 

and different feed sources of cellulose on the crystallinity, morphology, size distribution, surface 

energy and other important properties of CNC and NCC 113,119. 

2.3.2 Applications of nanocrystalline cellulose  

NCC possesses many fascinating properties because of its small diameter and high molecular 

orientation and crystallinity. For example, these properties include a large surface-area-to-volume 

ratio, high thermal stability, abundance of functionalities for potential modifications, high stiffness, 
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tensile strength, biocompatibility, etc. 120.  As a result, NCC has been extensively used in the field 

of biomedical materials. Among all other geometries available in NCC, the rod-like shape is the 

most utilized one in tissue engineering and drug delivery since it allows prolonged circulation in 

the bloodstream 121. NCC was successfully modified by Zainuddin et al. using the cationic 

surfactant Cetyl Trimethyl Ammonium Bromide (CTAB) 122. The analysis of the CTAB-NCC 

confirmed the competence of NCC as a drug excipient that showed a 96% binding efficiency with 

curcumin after the modification 122.  

It has been proposed that NCC is a good candidate in enzymatic immobilization because it 

possesses a large surface area and its nonporous crystalline structure can restrict diffusion. 

Magnetic cellulose nanocrystals (MCNs) have been used as support matrixes for enzymatic 

immobilization and it is becoming one of the trending areas in biological devices research 123. One 

type of MCNs carrying pseudomonas cepacialipase (PCL) was developed by Cao et al. 123. Their 

research showed enhanced solvent tolerance arising from increased enzyme structure rigidity and 

catalytic efficiency that can withstand at least 6 reuse cycles 123.  

Hydrogel-based matrixes have the potential to support regenerative processes and are always 

desirable in the local drug-releasing system and bacterial nanocellulose (BNC), also called 

bacterial cellulose (BC) happens to be a promising material as the drug-carrier. Alkhatib et al. 

successfully extended the drug-releasing period to 8 days by loading the antiseptic octenidine on 

the barrier made of BNC network and Poloxamer gels 124. Even though BNC has been applied in 

the field of wound dressing and tissue engineering, it is rare to use BNC as a gene activated matrix 

(GAM). This was pioneered by Pötzinger et al. who immobilized plasmids in BNC to manage the 

release rate and prolonged the delivery to a period as long as 50 days 125.  
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NCC was originally utilized as a reinforcement in nanocomposites because of its superior 

mechanical performance, thermal stability and the ability to form a percolation network because 

of the multitude of hydrogen bonds on cellulose 126. Several studies provided a more 

comprehensive understanding of the effects of NCC on the mechanical, rheological, thermal and 

barrier properties and biodegradation of multiple types of polymeric resins 127,128. These studies 

also have indicated that NCC at low loading (under 5 wt%) can improve the mechanical properties 

as well as barrier properties.  

The addition of NCC can help to improve the performance of wood adhesives. Kaboorani et al. 

studied the effect of NCC in PVA as an adhesive 129. Their data showed the bonding strength, 

modulus of elasticity, creep and thermal stability all changed in a positive way after NCC was 

added to PVA. The presence of NCC particles was also proven to stabilize the oil in water emulsion 

system 130. Song et al. utilized NCC with an average particle size of about 152.9 nm as a stabilizer 

of Pickering emulsion in styrene polymerization 131. They found that the emulsion system was less 

likely to form creaming with the addition of NCC and, as a result, the conversion rate of 

polystyrene increased. Because of its unique properties, NCC has also been explored for 

applications in water treatment, where a high surface-area-to-volume ratio and good dispersibility 

in water are helpful 132. 

The use of NCC in polyaniline as the electrode material was also found to be beneficial for the 

specific capacitance of supercapacitors 133. Accordingly, there is a large volume of published 

studies that report on the applications of NCC in supercapacitors 133,134. A recent article illustrated 

a poly (3,4-ethylene dioxythiophene) (PEDOT) doped with NCC prepared by Ravit et al. 135. The 

article claimed that having NCC in the film helped to lower its electrical resistance and retained 

86% of its capacitance after 1000 cycles via cyclic voltammetry measurement. Interestingly, some 
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applications have also integrated NCC into sensors such as an ammonia gas sensor 136 and a 

humidity sensor 137 at room temperature. There are a myriad of applications of NCC that have been 

discussed by Grishkewich et al. 138.  
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CHAPTER 3 EXPERIMENTAL METHODS 

3.1 Materials 

Soy protein isolate (SPI), ProFam 974, was donated by Archer Daniels Midland Company. Poly 

(DL-lactide-co-glycolide) (50:50, PLGA), was purchased from Division of DURECT Corporation, 

Birmingham, AL. PLGA used in this research was an ester-terminated copolymer and PLGA with 

two different kinds of inherent viscosities of 1.15 dL/g and 1.20 dL/g in hexafluoroisopropanol 

(HFIP) were used based on the availability of the polymer as both worked well. Poly (vinyl alcohol) 

(PVA, average Mw 31,000-50,000, 98-99% hydrolyzed), sodium hydroxide pellets (NaOH, 

97.0%), glutaraldehyde (GA, 25 wt% in water), ethyl acetate (≥99.8%) and polyvinylpyrrolidone 

(PVP) were purchased from Sigma-Aldrich (St. Louis, MO). A. xylinum, ATCC 23769, bacterium 

was purchased from the American Type Culture Collection (ATCC, Manassas, VA) as the model 

strain and maintained on agar plates which were made of 25 g/L D-mannitol, 5 g/L yeast extract, 

5 g/L tryptone and 20 g/L agar. D-mannitol, yeast extract, tryptone, and agar were acquired from 

Acros Organics (Thermo Fisher Scientific, Morris, New Jersey). Rhodamine B (dye) powder and 

Bradford reagent (0.1%), Coomassie blue R-250 (a solution composed of 45% methanol, 10% 

acetic acid and deionized (DI) water at the ratio of 5:4:1) and sodium dodecyl sulfate (SDS) were 

bought from Sigma-Aldrich (Saint Louis, MO). 

3.2 Preparation of microcapsules 

The primary mechanism of preparing microcapsules in this thesis followed the W/O/W double 

emulsion method 76. SPI was used as the healing agent and was encapsulated by copolymer PLGA 
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using a PLGA ethyl acetate solution. After all of the ethyl acetate was evaporated, PLGA, which 

was the solute, remained on the surface of the SPI water solution forming a core-shell structured 

microcapsule. In this research two methods were used: one used a syringe filter as a template to 

control the sizes of microcapsules. The other method is called the spraying method which was 

developed for the purpose of GBC encapsulation. Once GBC was encapsulated into the 

microspheres or onto the surface of microcapsules, the self-healing efficiency and the interaction 

between microcapsules and SPI resin were expected to be improved. 

3.2.1 Syringe-filter technique 

SPI solution was prepared by dissolving 15 g of SPI powder in 100 mL of DI water. 

Additionally, 10 mL of a 4 M NaOH solution was used to adjust the pH of the mixture as desired. 

The mixture was heated to 80 ℃ and was kept stirring at 300 rpm for 15 min. The oil phase of the 

double emulsion system was made of 0.3 g of PLGA dissolved in 30 mL ethyl acetate. The 

prepared SPI solution (10 mL) and PLGA solution (30 mL) were mixed together in a 50-mL 

centrifuge tube. The mixture was stirred at the highest power of the vortex mixer (BenchMixer, 

Benchmark Scientific Inc., NJ, USA) for 10 min to form an oil-in-water (O/W) emulsion.  

The following steps are different for the preparations of two different microcapsule 

morphologies.  

3.2.1.1 Spherical microcapsule production using the syringe-filter method (abbreviation: SF-I) 

The O/W emulsion prepared was drawn by a 5 mL-syringe and then it was attached to a syringe 

filter (pore size: 0.45 μm) with a pipette tip. The mixture was then pumped by a dual-syringe pump 

(PHD ULTRA, Harvard Apparatus, MA, USA) at the rate of 3 mL/min into a 200 mL beaker 
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containing 80 mL of 5 wt% PVA water solution as the stabilizer. The entire mixture was stirred 

by a magnetic stirrer at 300 rpm at RT during the extrusion. The mixture was kept stirring overnight 

and the microcapsules that formed were collected by centrifuging at 5000 rpm (Thermo scientific 

Super-Nuova, Waltham, MA, USA) for 10 min. The microcapsules were washed with DI water 

twice before freeze-drying at -82 ℃ for 24 h. 

3.2.1.2 Elongated microcapsule production using the syringe-filter method (abbreviation: SF-II) 

The W/O emulsion was drawn by a 10 mL syringe having a syringe filter (pore size: 0.5 μm) 

and a 25 gauge, blunt-end, 80 mm needle and pumped at the rate 1 mL/min into a 200 mL beaker 

containing 80 mL of 5 wt% PVA water solution as the stabilizer. The entire mixture was stirred 

using a magnetic stirrer at 300 rpm at RT during the extrusion. The mixture was kept stirring 

overnight and the microcapsules were collected by centrifuging at 5000 rpm (Thermo scientific 

Super-Nuova, Waltham, MA, USA) for 10 min. The microcapsules were washed with DI water 

twice before freeze-drying at -82 ℃ for 24 h. 

3.2.2 Spraying technique 

Two types of microcapsule morphologies, holey microspheres, and elongated microcapsules 

were prepared using two sets of parameters, as discussed below. 

3.2.2.1 Holey microspheres produced using the spraying technique (abbreviation: ST-I) 

To produce holey microspheres, 1 g of PVP and 0.5 g of SDS were dissolved in 50 mL of DI 

water before 1 g of GBC was added into this solution. The suspension formed was stirred at 80 ℃ 

for 60 min at 300 rpm after which 7.5 g of SPI powder and a 4 M NaOH solution were added to 
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adjust the pH of the mixture as desired. The mixture was stirred for another 15 min at 80 ℃ and 

300 rpm after which 30 mL of this mixture was poured into a 50 mL perfume bottle having a spray 

nozzle. A 1% (w/v) PLGA solution was prepared by dissolving 0.8 g PLGA in 80 mL of ethyl 

acetate. The mixture was sprayed into a 400-mL beaker containing 80 mL of prepared PLGA 

solution. The PLGA solution was kept stirring by a magnetic stirrer at 500 rpm at room temperature 

(RT) during spraying. A 5 wt% PVA solution in water (80 mL) was then added into the complex 

system and the mixture continued to be stirred at 500 rpm overnight till all ethyl acetate was 

evaporated at RT. The microspheres formed were collected by centrifuging at 5000 rpm for 10 

min at RT. The collected microcapsules were then washed by DI water three times to remove un-

encapsulated SPI as well as excess PVA. Finally, the sediment containing the microspheres were 

freeze-dried and collected.  

3.2.2.2 Elongated microcapsules produced using the spraying technique (abbreviation: ST-II) 

To produce elongated microcapsules, 0.5 g of ground bacterial cellulose (GBC) was dispersed 

in a beaker containing 50 mL DI water and 0.3 g of PVP. The beaker was kept in a water bath 

maintained at 80 ℃ with magnetic stirring at 300 rpm for 1 h. Seven and a half (7.5) gram of SPI 

powder and the required amount of the 4 M NaOH solution were added to the mixture until a pH 

of 14 was reached. The system was kept stirring at 80 ℃ and 300 rpm for an additional 15 min. 

Thirty (30) mL of the prepared mixture was poured into a similar perfume bottle with a spray 

nozzle. The mixture was sprayed into a 400-mL beaker containing 80 mL of the 1% (w/v) PLGA 

solution in ethyl acetate. The PLGA solution was kept stirring by a magnetic stirrer at 500 rpm at 

RT during spraying. A 5 wt% PVA solution (80 mL) was then added into the complex system and 
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the mixture was kept stirring overnight at RT. The process for collecting the microcapsules was 

the same as described above in section 3.2.2.1. 

3.3 Preparation of ground bacterial cellulose (GBC) 

3.3.1 Preparation of BC pellicles  

The freeze-dried bacteria powder obtained from ATCC was activated by transferring it into a 

conical flask containing 100 mL of a mannitol culture medium. The flask was kept on a rotoshaker 

at 200 rpm at RT for three days and this medium was used as the ‘seed culture’. The mannitol 

culture medium was prepared following the instruction manual from ATCC and contained 5 g/L 

of yeast extract, 4 g/L of tryptone and 25 g/L of mannitol with pH of 5. All bacterial culture media 

and glassware used in the production for BC were sterilized using an autoclave for 60 min at 125 ℃ 

and 0.14 MPa. The seed culture (1 mL) was transferred into a pyrex® lunch box with dimensions 

of 180 mm × 150 mm × 80 mm containing 100 mL mannitol culture medium. The bacterial 

cellulose (BC) cultivation was carried out at an initial pH of 5 in an incubator (Symphony, VWR 

International, LLC) maintained at 26 ℃, for 10 days when the BC pellicle was harvested. The BC 

pellicle was further processed by washing successively with DI water and then treating it in 300 

mL of 1% NaOH solution (w/v) at 90 ℃ for 30 min and further washing with DI water to remove 

all bacterial debris and any other contaminants. 

3.3.2 Preparation of GBC 

The clean BC pellicles containing over 95% water were shredded in a Ninja Ultimate Blender 

at the highest power for 20 min to obtain BC in a pulp form. The wet BC pulp was freeze-dried at 
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-82 ℃. The dried BC pulp was ground in a mortar using a pestle until the BC network was 

converted to powder. In the final step, ball milling (Spex 8000 Mixer/Milling) was carried out to 

further process the BC powder for 60 min at the highest power in an agate vial with 3 balls for 60 

min. This resulted in a fine GBC powder. 

3.4 Preparation of self-healing green composites 

Ten grams of SPI powder was added to 100 mL of DI water after which 8 mL of NaOH solution 

was added into the SPI solution. The solution was kept stirring at 300 rpm for 15 min at 80 ℃. 

Predetermined amounts of microcapsules calculated for different loadings (10, 20, 30 wt% of SPI 

powder) were mixed in the solution, separately, and stirred for 10 min. Crosslinker, GA (20 wt% 

of SPI powder), was then added into the mixture and continued to stir for another 10 min. The 

resin was poured onto a Teflon® coated sheet and allowed to cure overnight in an air-circulating 

oven at 75 ℃ in the form of sheets. The partially cured and dried resin sheets were then hot-pressed 

at 80 ℃ under a small pressure of 0.09 MPa for 10 min to obtain cured resin sheets. 

The prepared resin sheets were cut into rectangular specimens with dimensions of 32 mm × 30 

mm × 10 mm. The specimens were laser cut to the geometry shown in Figure 10, based on ASTM 

E647-08 139. A 40-degree arc was laser cut just below the crack tip to capture the cracks after 

propagating for 10 mm (the distance is measured from the tip of the pre-crack to the curvature). 

The purpose of the arc was to arrest the crack during the first part of the self-healing efficiency 

test. All specimens were kept in a desiccator for 3 days prior to performing any self-healing 

efficiency tests. 
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Figure 10. Self-healing test specimen geometry. 

 

3.5 Characterization of microcapsules and holey microspheres 

Leo 1550 SEM and Zeiss Gemini 500 FESEM were used to investigate the sizes and geometries 

of microcapsules and holey microspheres. Protein-loading was determined by UV/Vis 

spectrophotometer (Perkin-Elmer Lambda 35, Waltham, MA, USA). The core-shell structure and 

the protein inside the microcapsules were confirmed using the confocal laser scanning microscope 

(CLSM; Zeiss LSM 710). Attenuated total reflection–Fourier transform infrared (ATR-FTIR) 

spectroscopy (Magna560, Nicolet Instrument Technologies, Fitchburg, WI, USA) was used to 

examine the existence of PLGA, SPI, PVA, and BNC. 

3.5.1 Scanning electron microscope (SEM) analysis  

SEM, Leo 1550 SEM, and Zeiss Gemini 500 FESEM were used to characterize the 

morphologies and topographies of microcapsules. A microcapsule suspension, 0.5% (w/v), was 

prepared using DI water for SEM imaging. One drop of the suspension was placed on the 
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conductive carbon tape glued to the SEM metal stub and the water was allowed to evaporate. The 

stubs were coated with gold before they were used for SEM imaging. 

3.5.2 Evaluation of protein loading in microcapsules 

To release protein inside the microcapsules, 100 mg of microcapsules were subjected to milling. 

The powder obtained after milling was added to 10 mL of 10 mM NaOH which contained 5% 

(w/v) SDS. The suspension was stirred for 2 h until it was clear before it was subjected to 

centrifugation at 5000 rpm for 10 min to get rid of the insoluble residues. An array of standard SPI 

solutions were prepared to set up a standard curve. The pH values of both sample solutions and 

standard SPI solutions were adjusted to 2 using a 0.5 mM HCl solution before a desired amount 

of the Bradford agent was added to all samples until a blue color was observed. The protein loading 

was determined using the same principle as the one reported by Hora et al., which takes advantage 

of the maximum absorption at 595 nm using a UV/Vis spectrophotometer (Perkin-Elmer Lambda 

35) 140. 

3.5.3 Confocal laser scanning microscope (CLSM) analysis  

The confocal laser scanning microscopy analysis was carried out with Zeiss LSM 710 equipped 

with 25 mW Argon and HeNe lasers. The healing agent (SPI slurry) was stained using a 

Rhodamine B-water solution before encapsulating it in PLGA. Microcapsules were prepared using 

the same process described above in section 3.2.2. These microcapsules were characterized using 

CLSM with a 63X oil-immersion lens and the associated filter, for 514 nm wavelength excitation. 

3.5.4 Attenuated total reflection–Fourier transform infrared (ATR-FTIR) analysis 
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Chemical analysis of SPI-PLGA microcapsules was characterized using ATR-FTIR (Magna 

560, Nicolet Instrument Technologies, Fitchburg, WI, USA).  

3.6 Characterization of ground bacterial cellulose (GBC) 

GBC was characterized using SEM for the overall morphologies of cellulose nanofibers after 

being processed by ball milling.  

3.7 Characterization of self-healing green composites 

3.7.1 SEM analysis 

The fracture surfaces of all resin specimens were characterized using SEM after mounting them 

vertically on double-sided conductive carbon tapes mounted on the metal stub (the fracture 

surfaces were characterized as shown in Figure 11). Before taking the images of resin specimens 

were kept in a desiccator for 3 days to remove the absorbed moisture. 

 

Figure 11. SEM sample preparation schematic diagram. 
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3.7.2 Tensile tests  

Tensile specimens containing microcapsules, microspheres as well as the virgin (control) resin 

specimens were shear cut to strips with dimensions of 50 mm × 10 mm × 1 mm. The same Instron 

universal tester was used to obtain the stress vs strain plots from which fracture stress, fracture 

strain, and Young’s modulus values were obtained. The gauge length of the specimens was 30 mm 

and the crosshead speed was set to 3 mm/min, resulting in a strain rate of 0.1 min-1. Specimens 

were tested at 21 ℃ after conditioning at ASTM conditions of 21 ℃ and 65% relative humidity 

(RH) for 3 days. 

3.7.3 Self-healing efficiency testing 

The standard self-healing test involved two steps. The first step was creating a 10 mm crack in 

the specimen using an Instron universal tester (Instron, Model 5566) and the Instron was 

programmed to press the edges of the crack back together. This initial crack was designed to stop 

at the mouth-shaped curve as shown earlier in Figure 10 once the crack length of 10 mm was 

reached. The Instron grips were returned back to their starting point and the specimen was removed 

from Instron. After that, all specimens were kept in a sealed container for 24 h prior to performing 

the second step. In the second step, the specimens (after 24 h healing period) were individually 

placed in the Instron grips, which was programmed to pull and break the specimens into two pieces. 

Crosshead speed for these tests was maintained at 0.3 mm/min, same as before, as per ASTM 

E647-08 139. 
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During the self-healing tests, the resins could undergo deformations in different ways including 

bending and stretching, both of which absorb some energy. The virgin resin also showed a minor 

self-healing capability, perhaps due to the absorbed moisture.  

The self-healing efficiencies were calculated in terms of the recovered Mode I fracture 

toughness (KI) and toughness (area under the curve). The self-healing efficiency was defined as 

the ratio of the fracture toughness of the healed resin and the virgin resin as shown in Equations 1 

and 2 46. The F and F’ correspond to the strength (resin failure load) in the first test and the second 

test, respectively, at the same displacement, and T and T’ correspond to the toughness (yellow 

areas in Figure 14) in the first and the second tests at the same displacement.  

ηT  
T′−T

T
× 100                                                                  Equation 1 

ηF  
F′−F

F
× 100                                                                  Equation 2 

 

 

Figure 12. Load vs displacement plots during typical self-healing tests. 
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CHAPTER 4 RESULTS AND DISCUSSIONS 

4.1 Characterization of microcapsules  

4.1.1 Morphology and topography  

The microcapsule sizes and the shell wall thicknesses were determined by randomly selected 

microcapsules within the SEM images taken, using Image J software. 

 

Figure 13. SEM images of SF-I SPI-PLGA microcapsules obtained via the syringe-filter method: 

(a)-(c) are typical images of microcapsules. Figure (e) shows the size distribution histogram of 

spherical microcapsules. 

 

Figure 13 shows SEM images of SF-I SPI-PLGA microcapsules obtained via the syringe-filter 

method. The average diameter in this case (N >150) was 1.30 μm with a standard deviation of ± 
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0.71 μm and the diameters varied from 0.44 μm to 5.71 μm. The thickness of the shell in this 

sample ranged between 0.1 μm and 0.25 μm. Figure 13 (e) shows the size distribution histogram 

of SF-I microcapsules where most diameters fell within a small size-range, from 0.5 μm to 1.8 μm. 

A few sub-micrometer capsules and broken microcapsules can also be seen in Figure 13 (d). Sub-

micrometer capsules and broken microcapsules are undesirable in the preparation of microcapsules 

as they are detrimental to the mechanical properties of the resins if added. 

 

Figure 14. SEM images of SF-II SPI-PLGA microcapsules obtained via the syringe-filter 

method. 

 

Figure 14 shows typical SEM images of SF-II SPI-PLGA microcapsules prepared by the 

syringe-filter method. In this case, the microcapsules possessed a wide-range of aspect ratios (from 

1 to 20) and distinctive shapes that include spherical, rod-like, dog-bone like and spindle-like. The 

highest aspect ratio observed from the SEM results was around 20. 
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Microcapsules with elongated shapes have the potential to store more healing agent and 

enhance the self-healing efficiency. Their longer lengths of microcapsules also increase the 

probability of them being in the path of the microcracks and hence can provide better self-healing 

efficiency. It is also possible that they can act as reinforcement fillers to improve the mechanical 

properties of a resin if the shell strength and microcapsule/resin bonding can be increased. 

 

Figure 15. SEM images of SF-II SPI-PLGA spherical microcapsules obtained via the syringe-filter 

method: (a)-(c) show the shapes and sizes of microcapsules. Figure (d) shows the size distribution 

histogram of intact spherical microcapsules. 

 

SEM images of spherical SF-II SPI-PLGA microcapsules are shown in Figure 15. In terms of 

the shape of the microcapsules, spherical microcapsules dominate the overall mix of the 
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microcapsules. An average diameter of 11.64 μm and a standard deviation at 5.01 μm (N > 200) 

was observed for this sample, which was almost 9 times as large as those in the SF-I sample which 

had an average diameter of 1.30 μm. Figure 15 (d) shows the size distribution histogram of intact 

spherical microcapsules which ranged from 5 to 15 μm. 

 

Figure 16. SEM images of ST-I SPI-PLGA-GBC microspheres produced by the spray technique. 

 

Figure 16 shows SEM images of ST-I SPI-PLGA-GBC microcapsules produced by the spray 

technique. The ST-I microcapsules seen in Figure 16 exhibit a constellation of pores on the 

surfaces of microcapsule shells whose diameters exceed 3 μm, while smaller microcapsules remain 

intact, without the holes. The microspheres with pores are termed ‘holey microspheres’ and 

because of the holes, they cannot contain any SPI slurry, the healant. This is the major reason why 

ST-I microcapsules exhibited the lowest protein loading (discussed later) and as a result, they 

cannot support self-healing activities. 
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The thickness of the shell wall for these holey microspheres was about 0.25 μm, and the pores 

on the surfaces ranged from 1μm to about 2.5 μm in diameter. This type of holey microsphere 

design, however, may be beneficial for trapping micro-defects inside the sphere or creating a 

circuitous break pathway. This could possibly make it a good candidate as reinforcement in the 

design of advanced resins or composites 141. 

 

Figure 17. SEM images of ST-I SPI-PLGA-GBC microcapsules obtained by spraying technique 

showing: (a) healing agent flowing out from a broken microcapsule; (b) GBC protruding out from 

a broken microcapsule; (c) microcapsules connected by GBC; (d)-(g) microcapsules connected by 

PLGA having rough surfaces. Figure (h) shows the size distribution histogram of intact spherical 

microcapsules. 

 

Figure 17 displays additional SEM images of ST-I unbroken SPI-PLGA-GBC microcapsules. 

Figure 17 (a) shows a healing agent (SPI slurry) flowing out from a broken microcapsule and 

Figure 17 (b) shows GBC nanofibers extending from a damaged microcapsule. This indicates that 

incorporating GBC within microcapsules can have the ability to improve the mechanical properties 

of the structural resins when the microcapsules break. Figure 17 (c) clearly shows the presence of 

GBC on the surfaces of microcapsules and illustrates that they are also connected to one another 

through the extension of GBC nanofibers. Figures 17 (d) - (g) show images of small microcapsules 
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(smaller than 0.8 μm) that are attached to one another through the deposition of PLGA. This 

clustered structure might make it more challenging to evenly disperse microcapsules in the resin. 

But it is also possible that the microcapsules might form a network within the resin and improve 

its mechanical properties. Figure 17 (g) also shows images of microcapsules with rough surfaces, 

which can enhance the microcapsule/resin bonding. The diameter measurement of unbroken 

spherical microcapsules (N > 100) is shown in the histogram presented in Figure 17 (h). From 

these data, the average diameter of the intact microcapsules was found to be 1.75 μm with a 

standard deviation of 1.19 μm. The statistical analysis revealed that unbroken microcapsules were 

generally smaller than the porous-structured microsphere. 

 

Figure 18. SEM images of ST-II SPI-PLGA-GBC microcapsules in different shapes created via 

the spraying technique. 

 

SEM images of SPI-PLGA-GBC microcapsules (ST-II) made using the spraying technique 

resulted in many different shapes. Figure 18 shows SEM images of many of the different shapes 

of microcapsules that were made using the spraying technique. Various shapes include pea pod (a), 

smooth elongated (b), (d), (f), (c), dog-bone (e), peanut shell like (g) and elliptical shapes (h). The 

highest aspect-ratio of elongated microcapsules was as high as 50 which is very desirable. If the 
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shell strength can be improved, in addition to their irregular shapes, they can boost the strength of 

the resin in which they are embedded because their elongated shapes provide greater areas of 

contact with the resins. Additionally, elongated microcapsules with higher aspect ratios 

significantly increase the probability of being in the path of the microcrack, which, in turn, can 

increase the self-healing efficiency. 

 

Figure 19. SEM images of spherical SPI-PLGA-GBC microcapsules (ST-II) prepared using 

spraying technique: images (a) to (c) of spherical microcapsules; (d) and (e) images of 

microcapsules showing enhancement of surface roughness due to GBC coating. Figure (f) shows 

the size distribution histogram of intact spherical microcapsules. 

 

Figure 19 shows typical SEM images of spherical SPI-PLGA-GBC microcapsules (ST-II) 

obtained by the spray technique. ST-II microcapsules were generally larger than those with an 

average diameter of 778 nm, reported by Kim and Netravali 76. An average diameter of 7.59 μm 

(N > 200) was obtained from these ST-II microcapsules. This was considerably larger than the 

intact ST-I microcapsules with an average diameter of 1.75 μm. On the other hand, ST-II 

microcapsules exhibit a narrower size distribution as seen from the histogram presented in Figure 
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19 (f) with diameters ranging between 2.17 μm and 15.16 μm and a standard deviation of 3.05 μm. 

Figures 19 (d) and (e) illustrate spherical microcapsules that are coated with GBC which greatly 

enhances their surface roughness which can increase the microcapsule/resin mechanical 

interaction. 

 

Figure 20. SEM images of ST-II SPI-PLGA-GBC microcapsules showing the uneven deposition 

of GBC on the surfaces of some microcapsules.  

 

Figure 20 displays SEM images of elongated ST-II SPI-PLGA-GBC microcapsules. In these 

images, an outer coating of GBC can also be seen on some elongated microcapsules. However, a 

denser and uneven GBC distribution on the surfaces is evident in many cases. Figure 20 (b) shows 

a collapsed microcapsule that seems to have lost its healing agent. 

4.1.2 Protein loading analysis  
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Figure 21. Protein loading (wt%) obtained for SF-I, SF-II, ST-I, and ST-II microcapsules. 

 

Figure 21 shows protein loading (wt%) obtained for SF-I, SF-II, ST-I, and ST-II microcapsules. 

Protein loading is defined as the ratio of the weight of protein within the microcapsules to the mass 

of microcapsules. As depicted in Figure 21, the sample ST-II showed the highest protein loading 

of 10.02 wt% while the ST-I showed the lowest protein loading of just 2.25 wt%. This is consistent 

with the SEM analysis which showed many holey microspheres present in ST-I that cannot retain 

any SPI. The protein loadings for SF-I and SF-II microcapsules were 4.07 wt % and 9.57 wt%, 

respectively. It should be noted that the protein loading in SPI-PLGA or SPI-PLGA-GBC 

microcapsules can never be higher than the initial concentration of the protein solution which was 

13.6 wt% in this study. 

4.1.3 Confocal laser scanning microscopy (CLSM) 
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Figure 22. CLSM images showing the morphologies of SPI-PLGA-GBC SF-I microcapsules (a) 

fluorescent image and (b) image in transmission mode. The yellow color in the fluorescent image 

indicates the protein content or PVA. 

 

CLSM images of SPI-PLGA SF-I microcapsules are shown in Figure 22. Yellow color in (a) 

indicates SPI and PLGA (since PLGA was coated with PVA which can be dyed by Rhodamine B 

that leached out from broken microcapsules) and (b) presents the CLSM images in transmission 

mode. Figure 22 (a) confirms the existence of soy protein within the SF-I microcapsules and (b) 

demonstrates that a core-shell structure was constructed. 
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Figure 23. CLSM images showing internal structures of elongated SF-II SPI-PLGA-GBC 

microcapsules: (a), (c), (e) and (g) are the fluorescent images and (b), (d), (f) and (h) are the images 

of microcapsules taken in transmission mode by CLSM. Yellow color indicates protein (mostly) 

or PVA content. 

 

Figure 23 presents internal structures of SF-II SPI-PLGA-GBC microcapsules. It can be seen 

from Figure 23 that SF-II elongated microcapsules with different shapes are loaded with protein. 

As seen in all images in transmission mode (a, c, e, and g), there are black dots within the elongated 

microcapsules which could either be sub-microcapsules that have blocked out fluorescent signals 

or air bubbles. Correspondingly, fluorescent images (b, d, f, and h) show the contours of elongated 

microcapsules and the existence of sub-microcapsules within big microcapsules. 
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Figure 24. CLSM images showing morphologies of SPI-PLGA-GBC ST-I holey microspheres and 

microcapsules (a) fluorescent image and (b) image in transmission mode. Yellow color in the 

fluorescent image indicates protein (mostly) or PVA content. 

 

Figure 24 shows CLSM images of SPI-PLGA-GBC holey microspheres and microcapsules that 

were also coated with dyed PVA. Some spherical microcapsules are also seen to be loaded with 

protein. The ST-I fluorescent images in Figure 24 (a) show, both normal microcapsules (without 

pores) and holey microspheres that have black dots within, while the porous structure gives 

microcapsules irregular contours in both the fluorescent images with weaker fluorescent signals 

and the images in transmission mode. A more intensive fluorescent signal indicates the existence 

of a larger amount of SPI or PVA within a spherical microcapsule. Holey microspheres, however, 

cannot retain any healing agents because of the holes. The yellow color seen in images also 

confirmed that GBC is on the surface of the microspheres. 
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Figure 25. CLSM images of elongated SPI-PLGA-BNC ST-II microcapsules: (a) is the fluorescent 

image and (b) is the image of microcapsules in transmission mode. Yellow color indicates protein 

(mostly) or PVA content. 

 

Figure 25 shows CLSM images of elongated SPI-PLGA-BNC ST-II microcapsules. These 

images demonstrate the internal content of ST-II microcapsules. The fluorescent signal of protein 

is observed in both the fluorescent and the reflection images. The core-shell structures of these 

microcapsules are also clear in these images. Such microcapsules with a higher aspect ratio, as 

mentioned earlier, can be very useful in enhancing self-healing efficiency. 

4.1.4 ATR-FTIR analysis  
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Figure 26. ATR-FTIR spectra of pure PLGA, PVA, and SPI and SF-I, SF-II, ST-I, and ST-II 

microcapsules.  

 

Figure 26 presents the ATR-FTIR spectra of pure PLGA, PVA, SPI as well as SF-I, SF-II, ST-

I, and ST-II microcapsules. Typically, ATR-FTIR spectra display signature absorbance peaks of 

the functional groups present in the specimen. For example, the PLGA spectrum shows a 

distinguishable carbonyl (C=O) peak at around 1725 cm-1 142 which all SF-I, SF-II, ST I and ST-II 

specimens possess. This clearly indicates the presence of PLGA in all SF-I, SF-II, ST-I, and ST-

II specimens as can be expected. In addition, four specimens show bending vibration for the amine 

group (NH2) from 1550 to 1650 cm-1 143. The valence C-H vibration at around 2900 cm-1 144, which 

is shown in the spectra of both PVA and SPI as well as SF-I, SF-II, ST-I and ST-II microcapsules. 

Furthermore, aliphatic -CH2- in PVA shows in all microcapsule’s spectrum at 750 to 850 cm-1 145. 

It can be concluded that both SPI and PVA exist on the surfaces of SF-I, SF-II, ST-I, and ST-II 

microcapsules. 

4.2 Characterization of ground bacterial cellulose (GBC) 

4.2.1 Morphology  

 

Figure 27. Typical SEM images of BC: (a) BC pellicle after freeze-drying; (b) dried BC after 20 

min of grinding; (c) dried GBC after 20 min of grinding and 60 min of ball milling.  
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Figure 27 presents SEM images that show the impact of different processing steps on BC 

morphologies. Figure 27 (a) shows the initial structure of freeze-dried BC pellicles in which all 

BC fibers are heavily stacked up in many layers. Since they are continuous, no nanofiber ends can 

be observed. After 20 min of wet grinding in the Ninja Ultimate Blender, the BC nanofiber network 

can be seen somewhat loosened up. However, even after grinding, no BC ends can be seen in the 

SEM image shown in Figure 27 (b). It can be seen from the SEM image shown in Figure 27 (c) 

that after 20 min of grinding and 60 min of ball milling, the GBC fibers were disrupted and broken 

to a great extent. However, it is still difficult to spot single BC nanofibers in the highly 

concentrated sample shown in Figure 27 (c). In the GBC specimen, many ends of the BC 

nanofibers can be seen, although they still seem to be in a network form. 

4.3 Characterization of self-healing green resins 

4.3.1 SEM images of fracture surfaces  

In order to better demonstrate self-healing behaviors, resins with the highest loading of 

microcapsules were tested. To be more specific, SPI resins loaded with 15 wt% SF-I microcapsules 

and resins loaded with 30 wt% of SF-II, ST-I and ST-II microcapsules were chosen. 

 

Figure 28. Typical SEM images of the fracture surfaces of virgin SPI resins 
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Figure 28 shows typical fracture surfaces of virgin resins. The clean fracture surfaces indicate 

that the resins were broken in a brittle manner. No obvious bubbles or particles can be observed in 

these images. 

 

Figure 29. Typical SEM images of the fracture surfaces of SPI resins loaded with 15 wt% SF-I 

SPI-PLGA microcapsules. 

 

Figure 29 shows typical SEM images of the fracture surfaces of resins loaded with 15 wt% SF-

I microcapsules. It can be seen that the released healant (SPI) flows out from SF-I SPI-PLGA 

microcapsules inside the microcracks (Figures 29 (a) and (b)). While the self-healing behavior 

happened in a microcrack, it was insufficient to restore the microcrack fully. In fact, this is one of 

the most commonly seen phenomena of healing the microcracks. The volume between two fracture 

surfaces is far larger than the limited amount of healing agents available from the microcapsules. 

Since more healant is needed to fill the microcrack, it could be problematic to have small or a 

limited number of microcapsules in the resin. However, increasing the size of microcapsules or 

having higher loadings can reduce the mechanical properties, i.e., higher microcapsule loading 

could be at the expense of the mechanical properties of the resin. Figures 29 (c) and (d) show 

smooth surfaces of unbroken SF-I microcapsules on the fracture surfaces. This suggests that the 

microcapsules at these sites existed more like defects rather than as reinforcing fillers. It also 

suggests that the bonding between microcapsules and the resin was not strong enough and that the 

microcracks could easily debond the microcapsules from the resin rather than fracturing them. 
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Figure 30. Typical SEM images of the fracture surfaces of SPI resins loaded with 30 wt% of SF-

II SPI-PLGA microcapsules. 

 

Figure 30 displays typical SEM images of microcracks developed in resins loaded with 30 wt% 

of SF-II microcapsules. Many bridging areas can be identified in Figures 30 (a) to (c) with different 

crack sizes where the healant has burst out after cracks have hit the microcapsules. The 

crosslinking happens immediately once the healant gets in contact with the excess GA present in 

the resins. The elongated microcapsules were designed to store more healing agents and enhance 

the mechanical performance of composites. However, with higher aspect ratios, elongated 

microcapsules also increase the possibility of being in the path of the microcracks, thus, assuring 

their healing and enhancing the self-healing efficiency. 

Figures 30 (d) and (e) demonstrate a typical failure mode in which the cracks propagate within 

the resins along the edges of elongated microcapsules rather than breaking the microcapsules. This 

failure mode can happen when the microcracks run along the length, rather than across, the 

microcapsules. While the microcapsules are randomly oriented, such situations can occur and 

result in severely compromised mechanical performance of the structural composites. From SEM 

images presented in Figures 30 (d) to (f), one conclusion can be reached: that the interfacial 
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bonding between the microcapsules and resins was not robust enough to withstand the shearing at 

the microcapsule/resin interfacial boundaries. Figure 30 (g) shows the healant emerging from a 

broken microcapsule. A small gap between the healant and the shell observed in the SEM image 

is possibly caused by the volume shrinkage of the healant.  

 

Figure 31. Typical SEM images of the fracture surfaces of SPI resins loaded with 30 wt% of ST-I 

SPI-PLGA-GBC microcapsules showing the reinforcement improved by the incorporation of GBC. 

 

Typical SEM images of fracture surfaces and microcracks in the resins containing 30 wt% ST-

I microcapsules are shown in Figure 31. SEM images in Figures 31 (a) to (e) show the fracture 

surfaces that are being held together by GBC nanofibers along with the healant. SEM images in 

Figures 31 (c) and (d) show that GBC fibers are stretching from one fracture surface to the other, 

forming bridges and, thus, holding the two fractured surfaces together. Moreover, Figures 31 (b) 

and (d), also show inconsistent diameter along a single GBC nanofiber suggests that the cellulose 

nanofibers are bunched up and that the GBC nanofibers are covered with SPI resin forming a 

composite healant bridge. The addition of GBC to SPI can be expected to provide higher bonding 

strength over pure SPI. In fact, one of the primary goals of this research was to use SPI containing 

GBC as a composite healant. The advantage of SPI slurry with GBC as the healant is that fluid is 
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prone to stay attached to a convex surface via the Coandă effect 146. Therefore, there is a chance 

that SPI slurry is able to flow along the GBA fibers and consequently improve the self-healing 

efficiency. The results confirm that the presence of GBC is beneficial for forming bridging zones. 

Figures 31 (f) and (g) present broken microcapsules with healant leaching out. An unbroken 

microcapsule is shown in Figure 31 (h) seems to have a coating of SPI resin. This implies that the 

interfacial bonding between microcapsules and resins was at least as strong as the resin itself. 

 

Figure 32. Typical SEM images of fracture surfaces of SPI resins loaded with 30 wt% of ST-II 

SPI-PLGA-GBC microcapsules.   

 

Figure 32 shows typical SEM images of the fracture surfaces of SPI resins loaded with 30 wt% 

of ST-II SPI-PLGA-GBC microcapsules. It can be seen from Figures 32 (a) and (b) that the healing 

agent released from the broken ST-II microcapsules is able to form many bridges within the 

microcracks, as in the earlier case, and help repair the fracture. It can also be seen that the bridges 

formed are far apart. This suggests that more healant may be needed to form more such bridges or 

fill the entire microcrack and, thus, improve the self-healing efficiency. 

As discussed in section 4.3.2, increasing microcapsule loading beyond the optimum level 

results in an undesirable reduction in the mechanical properties of the resin. Figure 32 (d) shows 
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the shell of a microcapsule that looks debonded from the resin with no healing agent spotted 

coming out from it. This demonstrates one possible situation where the microcrack passes around 

the microcapsule and hence no bridging, i.e. self-healing, can occur. This also indicates a clear 

need for better microcapsule/resin bonding which can result in improved self-healing efficiency.  

It can be observed from Figures 32 (e) and (f) that GBC fibers extend in between the fracture 

surfaces with SPI resin attached to their surfaces, forming ‘composite’ bridges. This is good since 

the BC-reinforced bridges can be expected to be stronger than pure SPI resin bridges. As stated 

earlier, this was one of the primary goals for using SPI containing GBC as the composite healant. 

From the images captured in Figures 32 (g) and (h), it is clear that the interfacial adhesion between 

microcapsules and resins is strong so that some SPI resin is still stuck to the exposed microcapsules 

on the fracture surfaces. Even then, it should be possible to increase the microcapsule/resin 

adhesion further and to make sure that no microcrack passes around the microcapsules leaving 

them intact as seen in Figure 32 (d). 

4.3.2 Mechanical properties of the resin 

Statistical analysis was performed via the two-tailed unequal variance t-test. The 95% 

confidence interval was chosen. Data are shown as means ± standard deviation.  
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Figure 33. Effect of microcapsule loading on resin failure load in self-healing efficiency test. 

 

Figure 33 shows the effect of SF-I, SF-II, ST-I, and ST-II microcapsule loading wt% on the 

resin failure load (an indicator of strength) during the self-healing efficiency tests. All resins 

indicated that there is an optimum microcapsule loading (wt%) beyond which the strength of the 

resin drops significantly.  

From Figure 33, it can be concluded that resins loaded with SF-I microcapsules showed minor 

enhancement in the failure load (at break) of resins at a low loading and excessive loading 

compromised the failure load (strength), i.e., the overall mechanical performance of the resin. Up 

to a level of 20 wt% microcapsule loading, in the case of ST-II, ST-I and ST-II microcapsules 

improved the strength of the resin as compared to the control resins. At higher microcapsule 

loading, however, the resin strength dropped. This clearly indicates the reinforcing effect of the 

microcapsule loading was only up to 20 wt% loading. At 30 wt% loading, however, all resins 

showed a significant decrease in strength (95% confidence interval, two-tailed t-test). Earlier 

results had suggested that adding microcapsules invariably decreases the resin strength48–50,76. The 
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improvement in strength seen here may be due to the GBC on the surface of the microcapsules 

that gets incorporated in the resin to form a composite layer on the microcapsule as well as the 

existence of some elongated microcapsules. 

The GBC can not only increase the microcapsule/resin bonding but can also strengthen the resin. 

For resin containing SF-II and ST-I microcapsules, the difference between 10 wt% and 30 wt% 

microcapsule loading was insignificant (95% confidence interval, two-tailed t-test). Resins with 

ST-I microcapsules showed a significant enhancement in strength compared with resins with SF-

I, SF-II and ST-II microcapsules at 20 wt% loading level (95% confidence interval, two-tailed t-

test). This implies that the ST-I microcapsules’ structure is beneficial for tensile property 

improvement.  

 

Figure 34. Effect of microcapsule loading on the resin toughness in self-healing efficiency tests. 

 

Figure 34 depicts the effect of different microcapsule loadings on the toughness of resins in 

self-healing efficiency tests. Resins loaded with SF-I microcapsules show little enhancement at all 
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loading levels while resins with SF-II, ST-I, and ST-II microcapsules greatly improve resin 

toughness at 20 wt% loading compared to the control group (virgin resins) at 95% confidence 

interval using a t-test. The sharp drops in the toughness of resins containing SF-II, ST-I, and ST-

II microcapsules indicate that the addition of microcapsules compromises resin toughness. 

Similarly, it can be observed that ST-I microcapsules can enhance resin toughness even at a low 

loading (10 wt%). One possible explanation is that the porous micro-spherical structure of ST-I 

may act as a buffer to absorb the energy generated by the impact of a microcrack. Additionally, 

the porous microspheres of ST-I have larger contacting areas (outer spheres as well as inner 

spheres) than those of the other three types of microcapsules. This indicates ST-I microcapsules’ 

potential as reinforcement fillers. 

 

Figure 35. Effect of microcapsule loading on the resin Young’s modulus values obtained from 

the tensile tests. 

 

Figure 35 depicts the effect of microcapsule loading on resin Young’s modulus values obtained 

from the tensile tests.  Resins loaded with SF-I microcapsules showed no sign of improvement in 
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the Young’s modulus. On the contrary, the Young’s modulus dropped from 25.14 MPa to 7.1 MPa 

with the addition of microcapsules from 5 wt% to 15 wt%, respectively. These results are 

consistent with the SEM analysis (Figure 29) in which the clean surfaces of intact microcapsules 

were seen at the fracture surfaces. These results suggest that SF-I microcapsules are not bonded 

and more likely to act as defects and hence reduce the properties. It can be observed that Young’s 

moduli of all SPI resins containing SF-II, ST-I, and ST-II microcapsules increased significantly 

compared to the control resin for microcapsule loading of up to 20 wt%. Again, it is possible that 

this improvement is due to the GBC layer on the microcapsule shell. The GBC coating boosts 

microcapsule/resin interfacial bonding and the reinforcement provided by the elongated 

microcapsules. The moduli of resins loaded with SF-II, ST-I and ST-II decreased sharply with 

higher microcapsule loading of 30% (95% confidence interval, two-tailed t-test). These results 

suggest that at higher loading microcapsules start to aggregate. 

4.3.3 Self-healing tests  

Statistical analysis was performed via the two-tailed unequal variance t-test. The 95% 

confidence interval was chosen. Data are shown as means ± standard deviation. 
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Figure 36. Self-healing efficiencies of SPI resins as a function of microcapsule loadings: (a) self-

healing efficiency based on strength recovery (resin failure load); (b) self-healing efficiency based 

on toughness recovery  

 

Figure 36 shows the self-healing efficiencies of SPI resins with different microcapsules and as 

a function of microcapsule loadings. Almost all resins with microcapsules showed improved self-

healing efficiency in terms of strength recovery (Figure 36 (a)) as well as toughness recovery 

(Figure 36 (a)). Resins loaded with 15 wt% of SF-I microcapsules displayed highest self-healing 

efficiency (strength recovery) of 47.4% compared to 14.0% for virgin resin, and 62.9% toughness 

recovery compared to 23.9% of virgin resin. However, the higher self-healing efficiency of 

composites with SF-I may be a result of the significantly reduced mechanical properties with the 

addition of microcapsules. Considering what has been discussed earlier (in section 4.3.2), it seems 

that SF-I microcapsules act as defects in the resins and degrade their mechanical properties. As a 

result, it can be concluded that SF-I microcapsules are not suitable as self-healing filler in this case.  

Resins containing SF-II microcapsules, presented in Figure 36, showed no significant 

improvement in self-healing efficiency when loading was increased from 20 wt% (42.6%) to 30 

wt% (44.8%) in terms of strength recovery, and 20 wt% (38.9%) and 30 wt% (40.6%) in terms of 

toughness recovery. Resins containing ST-II microcapsules, presented in Figure 36 (b), showed 

(a) (b) 
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significantly higher self-healing efficiencies of up to about 44.8% (strength recovery) and 58.8% 

(toughness recovery).  

As expected, SPI resins with higher microcapsule loadings showed higher self-healing 

efficiencies, except for resins that contained ST-I microcapsules. This inconsistency with ST-I 

microcapsules could be attributed to the mismatch of the enhanced mechanical properties and 

decreased healing ability. As discussed in section 4.3.2, ST-I microcapsules exhibited high 

potential in improving both resin strength and resin toughness. However, ST-I microcapsules have 

shown low protein-loading of only 2.3 wt%. One major reason is that the majority of them were 

holey and could not retain any healant. Clearly, this lack of healant availability prevents resins 

from restoring their mechanical properties, i.e., self-healing. In ST-I microcapsules, the healant 

was only 2.3 wt% of the ST-I microcapsules, compared to 10 wt% for ST-II microcapsules. On 

the other hand, it is clear that the understanding of the correlation between different microcapsule 

loadings and their impacts on the initial mechanical properties is of great significance (95% 

confidence interval, two-tailed t-test). This is especially true when comparing self-healing 

efficiencies at different loadings. By comparing all results presented in Figure 36, it can be 

concluded that the increase of self-healing efficiencies for ST-I microcapsules is at the expense of 

load at break or strength of the resins. 

Both SF-II and ST-II contain elongated microcapsules. Resins with these two microcapsules 

showed comparable strength recovery at 30 wt% loading. It might result from the relatively high 

protein loading (9.57 wt% and 10.02 wt% respectively) which provides better self-healing ability 

in addition to the elongated morphology of the microcapsules. Composites with ST-II resulted in 

slightly higher toughness recovery at the loading level of 30 wt%, which might be attributed to the 

better ability to bridging fracture surfaces due to the presence of GBC. In the case of soy protein-
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based resins, an earlier study by Kim and Netravali had shown higher self-healing efficiencies of 

up to 48% 76. Some earlier research also reported self-healing efficiency of fracture stress as high 

as 72% in the case of zein resin 49. Other than protein-based resins, starch-based self-healing resins 

have also been reported to show up to 66% recovery 50. The present study showed that adding 

GBC to SPI improves the self-efficiencies up to 47% (strength recovery) and 63% (toughness 

recovery). However, there is still a significant scope to improve the self-healing efficiency by 

increasing the healant (protein + GBC) loading in the microcapsules, further improving the aspect 

ratios of microcapsules and by obtaining better covering of the microcapsule shells by GBC. 
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CHAPTER 5 CONCLUSIONS 

The main goal of this project was to design a soy protein-based green self-healing resin. In 

developing the resin many associated tasks including characterization of morphology, shape/size 

and protein loading of microcapsules, incorporation of bacterial cellulose in microcapsules, 

chemical analysis, characterization of resin mechanical properties and evaluation of self-healing 

efficiencies as a function of types of microcapsules and their loadings were carried out. Many 

conclusions reached from this study are presented below. 

❖ The syringe-filter method used to obtain SF-I microcapsules resulted in a 

narrow size range between 0.5 μm and 1.8 μm.  

❖ Interesting shapes of microcapsules, for instance, elongated, elliptical, dog-

bone and rod-like microcapsules were produced using both the syringe-filter 

method and the spraying technique which turned out to be favorable in terms of 

resin reinforcement. The aspect ratios of the elongated capsules were as high as 50.  

❖ ST-I microcapsules containing holey microspheres showed outstanding 

impact on the mechanical property enhancement of the resin even though the 

healing-efficiency was considerably low because of lower protein-loading.  

❖ Ground bacterial cellulose (GBC) showed high aspect-ratio in spite of ball 

milling. This, however, proved to be beneficial in the preparation of microcapsules. 

GBC-coated microcapsules showed better microcapsule/resin adhesion when 

embedded in resins than those that were prepared without GBC. This was because 

of the increased surface roughness of the microcapsules provided by the GBC 
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cover/coating. Moreover, GBC fibers present inside microcapsules created a strong 

composite (GBC/SPI) healant that resulted in significant improvement in the 

bridging of fractured surfaces with the help of the so-called Coandă effect. 

❖ Self-healing efficiencies of up to 47.4% in fracture strength and 62.9% in 

fracture toughness were obtained. This suggests that there is significant scope to 

improve these efficiencies by increasing both protein and GBC loading in the 

microcapsules as well as by improving the microcapsule shapes. 

❖ It was observed that for resins loaded with SF-II and ST-II microcapsules, 

increased microcapsule-loading from 10 wt% to 20 wt% resulted in enhanced 

fracture toughness self-healing efficiencies. Additional 10 wt% of microcapsules 

resulted in the improvement of self-healing efficiencies only at the expense of resin 

fracture toughness.  

❖ SF-I microcapsules showed little positive impact on the mechanical 

performance of the resins which was probably because of the weak 

microcapsule/resin adhesion.  

❖ SPI resins containing ST-I microcapsules demonstrated the lowest self-

healing efficiency in terms of strength recovery among all four types of 

microcapsules prepared in this study. This was because of their lowest protein 

loading, a result of holey microspheres that were unable to retain the healant (SPI).  

❖ Both syringe-filter and spraying techniques were successful in making 

elongated microcapsules. 

❖ The ST-II microcapsules exhibited higher toughness recovery, 58.8% 

compared to 40.6% for resins containing SF-I microcapsules and resulted in higher 
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mechanical strength of the resin. This was because of the improved bridging of 

fracture surfaces as well as increased microcapsule/resin interfacial adhesion.  
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CHAPTER 6 FUTURE SUGGESTIONS 

The use of petrochemical polymers/resins such as epoxy or esters dominates the area of self-

healing materials. The exploration of self-healing green materials provides a new direction for the 

solution to the petroleum shortage that is expected to hit us in the near future. In addition, since 

plant-based green materials are fully compostable, they can help solve the waste disposal problem 

created by non-degradable conventional polymers and composites. The development of green 

materials that have self-healing characteristics has not been fully researched because they have 

been recently introduced. However, many natural polymers suffer from microcracking just as 

much as the conventional polymers do. Research efforts have just begun to provide many 

functionalities to natural materials including self-healing. It can be expected that successfully 

combining green materials and self-healing characteristics would further promote their 

applications and reduce the reliance on petroleum-based products and, thus, release the burden on 

the environment. To realize this goal, additional research and efforts are needed to improve the 

mechanical performance and self-healing efficiencies while minimizing the cost of producing 

green self-healing materials. The present work has revealed several problems that may be 

addressed in the future. 

❖ To increase self-healing efficiency, a higher concentration of protein 

solution is required so that the shrinkage of a solidified healing agent can be 

reduced, and the timing of crosslinking can be shortened as well. In this study, 15% 

of SPI-water solution seemed to be the highest possible concentration of SPI in 

water with good fluidity. This is, however, not high enough to provide enough SPI 

healant, especially when compared to epoxies where monomers are used as healant 
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with a concentration of 100%. Therefore, finding a substitute solvent or other 

healing agents which can give higher concentrations and excellent flowability is 

necessary. 

❖ One of the problems in the preparation of microcapsules in this work is that 

it is difficult to stabilize the emulsion used for more than 30 min, which makes it 

harder for scaling up or industrialization. It would be of great help to discover a 

way to form a stable emulsion. 

❖ Natural green materials commonly suffer from drawbacks such as low 

mechanical properties and are also susceptible to moisture which makes mechanical 

reinforcement and moisture-control modifications necessary. Therefore, 

modifications that can increase moisture-resistance are necessary. However, 

making them fully hydrophobic can reduce their biodegradation characteristic. 

❖ In order to lower the cost of producing green self-healing materials, further 

studies need to focus on scaling up the production. This will be the key to get these 

products into the market fast. 

  



 

 

78 

 

REFERENCES 

1.  Johnson LA, Myers DJ. Chapter 21 - Industrial Uses for Soybeans. In: Erickson DR, ed. 

Practical Handbook of Soybean Processing and Utilization. AOCS Press; 1995:380-427. 

doi:10.1016/B978-0-935315-63-9.50025-5 

2.  Hatate Y, Ohta H, Uemura Y, Ijichi K, Yoshizawa H. Preparation of monodispersed 

polymeric microspheres for toner particles by the shirasu porous glass membrane 

emulsification technique. Journal of Applied Polymer Science. 1997;64(6):1107-1113. 

doi:10.1002/(SICI)1097-4628(19970509)64:6<1107::AID-APP10>3.0.CO;2-T 

3.  Joseph S, Bunjes H. Evaluation of Shirasu Porous Glass (SPG) membrane emulsification 

for the preparation of colloidal lipid drug carrier dispersions. European Journal of 

Pharmaceutics and Biopharmaceutics. 2014;87(1):178-186. 

doi:10.1016/j.ejpb.2013.11.010 

4.  Sun G, Qi F, Wu J, Ma G, Ngai T. Preparation of Uniform Particle-Stabilized Emulsions 

Using SPG Membrane Emulsification. Langmuir. 2014;30(24):7052-7056. 

doi:10.1021/la500701a 

5.  Kukizaki M. Shirasu porous glass (SPG) membrane emulsification in the absence of shear 

flow at the membrane surface: Influence of surfactant type and concentration, viscosities 

of dispersed and continuous phases, and transmembrane pressure. Journal of Membrane 

Science. 2009;327(1-2):234-243. doi:10.1016/j.memsci.2008.11.026 

6.  Economic Impact Analysis of Proposed Section 5 Notice Requirements. U.S. 

Environmental Protection Agency, Office of Pesticides and Toxic Substances; 1980. 

7.  Ritchie H, Roser M. Plastic Pollution. Our World in Data. September 2018. 

8.       Ritchie H. How long before we run out of fossil fuels? Our World in Data. 2017 

9.  Geyer R, Jambeck JR, Law KL. Production, use, and fate of all plastics ever made. 

Science Advances. 2017;3(7):e1700782. doi:10.1126/sciadv.1700782 

10.  Production of soybeans in leading countries worldwide, 2012-2019 | Statistic. Statista. 

11.  Hull D, Clyne TW. An Introduction to Composite Materials. 2nd ed. Cambridge: 

Cambridge University Press; 1996. doi:10.1017/CBO9781139170130 

12.  Zipkin I. The Inorganic Composition of Bones and Teeth. In: Schraer H, ed. Biological 

Calcification: Cellular and Molecular Aspects. Boston, MA: Springer US; 1970:69-103. 

doi:10.1007/978-1-4684-8485-4_3 



 

 

79 

 

13.  Marshall DB, Ritter JE. Reliability of advanced structural ceramics and ceramic matrix 

composites - A review. Am Ceram Soc Bull; (United States). 1987;66:2. 

https://www.osti.gov/biblio/6324839. Accessed April 30, 2019. 

14.     Sommers A, Wang Q, Han X, T'Joen C, Park Y, Jacobi A. Ceramics and ceramic matrix 

composites for heat exchangers in advanced thermal systems—A review - ScienceDirect. 

February 18. 2010 

15.  Botelho EC, Silva RA, Pardini LC, Rezende MC. A review on the development and 

properties of continuous fiber/epoxy/aluminum hybrid composites for aircraft structures. 

Materials Research. 2006;9(3):247-256. doi:10.1590/S1516-14392006000300002 

16.  Spoelstra Marijn R., Monti Giorgio. FRP-Confined Concrete Model. Journal of 

Composites for Construction. 1999;3(3):143-150. doi:10.1061/(ASCE)1090-

0268(1999)3:3(143) 

17.  Van DJH. Continuous fiber tennis racquet. January 1974. 

https://patents.google.com/patent/US3787051A/en. 

18.  Fu S-Y, Feng X-Q, Lauke B, Mai Y-W. Effects of particle size, particle/matrix interface 

adhesion and particle loading on mechanical properties of particulate–polymer 

composites. Composites Part B: Engineering. 2008;39(6):933-961. 

doi:10.1016/j.compositesb.2008.01.002 

19.  Cho J, Joshi MS, Sun CT. Effect of inclusion size on mechanical properties of polymeric 

composites with micro and nano particles. Composites Science and Technology. 

2006;66(13):1941-1952. doi:10.1016/j.compscitech.2005.12.028 

20.  Sajjadi SA, Torabi Parizi M, Ezatpour HR, Sedghi A. Fabrication of A356 composite 

reinforced with micro and nano Al2O3 particles by a developed compocasting method and 

study of its properties. Journal of Alloys and Compounds. 2012;511(1):226-231. 

doi:10.1016/j.jallcom.2011.08.105 

21.  Adachi T, Osaki M, Araki W, Kwon S-C. Fracture toughness of nano- and micro-spherical 

silica-particle-filled epoxy composites. Acta Materialia. 2008;56(9):2101-2109. 

doi:10.1016/j.actamat.2008.01.002 

22.  Reddy AC. Impact of Particle Size on Dry Wear Formulation of AA2024/Titanium Nitride 

Macro-particle Metal Matrix Composites. 2011:5. 

23.  Zhao J, Yuan X, Zhou Y. Cutting performance and failure mechanisms of an 

Al2O3/WC/TiC micro- nano-composite ceramic tool. International Journal of Refractory 

Metals and Hard Materials. 2010;28(3):330-337. doi:10.1016/j.ijrmhm.2009.11.007 

24.  Jadhav RS, Hundiwale DG, Mahulikar PP. Synthesis and characterization of phenol–

formaldehyde microcapsules containing linseed oil and its use in epoxy for self-healing 



 

 

80 

 

and anticorrosive coating. Journal of Applied Polymer Science. 2011;119(5):2911-2916. 

doi:10.1002/app.33010 

25.  McIlroy DA, Blaiszik BJ, Caruso MM, White SR, Moore JS, Sottos NR. 

Microencapsulation of a Reactive Liquid-Phase Amine for Self-Healing Epoxy 

Composites. Macromolecules. 2010;43(4):1855-1859. doi:10.1021/ma902251n 

26.  Elleithy RH, Ali I, Ali MA, Al‐Zahrani SM. High density polyethylene/micro calcium 

carbonate composites: A study of the morphological, thermal, and viscoelastic properties. 

Journal of Applied Polymer Science. 2010;117(4):2413-2421. doi:10.1002/app.32142 

27.  Li W, Zhang R, Jiang N, Tnag X, Shi H, Zhang Y, Dong L, Zhang N. Composite 

macrocapsule of phase change materials/expanded graphite for thermal energy storage. 

Energy. 2013;57:607-614. doi:10.1016/j.energy.2013.05.007 

28.  Jiménez Reinosa J, Leret P, Álvarez-Docio CM, del Campo A, Fernández JF. 

Enhancement of UV absorption behavior in ZnO–TiO2 composites. Boletín de la 

Sociedad Española de Cerámica y Vidrio. 2016;55(2):55-62. 

doi:10.1016/j.bsecv.2016.01.004 

29.  Ahmed S, Jones FR. A review of particulate reinforcement theories for polymer 

composites. J Mater Sci. 1990;25(12):4933-4942. doi:10.1007/BF00580110 

30.  Nayak RK, Dash A, Ray BC. Effect of Epoxy Modifiers (Al2O3/SiO2/TiO2) on 

Mechanical Performance of epoxy/glass Fiber Hybrid Composites. Procedia Materials 

Science. 2014;6:1359-1364. doi:10.1016/j.mspro.2014.07.115 

31.  Albdiry MT, Yousif BF. Role of silanized halloysite nanotubes on structural, mechanical 

properties and fracture toughness of thermoset nanocomposites. Materials & Design. 

2014;57:279-288. doi:10.1016/j.matdes.2013.12.017 

32.  Lin C, Hu L, Cheng C, Sun K, Guo X, Shao Q, Li J, Wang N, Guo Z. Nano-

TiNb2O7/carbon nanotubes composite anode for enhanced lithium-ion storage. 

Electrochimica Acta. 2018;260:65-72. doi:10.1016/j.electacta.2017.11.051 

33.  Grunert M, Winter WT. Nanocomposites of Cellulose Acetate Butyrate Reinforced with 

Cellulose Nanocrystals. Journal of Polymers and the Environment. 2002;10(1):27-30. 

doi:10.1023/A:1021065905986 

34.  Brown EN, White SR, Sottos NR. Microcapsule induced toughening in a self-healing 

polymer composite. Journal of Materials Science. 2004;39(5):1703-1710. 

doi:10.1023/B:JMSC.0000016173.73733.dc 

35.  Gojny FH, Wichmann MHG, Köpke U, Fiedler B, Schulte K. Carbon nanotube-reinforced 

epoxy-composites: enhanced stiffness and fracture toughness at low nanotube content. 



 

 

81 

 

Composites Science and Technology. 2004;64(15):2363-2371. 

doi:10.1016/j.compscitech.2004.04.002 

36.  Azeredo HMC, Mattoso LHC, Avena-Bustillos RJ, Filho GC, Munford ML, Wood D, 

McHugh TH. Nanocellulose reinforced chitosan composite films as affected by nanofiller 

loading and plasticizer content. J Food Sci. 2010;75(1):N1-7. doi:10.1111/j.1750-

3841.2009.01386.x 

37.  Reddy VK, Reddy AC. Role of Reinforcing Particle Size in the Wear Behavior of 

AA6061-Titanium Nitride Composites. 2013:5. 

38.     Fiedler B, Florian H, Wichmann MHG, Nolte MCM, Schulte K. Fundamental aspects of 

nano-reinforced composites - ScienceDirect. January 14, 2005;64(16):3115-3125. 

39.  Li R, Ye L, Mai Y-W. Application of plasma technologies in fibre-reinforced polymer 

composites: a review of recent developments. Composites Part A: Applied Science and 

Manufacturing. 1997;28(1):73-86. doi:10.1016/S1359-835X(96)00097-8 

40.  Bhattacharya M. Polymer Nanocomposites—A Comparison between Carbon Nanotubes, 

Graphene, and Clay as Nanofillers. Materials (Basel). 2016;9(4). doi:10.3390/ma9040262 

41.  Diesendruck CE, Sottos NR, Moore JS, White SR. Biomimetic Self-Healing. Angewandte 

Chemie International Edition. 2015;54(36):10428-10447. doi:10.1002/anie.201500484 

42.     Swapan Kumar Ghosh Self-healing materials: fundamentals, design strategies, and 

applications. (Wiley-VCH, 2009). 

43.  Rong MZ, Zhang MQ, Zhang W. A Novel Self-Healing Epoxy System with 

Microencapsulated Epoxy and Imidazole Curing Agent. Advanced Composites Letters. 

2007;16(5):096369350701600502. doi:10.1177/096369350701600502 

44.  Mauldin TC, Rule JD, Sottos NR, White SR, Moore JS. Self-healing kinetics and the 

stereoisomers of dicyclopentadiene. Journal of The Royal Society Interface. 

2007;4(13):389-393. doi:10.1098/rsif.2006.0200 

45.  Mauldin TC, Kessler MR. Self-healing polymers and composites. International Materials 

Reviews. 2010;55(6):317-346. doi:10.1179/095066010X12646898728408 

46.  White SR, Sottos NR, Geubelle PH, Moore JS, Kessler MR, Brown EN, Viswanathan S. 

Autonomic healing of polymer composites. Nature. 2001;409(6822):794. 

doi:10.1038/35057232 

47.  Zheludkevich ML, Tedim J, Freire CSR, Fernandes SCM, Kallip S, Lisenkov A, Gandini 

A, Ferreira MGS. Self-healing protective coatings with “green” chitosan based pre-layer 

reservoir of corrosion inhibitor. Journal of Materials Chemistry. 2011;21(13):4805. 

doi:10.1039/c1jm10304k 



 

 

82 

 

48.  Kim JR, Netravali AN. Self-healing green composites based on soy protein and 

microfibrillated cellulose. Composites Science and Technology. 2017;143:22-30. 

doi:10.1016/j.compscitech.2017.02.030 

49.  Souzandeh H, Netravali AN. Self-healing of ‘green’ thermoset zein resins with irregular 

shaped waxy maize starch-based/poly(D,L-lactic-co-glycolic acid) microcapsules. 

Composites Science and Technology. 2019;183:107831. 

doi:10.1016/j.compscitech.2019.107831 

50.  Kim JR, Netravali AN. Self-healing starch-based ‘green’ thermoset resin. Polymer. 

2017;117:150-159. doi:10.1016/j.polymer.2017.04.026 

51.  García MC, Torre M, Marina ML, Laborda F. Composition and characterization of 

soyabean and related products. Crit Rev Food Sci Nutr. 1997;37(4):361-391. 

doi:10.1080/10408399709527779 

52.  DeFrates KG, Moore R, Borgesi J, Lin G, Mulderig T, Beachlev V, Hu X. Protein-Based 

Fiber Materials in Medicine: A Review. Nanomaterials (Basel). 2018;8(7). 

doi:10.3390/nano8070457 

53.  Mohsen SM, Fadel HHM, Bekhit MA, Edris AE, Ahmed MYS. Effect of substitution of 

soy protein isolate on aroma volatiles, chemical composition and sensory quality of wheat 

cookies. International Journal of Food Science & Technology. 2009;44(9):1705-1712. 

doi:10.1111/j.1365-2621.2009.01978.x 

54.  Chove BE, Grandison AS, Lewis MJ. Emulsifying properties of soy protein isolate 

fractions obtained by isoelectric precipitation. Journal of the Science of Food and 

Agriculture. 2001;81(8):759-763. doi:10.1002/jsfa.877 

55.  Jiang J, Chen J, Xiong YL. Structural and Emulsifying Properties of Soy Protein Isolate 

Subjected to Acid and Alkaline pH-Shifting Processes. J Agric Food Chem. 

2009;57(16):7576-7583. doi:10.1021/jf901585n 

56.  Freitas MLF, Albano KM, Telis VRN, Freitas MLF, Albano KM, Telis VRN. 

Characterization of biopolymers and soy protein isolate-high-methoxyl pectin complex. 

Polímeros. 2017;27(1):62-67. doi:10.1590/0104-1428.2404 

57.  Kitabatake N, Tahara M, Doi E. Denaturation Temperature of Soy Protein under Low 

Moisture Conditions. Agricultural and Biological Chemistry. 1989;53(4):1201-1202. 

doi:10.1080/00021369.1989.10869430 

58.  Wolf WJ. Sulfhydryl content of glycinin:  effect of reducing agents. J Agric Food Chem. 

1993;41(2):168-176. doi:10.1021/jf00026a004 



 

 

83 

 

59.  Hemmler D, Roullier-Gall C, Marshall JW, Rychlik M, Taylor AJ, Schmitt-Kopplin P. 

Insights into the Chemistry of Non-Enzymatic Browning Reactions in Different Ribose-

Amino Acid Model Systems. Sci Rep. 2018;8(1):1-10. doi:10.1038/s41598-018-34335-5 

60.     Monnier VM. Toward a Maillard reaction theory of aging. - Abstract - Europe 

PMC.1988;304:1-22 

61.  Dills WL. Protein fructosylation: fructose and the Maillard reaction. Am J Clin Nutr. 

1993;58(5):779S-787S. doi:10.1093/ajcn/58.5.779S 

62.  Nagaraj RH, Shipanova IN, Faust FM. Protein Cross-linking by the Maillard Reaction: 

ISOLATION, CHARACTERIZATION, AND IN VIVO DETECTION OF A LYSINE-

LYSINE CROSS-LINK DERIVED FROM METHYLGLYOXAL. Journal of Biological 

Chemistry. 1996;271(32):19338-19345. doi:10.1074/jbc.271.32.19338 

63.     Cross Linking, Protein Modification &Protein Sample Preparation Handbook. 

https://www.GBiosciences.com 

64.  Migneault I, Dartiguenave C, Bertrand MJ, Waldron KC. Glutaraldehyde: behavior in 

aqueous solution, reaction with proteins, and application to enzyme crosslinking. 

BioTechniques. 2004;37(5):790-802. doi:10.2144/04375RV01 

65.  Wongkanya R, Chuysinuan P, Pengsuk C, Techasakui S, Lirprapamongkoi K, Svasti J, 

Nooeaid P. Electrospinning of alginate/soy protein isolated nanofibers and their release 

characteristics for biomedical applications. Journal of Science: Advanced Materials and 

Devices. 2017;2(3):309-316. doi:10.1016/j.jsamd.2017.05.010 

66.  Ma G, Fang D, Liu Y, Zhu X, Nie J. Electrospun sodium alginate/poly(ethylene oxide) 

core–shell nanofibers scaffolds potential for tissue engineering applications. Carbohydrate 

Polymers. 2012;87(1):737-743. doi:10.1016/j.carbpol.2011.08.055 

67.  Zhao S, Yao J, Fei X, Shao Z, Chen X. An antimicrobial film by embedding in situ 

synthesized silver nanoparticles in soy protein isolate. Materials Letters. 2013;95:142-144. 

doi:10.1016/j.matlet.2012.12.106 

68.  Peles Z, Binderman I, Berdicevsky I, Zilberman M. Soy protein films for wound-healing 

applications: antibiotic release, bacterial inhibition and cellular response: Soy protein 

films for wound healing applications. Journal of Tissue Engineering and Regenerative 

Medicine. 2013;7(5):401-412. doi:10.1002/term.536 

69.  Chien KB, Chung EJ, Shah RN. Investigation of soy protein hydrogels for biomedical 

applications: materials characterization, drug release, and biocompatibility. J Biomater 

Appl. 2014;28(7):1085-1096. doi:10.1177/0885328213497413 



 

 

84 

 

70.  DeFrates K, Markiewicz T, Gallo P, Rack A, Weyhmiller A, Jarmusik B, Hu X. Protein 

Polymer-Based Nanoparticles: Fabrication and Medical Applications. International 

Journal of Molecular Sciences. 2018;19(6):1717. doi:10.3390/ijms19061717 

71.  Lubasova D, Netravali A, Parker J, Ingel B. Bacterial filtration efficiency of green soy 

protein based nanofiber air filter. J Nanosci Nanotechnol. 2014;14(7):4891-4898. 

doi:10.1166/jnn.2014.8729 

72.  Vnučec D, Kutnar A, Goršek A. Soy-based adhesives for wood-bonding – a review. 

Journal of Adhesion Science and Technology. 2017;31(8):910-931. 

doi:10.1080/01694243.2016.1237278 

73.  Liu Y, Li K. Chemical Modification of Soy Protein for Wood Adhesives. Macromolecular 

Rapid Communications. 2002;23(13):739-742. doi:10.1002/1521-

3927(20020901)23:13<739::AID-MARC739>3.0.CO;2-0 

74.  Lodha P, Netravali AN. Characterization of interfacial and mechanical properties of 

“green” composites with soy protein isolate and ramie fiber. Journal of Materials Science. 

2002;37(17):3657-3665. doi:10.1023/A:1016557124372 

75.  Mansoori E, Behzad T, Shafieizadegan‐Esfahani AR. Preparation and characterization of 

corn starch/soy protein biocomposite film reinforced with graphene and graphene oxide 

nanoplatelets. Polymers for Advanced Technologies. 0(0). doi:10.1002/pat.4657 

76.  Kim JR, Netravali AN. Self-Healing Properties of Protein Resin with Soy Protein Isolate-

Loaded Poly(d,l-lactide-co-glycolide) Microcapsules. Advanced Functional Materials. 

2016;26(26):4786-4796. doi:10.1002/adfm.201600465 

77.  Blaiszik BJ, Kramer SLB, Olugebefola SC, Moore JS, Sottos NR, White SR. Self-Healing 

Polymers and Composites. Annual Review of Materials Research. 2010;40(1):179-211. 

doi:10.1146/annurev-matsci-070909-104532 

78.  Hansen CJ, Wu W, Toohey KS, Sottos NR, White SR, Lewis JA. Self-Healing Materials 

with Interpenetrating Microvascular Networks. Advanced Materials. 2009;21(41):4143-

4147. doi:10.1002/adma.200900588 

79.  Kosarli M, Bekas DG, Tsirka K, Baltzis D, Vaimakis-Tsogkas ST, Orfanidis S, 

Papavassiliou G, Paipetis AS. Microcapsule-based self-healing materials: Healing 

efficiency and toughness reduction vs. capsule size. Composites Part B: Engineering. 

2019;171:78-86. doi:10.1016/j.compositesb.2019.04.030 

80.  Tezel Ö, Çiğil AB, Kahraman MV. Design and development of self-healing coating based 

on thiol–epoxy reactions. Reactive and Functional Polymers. 2019;142:69-76. 

doi:10.1016/j.reactfunctpolym.2019.06.004 



 

 

85 

 

81.  Norris CJ, Bond IP, Trask RS. Interactions between propagating cracks and bioinspired 

self-healing vascules embedded in glass fibre reinforced composites. Composites Science 

and Technology. 2011;71(6):847-853. doi:10.1016/j.compscitech.2011.01.027 

82.  Kim JR, Netravali AN. Parametric study of protein-encapsulated microcapsule formation 

and effect on self-healing efficiency of ‘green’ soy protein resin. Journal of Materials 

Science. 2017;52(6):3028-3047. doi:10.1007/s10853-016-0588-y 

83.  Freitas S, Merkle HP, Gander B. Microencapsulation by solvent extraction/evaporation: 

reviewing the state of the art of microsphere preparation process technology. Journal of 

Controlled Release. 2005;102(2):313-332. doi:10.1016/j.jconrel.2004.10.015 

84.  Blaiszik BJ, Caruso MM, McIlroy DA, Moore JS, White SR, Sottos NR. Microcapsules 

filled with reactive solutions for self-healing materials. Polymer. 2009;50(4):990-997. 

doi:10.1016/j.polymer.2008.12.040 

85.  Guo M, Li W, Han N, Wang J, Su J, Li J, Zhang X. Novel Dual-Component 

Microencapsulated Hydrophobic Amine and Microencapsulated Isocyanate Used for Self-

Healing Anti-Corrosion Coating. Polymers (Basel). 2018;10(3). 

doi:10.3390/polym10030319 

86.  Li Q, Siddaramaiah, Kim NH, Hui D, Lee JH. Effects of dual component microcapsules of 

resin and curing agent on the self-healing efficiency of epoxy. Composites Part B: 

Engineering. 2013;55:79-85. doi:10.1016/j.compositesb.2013.06.006 

87.  Li J, Hu Y, Qiu H, Yang G, Zheng S, Yang J. Coaxial electrospun fibres with graphene 

oxide/PAN shells for self-healing waterborne polyurethane coatings. Progress in Organic 

Coatings. 2019;131:227-231. doi:10.1016/j.porgcoat.2019.02.033 

88.  Su J-F, Zhang X-L, Guo Y-D, Wang XF. Experimental observation of the vascular self-

healing hollow fibers containing rejuvenator states in bitumen. Construction and Building 

Materials. 2019;201:715-727. doi:10.1016/j.conbuildmat.2019.01.001 

89.  Postiglione G, Alberini M, Leigh S, Levi M, Turri S. Effect of 3D-Printed Microvascular 

Network Design on the Self-Healing Behavior of Cross-Linked Polymers. ACS Appl 

Mater Interfaces. 2017;9(16):14371-14378. doi:10.1021/acsami.7b01830 

90.  Lim D, Kamotani Y, Cho B, Mazumder J, Takayama S. Fabrication of microfluidic mixers 

and artificial vasculatures using a high-brightness diode-pumped Nd:YAG laser direct 

write method. Lab Chip. 2003;3(4):318-323. doi:10.1039/b308452c 

91.  Toohey KS, Sottos NR, Lewis JA, Moore JS, White SR. Self-healing materials with 

microvascular networks. Nat Mater. 2007;6(8):581-585. doi:10.1038/nmat1934 



 

 

86 

 

92.  Eslami-Farsani R, Khalili SMR, Khademoltoliati A, Saeedi A. Tensile and creep behavior 

of microvascular based self-healing composites: Experimental study. Mechanics of 

Advanced Materials and Structures. 2019;0(0):1-7. doi:10.1080/15376494.2019.1567882 

93.  Pang JWC, Bond IP. A hollow fibre reinforced polymer composite encompassing self-

healing and enhanced damage visibility. Composites Science and Technology. 

2005;65(11-12):1791-1799. doi:10.1016/j.compscitech.2005.03.008 

94.  Zako M, Takano N. Intelligent Material Systems Using Epoxy Particles to Repair 

Microcracks and Delamination Damage in GFRP. Journal of Intelligent Material Systems 

and Structures. 1999;10(10):836-841. doi:10.1106/YEIH-QUDH-FC7W-4QFM 

95.  Scheltjens G, Diaz MM, Brancart J, Van Assche G, Van Mele B. A self-healing polymer 

network based on reversible covalent bonding. Reactive and Functional Polymers. 

2013;73(2):413-420. doi:10.1016/j.reactfunctpolym.2012.06.017 

96.  Tanasi P, Hernández Santana M, Carretero-González J, Verdejo R, López-Manchado MA. 

Thermo-reversible crosslinked natural rubber: A Diels-Alder route for reuse and self-

healing properties in elastomers. Polymer. 2019;175:15-24. 

doi:10.1016/j.polymer.2019.04.059 

97.  Wang C, Lin B, Zhu H, Bi F, Xiao S, Wang L, Gai G, Zhao L. Recent Advances in 

Phenylboronic Acid-Based Gels with Potential for Self-Regulated Drug Delivery. 

Molecules. 2019;24(6):1089. doi:10.3390/molecules24061089 

98.  Hu M, Wang J, Liu J, Wang P. A flour-based one-stop supercapacitor with intrinsic self-

healability and stretchability after self-healing and biodegradability. Energy Storage 

Materials. December 2018. doi:10.1016/j.ensm.2018.12.013 

99.  Wang Y, Liu Q, Li J, Zhang G, Sun R, Wong CP. UV-triggered self-healing polyurethane 

with enhanced stretchability and elasticity. Polymer. 2019;172:187-195. 

doi:10.1016/j.polymer.2019.03.045 

100.  Liu Y-L, Chuo T-W. Self-healing polymers based on thermally reversible Diels–Alder 

chemistry. Polymer Chemistry. 2013;4(7):2194-2205. doi:10.1039/C2PY20957H 

101.  Zhang H, Hou C, Song L, Ma Y, Gu J, Zhang B, Zhang H, Zhang Q. A stable 3D sol-gel 

network with dangling fluoroalkyl chains and rapid self-healing ability as a long-lived 

superhydrophobic fabric coating. Chemical Engineering Journal. 2018;334:598-610. 

doi:10.1016/j.cej.2017.10.036 

102.  Martínez-Pañeda E, Gallego R. Numerical analysis of quasi-static fracture in functionally 

graded materials. Int J Mech Mater Des. 2015;11(4):405-424. doi:10.1007/s10999-014-

9265-y 



 

 

87 

 

103.  Rule JD, Sottos NR, White SR. Effect of microcapsule size on the performance of self-

healing polymers. Polymer. 2007;48(12):3520-3529. doi:10.1016/j.polymer.2007.04.008 

104.  Hon DN-S, Shiraishi N. Wood and Cellulosic Chemistry. New York: M. Dekker; 1990. 

105. Ioelovich, M. Study of Cellulose Interaction with Concentrated Solutions of Sulfuric Acid. 

ISRN Chemical Engineering  (2012) 

106.  Lu P, Hsieh Y-L. Preparation and properties of cellulose nanocrystals: Rods, spheres, and 

network. Carbohydrate Polymers. 2010;82(2):329-336. doi:10.1016/j.carbpol.2010.04.073 

107.  Horst DJ, Behainne JJR, Petter RR. Analysis of Hydrolysis Yields by Using Different 

Acids for Bioethanol Production from Brazilian Woods. XVII International Conference on 

Industrial Engineering and Operations Management. 2011:14. 

108.  Hutomo GS, Rahim A, Kadir S. The Effect of Sulfuric and Hydrochloric Acid on 

Cellulose Degradation from Pod Husk Cacao. 2015:7. 

109.  Liu Y, Wang H, Yu G, Yu Q, Li B, Mu X. A novel approach for the preparation of 

nanocrystalline cellulose by using phosphotungstic acid. Carbohydrate Polymers. 

2014;110:415-422. doi:10.1016/j.carbpol.2014.04.040 

110.  Tang Y, Shen X, Zhang J, Guo D, Kong F, Zhang N. Extraction of cellulose nano-crystals 

from old corrugated container fiber using phosphoric acid and enzymatic hydrolysis 

followed by sonication. Carbohydrate Polymers. 2015;125:360-366. 

doi:10.1016/j.carbpol.2015.02.063 

111.  Sun Y, Lin L, Pang C, Deng H, Peng H, Li J, He B, Liu S. Hydrolysis of Cotton Fiber 

Cellulose in Formic Acid. Energy Fuels. 2007;21(4):2386-2389. doi:10.1021/ef070134z 

112.  Olaru N, Andriescu A, Olaru L. On the hydrolysis of cellulose acetate in toluene/acetic 

acid/water system. European Polymer Journal. 2001;37(4):865-867. doi:10.1016/S0014-

3057(00)00183-X 

113.  Kootstra AMJ, Beeftink HH, Scott EL, Sanders JPM. Comparison of dilute mineral and 

organic acid pretreatment for enzymatic hydrolysis of wheat straw. Biochemical 

Engineering Journal. 2009;46(2):126-131. doi:10.1016/j.bej.2009.04.020 

114.  Beltramino F, Blanca Roncero M, Vidal T, Valls C. A novel enzymatic approach to 

nanocrystalline cellulose preparation. Carbohydrate Polymers. 2018;189:39-47. 

doi:10.1016/j.carbpol.2018.02.015 

115.  Kang X, Kuga S, Wang C, Zhao Y, Wu M, Huang Y. Green Preparation of Cellulose 

Nanocrystal and Its Application. ACS Sustainable Chemistry & Engineering. 

2018;6(3):2954-2960. doi:10.1021/acssuschemeng.7b02363 



 

 

88 

 

116.  Li W, Yue J, Liu S. Preparation of nanocrystalline cellulose via ultrasound and its 

reinforcement capability for poly(vinyl alcohol) composites. Ultrasonics Sonochemistry. 

2012;19(3):479-485. doi:10.1016/j.ultsonch.2011.11.007 

117.  Wang Y, Wei X, Li J, Wang F, Wang Q, Chen J Kong L. Study on nanocellulose by high 

pressure homogenization in homogeneous isolation. Fibers Polym. 2015;16(3):572-578. 

doi:10.1007/s12221-015-0572-1 

118.  Ulbrich M, Flöter E. Impact of high pressure homogenization modification of a cellulose 

based fiber product on water binding properties. Food Hydrocolloids. 2014;41:281-289. 

doi:10.1016/j.foodhyd.2014.04.020 

119.  Elazzouzi-Hafraoui S, Nishiyama Y, Putaux J-L, Heux L, Dubreuil F, Rochas C. The 

Shape and Size Distribution of Crystalline Nanoparticles Prepared by Acid Hydrolysis of 

Native Cellulose. Biomacromolecules. 2008;9(1):57-65. doi:10.1021/bm700769p 

120.  Dufresne A. Nanocellulose: a new ageless bionanomaterial. Materials Today. 

2013;16(6):220-227. doi:10.1016/j.mattod.2013.06.004 

121.  Owens DE, Peppas NA. Opsonization, biodistribution, and pharmacokinetics of polymeric 

nanoparticles. International Journal of Pharmaceutics. 2006;307(1):93-102. 

doi:10.1016/j.ijpharm.2005.10.010 

122. Zainuddin N. Ahmad I, Kargarzadeh H, Ramli S. Hydrophobic kenaf nanocrystalline 

cellulose for the binding of curcumin. Carbohydrate Polymers 163, 261–269 (2017). 

123.  Cao S-L, Huang Y-M, Li X-H, Xu P, Wu H, Li N, Lou W-Y, Zong M-H. Preparation and 

Characterization of Immobilized Lipase from Pseudomonas Cepacia onto Magnetic 

Cellulose Nanocrystals. Scientific Reports. 2016;6(1). doi:10.1038/srep20420 

124.  Alkhatib Y, Dewaldt M, Moritz S, Nitzsche R, Kralisch D, Fischer D. Controlled extended 

octenidine release from a bacterial nanocellulose/Poloxamer hybrid system. European 

Journal of Pharmaceutics and Biopharmaceutics. 2017;112:164-176. 

doi:10.1016/j.ejpb.2016.11.025 

125.  Pötzinger Y, Rahnfeld L, Kralisch D, Fischer D. Immobilization of plasmids in bacterial 

nanocellulose as gene activated matrix. Carbohydrate Polymers. 2019;209:62-73. 

doi:10.1016/j.carbpol.2019.01.009 

126.  Favier V, Chanzy H, Cavaille JY. Polymer Nanocomposites Reinforced by Cellulose 

Whiskers. Macromolecules. 1995;28(18):6365-6367. doi:10.1021/ma00122a053 

127.  Ferreira FV, Dufresne A, Pinheiro IF, Souza DHS, Gouveia RF, Mei LHI, Lona LMF. 

How do cellulose nanocrystals affect the overall properties of biodegradable polymer 

nanocomposites: A comprehensive review. European Polymer Journal. 2018;108:274-

285. doi:10.1016/j.eurpolymj.2018.08.045 



 

 

89 

 

128.  Peng B, Tang J, Wang P, Luo J, Xiao P, Lin Y, Tam KC. Rheological properties of 

cellulose nanocrystal-polymeric systems. Cellulose. 2018;25(6):3229-3240. 

doi:10.1007/s10570-018-1775-6 

129.  Kaboorani A, Riedl B, Blanchet P, Fellin M, Hosseinaei O, Wang S. Nanocrystalline 

cellulose (NCC): A renewable nano-material for polyvinyl acetate (PVA) adhesive. 

European Polymer Journal. 2012;48(11):1829-1837. 

doi:10.1016/j.eurpolymj.2012.08.008 

130.  Aaen R, Brodin FW, Simon S, Heggset EB, Syverud K. Oil-in-Water Emulsions 

Stabilized by Cellulose Nanofibrils—The Effects of Ionic Strength and pH. Nanomaterials 

(Basel). 2019;9(2). doi:10.3390/nano9020259 

131.  Song X, Lin M, Song C, Shi Z, Zhang H. Pickering emulsion polymerization of styrene 

stabilized by nanocrystalline cellulose. Journal of Bioresources and Bioproducts. 

2018;Vol 3:2018-. doi:10.21967/jbb.v3i4.92 

132.  Mohammed N, Grishkewich N, Tam KC. Cellulose nanomaterials: promising sustainable 

nanomaterials for application in water/wastewater treatment processes. Environmental 

Science: Nano. 2018;5(3):623-658. doi:10.1039/C7EN01029J 

133.  Wang H, Zhu E, Yang J, Zhou P, Sun D, Tang W. Bacterial Cellulose Nanofiber-

Supported Polyaniline Nanocomposites with Flake-Shaped Morphology as Supercapacitor 

Electrodes. J Phys Chem C. 2012;116(24):13013-13019. doi:10.1021/jp301099r 

134.  Hu Z, Li S, Cheng P, Yu W. N,P-co-doped carbon nanowires prepared from bacterial 

cellulose for supercapacitor. J Mater Sci. 2016;51(5):2627-2633. doi:10.1007/s10853-015-

9576-x 

135.  Ravit R, Abdullah J, Ahmad I, Sulaiman Y. Electrochemical performance of poly(3, 4-

ethylenedioxythipohene)/nanocrystalline cellulose (PEDOT/NCC) film for supercapacitor. 

Carbohydrate Polymers. 2019;203:128-138. doi:10.1016/j.carbpol.2018.09.043 

136.  Pang Z, Yang Z, Chen Y, Zhang J, Wang Q, Huang F, Wei Q. A room temperature 

ammonia gas sensor based on cellulose/TiO2/PANI composite nanofibers. Colloids and 

Surfaces A: Physicochemical and Engineering Aspects. 2016;494:248-255. 

doi:10.1016/j.colsurfa.2016.01.024 

137.  Kafy A, Akther A, Shishir MdIR, Kim HC, Yun Y, Kim J. Cellulose nanocrystal/graphene 

oxide composite film as humidity sensor. Sensors and Actuators A: Physical. 

2016;247:221-226. doi:10.1016/j.sna.2016.05.045 

138.  Grishkewich N, Mohammed N, Tang J, Tam KC. Recent advances in the application of 

cellulose nanocrystals. Current Opinion in Colloid & Interface Science. 2017;29:32-45. 

doi:10.1016/j.cocis.2017.01.005 



 

 

90 

 

139.   ASTM E647-08, Standard Test Method for Measurement of Fatigue Crack Growth Rates, 

ASTM International, West Conshohocken, PA, 2008, www.astm.org 

140.  Hora MS, Rana RK, Nunberg JH, Tice TR, Gilley RM, Hudson ME. Release of human 

serum albumin from poly(lactide-co-glycolide) microspheres. Pharm Res. 

1990;7(11):1190-1194. doi:10.1023/a:1015948829632 

141.  Chawla N, Sidhu RS, Ganesh VV. Three-dimensional visualization and microstructure-

based modeling of deformation in particle-reinforced composites. Acta Materialia. 

2006;54(6):1541-1548. doi:10.1016/j.actamat.2005.11.027 

142.  Sun S-B, Liu P, Shao F-M, Miao Q-L. Formulation and evaluation of PLGA nanoparticles 

loaded capecitabine for prostate cancer. Int J Clin Exp Med. 2015;8(10):19670-19681. 

143.  Combs JD, Gonzalez CU, Wang C. Surface FTIR Techniques to Analyze the 

Conformation of Proteins/Peptides in H2O Environment. In: ; 2016. doi:10.4172/2161-

0398.1000202 

144.  Kumar V, Kumar M, Prasad R. Microbial Action on Hydrocarbons. Springer; 2018. 

145.  Prosanov IYu, Matvienko AA. Study of PVA thermal destruction by means of IR and 

Raman spectroscopy. Phys Solid State. 2010;52(10):2203-2206. 

doi:10.1134/S1063783410100318 

146.  AL-Asadi AA. Load Effect on Wall Attachment Fluidics Amplifier Performance. Iraqi 

Journal of Chemical and Petroleum Engineering. 2016;17(1):13-19. 

 


