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ABSTRACT 

Most materials currently used in 3D printing are non-renewable petroleum thermoplastics, 

which will not support the anticipated growth of 3D printing as the applications and demand of the 

industry continue to rapidly evolve. In this study, a cellulose-based soy biopolymer (CSBP) 

feedstock for 3D printing applications is developed. With cellulose-based products accounting for 

one third of Canada’s municipal solid waste, this provides both a solution to the growing problem 

of environmental pollution and global warming, as well as the need for sustainable materials in 3D 

printing. 

 A formulation of soy protein isolate, cellulose and additives has been developed to produce 

a print media to be used for extrusion 3D printing. A soy-protein component mixed with 

formulation additives allows for the creation of a self-curing binder, in combination with cellulose 

as a filler to improve the resulting mechanical properties. A synergistic combination of protein 

crosslinking, film formation and solvent evaporation is employed to create solid objects with 

CSBP. Most importantly, this formulation is composed entirely of generally regarded as safe 

(GRAS) formulation components to become an alternative for extrusion 3D printing that is 

biodegradable, non-toxic and has environmentally friendly synthesis. The material developed is 

paste-like in its uncured state and requires a syringe extrusion mechanism for applications in 3D 

printing. With CSBP established as a 3D printable material through a syringe-based mechanism, 

multiple physical characterizations are performed to characterize CSBP and provide insights on 

its overall properties. Furthermore, investigation of some preliminary end-user applications of 

CSBP were performed to provide insight into the future use of this new biomaterial. 

Collectively, this study developed and characterized the use of CSBP feedstock for 3D 

printing, capable of recycling paper into a new biomaterial. CSBP exhibited a variety of tunable 
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properties as a function of the curing conditions and time and was found to be naturally 

biodegradable and biocompatible. Preliminary applications in the adhesive and packaging 

industries as well as the creation of drug delivery systems were achieved with encouraging initial 

results. This work highlights a solution to global issues in both the recycling of paper waste and 

provide a sustainable pathway for the ever-expanding applications of 3D printing. 
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1. INTRODUCTION 

1.1 An Introduction to Additive Manufacturing (AM) 

 The creation of objects through the successive formation of layers is referred to as three 

dimensional (3D) printing or additive manufacturing (AM), and has become a widely popular 

technology in the last few decades.1 Unlike traditional forms of manufacturing that rely on 

techniques such as stamping or injection molding to create objects into a mold using force, AM 

instead creates physical objects through the continuous addition of material.1 The recent rise of 

interest in AM is due not only to the unique advantages and opportunities it presents in commercial 

industries, but also its potential applications in healthcare and immense research potential.1 

Compared to more traditional forms of manufacturing, AM has several unique advantages within 

the supply chain matrix such as resource efficiency, production flexibility and customizability. 

1) Material and Machine Efficiency 

AM offers a unique advantage in the supply chain through its efficiency of both materials 

and parts.1,2 Unlike processes such as sheeting or injection mold which often leave an excess of 

material once production is complete, AM processes are built layer-by-layer and therefore can 

greatly reduce wasted material.2 As a result of the layer-by-layer mechanism of AM, these 

processes are extremely efficient in their need for parts and alternate machinery.1 If we consider a 

traditional form of manufacturing such as the sheeting of metal, different machines are responsible 

for the curling, laser cutting, and punching during production.3 Furthermore, there are several other 

complimentary components such as coolants, fixtures, cutting tools and molds that are needed for 

continued production. AM does not require these additional resources and devices for production, 

providing much more efficient machine use.1,4 
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2) Production Flexibility and Customizability 

Production flexibility and the customization of products to fit consumer need and demand 

is made easy by AM processes, as products can be produced on a made-to-order basis.5 

Furthermore, this production flexibility may even greatly reduce the need for other types of costs 

for businesses such as inventory and warehouse space costs.4 Among this, the seamless 

customization of products allows for small quantity production of products such as prototypes, 

most importantly without the need for new auxiliary resources (such as molds).1,4 Some of the 

common processes used in different AM technologies are outlined in the following table: 

Table 1: Overview of Some Additive Manufacturing (AM) Technologies6 

Technology Mechanism of Action 
Fused Deposition 
Modelling (FDM) 

Polymer is heated and extruded in consecutive layers, 
solidifying layer-by-layer to form a final object. FDM is the 
most common form of AM. 

Stereolithography (SLA) A beam of UV light interacts with a vat of photosensitive resin, 
hardening the resin as it interacts with it. 

Binder Jetting An inkjet deposits a liquid binding agent onto a thin layer of 
powder. 

Electron Beam Direct 
Beam Manufacturing 

Use of a high energy electron beam to fuse together layers of 
powdered metal for the construction of metal parts 

Polyjetting A combination of binder jetting and SLA in which a 
photopolymer is jetted upon a build plate and subsequently 
cured with the use of UV light 

Laminated Object 
Manufacturing 

Use of an adhesive-coated material such as paper, metal or 
plastic laminate as a medium. Sheets are glued together and cut 
using a laser cutter or knife to form objects. 

 Being that AM contains a broad range of processes and technologies, the materials used 

also vary greatly and include but are not limited to: polymer thermoplastic filaments, metals, 

ceramics, resins, nylons, powders, pastes and more.6,7 Being that the scope of AM is broad and 

there are many diverse processes, a summary to fused deposition modelling (FDM) and syringe 

extrusion mechanisms of AM will be provided to establish the AM fields related to this study.  
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1.1.1 Fused Deposition Modelling (FDM) 

The most common type of AM is a form of 3D printing called fused deposition modelling 

(FDM), which involves the creation of physical objects through the heated extrusion of 

thermoplastic filaments.8 FDM works by having thermoplastic filament pass through a heated 

nozzle, commonly referred to as the hot head, which melts the filament and allows it to flow and 

be extruded onto the build platform where it cools and resolidifies to form a layer.8,9 FDM is the 

most used AM process in both industry and with consumers, with a reported 51% of AM products 

relying on the use of FDM technology and polymer-plastic filaments.9 FDM printing applications 

range from industrial production of everyday objects to drug delivery scaffolds and tablets as a 

result of the thermoplastic filaments’ diversity.7,10,11  

FDM printers can print several different types of thermoplastic filaments, which vary in 

the resulting post-print properties.12 Among FDM filaments, perhaps the most commonly used and 

well-known material is polylactic acid (PLA).13,14 PLA has quickly become the most popular 

thermoplastic used for FDM printers in the last two decades, due to its production being 

environmentally preferred over other filaments, as well as its ease of use in FDM 3D printers.13 

PLA is based off of renewable resources such as corn and sugar cane, and involves multiple 

reactions for the isolation of lactide which is then polymerized into a PLA powder that is made 

into a filament.13 The second most common filament used for FDM prints is acrylonitrile-

butadiene-styrene polymer (ABS), which often has superior mechanical properties to PLA 

although dependent on the use of fossil fuels for its formation.15,16 Beyond ABS and PLA, the third 

most common thermoplastics in FDM are polyethylene terephthalate glycol (PETG) and its 

variations polyethylene terephthalate (PET) and polyethylene cotrimethylene terephthalate 
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(PETT), which is more ductile and naturally transparent compared to other FDM 

thermoplastics.17,18,19 

1.1.2 Syringe Extrusion 3D Printers in AM 

Syringe extrusion mechanisms of AM are a relatively new expansion to the AM field, and as 

a result there are few 3D printers capable of syringe extrusion that are widely commercially 

available. In fact, the current state of syringe extrusion mechanisms of AM can be grouped into 

three main categories that each differ in their functionality and uses:  

1) Food 3D Printing 

The most common and feasible form of syringe extrusion for AM is food 3D printing, which 

has rapidly gained commercial and scientific interest in the last decade.20 The increasing interest 

in food 3D printing comes from the potential for creating personalized food and nutrition, as well 

as accommodating several types of dietary restrictions.20 For example, it is estimated that up to 

60% of people at nursing homes have difficulty chewing and swallowing food, and as a result are 

provided with unappetizing foods.21 This has been shown to cause a loss of appetite and subsequent 

nutritional deficiencies, however, with food 3D printing, these problems can be addressed through 

the creation of customized food that is both appetizing and easy to swallow.20,21  

Food 3D printers are capable of printing a wide variety of foods, and work through extrusion-

based mechanisms similar to FDM.20 Where this technology differs from FDM printing is in the 

type of extrusion, as a syringe system is used in place of a hot head.20,21 This means that the 

resulting prints of a food 3D printer often do not cure immediately after being extruded, unlike 

FDM. Foods suitable for use in syringe-based food 3D printing must be processed into a paste with 

rheology favourable for consistent extrusion through a nozzle, and mechanical integrity for layer 

formation.20 Asides from the rheology of the food, several other properties such as syringe and 
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build platform temperature are important for each food that is being extruded.20,22 The syringe and 

build plate temperature used for most foods is room temperature extrusion, however, for some 

foods such as chocolate, heated extrusion is used to facilitate the flow of the paste.20,21 

2) 3D Bioplotter 

Another form of syringe extrusion within AM is the use of a 3D bioplotter, which is a newer 

technology first created in 2003 that allows for the printing of cells, hydrogels and other novel 

biomaterials.23 Much of the research interest with 3D bioplotters is with respect to the immense 

potential for the biomedical applications of AM such as bone regeneration through tissue scaffolds, 

drug releases, organ printing, cartilage formation and more.23,24 Bioplotters may vary in their exact 

printing mechanism depending on the print mediums, however, most commonly involve the use 

of one or multiple syringes to extrude media with a piston or sterile compressed gas.23,25,26 The 

extrusion mechanisms used in bioplotters is syringe-based, however, in some cases the nozzle 

diameter used is in the micro-meter range opposed to millimeter gauge nozzles used in food 3D 

printing.23,27,28 The future applications and potential for bioplotters to change modern medicine is 

of great interest and has received a high amount of research interest since being developed.23,24  

3) Other Syringe-based 3D Printers 

While food 3D printers and bioplotters make up most syringe-based printers that are 

commercially available, it is worth mentioning that some other forms of syringe-extrusion 3D 

printers are commercially available or have been reported in literature. For example, companies 

have developed syringe extrusion mechanisms that can be substituted onto a FDM printer in place 

of the hot head. In this case, a syringe 3D printer is not commercially available, but instead an 

existing FDM printer can be re-engineered to accommodate syringe-based 3D printing. The 

conversion of a FDM printer into a syringe-extrusion printer is also the most common method used 
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by researchers to create their own syringe 3D printer for research, and several articles have been 

published outlining this process.29,30,31 The underlying mechanism of FDM and syringe-extrusion 

based 3D printing is similar, and the substitution of a hot-head for syringe system as well as 

adjustments to the g-codes can successfully convert a FDM printer to print using a syringe-based 

mechanism.29,31 

1.1.3 Syringe Extrusion Mechanisms in AM 

The type of syringe-based mechanism used in AM varies depending on the print media 

used and falls into three general categories. The most common mechanism used in syringe-based 

extrusion is the use of a syringe plunger or piston which is compressed downward by a stepper 

motor to force the media through the nozzle. This is the most common mechanism for food 3D 

printers and syringe-based 3D printers created by researchers.26,32–34 Another form of mechanical 

extrusion, a screw-type mechanism, may be used for AM and works by a stepper motor rotating a 

screw to drive print media downwards through the nozzle.35 This screw-type mechanism is seldom 

used in syringe-based 3D printing processes beyond food 3D printing, due to its overall complexity 

and several limitations.35 A pneumatic system in which compressed air or gas is used to create 

pressure for the extrusion of print media rather allows the printing of higher viscosity print media 

than the two aforementioned mechanical methods.26,35 A pressure based system for syringe-based 

AM also allows for easier control of potential contaminants through the use of sterilized air or 

gases in bioprinting.26 

1.1.4 Special Considerations for Printing Pastes 

Although the 3D printing of pastes and slurries is achievable through mechanisms like that 

used in FDM, pastes behave differently when extruded and have special limitations that must be 

considered prior to use: 
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1. Consistent Extrusion and Viscosity 

In FDM printing, thermoplastic filament is melted into a liquid prior to extrusion by the hot-

head, however, pastes are instead semi-solid during extrusion and have greater viscosity.9 This 

presents a potential issue with extrusion, as pastes capable of being 3D printed must have rheology 

that allows for consistent extrusion through a syringe pump.36 If a paste is too viscous, it will jam 

the syringe preventing consistent extrusion, while pastes that are too fluid may extrude as liquid 

and have trouble forming physical structures with subsequent layers.36  

2. Mechanical Integrity 

Pastes that are suitable for use in syringe-based 3D printing must have mechanical integrity 

and self-supporting stability after being extruded, to support the extrusion of successive layers that 

do not undergo any external curing stimuli.36 That is, a paste must be able to support its own 

structure with the addition of additional layers to prevent sag or buckling.20,36 If the mechanical 

integrity of the paste is low, the weight of additional layers will cause the resulting structure to 

become deformed.36 

3. Layer Lines and Resolution 

For a paste to be suitable for use in AM, it must be able to form an appropriate final product. 

Specifically, it must have sufficient resolution to create the desired final product and limited 

definition lines.36,37 Layer lines, sometimes referred to as definition lines, are horizontal lines that 

appear in the final print of an object and are often a result of the over-extrusion of material, and 

are an indication of the overall resolution of the 3D printed object.37 
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4. Support and Overhang 

With the computer-aided design (CAD) aspect of 3D printed pastes, there are two main 

limitations to syringe-based 3D printing applications: support and overhang. AM works through 

the creation of objects layer-by-layer; however, most objects are not built with this considered and 

instead have longer segments at unequal points vertically. Being that FDM printers work layer-by-

layer, they are not capable of printing on air and instead rely on the use of printed support structures 

to accommodate these conditions.38 With syringe-based 3D printing, support structures are 

extremely difficult to integrate due to the nature of pastes’ mechanical integrity, and overhang 

between layers must be minimal to avoid sagging.  

1.2 Sustainability  

1.2.1 AM and FDM  

 There is a growing belief that AM is a promising suitor for creating and sustaining a future 

global circular economy.39 A circular economy refers to an industrial economy that is fully 

restorative, and is based upon ultimate resource efficiency and the elimination of waste.39 

Currently, there are two main issues AM faces with respect to creating a circular economy: the use 

of petroleum thermoplastics, and the use of fossil fuel plants to power 3D printers.40 This section 

will focus on the first of two issues, the use of petroleum thermoplastics with respect to FDM 

sustainability. 

 One major hurdle FDM faces with creating a circular economy is its reliance on petroleum-

based thermoplastic filaments, mainly ABS and PET associated filaments, as these are produced 

from exhaustible petroleum resources.39–41 It is estimated that 4% of global oil and gas production 

is used for the synthesis of non-renewable plastic feedstock, with an additional 3-4% being used 

to provide the energy needed for manufacturing.42 With a grim warning from the United Nations 
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in their annual climate report released on March 20th 2023, it is evident that there is an immediate 

need for a drastic reduction of carbon emissions and use of non-renewable petroleum resources by 

2035 to prevent impeding climate disaster.43 Furthermore, although offering advantages in the 

supply chain matrix FDM is not void of waste material, as a study assessing material waste under 

real-world conditions found that 34% of material used in FDM prints were wasted in an open 

studio setting.44 With FDM accounting for over half of all AM usage, it is integral that more 

sustainable processes and materials are developed to reduce the use of demand for petroleum 

thermoplastics and carbon emissions associated with production.9  

 While the sustainability of current FDM thermoplastic filaments’ raw materials is 

problematic, there are also issues with respect to the recyclability and biodegradability of these 

materials, beginning with the fact that only 9% of the plastic used in Canada is recycled.45 A 

summary of the reported recyclability and biodegradability of the three most common materials 

used in FDM prints is provided in Figure 1 below:  

 

Figure 1: Recyclability and Biodegradability of the 3 Most Common FDM Filaments46–48 

 While it appears that the use of ABS, PLA, and PET’s (PET, PETT, PETG and other PET 

plastics) in FDM prints may be sustainable due to the noted recyclability and biodegradability, 

Recyclable

ABS
PET's (PET, 

PETT, PETG)

Biodegradable

PLA 
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these listed properties have major limitations to consider. Firstly, it is often promoted that PLA is 

both recyclable and biodegradable, however, both of these properties are only achieved under 

specific and controlled conditions.47,49 The recyclability of PLA is misleading as it is not collected 

by municipal recycling programs and as there is no resin identification number associated with it, 

as well as no other programs currently in place to collect it.50,45 There is also a common 

misconception with the biodegradability of PLA, as it is widely believed that biodegradable 

materials are instead compostable and can be disposed of and reduced by the natural 

environment.51,52 This is not the case for PLA, as it instead requires the use of industrial 

composting that combines the use of specific temperature and humidity as well as the presence of 

PLA-degrading microorganisms such as Pseudonocardiaceae species, none of which are available 

at municipal recycling stations.47,51 Despite major limitations to both the listed recyclability and 

biodegradability of PLA, its environmentally-friendly properties are often wrongly communicated 

within the AM community and may even be used as a form of greenwashing.53,54 It is worth noting 

that PLA is still a much more environmentally-preferred thermoplastic than other materials used 

in FDM due to its use of renewable raw material for production, however, with a lack of 

infrastructure to support its recycling and biodegradability the current sustainability of PLA still 

remains limited.53 

  Like PLA, ABS lacks an identification number for street-collection recycling, although 

PET’s are a commonly recycled plastic and identified by #1 in the identification system for 

municipal recycling.50 Due to the production of PLA and PET’s relying on the use of petroleum 

based materials, neither are biodegradable.46,48 
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1.2.2 Safety of FDM  

With a rapid increase in the popularity of FDM printing in the last decade, the development 

of low-cost 3D printers has become widely available for use by both small businesses and 

hobbyists who may lack the resources that industrial companies have to ensure safe usage.55 With 

the production and processing of thermoplastics, potentially carcinogenic volatile organic 

compounds (VOC) and ultrafine particles (UFP) are emitted into the air during thermal 

degradation.55–57 A study assessing the thermal degradation of PLA, ABS and PET filaments using 

thermogravimetric analysis (TGA) and VOC emission test procedures revealed that all three 

thermoplastics undergo partial decomposition and emit VOC at their FDM print temperatures.55 

The resulting gas chromatography (GC) analysis of this research showed that ABS emits much 

higher quantities of VOCs than PLA, nylon, PET, with nylon and PET being much lower due to a 

higher thermal stability.55 The publication highlighted is just one of the multiple evaluations that 

have been conducted to evaluate the safety of FDM with respect to its VOC and UFP emission. 

Since the thermal degradation of thermoplastic filament is necessary for FDM, the release of VOC 

and UFP is not preventable and instead should be managed using special filters.55,58 While high-

efficiency particulate arrestance (HEPA) filters are sometimes used in FDM to manage the UFP 

emitted during printing, they cannot remove particles smaller than 0.3μm and gaseous pollutants 

such as VOCs.55,56,58 FDM processes must be improved to develop safer operating procedures to 

limit the operator’s exposure to VOC and UFP during production, as many commercially available 

3D printers do not come with protective filters. 

1.2.3 Paper Waste 

In 2018, paper fibres accounted for the largest amount of total waste diverted by material 

in Canada at 36%, and continues to account for a large proportion of global landfills.59 Despite 
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global recycling efforts, paper waste is still a large contributing factor to solid waste due to 

limitations associated with the recycling of paper. Many types of paper, such as those that have 

been treated, coated, laminated or touched by food waste cannot be reused, which prevents them 

from being recycled.60,61 It is highly unlikely that paper waste will be fully eliminated by 

established recycling programs, and instead interest has emerged upon finding new ways to recycle 

paper waste into new products.62,63 

1.3 Plant Protein Manufacturing  

With increasing environmental concerns and the depletion of non-renewable resources, 

great importance has been placed on new sustainable solutions for products used in our everyday 

life.64 The need for green biomaterials as an alternative to petroleum plastics is clear, and 

researchers have begun to evaluate the potential of plant proteins as a source of plastic products.64–

66 Plant proteins refers to a category of proteins encompassing multiple different natural protein 

sources such as soy proteins, wheat protein and glutens, corn zein, casein and more.64 There are 

several different processes that can utilize the properties of plant proteins to create different 

products, however, a common approach is the creation of biopolymers using crosslinking.65,66 The 

creation of biopolymers uses the crosslinking effect to polymerize protein monomers into networks 

of crosslinked proteins, and has shown great promise in creating new biomaterials.64,67,68 

1.3.1 The Crosslinking Effect 

 Protein crosslinking is a process by which covalent bonds are formed between proteins, 

called intermolecular crosslinking, or intramolecular crosslinking between polypeptide chains of 

the same protein.69–71 In nature, these crosslinks are crucial for maintaining protein conformation 

and structure, and play a role in biological processes such as ageing.69,72 The crosslinking of 

proteins is not limited to the natural crosslinking of proteins to provide function, and can also be 
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selectively introduced using multiple methods.71 Changes in temperature, pH, oxidizing 

conditions, the additional of chemical agents or enzymes may be used to induce protein 

crosslinking through changing the protein structure (often denaturation) and exposing additional 

functional groups.28,71,73 Interest in protein crosslinking is not limited to the synthesis of plant 

protein plastics, as crosslinked proteins can take on different forms and applications.73 

 

Figure 2: General Protein-Protein Crosslinking Mechanism. Made using BioRender. 

   Crosslinking agents are common reagents in plant protein materials that are used to induce 

protein crosslinking by binding to functional groups of two protein strands to form a crosslink 

between them, as shown in Figure 2.74 The specific binding sites and interactions of the 

crosslinking effect is specific to the plant protein of interest, and thus crosslinking agents used can 

vary greatly in chemical composition and their interactions.73  

1.3.2 The Maillard Reaction  

 The Maillard reaction, or sometimes referred to as glycosylation, has been extensively used 

throughout the food industry since its original discovery by Louis Camille Maillard in 1912.75 The 

Maillard reaction is a complex browning process that occurs when a protein source is in the 

presence of reducing sugars and heat, and undergoes a series of reactions.75 First, a condensation 

reaction between the carbonyl group of a reducing sugar and a free amino group, either from a 

residue or the core amino group, forms a Schiff base that self-rearranges into a Amadori or Heyns 
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product.75 After this, an intermediate reaction occurs and the Amadori/Heyns product undergoes 

dehydration and fission to form highly reactive compounds, which then reacts in the third stage of 

the reaction to form a wide variety of end compounds.75 The most notable end products of the 

Maillard reaction, melanoidins, are a group of nitrogenous polymers formed during this process 

and contribute to the brown appearance and aroma of many foods, such as coffee.75,76 

 

Figure 3: Maillard Reaction Process. Made using BioRender. 

 While the most common uses of the Maillard reaction comes from the food industry, 

researchers have begun to access the potential for the Maillard reaction as a mechanism for 

biopolymer synthesis. These types of products rely on the non-enzymatic and green synthesis of 

biopolymers using Maillard-type crosslinking, by using the covalent bonds formed in the initial 

Maillard condensation reaction to create biomaterials with applications such as drug delivery 

scaffolds and films.75,77  

1.3.4 Plant Proteins and AM 

 Interest in integrating biomaterials with AM has rapidly emerged in the 21st century and 

become an increasingly popular approach to expanding the potential applications of plant-

proteins.22,78,79 Currently, the most common approach to AM and plant proteins is in the food 3D 

printing industry for the creation of edible foods, however, recently researchers have evaluated the 

potential biomedical and commercial applications of plant proteins with AM.28,78,80 With 
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increasing research in developing regenerative medicine through tissue engineering, there is a need 

for biocompatible and biodegradable scaffold materials.81,82 Many plant proteins have good 

biocompatibility and cytoaffinity due to their biological nature, which makes them strong 

candidates for the fabrication of tissue scaffolds and other biomedical applications using AM.82,83  

1.4 Soy Protein 

Experimentation with soy protein materials have been of interest for their potential 

commercial uses for nearly a century, dating back to the soybean car experiments of Henry Ford 

in the late 1930’s.84 Interest in soy protein plastics has re-emerged in the last few decades, as 

researchers aim to develop biomaterials that can ultimately reduce the need for petroleum-based 

resources.84,85 Soybeans are one of the most agriculturally produced plants worldwide, due to its 

prominent role in the oilseed industry.84,85 The potential for soy protein-based plastics that rely on 

the crosslinking effect use the isolated protein component of soy, which is extracted from soybean 

meal.85 This soy protein isolate (SPI) is highly refined, consisting of greater than 90% protein 

which is favourable for introducing protein crosslinking.85 

1.4.1 Structure and Crosslinking 

Table 2: Protein Fraction Composition of Soy Protein85–87,88,89  

Protein Fraction  Molecular Weight 
(g/mol) 

Properties 

Bowman-Bark Trypsin 
Inhibitor 

24,000 - Can form dimers and trimers 
- High cystine content 

Kunitz Trypsin 
Inhibitor 

21,000  - Disulfide linkages 
- Single reactive site 

Hemagglutinin 100,000-110,000  - No disulfide crosslinks 
Lipoxygenase 102,000  - Can be dissociated into two fragments  
7S Globulin 180,000 - 210,000 - Can dissociate into smaller subunits 

(2S, 5S) at acidic pH 
11S Globulin 330,000 – 350,000 - Easily dissociates into 7S globulin 

fragments 
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 Soy protein is not a simple protein but instead an assortment of multiple types of protein 

fractions.85 Some of the protein fractions that make up soy protein are listed in Table 2 with their 

molecular weight and some of the relevant binding and dissociation properties. Soy protein is 

known to be hydrophilic and hygroscopic, and over 60% of its functional groups are 

hydrophilic.85,90 Of soy proteins’ functional groups, lysine (5.50 molar %) and arginine (5.56 molar 

%) are of great interest for inducing amino soy protein crosslinking, due to additional available 

amine groups.85,91–93 

 Currently, the most common application of soy protein crosslinking is with the creation of 

edible films.87,94 The basis of soy protein film production is a three step process: soy protein 

functional groups are disrupted and exposed by changing the conditions, polymer chains are 

arranged, and films are produced by forming a 3D network of new interactions after the disrupting 

agent is removed.85,94 Common additives for soy protein films include hydroxyl agents such as 

glycerol and sorbitol, as well as other compounds with active carboxyl and hydroxyl 

groups.85,86,94,95 

1.4.2 Overview of Soy Protein Biomaterials 

 Currently, soy protein biomaterial development has been of interest to many researchers 

for the creation of new green biomaterials, with multiple different approaches to how soy protein 

can be used in synthesis.85,96 Many of SPI’s properties such as biodegradability, biocompatibility, 

renewability, processability and its inexpensive nature make it a great candidate for material 

development and research across a wide range of industries.85,96,97 

Soy protein-based materials have been evaluated for their potential in film formation, 

through crosslinking mechanisms involving the use of heat, pressure, enzymes or pH.80,94,96,98 This 

film formation is reliant on variable crosslinking mechanisms with soy protein in combination with 
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the external stimuli and a diverse range of crosslinkers added to the formulation.71,73,95 Multiple 

modification methods have been developed to facilitate various methods of crosslinking and 

dictate the end properties of SPI-based materials, such as lipid and oil integration, fillers, radiation 

and enzymatic action.96 

One promising approach to overcome some of the deficiencies associated with SPI-based 

materials is with the use of a filler. Fibrous materials such as cellulosic and glass fibres have been 

integrated in SPI-based materials to increase properties such as mechanical strength, water 

resistance and bond strength, while food-based emulsifiers are sometimes used in the creation of 

food-based soy materials in AM.28,96,99–101 These filler materials used in SPI-based biomaterials 

may interact with the SPI molecules to form networks and physical crosslinks, as well as allow for 

the deposition of SPI along the filler to create a film layer.96,99 

When evaluating soy-based materials and their applications in AM, research has been 

largely focussed upon the use of SPI in food 3D printing. This is because most of the processes 

and methodology used for SPI-based biomaterials and crosslinking require molding methods or 

external stimuli that is not compatible with 3D printers. Thus, the current 3D printing of SPI is 

largely based on the fabrication of foods. SPI-based biomaterials have been successfully 3D 

printed by multiple researchers using a syringe-based mechanism or food 3D printer to create 

various types of edible final objects.28,79,101,102 

1.4.3 Drug Delivery  

 The use of SPI in the creation of various drug delivery systems (DDS) such as matrices, 

nanoparticles, and hydrogels has gained popularity in the past few decades alongside other natural 

polymers.103–105 SPI has emerged as a candidate for the development of new DDS as it is FDA 

approved for its health benefits and has established bioactivity and biocompatibility for potential 
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applications such as tissue and bone engineering.83,97,106,107 Much of the work conducted thus far 

on SPI-based DDS involve production methods and synthesis that rely on the creation of scaffolds 

and porous networks of SPI, through the use of protein crosslinking.104–106 

 With the creation of SPI-based DDS, many of the research conducted thus far relies on the 

hygroscopic nature and swelling properties of SPI to facilitate the release of drug from a 

scaffold.104–106 As SPI swells when immersed in water or other aqueous media, this causes the 

expansion of the scaffold which opens up channels for diffusion.104,105 As SPI is known to create 

porous scaffolding matrices when crosslinked to form a polymeric network, the porosity of SPI 

DDS may be used to modulate the resulting release of drug.104,108 Other properties, such as polymer 

and drug dissolution in media, also play a part in the release kinetics of SPI DDS.105 Research 

conducted thus far on the creation of a DDS with SPI-based materials have been focused on an 

evaluation of the initial 24-48 hour release profile, and these materials commonly exhibit a rapid 

release within the first 24 hours of immersion in media.104,105,107 

1.4.4 Limitations of Soy Protein Biomaterials 

 Experimentation with creating soy protein plastics has been able to produce promising 

biomaterials with applications throughout a wide range of industries, however, there are two main 

limitations within most soy protein materials currently preventing the advancement and wide 

stream adoption of soy protein plastics:73,85 

1. Hydrophilicity: Due to the hydrophilic nature of soy protein, resulting soy protein plastics are 

often water soluble and swell when submerged in water, causing the material to weaken.64,80,85 

2. Mechanical Properties: Developing biopolymers as a potential replacement for petroleum 

thermoplastics is difficult with respect to achieving similar tensile strength and mechanical 

properties, as plant protein plastics are mechanically inferior to their synthetic 
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counterparts.85,94,109 Much research has been done with soy protein plastics in hopes to improve 

the mechanical strength of products, and it has been found that compounds such as ethylene 

glycol and structurally-related compounds can be used to increase the properties of soy-protein 

plastics.67,85,110 Regardless of the addition of formulation additives and plasticizers, many 

studies have observed soy-protein plastics to be brittle when processed at high 

temperatures.67,70,85 Unfortunately, many of the most effective crosslinking agents are 

synthetic, nonbiodegradable or toxic, which makes them an inadequate option for creating 

sustainable biomaterials.91,111,112 Although it is unlikely that soy protein plastics will be capable 

of mechanical strength equal to that of many petroleum-based products, soy protein plastics 

still have great potential for real-world applications that may help to decrease the use of non-

renewable plastics.66,70,85 

1.5 Techniques in Material Characterization 

 With the creation of any new material, multiple characterizations can be performed to 

evaluate the properties and assess potential end applications. The methodology described in the 

following sections are not an exhaustive list to the potential material characterizations that can be 

performed but are instead introduced as a preface to characterizations performed in this study. 

1.5.1 Mechanical Properties 

 The most expansive category for the characterization of newly synthesized materials is the 

resulting mechanical properties, as these tests communicate many of the physical properties of the 

material and can provide detailed results for many different end applications of a material.113 The 

term mechanical properties as a whole is not a single property but instead a family of material 

properties such as plasticity, brittleness, creep, hardness, strength, stiffness and many more, each 

with different testing procedures.113,114 The two main mechanical properties evaluated in this study 
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were the tensile strength, or sometimes referred to as break strength, and the compressive strength 

of a material. The tensile strength can be measured using a universal testing machine (UTM), and 

is used to describe the maximum load a material can withstand with tension to obtain values such 

as ultimate tensile strength, elongation at break and tensile yield strength, depending on the 

material and testing procedure.113,115 Compressive tests allow for a determination of properties 

such as compressive strength and modulus of elasticity through evaluating the compression of a 

specimen under load.113,116 

1.5.2 Degradation Studies 

 When creating biomaterials for the elimination of single-use non-renewable plastic 

materials, the degradation properties of the material become an integral point of evaluation. For 

the biodegradation of a material, degradation may be measured in different systems such as in soil, 

aqueous environment and composting conditions.117 Despite protocols outlined in the American 

Society for Testing and Materials (ASTM) D5988-18 and ISO (International Organization for 

Standardization) 17556:2019 for the standardization of biodegradation testing in soil, aqueous and 

compost, the exact protocols used by researchers show little standardization.117 For evaluating the 

biodegradation of biomaterials in soil specifically, a literature review conducted by Pires et al. 

found that more studies employed a mass loss-based procedure, in lieu of the ASTM or ISO 

protocols.117 Another form of degradation that is commonly evaluated in materials science is the 

thermal degradation of a material, using thermogravimetric analysis (TGA). This allows for an 

understanding of the thermal limits before degradation begins to occur and to find the optimal 

degradation temperature of a material (ODT). 
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1.5.3 Drug Delivery Studies 

 Properties related to evaluating the drug delivery potential of a material vary greatly 

depending on the DDS, release mechanism, model drug and material, however, as SPI-based 

materials are often based upon release related to swelling and porosity, characterization centered 

around evaluating water properties, release kinetics, and microstructure of the material may be 

performed.104,105 The water properties, which includes terms such as water uptake/absorption, 

swelling properties and water vapour permeability are often characterized by looking at mass 

increase when exposed to water, by methods of immersion or using an environmental 

chamber.90,104,118 The porosity of a material may be measured using a pycnometer, or imaging with 

methods such as scanning electron microscopy (SEM) or transmission electron microscopy (TEM) 

may be used to visualize the resulting microstructure of the biomaterial for a better understanding 

of its drug delivery potential. Evaluating the drug release of a DDS is highly dependent on the 

system and experimental conditions (in vitro, ex vivo, in vivo), however, evaluating preliminary 

release kinetics is commonly completed with dissolution studies and observation methods such as 

absorbance-based detection or high-performance liquid chromatography (HPLC).107,119–121 

1.6 Project Overview 

1.6.1 Rationale 

 With an estimated 9 billion people expected to be living on earth by 2050 and with our 

current patterns of production and consumption, it is evident that there will be a drastic increase in 

the demand for resources and raw materials.66,122 With the production of petroleum filaments 

accounting for approximately 8% of global oil and gas consumption, the need for biomaterials and 

sustainable solutions is crucial to reducing the use of non-renewable plastics in everyday life.41,42 

While one can propose that the emergence of current bioplastics such as PLA be used to alleviate 
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the demand of petroleum thermoplastics, this relies on the use of corn, cassava, and sugarcane as 

a source of lactide monomers.8,123 Thus, the ethics behind the worldwide production of PLA must 

be put into question, as it takes 2.7 kg of corn to produce 1kg of PLA.8,124 With a rapidly growing 

population, the consequences of diverting a large portion of one of the world’s most important 

food crops to manufacture plastics must be heavily considered from an ethical and logistical 

standpoint. Therefore, there is still a need for the development of new sustainable biomaterials and 

processes that fit the ideal goal of a future circular economy.66 

 This study is designed to develop and characterize the first ever cellulose-based soy 

biopolymer (CSBP) feedstock composed of generally regarded as safe (GRAS) components for 

sustainable extrusion-based 3D printing applications. With a reliance on renewable resources and 

the creation of a biodegradable material, there is potential for CSBP to become a circular product, 

that is, one that may be used in a circular economy (Figure 4). 

 

Figure 4: Circular Production of CSBP Diagram. Made with BioRender. 
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A formulation consisting of a soy protein source, cellulose fibres, and additives was 

developed to produce a feed material to be used for sustainable syringe-based 3D printing. Two 

different types of paper, brown obtained from paper towel, and white obtained from blank printer 

paper, were evaluated as a proof of concept to demonstrate CSBP’s potential for the recyclability 

of paper.  

The created CSBP formulation relies on the crosslinking of proteins, and SPI will be used 

as the plant protein source to achieve this. SPI is used as it is highly refined and consists of greater 

than 90% soy protein, which allows for a higher degree of crosslinking.85 The soy protein-based 

binder relies firstly on the cross-linking effect from a condensation reaction between the protein’s 

amino groups and the added crosslinking agents to produce a self-curing product. Secondly, film 

formation with cellulose fibres is used to increase the resulting mechanical properties and water 

resistance of CSBP, through interactions with SPI and cellulose. Finally, solvent evaporation 

allows for the use of CSBP in a 3D printer as it can be extruded as a fluid paste before solidifying 

into a solid object after extrusion. Soy protein was selected as the plant protein source for some of 

the following advantages: 

1) Inexpensive and abundantly produced85 

2) Established applications in 3D printing28,36,79 

3) Biocompatibility and biodegradability106 

4) Extensive research history of soy protein biomaterials86,109 

1.6.2 Hypothesis 

This project hypothesizes that the development of CSBP, a novel cellulose-based soy 

biopolymer, reliant on a synergistic combination of protein crosslinking, film formation and 
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solvent evaporation, can provide a non-cytotoxic and sustainable alternative to petroleum-based 

materials, with potential applications in drug delivery as well as other commercial industries. 

1.6.3 Objectives 

1. Development of CSBP using a combination of protein crosslinking, film formation and 

solvent evaporation. 

2. Integration of CSBP with a syringe-based 3D printer  

3. Characterizations of CSBP: mechanical strength (compression, tensile), degradation, 

cytotoxicity, water properties, release kinetics, self-curing. 

4. Preliminary investigation of potential applications of CSBP: microneedles, adhesion, 

packaging. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 



25 
 

2. METHODOLOGY 

2.1 Materials 

Soy Protein Isolate (92% protein content) was purchased from MP Biomedicals. Citric 

Acid (>99.5%), glycerol (>99%), microcrystalline cellulose (microcrystalline powder, 20 μm), 

carnauba wax (refined), fluorescein sodium salt, polyvinyl alcohol was purchased from Sigma 

Aldrich Canada. Promega CellTiter 96™ AQueous One Solution Cell Proliferation Assay (MTS), 

0.25% trypsin-EDTA was purchased from Thermo Fischer. Heat-inactivated fetal bovine serum 

(FBS), penicillin/streptomycin 100x, and 0.4% trypan blue was purchased from Fischer Scientific.  

2.2 Synthesis of Cellulose-based Soy Biopolymer (CSBP) 

The synthesis of CSBP is outlined as a 6-step process: 

1. Preparation of Plant Protein Component 

The first step to CSBP synthesis is the creation of the plant protein component of the 

formulation. SPI is weighed out and added to deionized (DI) water to create a mixture of 20% 

weight/volume (w/v) soy protein solution. From here, a denaturation step is performed by heating 

the soy protein solution to 80oC for 20 minutes using a hot plate, to expose additional soy protein 

functional groups (such as lysine and arginine) to molecular interactions. With the denatured SPI 

mixture prepared, formulation additives can now be added. 

2. Preparation of Formulation Additives 

Two additives are dissolved in solution to prepare the active component to be used with the 

soy protein component to form the final binder. For this, a hydroxyl and carboxyl containing 

compound are used. For the carboxyl component, citric acid dissolved in a ratio of 60% w/v with 

DI water. A hydroxyl compound, glycerol, is added to the citric acid solution at 25% w/v to DI 

water as an additional additive.  
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3. Combination of Final Binder 

The additives prepared in step 2 are added to the soy protein solution from step 1. A mixture 

of protein component to additives are used in a 1:1.2 ratio to create a final binder solution. 

4. Preparation of Cellulose Base 

The second component of CSBP is the use of a cellulose base in combination with the binder 

prepared in step 3 to create CSBP paste. For the recycling of paper as the cellulose component of 

this material, paper must be powdered prior to its use in the formulation, using a cryogenic mill or 

pulping machinery. In this study, microcrystalline cellulose (MCC) powder was used as a cellulose 

source in place of powdered recycled paper for characterizations, due to the low yield of powdering 

paper using a cryogenic mill and the high quantities of cellulose needed to make CSBP for 

characterizations.  

5. Final Preparation of CSBP 

The final binder made in step 3 is mixed with the cellulose component from step 4. The soy 

protein binder can be integrated with the cellulose source in a 4:1 (binder : cellulose) ratio to create 

the final CSBP paste. A ratio of 1g MCC to 4g final binder is optimal for producing a paste with 

favourable rheology for consistent extrusion 3D printing. CSBP was made in batches of 

approximately 150g and used on the same day of preparation for the 3D printing of objects used 

in this study. 

6. Curing of CSBP Paste 

Two different forms of curing for CSBP were used throughout the study. Firstly, CSBP paste 

is capable of self-curing into a final, solid object. This was performed at controlled temperatures 

and relative humidity throughout the study and listed alongside each characterization. 
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Although CSBP has self-curing properties, it is also capable of heat-curing to form a different 

type of final object. The heat curing of CSBP is achieved by placing it in a lab oven at 200°C for 

20 or more minutes to fully solidify the object. The exact heat curing time depends on the 

dimensions of the object being heat cured due to the need for heat penetration throughout the entire 

CSBP structure. CSBP samples were checked every 5 minutes of heat curing, to observe browning 

and ensure no pyrolysis of the sample. 

 

Figure 5: Summary of CSBP Paste Synthesis. Made with BioRender. 

2.3 3D Printing of CSBP 

 CSBP paste was prepared according to the process outlined in section 2.2. Once prepared, 

CSBP paste was thoroughly mixed before being loaded into a 100mL syringe and placed into a 

FelixFood 3D printer. Objects to be printed were designed with SOLIDWORKS and sliced on 

Simplify3D using a printer profile designed for the FelixFood 3D printer. The 3D printing settings 

used for CSBP are as follows: 
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Table 3: Printing Parameters for CSBP Using a Syringe-based 3D Printer 

3D Printing Parameter Value Definition 
Nozzle Diameter 1.03mm (18Ga) Diameter of extruded nozzle 
Layer Height 0.50mm Thickness of each printed layer 
Extrusion Multiplier 0.95 Multiplier for all extrusion movements. 

Used for flowrate tweaking 
Retraction Distance 1.0mm How much material to pull back into 

nozzle 
Extra Restart Distance 0.04mm Extra extrusion distance on top of initial 

retraction amount 
Retraction Vertical Lift 0.50mm Distance nozzle will life from surface of a 

part during a retraction move 
Retraction Speed 300mm/min Extruded speed for retraction movements 
Coating Distance 1.25mm Distance nozzle will stop extruding prior to 

the end of a loop 
Wipe Distance 2.0mm Total distance for wipe movement 
First Layer Height 200% Height of first printed layer. Remaining 

layers are 100% height 
Outline Overlap 50% Percentage of extrusion width that will 

overlap with outline perimeter. Used to 
ensure infill bonds to outline 

 Other parameters such the interior infill and skirt are dependent on the object being printed 

and have not been included. A consistent flowrate was established using the extruder prior to the 

initiation of a print file. The heating of the bed and syringe were not used for the 3D printing of 

CSBP in this study. Every characterization performed in this study, except for release kinetics, 

microneedles and packaging application studies, was done by 3D printing CSBP samples at 18Ga. 

2.3.1 Rheology 

Rheology was performed on CSBP using a Kinexus Prime ultra+ rheometer (courtesy of 

Dr. Michael Tam’s Research Group, University of Waterloo Department of Chemical 

Engineering). Two formulations developed for 3D printing, baseline CSBP as described in section 

2.2 and 10% water-diluted CSBP, for 18Ga and 20Ga nozzle diameter prints respectively, were 

tested from 0.1 to 1000 PaS (shear rate). The diluted CSBP variant is not characterized throughout 
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the remainder of this study as it shows weaker resulting mechanical properties, however, it has 

increased precision for 3D printing. 

2.4 Characterizations of CSBP 

With the completion of CSBP synthesis and 3D printing, a new material capable of printing 

through a syringe-based 3D printer has been developed and a range of characterizations were 

performed to evaluate its potential applications. Most importantly, the mechanical properties of 

CSBP were accessed to determine the strength and limitations of this new material, as well as its 

performance with different curing conditions. Beyond mechanical properties, properties relating 

to the sustainability and GRAS nature of this material such as biodegradability and cytotoxicity 

were evaluated.  

2.4.1 CSBP Mechanical Properties 

 To characterize and quantify the mechanical properties of 3D printed CSBP, a universal 

testing machine (UTM) was used to perform tests for tensile and compressive strength. A CellScale 

UniVert 1kN UTM (purchased from Waterloo, Ontario) was used to carry out the following tests: 

1. Tensile Strength 

To evaluate the tensile strength of self-cured CSBP, two different atmospheric curing 

conditions were considered, 10% and 55% relative humidity (RH). Tensile bars (50 x 15 x 10 mm) 

of CSBP were 3D printed using a FelixFood 3D printer and self-cured at room temperature (22°C) 

and either 10% or 55% RH using a desiccator (10% RH) or environmental chamber (55% RH). 

Two different self-curing time points of 7 days and 14 days were tested for tensile strength, to 

understand when CSBP becomes fully cured. 24-hour self-cured CSBP could not be evaluated as 

it is too soft to be held by the tensile grips. Once cured, samples were tested for tensile strength 

using a CellScale UniVert mechanical tester at a rate of 2.50mm/min (n = 5). 
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The tensile strength of heat cured CSBP was also evaluated in addition to self-curing. CSBP 

tensile bars (50 x 15 x 5mm) were 3D printed and allowed to cure at 10% RH for 24 hours before 

being heat cured at 200°C for 30 minutes. Heat cured CSBP samples were tested using a CellScale 

UniVert at a rate of 2.50mm/min (n = 5). 

2. Compression 

To evaluate the compressive strength of self-cured CSBP, two different conditions were 

considered, 10% and 55% RH. CSBP compression samples adhering to the dimensions listed in 

ASTM D695 (12.7 x 12.7 x 25.4 mm) were 3D printed using a FelixFood 3D printer and self-

cured at room temperature (22°C), and either 10% or 55% RH using a desiccator (10% RH) or 

environmental chamber (55% RH). Three different self-curing time points of 24 hours, 7 days and 

14 days were tested for compressive strength. Once cured, samples were tested using a CellScale 

UniVert mechanical tester for 10% and 35% deformation over a course of 90 seconds (n = 5). 

The compressive strength of heat cured CSBP was also evaluated in this study. CSBP 

compression samples were 3D printed and allowed to cure at room temperature, 10% RH for 24 

hours before being heat cured at 200°C for 30 minutes. The heat cured CSBP samples were tested 

according to the procedure outlined in ASTM D695 (n = 5). 

2.4.2 in vitro Cytotoxicity  

 To evaluate the in vitro cytotoxicity of CSBP, an elution-based MTS cell viability assay 

was performed to ensure that CSBP was biocompatible over three different exposure times. CSBP 

samples of 1000 mg weight were 3D printed using a FelixFood 3D printer and self-cured for 14 

days at room temperature (22°C) and 10% RH. After self-curing was complete, samples were dried 

for 24 hours at 100°C in a lab oven. Samples were then sterilized by exposure to UV light for 24 

hours, followed by a 70% ethanol wash and rinsed 3 times with PBS. Once complete, samples 



31 
 

were immersed into 10mL of complete EMEM media, containing base EMEM with 10% heat-

inactivated fetal bovine serum and 1% penicillin/streptomycin. The overall concentration of CSBP 

in cell media was 100mg/mL. Cell media containing CSBP sample was then stored in a 4°C fridge 

until time for CSBP sample to be removed. At set time points of 1, 7 and 30 days, the CSBP 

samples were removed from the cell media.   

 CRL 2522 cells, a line of skin fibroblasts, were seeded into a 96-well plate at a density of 

5000 cells/well and incubated at 37°C and 5% CO2 for 24 hours. After the fibroblasts had incubated 

and adhered to the bottom of the wells, cell media was extracted and replaced with treatment 

media, and cells were again incubated for 24 hours (n = 3). After incubation with the treatment 

media, treatment media was removed from each well and washed with PBS. A Promega CellTiter 

96 TM AQeuous Solution Proliferation Assay was then used to conduct the MTS assay, using the 

manufacturer’s outlined protocol. Absorbance readings from the MTS reagent were evaluated 

using a Varioskan microplate reader. 

2.4.3 Evaluation of CSBP Biodegradability in Soil 

15 x 15 x 5 mm samples of CSBP were 3D printed using a FelixFood 3D printer and self-

cured at room temperature (22°C), 10% RH for 14 days. After self-curing was complete, samples 

were dried using a vacuum drying oven, weighed to obtain an initial weight, and buried (5 cm 

depth) in jars containing fresh samples of soil obtained from Victoria Park in Kitchener, Ontario 

and kept at room temperature (22°C), 60% RH (n = 3). Weekly, CSBP samples were removed 

from soil, brushed, and dried for 24 hours prior to obtaining weights. After the weights were 

obtained, samples were re-buried into fresh soil samples. Soil biodegradation was recorded weekly 

until the sample could no longer be found in the soil. A negative control containing CSBP without 

soil as well as ABS and PLA were also evaluated alongside CSBP as a comparison. 
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2.4.4 CSBP Self-Curing and Size Reduction Behavior 

To assess the self-curing properties of CSBP, the size reduction and weight loss were 

evaluated as a function of relative humidity (RH). To accomplish this, 15 x 15 x 5 mm CSBP 

samples were 3D printed using a FelixFood 3D Printer and allowed to cure at different humidities: 

10%, 30%, 50%, 70%, and 90% RH. Room temperature (22°C) was maintained for each humidity 

tested. After time points of 0, 1, 3 and 7 days the volume and weight of each self-cured CSBP 

sample was measured using a digital scale and caliper (n= 3). 

2.4.5 CSBP Thermogravimetric Analysis (TGA) 

TGA was conducted by Dr. Charles Dal Castel as part of the University of Waterloo 

Analytical Facilities Lab (TA instruments Q500). 10mg samples of 14-day self-cured 10% RH 

CSBP were tested, and TGA was performed from 0 to 600°C in N2 conditions (n = 5). 

2.4.6 Water Uptake 
 

Water uptake was evaluated to determine how much water CSBP absorbs when saturated. 

To do this, CSBP samples (15 x 15 x 5 mm) were 3D printed using a FelixFood 3D Printer and 

self-cured at 10% RH and room temperature (22°C) for 14 days. In total, 4 different conditions 

were evaluated for the impact of curing conditions on CSBP water uptake: self-cured CSBP, 150°C 

heat cure for 10 minutes, 200°C heat cure for 30 minutes and a thin carnauba wax coating on CSBP 

to represent a negative control. To create a thin carnauba wax coating around CSBP, carnauba wax 

was heated to 80°C and CSBP samples dipped to form an exterior coating. 

After the samples were conditioned, they were placed in a room temperature (22°C), 95% 

RH environment using a Thermo Forma Environmental Chamber 3911 for 24 hours. After 24 

hours at 95% RH, the weight of each CSBP sample was taken (n = 3). 
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2.4.7 Scanning Electron Microscopy 

Scanning Electron Microscope Imagery was performed by Dr. Charles Dal Castel as part 

of the University of Waterloo Analytical Facilities. Images were taken of the surface of 14 day 

self-cured 10% RH CSBP samples using a Tescan VEGA TS-5130.  

2.4.8 Water Contact Angle 

Water contact angle was conducted using a Ramé-Hart 190 Contact Angle Goniometer. 

CSBP samples (15 x 15 x 5 mm) were 3D printed using a FelixFood 3D Printer and self-cured at 

10% RH and room temperature (22°C) for 14 days. CSBP samples were then evaluated for their 

water contact angle. Heat-cured CSBP samples were prepared and tested by heating the self-cured 

CSBP samples in a 200°C lab oven for 30 minutes before water contact analysis. Samples were 

positioned on the stage of the goniometer and a drop of DI water was placed upon the surface to 

examine the angle between the surface of CSBP and the droplet (n = 3). 

2.4.9 Drug Release Kinetics 

 The release kinetics of fluorescein from CSBP was evaluated using fluorescein as a model 

drug and evaluating CSBP as a function of self-curing time. To incorporate fluorescein into the 

CSBP formulation, the synthesis of CSBP was carried out as outlined in section 2.2, with the 

addition of fluorescein sodium salt to the final binder. Fluorescein was added at a weight of 0.633% 

of the entire CSBP formulation. The remaining steps of CSBP synthesis (outlined in section 2.2) 

were carried out and the fluorescein-containing CSBP was placed in a fridge at 4°C for self-curing.  

At time points of 24 hours, 7 days, and 14 days, 50mg samples of fluorescein loaded CSBP 

were cut, weighed, placed into a glass jar and filled with 2.5 mL of phosphate buffered saline 

(PBS) to initiate release. These quantities were determined to produce absorbance readings over 

the limit of detection, which was taken as five times the standard deviation of the blank125. The 
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fluorescein-loaded CSBP scaffolds were created by molding CSBP into a long rectangular prism 

shape (50x2.5x2.5mm), before cutting out pieces with a length of approximately 2.5mm. Release 

sample jars were incubated at 37°C and 5% CO2 during release. At set time points (15 minutes, 30 

minutes, 45 minutes, 1, 2, 4, 8, 12 and 24 hours), the full volume (2.5 mL) of PBS was removed 

from the jar, replaced with fresh PBS, and pipetted into a microcentrifuge tube. Each release 

extraction timepoint was centrifuged at 10,000 RPM for 10 minutes to remove any CSBP 

particulate, and the resulting supernatant was extracted into a fresh microcentrifuge tube. 

Absorbance readings for the release samples were then plated onto a 96 well plate at a volume of 

100 uL/well and evaluated using a Varioskan microplate reader at an absorbance wavelength of 

470nm. Release kinetics was performed in triplicate (n = 3 scaffolds for each self-curing 

timepoint), and each release time point was performed in triplicate when plating absorption 

readings. The resulting absorbance values was the average of each scaffolds average release at a 

given time. 

2.5 Applications of CSBP 

2.5.1 Adhesive 

 Preliminary adhesive testing was conducted on CSBP for its potential as a sustainable 

alternative to current adhesives for paper-based materials. CSBP paste was prepared in three forms 

to evaluate the impact dilution may have on the resulting adhesive strength: baseline CSBP (as 

outlined in section 2.2), 10% diluted CSBP (9 parts CSBP, 1 part water), and 25% diluted CSBP 

(3 parts CSBP, 1 part water). DI water was used for each dilution. Once prepared, a 1 x 1 inch 

square was measured in the center of cut cardboard strips and CSBP paste was applied uniformly 

across the measured area. The cardboard strip (containing a 1 x 1 inch square of CSBP paste in the 

center) was then placed downwards onto a small cardboard box, and a 500g weight was placed 
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atop the cardboard strips for 24 hours to facilitate adhesion. The adhered cardboard strips were 

tested the subsequent day for their adhesive strength, on a pass-fail criterion (n = 3). This was 

conducted by lifting the box with increasing weights placed inside (intervals of 200-250g). The 

weight at which the CSBP cardboard strip failed (detached) was recorded as the failure weight. 

2.5.2 Packaging 

 The packaging potential of CSBP was evaluated by attempting to emulate the specific 

dimensions and compressive properties of currently used polystyrene packaging peanuts. CSBP 

hollow cylinders with a diameter of 25mm and height of 30 mm were 3D printed using a FelixFood 

3D Printer and a 14Ga syringe nozzle – a larger diameter syringe nozzle was used to ease the 

creation of a hollow cylindrical structure. After being printed, CSBP packaging peanuts self-cured 

at room temperature, 10% RH for 24 hours. Since CSBP is still soft yet forms a defined shape after 

24 hours of self-curing, rectangular inserts were carefully cut and removed from the CSBP peanuts 

to decrease both the density and compressive strength. After inserts were removed, CSBP 

packaging peanuts were cured at room temperature, 10% RH for an additional 13 days to allow 

for 14 total days of self-curing. The compressive strength, recovery, and density of CSBP and 

polystyrene packaging peanuts was then determined and compared (n = 3). Mechanical testing was 

performed using a CellScale UniVert 1 kN to determine compressive strength at 35% deformation. 

2.5.3 Microneedle Fabrication 

 Microneedles were created with CSBP with the use of a modified formulation. The CSBP 

formulation and microneedle fabrication method proceeds as follows, and was adapted from a 

validated protocol for microneedle fabrication conducted by Babity et al.:126  

1. Preparation of final binder: The CSBP binder solution was prepared as outlined in 

step 1 and 2 of section 2.2. 
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2. Integration of polyvinyl alcohol (PVA): CSBP binder was placed into a lab oven 

set to 70°C, and PVA was added to form a final w/w ratio of 9:1 CSBP to PVA. 

The CSBP-PVA blend was mixed periodically for 2 hours, or until PVA had fully 

dissolved into the CSBP binder. 

3. Addition of MCC: MCC was added in a 1:2 ratio to form the final CSBP-PVA 

solution for casting. The solution was kept at 70°C until poured into the mold. 

4. Microneedle Casting and Formation: Microneedles molds were secured in a 6-well 

cell culture plate using tape, and the CSBP-PVA solution was poured into the mold. 

The well plate was covered with parafilm and centrifuged at 2500g for 5 minutes. 

After one cycle, the plate was rotated 180° and CSBP-PVA solution was recast atop 

the mold and centrifuged again using the same settings. This was repeated for 8 

total cycles. After the last cycle was completed, one final addition of cast solution 

was reapplied to the mold and the cell culture plate was stored in a desiccator at 

10% RH for 48 hours. 

CSBP-PVA microneedles were evaluated for their structure and mechanical integrity, 

using SEM and insertion analysis. SEM was performed using a Tescan VEGA TS-5130. Insertion 

analysis was conducted using a CellScale UniVert 1 kN mechanical tester. To evaluate insertion, 

CSBP-PVA microneedles were positioned downward and adhered to the top compressive plate of 

the UTM, and pressed downward for 30 seconds at a force of 32N. 32N was selected as it is 

equivalent of the force that would be exerted by a human thumb applying a microneedle.127 The 

CSBP-PVA microneedles were pressed into Parafilm M that had been folded eight times to form 

consecutive layers, and porcine stratum corneum that was dermatomed to a thickness of 350 µm. 
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2.6 Statistical Methods 

 All studies were conducted in triplicate or greater. Outliers were removed prior to 

statistical analysis. An outlier was defined as a data point that was 1.5 times greater or less than 

the interquartile range of the dataset. Data was statistically analyzed using t-tests when 

applicable (α = 0.05).  
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3. RESULTS AND DISCUSSION 

3.1 Development of CSBP  

3.1.1 Formulation  

 CSBP was successfully developed as a biopolymer paste capable of either self-curing or 

heat-curing to form a final object, each of which rely on different molecular interactions. CSBP 

consists of a soy protein source combined with MCC, DI water, and additives with hydroxyl and 

carboxyl functional groups. The CSBP formulation ratios were developed to create a paste capable 

of syringe extrusion for 3D printing applications, whilst gaining its mechanical strength once 

cured. 

For the plant protein component of CSBP, multiple food protein sources may be used, 

however, soy protein isolate was selected due to its high protein content (92%) to increase 

crosslinking interactions.85 Other sources of soy protein with a lower protein content can be used 

for the protein component of this formulation, which include but are not limited to soy flour, 

defatted soy flour and soy concentrate.  

The crosslinking agents added to the CSBP formulation were glycerol and citric acid, 

although the inclusion of additional additive(s) to the formulation can also change the resulting 

properties of the product. For example, additives such as ethylene glycol-based compounds are 

commonly used as a plasticizer in soy-protein materials to increase the strength of the material by 

inserting within the polymer chain of crosslinked soy protein monomers.70 Other ethylene glycol 

compounds such as polyethylene glycol, triacetin and other structurally related compounds may 

be used instead, as well as other known plant-protein additives.70 Glycerol and citric acid were 

selected as they are both naturally occurring compounds that are GRAS, which fit the goal to create 

a new sustainable biomaterial. 
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The cellulose component of CSBP serves as an emulsifier or filler and may be comprised 

of paper such as white or brown, as well as other types of paper fibres and materials containing 

cellulose. To recycle paper into its formulation, CSBP requires the paper become processed into a 

powder. This involves the use of a cryogenic mill to induce the grinding and subsequent powdering 

of paper, however, other methods such as thermos-mechanical pulping can also process paper into 

a powder for use in the CSBP formulation. Beyond the use of white and brown paper in CSBP, 

other cellulose sources such as MCC (used all throughout this study) and paper pulp can be 

substituted for the cellulose component of the material. This study only performed 

characterizations on CSBP using MCC as the cellulose component, as other non-cellulose filler 

material will lead to changes in the molecular interactions and end properties of the material.  

3.1.2 Crosslinking 

 Unlike most polymers in which monomers undergo a reaction to yield a crystalline and/or 

consistent crosslinked structure with a specific mechanism, the crosslinking of soy protein as used 

in CSBP is amorphous and relies on multiple crosslinking mechanisms commonly used in soy 

protein-based biomaterials. Firstly, soy protein can form crosslinks with itself, however, this 

process is scarcely spontaneous, and denaturation is needed to unfold soy protein and expose more 

functional groups.85,95,128,129 Soy protein self-crosslinking with disulfide bonds is a common redox 

reaction and results from the oxidation of sulfhydryl groups on the soy protein’s cysteine residues, 

resulting in the formation of a S-S bond.130 Disulfide bond formation is a major contributor to 

overall protein structure and occurs spontaneously during protein folding, therefore, the 

denaturation of protein is a useful step to initiate self-crosslinking.128,131 
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Figure 6: Disulfide Bond Formation Mechanism. Made using BioRender. 

 Relying on denatured soy protein self-crosslinking in its own would produce a final product 

with a very low degree of crosslinking, so, additional crosslinking agents were added to the CSBP 

formulation. Glycerol is a non-toxic, naturally occurring triol, and has been used by previous 

researchers as a plasticizer for soy protein-based films. Glycerol reacts with the carboxyl and 

amino groups of SPI monomers to form hydrogen bonds, inserting itself between protein chains 

and increasing chain mobility, allowing for less brittle SPI biomaterials.98,132,133 In addition to 

glycerol, citric acid is a non-toxic naturally occurring crosslinking agent that interacts with amino 

groups and was incorporated into the CSBP formulation.134 As determined by studies conducted 

by Xu et al., the citric acid crosslinking mechanism is a nucleophilic substitution with a carboxyl 

group on citric acid and a free amine group (lysine, arginine, alpha amino group) to form a new 

amide bond.134 The additives included in the CSBP formulation, citric acid and glycerol, can form 

crosslinks in the presence of denatured soy protein’s exposed functional groups to form a polymer 

network, and have each been used by previous researchers looking to change the mechanical 

properties of SPI-based materials.98,134,135 These crosslinking mechanisms are integral to the self-

curing of CSBP, however, CSBP may also be crosslinked using heat and will be discussed in 

section 3.1.4.  
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3.1.3 CSBP Structure and Film Formation 

 The structure of soy protein-based materials is often porous due to its amorphous structure 

and protein aggregation after denaturation, creating void space.108,136,137 As seen in a SEM of the 

topology of raw SPI in Figure 7A, the protein appears to have an amorphous shape and size.136 In 

Figure 7B, the SEM of MCC shows the irregular and sharp appearance of MCC fibres.138 

  

Figure 7: SEM of Soy Protein Isolate and Microcrystalline Cellulose. (A) SEM of Soy 

Protein Isolate.136 (B) SEM of Microcrystalline Cellulose.138 

In the SEM images of self-cured CSBP in Figure 8A, there is a noticeable difference in the 

appearance of SPI when compared to the SEM of raw SPI, due to the addition of MCC as an 

emulsifier. The MCC (20µm fibre size) included into the CSBP formulation causes the deposition 

of SPI around each cellulose fibre to form a film. Research conducted by O’Dell et al. on creating 

SPI adhesives with glass fibre support shows a similar interaction as seen in the SEM of CSBP, as 

the SPI showed uniform distribution and film formation throughout glass fiber support.99 The SEM 

images of CSBP also show an expected porous structure, a common feature of SPI-based 

biomaterials.108,139,140 
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Figure 8: SEM of Self-cured CSBP Cross Sections. (A) CSBP at 5.0kx magnification. (B) 

CSBP at 1kx magnification. 

The SPI-MCC film formation in CSBP helps to reinforce the final CSBP object by 

decreasing the porosity and increasing mechanical strength through interactions between MCC 

fibres and soy protein.139 Several potential interactions such as hydrogen bonding, imine linkages 

and ionic attraction have been highlighted as plausible interactions between cellulose fibres and 

SPI, as well as the formation of amide bonds between cellulose and SPI via amidification.139 Future 

work should be conducted on obtaining SEM images for CSBP paste prior to self-curing, as well 

as SEM images of the specific SPI and MCC reagents used in CSBP. This way, the appearance of 

CSBP prior to SPI-MCC film formation can be observed with both SPI and MCC dispersed 

throughout the paste.  

3.1.4 Self-Curing Behavior of CSBP 

  Once CSBP paste has been produced, it can undergo self-curing to form a solid, final object 

without the use of heat or any additional catalysts. However, this process is reductive in nature due 

to the evaporation of water, as the dimensions and weight of freshly printed CSBP paste is greater 

than the final self-cured product. Therefore, it is important to characterize the self-curing behavior 

of CSBP to ensure that if needed, objects of specific dimensions or weight can be created. To 
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evaluate any potential impact that the humidity of the surrounding environment may have on CSBP 

self-curing, weight and volume change was measured as a function of humidity and shown in 

Figure 9.  

 

Figure 9: CSBP Self-Curing Weight and Volume Change as a Function of Relative 

Humidity. (A) CSBP self-curing weight change, evaluated from 10-90% RH. (B) CSBP self-

curing volume change, evaluated from 10-90% RH. 

 As shown in Figure 10A, the weight change of self-cured CSBP shows little deviation at 

59.3 +/- 1.33% of the initial printed weight between 10% and 70% RH, except for self-curing at 

90% RH which reduced to 74.9 +/- 5.22% of its initial weight. The reduced weight loss of CSBP 

at 90% RH is a result of the uptake of water by the porous CSBP structures at 90% RH, as there 

was no significant difference in the volume of these samples at this humidity. In addition, the 

conditioning of samples at 95% RH is a common method used for the determination of the water 

uptake of biomaterials, meaning that exposure to 90% RH likely caused a similar uptake of water 

and impacted the recorded weight at 90% RH.141,142 

 For the change in volume with self-curing humidity, Figure 9B shows that self-cured CSBP 

will shrink to an average of 64.44 +/- 1.31% of its original volume from 30-90% RH, and 54.66 

+/- 3.71% of its original volume at 10% RH. This difference may be accounted for by the 
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difference in the curing apparatus for the samples at 10% RH and 30-90% RH, as samples were 

stored in a desiccator for 10% RH but stored in a humidity controlled environmental chamber for 

30-90% RH, due to limitations with decreasing the RH of the environmental chamber below 30% 

RH. It is possible that the active absorption of moisture using a desiccant system may have resulted 

in the further reduction of CSBP sample volume. For both the weight and volume change of CSBP 

as a function of RH, 14-day self-cure timepoints were evaluated and no difference was observed. 

 The reductive nature of CSBP self-curing is a result of both the loss of DI water by 

evaporation and SPI film formation around MCC fibres. As a fresh paste, the CSBP formulation 

components have not yet interacted with each other and exist as a mixture. As CSBP begins to 

self-cure, SPI interacts with the MCC fibres to form a film, creating void space and the reduction 

of the overall volume and weight of the object. The evaporation of water present in the CSBP 

formulation also contributes to the final object’s weight and volume loss. 

3.1.5 Heat Cured CSBP 
 

The curing temperature and time applied to CSBP can alter the desired end properties of 

the material, as the use of high temperature heat curing creates a more rigid object. In this study, 

the properties of a heat cured variation of CSBP was considered for its use in creating a stronger 

and more water-resistant final product. For this, CSBP paste was printed and placed into a lab oven 

at 200°C for 20-60 minutes depending on the sample dimensions, for the induction of the Maillard 

reaction. Although the Maillard reaction typically occurs at approximately 160-180°C, a higher 

temperature was employed to allow for the penetration of heat throughout the entire CSBP 

structure.143 The use of heat in the processing of SPI-based materials is an approach used by some 

researchers on SPI-based plastics, and the resulting properties of the heat cured SPI-based material 

is often rigid but brittle86,144,145. The induction of the Maillard reaction in CSBP is indicated by the 
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presence of melanoidins which produce the brown appearance of the heat cured samples, seen in 

Figure 10.75 

 

Figure 10: 3D Printed Heat Cured CSBP Dogbone. Samples was 3D printed and 

heat cured at 200°C for 30 minutes. 

 With the visible production of melanoidins as well as a distinct baking aroma that occurs 

during heat curing, it is evident that the Maillard reaction is taking place when heat curing CSBP. 

However, the CSBP formulation was not originally intended to produce Maillard-type reactions 

when heat cured, as the formulation consists of none of the typical reducing sugars that are needed 

for their carbonyl groups. It is possible then that the presence of reducing sugars needed for 

Maillard-type reactions in heat cured CSBP may be a result of alterations to the chemical 

composition of cellulose, or the thermal degradation of citric acid and glycerol, which can form 

reactive carbonyl-containing compounds in their degradation pathways.146,147 The thermal 

degradation of glycerol produces multiple reactive aldehyde and ketone-containing compounds, 

while citric acid may degrade into aconitic acid then acetone, which contains a carbonyl 

group.146,147 Although neither of these decomposition products fit the typical description of a 

reducing sugar such as glucose and fructose, the presence of these carbonyl compounds may still 

facilitate the Maillard reaction or react with each other to form other unknown compounds that 

contribute to the Maillard reaction. Future work must be conducted to better understand and 

describe the specific interactions that occur within heat cured CSBP.  
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3.2 3D Printing of CSBP via a Syringe-Based 3D Printer 

 The first step in the 3D printing of the CSBP paste was the selection of a 3D printer with a 

syringe-based mechanism of extrusion. For this, a FelixFood single-head 3D printer was selected 

to print this material (Figure 11) for its customizable interface for integrating new materials with 

syringe 3D printing, as well as the bed (maximum 105oC) and syringe (maximum 60oC) heating 

potential. 

For the 3D printing of CSBP paste, the printing parameters were developed to be able to 

consistently 3D print objects out of an 18Ga syringe nozzle using a baseline CSBP formulation. 

In addition to 3D printing at 18Ga, a variation of CSBP consisting of a 10% dilution with DI water 

was developed to successfully print through a 20Ga syringe nozzle, providing prints with greater 

detail. Some of CSBP’s 3D printed structures are outlined in Figure 12.  

 

Figure 11: Syringe-based 3D Printer used in the 3D Printing of CSBP. FelixFood 

Single Head 3D Printer. 
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Figure 12: 3D Printed CSBP Objects. (A) Pyramid printed using base CSBP and 18Ga 

syringe nozzle (B) Bird printed using base CSBP and 18Ga syringe nozzle (C) Hexagon 

structure printed using 10% diluted CSBP and 20Ga syringe nozzle (D) Bird silhouette 

printed using 10% diluted CSBP and 20Ga syringe nozzle. The different color of each 

object is due to the addition of a water-based pigment to the CSBP formulation. 

The 3D printing of CSBP with upwards of a 20Ga syringe nozzle is a workable quality for 

the fabrication of many objects, however, there remains disadvantages when compared to the 

capabilities of common FDM printers. Firstly, the internal syringe nozzle diameter of typical FDM 

printer is around 22Ga (0.400mm), a value that is lower than that of the 20Ga (0.603 mm) 

maximum capability of CSBP. This difference is a direct result of the different mechanisms 

between FDM and the 3D printing of CSBP, as since FDM works by melting thermoplastics 

filament into a liquid prior to extrusion, it allows for a lower viscosity print media which may print 

through a finer nozzle. This difference in 3D printing mechanism also allows FDM to have a much 

more precise layer height of 0.1 – 0.2mm, while the lowest established layer height for 3D printing 

with CSBP in this study is 0.5mm. As there is no melting of the CSBP paste into a liquid form to 
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reduce its viscosity, there is limitations with respect to the precision of CSBP 3D printed objects 

when compared to FDM. The 3D printing of CSBP was established to successfully create the 

necessary objects for the characterizations and applications to be performed in the remainer of the 

study and was not further investigated to achieve higher print quality. Therefore, there is still 

potential to greatly improve the 3D printing of CSBP with optimization of both the print 

parameters and formulation. 

3.2.1 Rheology of CSBP 

 The rheology of CSBP is displayed in Figure 13, for the base-CSBP formulation used 

throughout the entirety of this study as well as the 10% diluted CSBP used in higher quality 3D 

printing. The results shows that CSBP behaves as a shear-thinning, non-Newtonian fluid which 

reinforces its suitability for use in a syringe-based 3D printer. With a shear-thinning fluid, viscosity 

decreases as shear rate increases, meaning the use of a pressure-based system for extrusion allows 

CSBP to function as a fluid when extruded from a syringe nozzle, whilst maintaining the ability to 

form solid layers once extruded.148 As expected, the 10% diluted CSBP formulation shows lower 

viscosities than the base CSBP formulation at any given shear rate, as the higher ratio of liquid to 

solid in the formulation decreases the overall viscosity of the paste and increase extrudability. 
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Figure 13: Rheology of CSBP for 3D Printing. Shear rates were recorded from 0.1 to 1000 

s-Â but excluded after 10 s-Â for better viewing. 

3.3 Mechanical Properties of CSBP 

3.3.1 Tensile Strength 

 The tensile strength of CSBP was recorded for two different time points of self-curing (7 

days, 14 days) as well as two different humidities (10% and 55% RH). These humidity values were 

selected to represent the two humidities that are common indoors throughout the year, as winter 

humidity stayed constant at 10% while summer humidity values ranged from 50 to 60%. 

Evaluating self-cured CSBP mechanical strength as a function of RH will help to evaluate how 

atmospheric water content may impact the mechanical properties of CSBP, as soy-based materials 

are known to have poor water resistance and thus are often processed using heat.85,86,149 

The results shown in Figure 14 indicate that CSBP has a much greater tensile strength after 

7 days of self-curing at 10% RH when compared to 7 days of self-curing 55% RH, and this trend 

is consistent with the 14-day self-curing data. When preparing and handling the samples, there was 

a distinct difference between the 10% RH and 55% RH samples – samples cured at 55% RH were 
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much softer and pulled apart with minimal force while the 10% RH samples were much firmer. 

Tensile data was also recorded for 21 days of self-curing and there was no difference in the results. 

 

Figure 14: Comparison of CSBP Tensile Strength by Self-curing Duration and Relative 

Humidity. **p<0.01, ***p<0.001. ****p<0.0001. Data represents the mean +/- SD (n=3). 

Error bars are displayed when possible. 

 Comparing the tensile strength of self-cured CSBP to two common FDM filaments, PLA 

(39.9– 52.5 MPa) and ABS (18.8 – 24.9 MPa), it has significantly lower strength and failed to 

reach 1.0 MPa after 14 days of self-curing150. Ultimately, this is an expected result as SPI-based 

materials are not expected to surpass the mechanical strength of currently used synthetic plastics 

and polymers, but to instead provide a sustainable and biodegradable alternative, among other 

advantages. The tensile strength of self-cured CSBP is also lower than that of other SPI-based 

materials that have been created, as some researchers have been able to create SPI-based 

biomaterials with tensile strength upwards of 15 MPa.151,152 However, this is not a direct 

comparison to self-cured CSBP as most of the recent developments in SPI-based materials has 

been largely concentrated on thin film formation and not AM, which often uses processes such as 

synthetic additives, nanoparticles, and most commonly thermal treatment in curing to create 
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stronger films.153 The self-cured CSBP created in this study differs in that it can instead create 

objects of varying dimensions through AM, consists of entirely GRAS components, and requires 

minimal processing as SPI-MCC film formation and crosslinking is not driven by specific catalysts 

or stimuli. Factors such as the ambient-active self-curing method of CSBP and weaker crosslinkers 

that are GRAS can be attributed to the overall lack of mechanical strength when compared to other 

SPI-based materials.   

3.3.2 Compressive Strength 

Since the self-curing of CSBP produces a non-rigid material with compressibility and 

recovery, compression was evaluated by looking at the compressive strength at 10% and 35% 

deformation. ASTM D695 is not suitable for non-rigid materials as failure becomes difficult to 

accurately define, thus deformation testing is a much better indication of CSBP’s compressive 

properties. Three different self-curing time points of 24 hours, 7 days and 14 days were tested for 

compressive strength, to understand when CSBP becomes fully cured. 

 A comparison of CSBP self-cured compressive strength in Figure 15 shows that CSBP has 

the greatest compressive strength at 35% deformation of 6.843 +/- 0.608 MPa after 14 days of self-

curing at 10% RH. The impact of RH on the resulting compressive strength of CSBP is consistent 

with the results obtained for tensile strength, as CSBP conditioned to self-cure at 55% RH had 

much lower compressive strength for both 10% and 35% deformation, apart from 24 hours of self-

curing. Additional CSBP samples were tested after 21 days of self-curing and there were no further 

increases in compressive strength. The results of a Welch’s multiple t-test show that there was a 

significant difference in compressive strength between 10% and 55% RH at 7 and 14 days of self-

curing. 
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Figure 15: Comparison of CSBP Compressive Strength by Curing Time and Humidity. (A) 

10% deformation compressive strength of CSBP. (B) 35% deformation compressive 

strength of CSBP. **p<0.01, ***p<0.001, ****p<0.0001. Data represents the mean +/- SD 

(n=3). Error bars are displayed when possible. 

 Many materials used in FDM are rigid thermoplastics, so, the compressive strength of non-

rigid self-cured CSBP cannot be directly compared. The results show that the impact of the 

surrounding RH for CSBP self-curing does not significantly impact the resulting compressive 

properties of the material in the first 24 hours of self-curing, which is likely due to the lack of fully 

formed molecular interactions within CSBP at this time point. Reinforced by the tensile and 

compressive data, it is evident that much of CSBP’s mechanical strength does not develop from 

its self-curing within the first 24 hours of being produced. This means that many of the interactions 

within CSBP, mainly SPI-MCC film formation and crosslinking, have not yet fully occurred and 

therefore there is less disruption and ultimately reduction in mechanical performance with a greater 

moisture content. Further testing on self-cured CSBP such as SEM imaging could be conducted at 

the 24-hour self-cure timepoint could be conducted reinforce this finding. 
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3.3.3 The Impact of Humidity on Mechanical Strength 

As expected, the surrounding RH of self-curing CSBP had a major impact on the resulting 

mechanical strength of the final object. The poor water resistance of SPI-based materials has been 

well documented by previous researchers, and much of the current research conducted is designed 

to overcome this shortcoming.85,118,149 The impact of water on CSBP’s mechanical strength is due 

to molecular interactions occurring with water and the individual formulation components, as well 

as interactions present in self-cured CSBP. Firstly, glycerol and SPI are known to be hygroscopic, 

which may have a negative impact on the mechanical strength of self-cured CSBP as the 

formulation components swelling may causing degradation and the disruption of bonds.90,154–156 

The swelling properties of SPI-based materials, although a detriment to the mechanical strength 

when exposed to water, makes them great candidates for drug delivery and will be discussed in 

section 3.7. The presence of moisture can also disrupt key molecular interactions which result in 

the reduced mechanical strength of CSBP at higher RH, as water may trigger amide hydrolysis 

and the disruption of ionic interactions and hydrogen bonding, disrupting SPI-MCC film formation 

and crosslinking.139,157,158 

3.4 in vitro Cytotoxicity of CSBP 

A cytotoxicity assay was conducted to provide a biocompatibility evaluation of CSBP and 

provide insight on its suitability for the creation of medical devices and drug delivery systems.68,159 

To do this, an elution-based MTS assay was performed to ensure that CSBP did not release 

hazardous byproducts when immersed in medium, with the results shown in Figure 16. The 

resulting cell viability after 1, 7, and 30 days of elution in cell media is 114.65 +/- 4.47%, 106.63 

+/- 10.78% and 83.90 +/- 19.43% respectively. 
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Figure 16: in vitro Cytotoxicity Evaluation of CSBP via Elution-based MTS Assay. 

Data represents the mean +/- SD (n=3).  

 Looking at the MTS assay results of the elution-based cytotoxicity assay performed on 

CSBP, there is no significant change in cell viability for 1 and 7 days of immersion of medium. 

After 30 days of elution in media, the viability of the cells may appear lower with a value of 83.90 

+/- 19.43%, however, this difference is not statistically significant (df = 5.946, t = 1.226, P>0.05). 

The biocompatibility of CSBP was an expected result as all of the formulation components are 

GRAS compounds that have common uses in the food, pharmaceutical and cosmetics industry that 

rely on consumers consuming these compounds.160–162  

When cells were seeded into wells with the elution media and observed under a microscope, 

small fragments of CSBP that had detached during elution were floating in the media, which could 

have impacted the resulting absorbance readings as they remained in the wells once the elution 

media was removed. These CSBP fragments present in the elution media were not visible in the 

1-day exposed media, but instead present scarcely throughout the 7-day media, and much more in 

the 30-day media. With a higher quantity of CSBP detached fragments in the 30-day elution media, 

it is possible that these artifacts may contribute to lower absorbance readings during the MTS assay 
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or cause physical damage to the cells. Future studies that want to evaluate CSBP cytotoxicity 

should be conducted using a well plate with an insert to directly test CSBP samples and limit the 

potential for disruption in absorbance readings, or by the centrifugation of elutions. 

 The cell viability of 1- and 7- day CSBP elution media in the MTS assay was slightly above 

the cell viability of the positive control, however, it was not a statistically significant difference 

(p>0.05). It is possible that the partial degradation of CSBP in media releases free amino acids that 

may contribute to cell growth and the increased cell viability of these samples. This concept is 

supported by a review conducted by Gupta et al. on soy protein hydrolysates, the products formed 

during soy protein hydrolysis, which found that these compounds can significantly enhance cell 

growth and alter cell functionality.163 The results obtained for the cytotoxicity test of CSBP 

produces the same outcome as other research conducted on SPI-based materials’ cytotoxicity, as 

two studies conducted found no significant difference in cell viability when compared to control 

unless their SPI-based formulations incorporated a known cytotoxic component.164,165 

3.5 CSBP Degradation 
 

3.5.1 TGA 

 TGA was performed to evaluate the thermal degradation of self-cured CSBP. The results 

are shown in Figure 17 with a summary of each formulation components’ degradation temperature 

obtained from literature in Table 4. TGA was performed in triplicate, however, the results from a 

single run are presented for easier viewing. 
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Figure 17: TGA of Self-cured CSBP. Samples were tested from 0 to 600°C in N2 conditions. 

Formulation components are identified according to the known literature values in Table 4.  

 As seen in the TGA results, self-cured CSBP has an ODT of 342.1 +/- 0.948°C and 

produces the expected degradation peaks as each peak corresponds to literature values obtained 

for the individual CSBP formulation components. TGA was not conducted for heat cured CSBP 

but would be expected to follow a similar degradation pattern as self-cured CSBP beginning at 

200°C, excluding the creation of any Maillard reaction products. 

Table 4: CSBP Formulation Components’ Thermal Degradation Obtained from Literature 

Formulation Component Thermal Degradation Peak Range (°C) 
Soy Protein Isolate (SPI) 267-367166 

Citric Acid 160167 
Glycerol 200-250168 

Microcrystalline Cellulose (MCC) 353169 
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3.5.2 Biodegradation in Soil 

 The soil biodegradation of CSBP was conducted using a soil burial test, a technique most 

commonly used for biomaterial degradation testing.117 From the soil burial test conducted, self-

cured CSBP lost 98.13 +/- 0.63% of its weight in 80 days, compared to 1.76 +/- 0.057% for the 

negative control (no soil).  

 

Figure 18: Soil Biodegradation of Self-cured CSBP. (A) Percent mass remaining of self-

cured CSBP over a period of 80 days. (B) Weekly degradation rate of self-cured CSBP 

samples, expressed as a percentage. Error bars smaller than the data point symbols are not 

shown. 
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The slight decrease of self-cured CSBP’s weight in the negative control is likely the result 

of additional weight loss due to self-curing that took place beyond 14 days, or, due to slight 

degradation because of the conditioning of the samples (22°C, 60% RH). In the soil biodegradation 

results of self-cured CSBP, there is a greater loss of weight in the first two weeks, accompanied 

by visible fungal growth shown in Figure 19B that appeared only within the first two weeks. 

Unfortunately, to obtain accurate weekly weight values for CSBP the fungal growth had to be 

removed from the samples, but it is worth considering that since many fungi are decomposers, this 

removal could have led to slower degradation than would be obtained if samples were left 

untouched underground.170 The natural biodegradability of CSBP can be attributed to the 

accessible breakdown of the formulation components, as each component can be broken down into 

simple sugars or carbon by common soil bacteria and fungi. The soy protein and cellulose 

component of the CSBP formulation is susceptible to degradation by proteases and cellulases, 

enzymes that break down proteins and cellulose respectively, present in soil bacteria and fungi.171–

173 Citric acid and glycerol are known to be readily degradable in soil by multiple genus’ of bacteria 

and fungi, and are reduced to their carbon sources.174–176 
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Figure 19: Visual Representation of Self-cured CSBP Soil Biodegradation Study. (A) 

Visual representation of CSBP soil biodegradation over time (B) Picture of CSBP with 

visible growth after first 7 days of soil burial and prior to cleaning. 

 

Figure 20: Comparison of Self-cured CSBP Soil Biodegradation to Other Thermoplastics. 

Comparative mass remaining after 80 days of soil burial for PLA, ABS and CSBP with 

control. Data represented is the mean +/- SD (n=3).  

 Through a comparison of the soil biodegradation of CSBP to other commonly used 

thermoplastics in AM, ABS and PLA, CSBP is the only material to show a significant loss in 

weight. As discussed in section 1.2, ABS is not biodegradable and the biodegradability of PLA is 
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reliant on highly controlled composting parameters, which reinforces this result. Heat cured CSBP 

was not evaluated for its soil biodegradability, further, no currently published research thus far on 

Maillard-type biomaterials could be found that evaluates these compounds’ biodegradability in 

soil. Presumably, since heat cured CSBP works through Maillard-type reactions and products, the 

biodegradation in soil may be like that of protein rich baked foods, however, additional 

biodegradation testing should be conducted before making any conclusions.  

3.6 Water Properties 

 The water properties of CSBP were evaluated by looking at both its water uptake and 

contact angle, to quantify the water resistance of CSBP with different curing temperatures. The 

water properties of self-cured CSBP were only evaluated for 14-day, 10% RH self-cured CSBP 

and referred to as “Self-Curing” in the resulting figures to represent fully self-cured CSBP’s water 

properties. Results of water uptake studies (Figure 21) showed that CSBP has a higher water uptake 

of 47.49 +/- 1.55% compared to that of heat cured (200°C, 30 minutes) CSBP at 11.73 +/- 0.46%. 

An intermediate condition (150°C, 10 minutes) was tested with the intention of creating a hardened 

exterior shell to CSBP to decrease the water uptake of CSBP. This intermediate curing condition 

showed a decreased water uptake of 37.01 +/- 1.33%, which was a significant difference when 

compared to self-cured CSBP (df = 3.907, t = 8.887, p = <0.01). 
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Figure 21: CSBP Water Uptake by Curing Condition. Data represents the mean +/- SD 

(n=3). **p<0.01, ***p<0.001. 

 The water uptake of CSBP demonstrates the known impact of heat-curing on the resulting 

water resistance of SPI-based materials as previous studies have successfully used heat-based 

processes to effectively increase water resistance.145,177 As mentioned in section 3.3.3, the SPI and 

glycerol component of CSBP are hygroscopic compounds, which contributes to the water uptake 

of CSBP.90,154–156,178 Furthermore, the porous structure of CSBP as shown in the SEM results 

(Figure 8) also contributes to the water uptake of self-cured CSBP, and is a characteristic common 

to protein-based biomaterials.108,179 The full heat curing of CSBP shows a significantly lower water 

uptake than self-cured CSBP, which can firstly be attributed to the thermal degradation of two 

hygroscopic additives, citric acid and glycerol. This is because, as shown in the TGA results 

(Figure 17), the heat cured variation of CSBP is processed at 200°C, which is above the 

degradation temperature of both citric acid and glycerol.167,168 It is also likely that the porosity of 

CSBP is greatly altered by heat-curing and should be evaluated directly by conducting SEM and 

porosity calculations for each curing condition to better understand this difference. One study 

conducted by Zadeh et al. accessing Maillard reaction scaffolds have found that the induction of 
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the Maillard reaction can cause thicker pore walls, which in return would decrease porosity and 

pore size.77 If this same mechanism occurs for heat cured CSBP, this could explain why water 

uptake decreases as the material becomes less porous.  

The water contact angle results of self-cured and heat cured CSBP reinforce the water 

uptake results, as self-cured CSBP has a water contact angle of 23.60 +/- 2.09° and heat cured 

CSBP has a higher contact angle of 74.87 +/- 5.76°. This indicates that although CSBP remains 

hydrophilic regardless of curing conditions since both contact angles are below 90°, heat cured 

CSBP is less hydrophilic than self-cured CSBP. 

 

Figure 22: Comparison of Self-cured and Heat Cured CSBP Water Contact Angles. (A) 

Self-cured CSBP Water Contact (B) Heat cured CSBP Water Contact. 

3.7 Drug Release Kinetics 

The use of plant proteins presents an advantage when considering the potential for medical 

applications and the development of medical devices, as plant-based proteins are ideal biomaterials 

due to their natural binding sites and bioactivity in vitro and in vivo.97,180 Furthermore, soy protein 

has been recently evaluated for its potential in creating scaffolds for tissue regeneration, and has 

shown promising bioactivity for uses in regenerative medicine.81,83,97,106 

 CSBP as characterized throughout this study has shown to be biodegradable, porous, non-

cytotoxic and hygroscopic which makes it an ideal candidate for a biodegradable DDS. 
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Furthermore, research has already been conducted on new types of soy-based materials for 

biodegradable scaffolds, due to advantages such as mediation of cell adhesion and growth, high 

drug binding capacity, and biocompatibility.104,120 To gain a fundamental understanding of how 

CSBP may be used as a drug delivery system, release kinetics from CSBP was evaluated as a 

function of curing time using fluorescein as a model drug. Fluorescein was selected for its high 

fluorescent sensitivity and hydrophilicity, which allowed for easy integration and detection with 

CSBP scaffolds. The results of fluorescein release kinetics from CSBP are shown in Figure 24. 

Heat cured CSBP’s release kinetics were not evaluated as the high temperature used in curing 

exceeds the thermal degradation of most pharmaceutical compounds, which limits its potential as 

a DDS.  

 
Figure 23: Fluorescein Standard Curve in PBS. 6.25 µg/mL – 50 µg/mL, R2 >0.99. 
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Figure 24: Fluorescein Release Kinetics from CSBP after 48 Hours in PBS (pH 7.2, 37°C). 

(A) Fluorescein release kinetics by total released. (B) Fluorescein release kinetics by 

percent released. (C) Fluorescein-loaded CSBP scaffold. Data represents the mean +/- SD 

(n=3). 

 A small amount of fluorescein was integrated into the CSBP formulation at a percent 

weight of 0.633% of the entire CSBP paste formulation. Using the results obtained from the weight 

loss of self-cured CSBP after 7 days at 10% RH (59.3%), it can be estimated that the theoretical 

total fluorescein in a 50mg fluorescein-loaded self-cured CSBP sample was 316.81µg.  

By looking at the release kinetics of fluorescein from CSBP in Figure 24, CSBP self-cured 

for 7- and 14-days exhibits a rapid release within the first 24 hours of immersion, while 24-hour 

self-cured CSBP releases most of its payload in the first 12 hours of immersion. Looking at the 

quantities of fluorescein released, the cumulative release of 7- and 14-day self-cured CSBP after 

48 hours, 342.06 +/- 13.13µg and 363.13 +/- 13.87µg respectively, are above fluorescein’s 
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theoretical weight of 316.81µg. The reason for this discrepancy is that the CSBP formulation was 

mixed manually, which means that fluorescein was likely not homogenously dispersed throughout 

the paste. The use of a mechanical stirrer or homogenizer in future studies can correct this deviation 

from theoretical and should provide a homogenous distribution of fluorescein throughout the 

CSBP formulation.  

The fluorescein release from 24-hour self-cured CSBP scaffolds (232.93 +/- 45.21 µg) was 

much below the theoretical value of 316.81µg and with a high standard deviation, which is likely 

a combination of the overcorrection of the self-curing weight change value used in the calculation 

of theoretical fluorescein content as well as formulation inconsistencies from manual mixing. To 

calculate the theoretical fluorescein content of the CSBP scaffolds, the total CSBP weight was 

scaled in accordance with the mean self-cured weight loss for 7-day self-cured CSBP to account 

for the difference in weight between fluorescein-loaded CSBP paste and the resulting scaffold used 

for release studies. An example of this calculation is provided below: 

𝑻𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 𝑭𝒍𝒖𝒐𝒓𝒆𝒔𝒄𝒆𝒊𝒏 𝑪𝒐𝒏𝒕𝒆𝒏𝒕 = ൮
𝒇𝒍𝒖𝒐𝒓𝒆𝒔𝒄𝒆𝒊𝒏 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 

൬ 𝒕𝒐𝒕𝒂𝒍 𝑪𝑺𝑩𝑷 𝒑𝒂𝒔𝒕𝒆 𝒘𝒆𝒊𝒈𝒉𝒕
𝑪𝑺𝑩𝑷 𝑺𝒆𝒍𝒇 𝒄𝒖𝒓𝒆 𝒘𝒆𝒊𝒈𝒉𝒕 𝒍𝒐𝒔𝒔  ൰

൲ × 𝑺𝒄𝒂𝒇𝒇𝒐𝒍𝒅 𝒘𝒆𝒊𝒈𝒉𝒕 

 Using the above formula appears to lead to an approximate theoretical total fluorescein 

content for 7- and 14- day self-cured CSBP but may fail to accurately account for the effect of 

refrigeration (storage of samples at 4°C, 20% RH) on the self-curing of CSBP in the first 24 hours. 

Due to the manufacturer’s recommendation of storage at 4°C for fluorescein in solution to prevent 

degradation, samples were stored in a 4°C fridge and protected from light exposure during self-

curing. However, in doing so, this may have impacted the resulting self-curing by decelerating the 

self-curing of CSBP, most notably by slowing down the evaporation of water. Generally, the 

temperature, humidity, and air velocity of the surrounding atmosphere will dictate the evaporation 

of water.181 The lower temperature of the self-curing conditions may have contributed to slower 
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evaporation of water and a lower degree of CSBP weight loss in the first 24 hours of self-curing, 

which means that the formula used would not be accurate for 24-hour CSBP. Therefore, the 

theoretical fluorescein content in future studies needs to be calculated in accordance with first re-

characterizing the weight loss of self-curing CSBP at 4°C and 20% RH to account for any changes 

in self-curing reductions. 

 Looking at the release kinetics of fluorescein from self-cured CSBP in terms of percent 

released in the first 48 hours allows for a clear representation of the release kinetics of fluorescein 

as a function of CSBP’s self-cure time. The percent release of fluorescein from self-cured CSBP 

in Figure 24B produces the expected result of increasing cure time, as the CSBP scaffolds set to 

cure for longer exhibit a more delayed release of fluorescein. The solidification of CSBP from 

paste to final object through self-curing allows for more gradual release of fluorescein, as long 

self-cure times produce a stronger scaffold that in turn is more resistant to force and swelling in 

water. 

 Comparing the release kinetics of fluorescein from CSBP to that of other SPI-based 

materials that have recently been developed to explore the potential of protein-based materials in 

drug delivery, the release kinetics are generally similar. Research conducted by Song and Zhang, 

Chien et al., and Vaz et al. focused on soy protein-based DDS exhibit a release profile within the 

first 48 hours similar to that of the 7- and 14- day self-cured CSBP.100,105,120 

3.8 Heat Cured CSBP Mechanical Properties 

 As discussed throughout this study, CSBP can be cured with the use of heat opposed to 

allowing it to self-cure, however, this drastically alters both the resulting material and interactions 

within CSBP. Mechanical testing conducted on heat cured CSBP show a compressive strength of 

22.9006 +/- 1.2881 MPa, and an ultimate tensile strength of 1.235 +/- 0.11 MPa. Since soy protein 
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plastics are historically known to be brittle and have low ductility when processed at high 

temperatures, tensile strength was determined through the use of ASTM D638 which is designed 

for rigid plastics.85,182 Heat cured CSBP produces a much more rigid and brittle final object 

compared to self-cured CSBP. A comparison of self-cured and heat cured CSBP mechanical 

properties is provided in Figure 25, using the 10% 14-day self-cured CSBP results to represent 

self-curing. 

 

 
Figure 25: Comparison of CSBP Mechanical Properties by Curing Condition. The 

comparison between compressive strength is not direct, and instead between compressive 

strength at 35% deformation for self-cured CSBP and compressive strength of heat cured 

CSBP. **p<0.01, ****p<0.0001. 

A comparison of self-cured and heat cured CSBP shows that the use of Maillard-type 

reactions and crosslinking produces an object with stronger mechanical properties than that of self-

cured CSBP. As heat cured CSBP is processed above the thermal degradation of the two additives 

glycerol and citric acid, it does not rely on these formulation components directly and instead 

induces Maillard-type reactions between SPI, MCC, and potentially degradation products. The 

increased mechanical strength of CSBP through the use of heat curing was an expected result, as 
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the use of Maillard-type reaction in biomaterial synthesis is known to increase the resulting 

mechanical properties.77  

Although the tensile strength values of CSBP for self-curing (0.749 +/- 0.047 MPa) is close 

to that of heat cured CSBP (1.235 +/- 0.11 MPa), the behavior varies significantly. Heat cured 

CSBP is much firmer and more brittle than self-cured CSBP, and snaps quickly under load. Self-

cured CSBP is instead more viscoelastic and has a greater degree of elasticity and resilience than 

heat cured CSBP. The difference in tensile behavior of these two curing variations may be better 

characterized quantitatively using an extensometer during tensile testing. 

3.9 CSBP Characterization Summary 

 Multiple studies were conducted to explore the baseline properties of CSBP and to help 

gauge the potential real-world applications of this biomaterial, which will be expanded upon in 

section 3.10. Overall, CSBP contains fully GRAS components and relies on a synergistic approach 

of SPI-MCC film formation, crosslinking, and solvent evaporation to form a self-curable solid 

object. The processes involved in CSBP formulation and 3D printing are void of the use of heat 

and other high energy processes when self-curing is employed. Further, heat cured CSBP was 

characterized alongside self-cured CSBP for multiple studies to provide a comparison between the 

two conditions of CSBP curing. A summary table of the characteristics of CSBP discussed in 

sections 3.1-3.8 is provided below: 
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Table 5: Summary of CSBP Characterizations 

Characteristic  Self-cured CSBP Heat Cured CSBP 
3D Printable using a syringe-
based mechanism 

Yes Yes 

Natural Biodegradability ( 
soil) 

98.13% weight loss in 80 
days 

Unknown 

Optimal Degradation 
Temperature  

342.1°C 342.1°C 

Microstructure Porous, SPI-MCC film 
formation 

Unknown 

Water Properties Hydrophilic, 47.49% water 
uptake at 95% RH  

Hydrophilic, 11.73% water 
uptake at 95% RH 

Cytotoxicity Non-cytotoxic  Unknown 
Release Kinetics Rapid release in first 24 hours Unknown 
Compressive Strength 2.4894 MPa at 10% RH, 14 

days 
22.9006 MPa 

Tensile Strength 0.749 MPa at 10% RH, 14 
days 

1.235 MPa. 

 

3.10 CSBP Applications 

3.10.1 Paper-Based Adhesive 

 From working through the 3D printing and characterizations of CSBP, it was observed that 

CSBP paste has a sticky texture and self-curing behavior, which suggested there may be potential 

use as a sustainable adhesive. The preliminary adhesive strength of CSBP was tested as well as 

two dilutions for the impact of higher water content, and the results are summarized in Table 6. 

Table 6: CSBP Preliminary Adhesive Strength by Dilution 

Dilution Failure Weight (lbs) 
None (100% CSBP) >3.3 
10% (9 parts CSBP, 1 part water) ≤2.20 
25% (3 parts CSBP, 1 part water) ≤0.956 

The preliminary adhesive strength tests of CSBP show that without dilution, CSBP can 

endure over 3.3 pounds of weight without failure when adhered with a 1x1 inch application of 

CSBP paste onto a cardboard strip. Since a small box was used for the preliminary adhesive 
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strength testing, no additional weight could be fit into the box to test higher weights beyond 3.3 

pounds. The dilution of CSBP using DI water greatly reduced the resulting failure weight of the 

samples, which was to be expected as the dilution of CSBP reduces the molecular interactions in 

self-curing and therefore decreases bond strength. Although the dilution of CSBP decreases the 

resulting bond strength, it dilutes CSBP into a more fluid state, which may be beneficial for 

adhesive applications that require a fluid adhesive to be extruded from a thin nozzle. The potential 

of SPI-based materials as an adhesive for a wide range of products has been a very recent 

expansion of SPI material development explored by some researchers, however, due to the nature 

of the preliminary adhesive testing of CSBP the results can not be effectively compared to the 

findings of others at this time.183–185 The purchase and use of UTM attachments designed for peel 

adhesive strength tests alongside protocol such as those outlined in ASTM D903: Peel or Stripping 

Strength of Adhesive Bonds would allow for an exact and rigorous determination of the adhesive 

strength of CSBP and should be conducted to provide a better quantitative assessment of CSBP 

adhesive strength.  

3.10.2 Sustainable and Biodegradable Packaging Alternative 

 As the self-curing of CSBP produces a non-rigid final object, there is the potential for 

applications in the packaging industry as a sustainable alternative to foams currently used. Most 

foams are made up of polystyrene, a synthetic polymer created from petroleum-based resources 

and known to be non-biodegradable.186,187 Thus, if CSBP can be manufactured to produce 

packaging objects like those being created with polystyrene, there is great potential for reducing 

plastic usage in packaging. As a proof-of-concept for CSBP’s potential packaging applications, 

the creation of a small packaging peanut like those made of polystyrene and used in shipping boxes 

was created and compared. 
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Figure 26: Preliminary CSBP Packing Peanut Design. (A) Air-based CSBP packing peanut 

with inserts removed (B) Comparison of CSBP packing peanut size, prior to insert 

removal, to other common polystyrene packaging peanuts. 

 The CSBP packaging peanut design shown in Figure 26A differs in appearance from that 

of polystyrene packing peanuts, as an air-based design is used to mimic the exact properties of 

packing peanuts. The CSBP 3D printed peanut has rectangular inserts carefully removed post 

curing, for two main reasons. Firstly, the use of this air-based design and insert removal allows for 

CSBP to create low density structures, as the typical density of CSBP (0.9631 +/- 0.032 mg/mm3) 

is much higher than that of common packaging solutions. The use of a hollow structure and the 

removal of small rectangular inserts allows for a near tenfold reduction in density for CSBP 

packing peanuts (Table 7), which although the resulting density remains approximately ten times 

higher than polystyrene packing peanuts, is a major improvement. Second, the use of an air-based 

design for CSBP packaging applications allows for the modulation of the resulting compressive 

strength to a value equal to that of polystyrene packing peanuts, as displayed in Table 7. Different 

size and shape removals from the hollow cylindrical structure of CSBP may be used to meet any 

specific requirements (density, compressive strength, recovery) needed for CSBP packaging 

applications, to better match the properties of other foams.  
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Table 7: CSBP Preliminary Packaging Results 

Material Density (mg/mm3) 35% Deformation 
Compressive Strength (MPa) 

Typical CSBP 0.9631 +/- 0.032 Dependent on cure conditions 
CSBP Packing Peanut 0.1138 +/- 0.037 0.0194 
Polystyrene Packing Peanut 0.01127 +/- 0.0021 0.0153 

 

Qualitatively, the performance of the CSBP packaging peanuts tested for compression 

showed excellent shape recovery after compression, a property that is promising for use as an 

alternative to foams. Future studies may be conducted to quantify and compare the recovery of 

CSBP peanuts to other common packaging materials. The application of CSBP for use in 

packaging, namely as a sustainable alternative to polystyrene packing peanuts, provides insight on 

how the tunable properties of CSBP may be applied to the real-world. The findings of this study 

can greatly be expanded upon by evaluating how different insert removal shapes and dimensions, 

hollow gap space and other parameters to this air-based structure may reduce the discrepancy in 

the density of CSBP and currently used foams in the packaging industry.  

3.10.2 Microneedles for Drug Delivery 

 The creation of microneedle patches with CSBP was performed to assess the potential of 

CSBP in the fabrication of an established DDS. Firstly, CSBP microneedles were created using a 

casting method (outlined in section 2.5.3) opposed to 3D printing, which required three key 

changes to the CSBP formulation. Since a casting method was required to pour and fill the 

microneedle molds, the MCC content of CSBP was reduced to 50% of the original formulation to 

reduce the viscosity of the paste into a free-flowing liquid. However, the reduction of the MCC 

content of CSBP in turn reduced the mechanical strength of the microneedles and increased the 

flexibility, because of the lower MCC fibre content for film formation. To resolve the decreased 

rigidity of the CSBP microneedles, PVA was added to the formulation at a ratio of 90:10 CSBP to 



73 
 

PVA. PVA was selected to resolve the decreased mechanical strength of the CSBP-PVA 

microneedles as it is a common polymer used in microneedle fabrication, known for its superior 

strength and skin penetration when compared to other microneedle polymers.188,189 The use of 

70°C heat during PVA addition was to facilitate the dissolution of PVA into the CSBP binder, to 

ensure a homogenous blend was prepared for casting. 

 

Figure 27: CSBP-PVA Microneedle Macroscopic Appearance and SEM Imaging. (A)  

Image of the CSBP-PVA microneedles using an iPhone 3x optical zoom. (B) SEM image of 

the CSBP-PVA microneedle with a magnification of 503x. (C) Image of an array of the 

CSBP-PVA’s microneedles at a magnification of 100x. 

 The CSBP-PVA microneedles in Figure 27 show the successful creation of sharp 

microneedle tips, and a similar porous microstructure seen with the CSBP SEM conducted earlier. 

The appearance of some of the microneedle tips appear to be slightly bent, which is due to the 

microneedles being removed from the mold whilst still in a soft state, causing deformation. It is 



74 
 

also possible that damage occurred to the microneedle samples during transportation to the SEM, 

as microneedles were fully removed from the mold prior to transportation which left them 

susceptible to damage. Allowing for a longer self-curing period (beyond 48 hours) within the 

microneedle mold prior to removing the microneedle would prevent this issue on future 

microneedles made using CSBP, as well as keeping the microneedles fixed in the mold up until 

imaging is to be conducted. To test the mechanical integrity of the CSBP-PVA microneedles and 

ensure that there is sufficient penetration of the skin, insertion analysis was conducted using 

Parafilm M and porcine stratum corneum. The use of Parafilm M in the insertion analysis of 

microneedles is a technique employed for evaluating microneedle insertion, and the penetration of 

three successive layers is regarded as sufficient for dermal applications.127,190 The results shown 

in Figure 28 demonstrate CSBP-PVA microneedles’ capability to penetrate 3 layers of parafilm 

and the porcine stratum corneum, signifying that sufficient strength has been achieved for dermal 

penetration.  

 
Figure 28: Insertion Analysis of CSBP-PVA Microneedles. (A) Penetration of 3 layers of 

Parafilm M with a CSBP-PVA microneedle. (B) Penetration of porcine stratum corneum 

with CSBP-PVA microneedle. 

 Cumulatively, the preliminary work done on creating microneedles using CSBP 

demonstrates the ability to successfully fabricate microneedles with precise needle formation and 
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sufficient mechanical strength for dermal applications. Release studies should be performed using 

CSBP-PVA microneedles to evaluate how the different formulation, preparation method, as well 

as surface area of these microneedles may change the release profile when compared to the release 

kinetics of CSBP characterized in this study. Under the assumption that CSBP-PVA microneedles 

will exhibit a similar release profile to that of CSBP characterized in this study (section 3.7), 

applications for the 24 hour delivery of macromolecules such as skin treatment may be explored.191 

Alternatively, the potential for CSBP microneedles for sustained release may be investigated by 

exploring CSBP’s formulation versatility and the integration of other polymers in attempt to slow 

down the release profile of the resulting DDS. 
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4. CONCLUSIONS AND FUTURE DIRECTION 

 4.1 Conclusions 

 This study successfully created a novel cellulose-based soy biopolymer, coined CSBP, with 

a thorough exploration of the preliminary characteristics and applications of this new biomaterial. 

CSBP works through a synergistic combination of protein crosslinking, film formation, and 

solvent evaporation to become one of, if not the first, 3D-printable soy protein biomaterials for 

non-edible applications. The CSBP formulation also shows a degree of interchangeability through 

the potential for varying cellulose components and additives with similar functional groups. The 

integration of CSBP with 3D printing was accomplished using a syringe-based mechanism for 

extrusion and printing up to a 20Ga needle diameter in combination with self or heat curing to 

form a final object. The maximum self-cured tensile and 35% deformation compressive strength 

of CSBP, 0.7487 +/- 0.0474 MPa and 6.843 +/- 0.608 MPa respectively, occurred after 14 days of 

self-curing at 10% RH. The impact of atmospheric water content, in the form of RH, had a 

significant impact on the resulting mechanical properties of self-cured CSBP. Cytotoxicity testing 

of CSBP revealed that the elution of CSBP for up to 30 days in media produces no significant 

decrease in cell viability, as expected. Evaluating the biodegradability of CSBP with TGA and soil 

burial tests allowed a determination of the ODT of CSBP (342.1 +/- 0.948°C) and the natural 

biodegradation of CSBP in soil (98.13 +/- 0.63% weight loss in 80 days). The water properties of 

CSBP were designed to characterize the absorptive ability of self-cured CSBP (47.49 +/- 1.55% 

water uptake), as well as to evaluate how changes in curing temperature may affect the water 

properties of CSBP. It was determined through both water uptake and contact angle that the use of 

heat in the curing of CSBP produces a less hydrophilic and absorptive final object. The release 

kinetics of fluorescein from self-cured CSBP showed the rapid release of fluorescein within 24 
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hours of PBS immersion, with slightly delayed release in this timeframe for longer periods of self-

curing. A trend common throughout many of the time-based characterizations of self-cured CSBP 

is the lack of significant change beyond 14 days of self-curing, suggesting that 14 days is an ideal 

timepoint to obtain the maximum properties of self-cured CSBP. 

With established natural biodegradability, biocompatibility, and environmentally friendly 

synthesis, through low energy production methods, ambient-active molecular interactions and 

potential for the integration of post consumer recycled paper, CSBP can create a sustainable 

alternative to various materials and processes amongst multiple industries. For each of the three 

potential industries for CSBP evaluated in this study, adhesive use, packaging, and pharmacy, the 

preliminary results are an encouraging starting point to the use of CSBP as a sustainable and 

naturally biodegradable biomaterial in the real-world. 

 The findings of this study may also provide a sustainable alternative to thermoplastic usage 

and FDM printing, thereby reducing the need for non-renewable resources in 3D printing. 

Compared to currently used filaments in FDM processes such as ABS, PET and PLA, CSBP offers 

some of the following advantages: 

1. Low power consumption: The energy consumption of FDM printers is of concern for the long 

term sustainability of 3D printing, as they require high amounts of energy to continually heat 

and print using a hot-head mechanism.192,193 With the development of CSBP feedstock relying 

only on the application of heat as a pre-print denaturation step and optional post-print 

modification for heat curing, the overall power consumption of CSBP production is 

considerably lower than that of current FDM processes. The exact difference in power 

consumption could be calculated in a future study. 
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2. Petroleum-free alternative for FDM printing: The created CSBP paste does not rely on the use 

of petroleum products or raw material and is comprised of renewable and recycled materials 

that are GRAS and demonstrated to be noncytotoxic.  

3. Biodegradability: Being that CSBP is reliant on the crosslinking of plant proteins and does not 

involve synthetic polymers, it is naturally biodegradable without the restrictions of highly 

specific conditions such as those required to degrade PLA.47,51 The natural biodegradability of 

CSBP was directly evaluated in Section 3.5.2, and greatly outperformed common FDM 

polymers ABS and PLA. 

4. Recyclability of waste: Unique to CSBP, the recyclability of paper can be incorporated into 

the formulation to develop the resulting paste. With paper fibres accounting for the 36% of 

Canada’s total waste diverted by material, this material may be used help to reduce and reuse 

paper waste.59 Although only brown and white paper were evaluated in this study, the role of 

paper in CSBP’s formulation shows some interchangeability, and there may be capacity for 

this biomaterial to recycle other common waste materials that can interact with soy protein. 

Other forms of paper fibres, such as those that are not recyclable (paper that has been treated, 

coated, waxed, laminated etc.) may be a compatible substitution into the CSBP formulation 

and should be evaluated in a future study to expand the recyclability potential of this material. 

5. Soy: CSBP is reliant on the use of soy for protein crosslinking and film formation. While soy 

production is still prominent globally due to its use in soybean oils, the uses of soy in human 

food is very low at 9.21 tons in 2019.194 When comparing the use of soybean in food products 

to that of corn, the raw material of PLA, approximately 147 million tons of corn is used for 

direct human food195. Therefore, the use of soy protein as a future bioplastic requires much 
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less consideration of the impact it may have on global food staples if mass production is 

required, due to greatly reduced use in foods when compared to PLA and corn usage. 

4.2 Limitations 

The limitations of CSBP pertain to typical limitations associated with plant-protein plastics as 

well as syringe-based 3D printing mechanisms. Firstly, it should be noted that the strength of CSBP 

was expected to be inferior to that of PLA and petroleum-based plastics, as the goal of this project 

was to synthesize a sustainable and safe material as an alternative to these polymers, opposed to a 

direct replacement. The lower mechanical properties of CSBP does not dismiss the potential for 

various applications of CSBP, as various objects can still be produced with sufficient mechanical 

properties for end-user applications. The water-soluble nature of CSBP was characterized through 

the water properties and mechanical strength characterizations and showed that self-cured CSBP 

has greatly reduced performance when exposed to water, either directly or within the surrounding 

environment. This is a potential limitation to the end use of CSBP with self-curing as variable 

performance in response to humidity and water content may be problematic with certain 

applications of this material. 

With respect to the 3D printing of CSBP, the use of a syringe-based mechanism presents 

limitations in design and production as mentioned in section 1.1.3, as well as less detailed prints 

resulting from a larger syringe nozzle diameter. The shelf-life of uncured CSBP paste is finite as 

it undergoes self-curing, and storage in an air-tight container is necessary to prevent CSBP paste 

from solidifying. Thus far, CSBP samples stored in an air-tight container at 4°C have shown no 

fungal growth and can be 3D printed without any noticeable changes in viscosity up to 6 months 

after synthesis, however, there is the potential for expiry beyond this. The methodology used to 
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prepare CSBP was not optimized in this study and needs to be further explored by evaluating 

differing ratios of each formulation component. 

4.3 Future Directions 

Ultimately, through the completion of this project a sustainable alternative to current 3D 

printing has been developed and characterized, as well as preliminary insights into the potential 

applications of this new material. There is a wide variety of biopolymer characterizations that can 

be performed to evaluate CSBP and cannot be covered in this study alone. A list of potential studies 

that can be performed to expand upon the properties of CSBP is listed in Table 8.  

 To address the biggest potential limitation of CSBP, future work should work towards 

reducing CSBP’s susceptibility to water. Although a carnauba wax coating was successfully used 

as a negative control in this study and prevented CSBP’s uptake of water, this wax coating may 

alter the materials other properties and instead other alternatives should be explored. The most 

promising potential solution, the use of a heat cure for CSBP, was employed throughout this study 

and should be explored fully for how it may be used to reduce CSBP’s water properties. 
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Table 8: A List of Potential Future Characterizations for CSBP 

Characterization Rationale Method / Equipment 
Geometry  Determine the specific bonds and 

interactions present in CSBP 
NMR Spectroscopy 

Porosity Obtain porosity values for CSBP Pyncometer 
Heat cured CSBP Perform studies conducted on self-

cured CSBP on heat cured CSBP 
N/A 

Compressive recovery Recovery properties of self-cured 
CSBP 

UTM and ASTM D3574 

Accelerated stability 
testing 

Identify potential shelf-life of CSBP 
as an object or paste 

Environmental Chamber 

Mechanical strength and 
water resistance  

Evaluate how the use of heat in the 
curing of CSBP may prevent a 
decline in mechanical strength with 
water exposure 

UTM 

Additional Mechanical 
Properties 

Evaluate mechanical properties 
useful in characterization of non-
rigid materials such as hardness 

UTM and more 

The potential pharmaceutical applications of this material include the creation of medical 

devices such as regenerative medicine or drug delivery platforms that can be evaluated in a future 

study to expand upon the biocompatibility, water properties and release kinetics evaluated in this 

study. The versatility of CSBP fabrication, through methods such as 3D printing or molding, makes 

it a great candidate for the fabrication of a wide variety of drug delivery systems, such as the 

microneedles fabricated in this study. Stemming from the applications evaluated in this study, 

there is also potential for future applications of CSBP in the real-world, as this material may be 

used as a safe and sustainable alternative in industries such as AM, adhesives, and packaging. 

Future studies tailored towards evaluating one specific application of CSBP would be beneficial, 

as this study focussed namely on evaluating the baseline characteristics and applications of a 

general CSBP formulation. Within the synthesis of CSBP, there exists multiple changes that can 

be made to the formulation and process to optimize CSBP towards a specific application. 
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