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Abstract 

With societal, industrial, and clinical progress continuously reaching greater heights, the 

crucial need for enhanced materials with versatile properties is ever increasing to help this growth. 

As such, polymer nanocomposites (PNCs) have been heavily researched, becoming redefined as 

their own class of materials, focusing on fundamental structure/property relationships, 

manufacturing techniques, and commercial applications, due to their remarkable properties and 

application versatility.  Through countless nanoparticle and polymer matrix variations, PNCs can 

be finely-tuned to exhibit a multitude of unique characteristics. Utilizing this concept, the research 

laid out in the combined chapters of this dissertation sought to produce various PNCs embedded 

with cellulose nanocrystals/nanofibrils (CNCs/CNFs) and magnetic nanoparticles (MNPs) to 

obtain uniquely tunable properties to further progress the biomaterials field for biomedical 

applications.  Initially, CNCs were extracted from the otherwise useless agricultural waste product 

of spent coffee grounds through phosphoric acid hydrolysis, and analyzed using multiple physical 

and chemical characterization techniques. In particular, a few crucial properties determined were 

aspect ratio of 12 ± 3, crystallinity of 74.2%, surface charge density of 48.4 ± 6.2 mmol/kg 

cellulose, and the ability to successfully reinforce PNCs, comparing well to other literature data 

and common commercial CNCs. Following extraction, CNCs/CNFs, as well as MNPs, were 

incorporated into various polymer matrices, including poly(ethylene glycol) diacrylate, sodium 

alginate, gelatin, and polyurethane, among others. Through solution casting and 3D bioprinting 

fabrication methods, as well as composition manipulation, CNCs/CNFs were able to reach ideal 

percolating networks within the PNCs for maximum mechanical reinforcement with minimal 

hindrance of the polymer matrix’s natural properties. The various PNC hydrogel scaffolds 

successfully demonstrated tunability of their nanostructural, mechanical, hydration, and 

biodegradation properties, utilizing the benefits of manipulated composition, crosslinking density, 

and nanofiller orientation to increase versatility for tissue engineering constructs. Additionally, 

MNP incorporation was shown to successfully produce inductive heating responses to promote 

topographical shape memory effects, while invoking minute thermal dissipation into surrounding 

environments to reduce thermal shock to seeded biological components. The success of this work 

makes strides to overcome a few crucial disadvantages of current PNC biomaterial hydrogels, 

specifically their inability to regenerate biomimetic native tissues during wound healing.  
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Lay Summary 

Polymer nanocomposites (PNCs) are a class of materials combining two components, a 

polymer matrix and embedded nanoparticles, to produce unique, tunable, and versatile 

characteristics. With the vast range of characteristics, these PNCs can be applied in multiple 

scientific and industrial fields, such as aerospace, automotive, electronics, and biomedical. The 

research performed in this dissertation provides a novel method for the extraction and utilization 

of cellulose nanomaterials from the otherwise useless agricultural waste product of spent coffee 

grounds, leading to lower landfill occupation. Additionally, the extracted cellulose nanomaterials, 

as well as magnetic nanoparticles, were incorporated into various polymer matrices to fabricate 

unique PNCs for biomedical applications. The fabricated PNCs showed enhanced mechanical 

properties, tunable cell growth alignment, and remote shape changes through induction heating. 

The results reported in this dissertation successfully demonstrate the remarkable property 

manipulation of unique PNCs through incorporation of different nanoparticles into various 

polymer matrices for biomedical applications. 



v 

 

Preface 

This dissertation comprises of original, unpublished, independent work (Chapters 1, 2, and 

7) by the author, Frost, B.A., as well as collaborative and published works (Chapters 3, 4, 5, and 

6). The collaborative and published works are further detailed below: 

Chapter 3 is based on work conducted at Virginia Polytechnic Institute and State University 

by Brody Frost and Dr. E. Johan Foster, and a version has been published. Frost, B.A., Foster, E.J. 

Isolation of Thermally Stable Cellulose Nanocrystals from Spent Coffee Grounds via Phosphoric 

Acid Hydrolysis. J Renew Mater 2020, 8(2), 187-203.  

Chapter 4 is based on work conducted at Virginia Polytechnic Institute and State University 

by Brody Frost, Bradley P. Sutliff, Patrick Thayer, Dr. Michael J. Bortner, and Dr. E. Johan Foster, 

and a version has been published. Frost, B.A., Sutliff, B.P., Foster, E.J. et al. Gradient 

Poly(ethylene glycol) Diacrylate and Cellulose Nanocrystals Tissue Engineering Composite 

Scaffolds via Extrusion Bioprinting. Front Bioeng Biotechnol. 2019, 7, 280. The author Frost, B.A. 

was responsible for all ink and sample fabrication processes, all sample testing and 

characterization except for the rheology (conducted by Sutliff, B.P.), and writing most of the 

manuscript.  

Chapter 5 includes work conducted at the University of Arkansas by Hayden Carlton, 

Ricardo Martinez, and Dr. David Huitink, and a version has been published. Frost, B.A., Carlton, 

H., Foster, E.J. et al. Controlled Shape Memory Effects of Magnetic Polymer Nanocomposites via 

Induction Heating. Green Materials. 2021, 0(0), 1-15. The author Frost, B.A. was responsible for 

all sample fabrication methods, all hydrogel testing and characterization, and writing the majority 

of the manuscript. The author Carlton, H. was responsible for the induction heating tests and 

characterization. Additionally, the work within this chapter has led to the production of a U.S. 

Patent application (63/181,785) for the novel approach towards inductively heated PNC systems 

for topographical changes. 

Chapter 6 includes work conducted at the University of British Columbia by Brody Frost, 

Victoria French, and Dr. Johan Foster, with collaboration from Dr. Dirk Lange. The author Frost, 

B.A. received the following certifications required for animal model trials from the Animal Care 

Committee ethics board: ACUP_CCACFA_Jul2020st12Br18; 



vi 

 

ACUP_IWRRM_Oct2020ost12Bro81; ACUP_IWRRR_Nov2020ost12Bro6; 

ACUP_RSCIPM_Nov2020ost12Bro6; ACUP_RSCIPR_Nov2020ost12Bro6; 

ACUP_RAR_Dec2020ost12Bro42; ACUP_RSX_Dec2020ost12Bro63. 

 



vii 

 

Table of Contents 

Abstract ......................................................................................................................................... iii 

Lay Summary ............................................................................................................................... iv 

Preface .............................................................................................................................................v 

Table of Contents ........................................................................................................................ vii 

List of Tables .............................................................................................................................. xiii 

List of Figures ...............................................................................................................................xv 

List of Abbreviations ...................................................................................................................xx 

Acknowledgements .................................................................................................................. xxiii 

Chapter 1: Introduction ..............................................................................................................24 

1.1 Introduction to Nanomaterials and Polymeric Nanocomposites .................................. 24 

1.2 Cellulosic Nanomaterials .............................................................................................. 25 

1.2.1 Sources and Abundance of Cellulose ....................................................................... 26 

1.2.2 Extraction Methods of Cellulose Nanomaterials ...................................................... 28 

1.2.2.1 Chemical Extraction.......................................................................................... 28 

1.2.2.2 Mechanical and High Energy Extraction .......................................................... 30 

1.2.2.3 Biological Extraction ........................................................................................ 32 

1.2.3 Surface Modification and Functionalization ............................................................. 32 

1.2.4 Characterization (Physical, Chemical, Thermal, and Optical) ................................. 33 

1.3 Cellulose Nanocomposites ............................................................................................ 35 

1.3.1 Mechanical Reinforcement ....................................................................................... 36 

1.3.2 Enhanced Barrier Properties ..................................................................................... 37 

1.3.3 Other Properties ........................................................................................................ 38 



viii 

 

1.4 Magnetic Nanoparticles ................................................................................................ 39 

1.5 MNPs for PNC Smart Materials ................................................................................... 39 

1.6 CNM and MNP Polymer Nanocomposites for Tissue Engineering Applications ........ 41 

Chapter 2: Scope and Objectives................................................................................................43 

Chapter 3: Isolation of Thermally Stable Cellulose Nanocrystals from Spent Coffee 

Grounds via Phosphoric Acid Hydrolysis .................................................................................47 

3.1 Introduction ................................................................................................................... 47 

3.2 Experimental Methods .................................................................................................. 49 

3.2.1 Materials ................................................................................................................... 49 

3.2.2 Purification and Bleaching of Cellulose ................................................................... 49 

3.2.3 Acid Hydrolysis of Cellulose .................................................................................... 50 

3.2.4 Microscopy ............................................................................................................... 51 

3.2.5 Energy-dispersive X-ray Spectroscopy..................................................................... 52 

3.2.6 X-ray Photoelectron Spectroscopy ........................................................................... 52 

3.2.7 Conductometric Titration .......................................................................................... 52 

3.2.8 X-ray Powder Diffraction ......................................................................................... 52 

3.2.9 Thermogravimetric Analysis .................................................................................... 53 

3.2.10 Dispersability and Dynamic Light Scattering ....................................................... 53 

3.2.11 Mechanical Reinforcement ................................................................................... 53 

3.3 Results and Discussion ................................................................................................. 54 

3.3.1 Isolation of p-CNCs from Spent Coffee Grounds..................................................... 54 

3.3.2 Microscopy: SEM and TEM ..................................................................................... 56 

3.3.3 Chemical Composition: EDS and XPS ..................................................................... 57 



ix 

 

3.3.4 Surface Charge Density: Conductometric Titration ................................................. 58 

3.3.5 Crystallinity: XRD .................................................................................................... 59 

3.3.6 Thermal Stability: TGA ............................................................................................ 60 

3.3.7 Dispersibility and DLS ............................................................................................. 61 

3.3.8 Mechanical Reinforcement in Composites ............................................................... 63 

3.4 Conclusions ................................................................................................................... 65 

Chapter 4: Gradient Poly(ethylene glycol) Diacrylate and Cellulose Nanocrystals Tissue 

Engineering Composite Scaffolds via Extrusion Bioprinting ..................................................67 

4.1 Introduction ................................................................................................................... 67 

4.2 Experimental Methods .................................................................................................. 70 

4.2.1 Materials ................................................................................................................... 70 

4.2.2 Fabrication of Bioinks............................................................................................... 70 

4.2.3 Rheology ................................................................................................................... 71 

4.2.4 Casting PEGDA/CNC Scaffolds............................................................................... 72 

4.2.5 Bioprinting PEGDA/CNC Scaffolds ........................................................................ 73 

4.2.5.1 Single Material Scaffolds .................................................................................. 73 

4.2.5.2 Gradient Scaffolds ............................................................................................ 74 

4.2.5.3 Mechanical Testing and Characterization ......................................................... 75 

4.3 Results and Discussion ................................................................................................. 75 

4.3.1 Bioink Characterization ............................................................................................ 75 

4.3.2 Cast PEGDA/CNC Scaffolds .................................................................................... 78 

4.3.3 Bioprinted PEGDA/CNC Scaffolds .......................................................................... 80 

4.3.4 Mechanical Testing and Characterization ................................................................. 82 



x 

 

4.3.4.1 Cast Scaffolds ................................................................................................... 83 

4.3.4.2 Single Material Scaffolds .................................................................................. 84 

4.3.4.3 Gradient Material Scaffolds .............................................................................. 86 

4.4 Conclusions ................................................................................................................... 87 

Chapter 5: Controlled Shape Memory Effects of Magnetic Polymer Nanocomposites via 

Induction Heating ........................................................................................................................89 

5.1 Introduction ................................................................................................................... 89 

5.2 Experimental Methods .................................................................................................. 91 

5.2.1 Materials ................................................................................................................... 91 

5.2.2 Fabrication of pre-strained TPU composites ............................................................ 92 

5.2.3 Fabrication of pre-strained PVAc composites .......................................................... 92 

5.2.4 Fabrication of pre-strained Nylon-11 composites ..................................................... 93 

5.2.5 Fabrication of alginate and CNC hydrogel composites ............................................ 93 

5.2.6 Thermogravimetric analysis (TGA) of SMP composites ......................................... 94 

5.2.7 Differential scanning calorimetry (DSC) of SMP composites ................................. 94 

5.2.8 X-ray powder diffraction (XRD) of SMP composites .............................................. 94 

5.2.9 Hydration properties and thermal buffering properties of SA and CNC hydrogels . 95 

5.2.10 SA and CNC hydrogel mechanical characterization ............................................ 95 

5.2.11 Induction heating and thermal camera imagery .................................................... 96 

5.2.12 Heat transfer and dissipation through induction heating methods ........................ 97 

5.3 Results and Discussion ................................................................................................. 98 

5.3.1 Fabrication of SMP composite films and optical variations ..................................... 98 

5.3.2 SA and CNC hydrogel fabrication and observed variations ..................................... 99 



xi 

 

5.3.3 Thermal properties of SMP composites .................................................................. 100 

5.3.4 Crystallinity properties of SMP composites ........................................................... 104 

5.3.5 Hydration and thermal buffering properties of hydrogel composites ..................... 106 

5.3.6 Mechanical properties of hydrogel scaffolds .......................................................... 109 

5.3.7 Shape memory characterization of SMP composites.............................................. 112 

5.3.8 Induction heating of TPU SMP composites............................................................ 113 

5.3.9 Induction heating of PVAc and N-11 SMP composites ......................................... 114 

5.3.10 Heat dissipation during induction heating .......................................................... 119 

5.4 Conclusions ................................................................................................................. 120 

Chapter 6: Mechanically and Directionally Tunable Gelatin and Cellulose 

Nanocrystal/Nanofibril Composite Hydrogel Scaffolds for Multi-Functional Scar Tissue 

Prevention ...................................................................................................................................122 

6.1 Introduction ................................................................................................................. 122 

6.2 Experimental Methods ................................................................................................ 125 

6.2.1 Materials ................................................................................................................. 125 

6.2.2 Fabrication and characterization of gelatin and CNC/CNF composite hydrogels .. 125 

6.2.2.1 Swelling tests .................................................................................................. 126 

6.2.2.2 Gelatin degradation and GTA release profiles................................................ 127 

6.2.2.3 Mechanical tests and characterization ............................................................ 128 

6.3 Results and Discussion ............................................................................................... 129 

6.3.1 Characterization of composite hydrogel scaffolds .................................................. 129 

6.3.1.1 Swelling behavior ........................................................................................... 129 

6.3.1.2 Degradation profile and release of gelatin and GTA ...................................... 131 



xii 

 

6.3.1.3 Mechanical characterization ........................................................................... 133 

6.3.1.4 Shear alignment of CNCs and CNFs .............................................................. 140 

6.4 Conclusions ................................................................................................................. 140 

Chapter 7: Conclusion and Outlook ........................................................................................143 

7.1 Conclusions ................................................................................................................. 143 

7.2 Outlook and Future Work ........................................................................................... 146 

References ...................................................................................................................................149 

Appendices ..................................................................................................................................185 

A.1 Induction Heating Sample Composition Labeling ...................................................... 185 

A.2  Gelatin and CNC/CNF Hydrogel Composition Labeling ........................................... 186 

 



xiii 

 

List of Tables 

Table 3.1 Relative chemical composition of spent coffee grounds, adapted from Mussatto et al. 

and Ballesteros et al.31-32,46 ............................................................................................................ 49 

Table 3.2 Physical and chemical properties of fabricated p-CNCs compared to fabricated p-CNCs 

in literature and commercial s-CNCs from UMaine and CelluForce.5,8,49-50 ................................ 54 

Table 4.1 Final bioink compositions, including wt% DI water, after 1 h in the rotary evaporator, 

determined by drying and verified by TGA. ................................................................................. 71 

Table 4.2 The compositions of different sections used for each gradient scaffold....................... 74 

Table 4.3 Yield stress and power law model parameters for each bioink composition. ............... 78 

Table 4.4 Mechanical properties of the cast, single material, and gradient scaffolds as determined 

by DMA. ....................................................................................................................................... 82 

Table 5.1 Thermal properties of TPU, PVAc, and Nylon-11 composites with increasing Fe3O4 NPs 

content as determined by TGA and DSC. ................................................................................... 101 

Table 5.2 Dimension change after crosslinking, hydration properties (i.e. swelling, water 

retention), and average thermal buffering properties. ................................................................. 106 

Table 5.3 Mechanical properties of the hydrogel composite scaffolds with varying alginate and 

CNC content as determined by DMA tension testing. ................................................................ 111 

Table 5.4 Thermal activation properties* of TPU composites with increasing Fe3O4 NPs content 

and increasing magnetic field strength, as determined by induction heating and thermal camera.

..................................................................................................................................................... 113 

Table 5.5 Thermal activation properties of PVAc composites with increasing Fe3O4 NPs content 

and increasing magnetic field strength, as determined by induction heating and thermal camera.

..................................................................................................................................................... 115 

Table 5.6 Thermal activation properties of Nylon-11 composites with increasing Fe3O4 NPs 

content and increasing magnetic field strength, as determined by induction heating and thermal 

camera. ........................................................................................................................................ 115 

Table 6.1 Preliminary swelling and recovery data of varying crosslinked gelatin hydrogels after 72 

h of submersion in PBS. All values were normalized to the respective sample’s dried weight. 129 

Table 6.2 Preliminary drying, swelling, and recovery data of 15G0.5X hydrogels with CNCs and 

CNFs. .......................................................................................................................................... 130 



xiv 

 

Table 6.3 Qualitative gelatin release profile over an 8-week span, where X = no visible 

degradation, + = beginning of noticeable degradation, and 100% = fully-degraded samples. ... 131 

Table 6.4 Glutaraldehyde release. Less than 2 ppm is considered okay by NIH regulations. .... 132 

Table 6.5 Preliminary mechanical data for gelatin hydrogels (bulk/compressive moduli in kPa).

..................................................................................................................................................... 133 

Table 6.6 Mechanical properties of CNC composite hydrogels, including tensile moduli, UTS, and 

elongation at failure. ................................................................................................................... 134 

Table 6.7 Mechanical properties of CNF composite hydrogels, including tensile moduli, UTS, and 

elongation at failure. ................................................................................................................... 136 

 



xv 

 

List of Figures 

Figure 1.1 General schematic of cellulose nanomaterial extraction from natural and sustainable 

sources. Through various extraction methods, lignocellulosic biomass can be purified by removing 

lignin and hemicellulose to produce pure cellulose, and subsequent CNMs.25 Reprinted with 

permission through the Creative Commons Attribution license for open access articles: Michelin, 

M. et al. Molecules 2020, 25 (15), 3411. ...................................................................................... 25 

Figure 1.2 General schematic depicting the process of acid hydrolysis, in which the amorphous 

regions are hydrolyzed to extract isolated crystalline regions (CNMs) with various functional 

groups. Specifically depicted above is the use of sulfuric acid to produce CNMs esterified with 

sulfate functional groups.59 ........................................................................................................... 29 

Figure 1.3 Image depicting the a generic SCW reactor setup for organic material extraction, 

specifically CNM extraction.53 Reprinted with permission from Elsevier: Sasaki, M. et al. The 

Journal of Supercritical Fluids 1998, 13 (1), 261-268. ................................................................ 31 

Figure 1.4 Examples of possible dispersion mechanisms of CNMs in polymer matrices, with 

subsequently formed PNC morphologies.76 Reprinted with permission from Elsevier: Miao, C. et 

al. Current Opinion in Solid State and Materials Science 2019, 23 (4), 100761. ........................ 36 

Figure 1.5 Images depicting the presence of non-permeable crystals (CNMs) in a polymer matrix 

(left) for increased permeant tortuosity and path length to enhance barrier properties against water 

vapor and oxygen compared to an amorphous polymer matrix (right).72 Reprinted with permission 

from Elsevier: Calvino, C. et al. Progress in Polymer Science 2020, 103, 101221. .................... 37 

Figure 2.1 Flow diagram depicting the process of research throughout the chapters of this 

dissertation. Starting from the concept of fabricating novel polymer nanocomposites, the flow of 

research portrayed in this schematic shows the progressive steps of choosing specific 

nanomaterials, followed by extraction, characterization, and incorporation, leading to successful 

applicability for a multitude of biomedical designs. ..................................................................... 44 

Figure 3.1 Preliminary SEM images of the p-CNCs to establish their existence. ........................ 56 

Figure 3.2 TEM images of isolated p-CNCs dispersed in a 1:1 mixture of 0.01 mg/mL p-CNCs in 

DI water and 0.2 mg/mL BSA solution. The BSA was shown to produce a darker halo around the 

p-CNCs due to agglomeration of the protein. ............................................................................... 57 



xvi 

 

Figure 3.3 Plot of conductometric titration data, showing conductivity versus volume of NaOH 

added. Each individual region of titration is shown, i.e. HCl titration, p-CNC titration, and excess 

NaOH. The equations shown were used to calculate the surface charge density of the p-CNCs 

using an established protocol by Espinosa et al.8 ......................................................................... 58 

Figure 3.4 XRD spectra showing the crystalline peaks associated with the p-CNCs compared to 

those of commercial UMaine s-CNCs, with the 110, 012, 200, and 004 planes indicative of 

cellulose type I. The s-CNCs show an additional peak at the 1𝟏0 plane which is associated with a 

higher crystallinity.55..................................................................................................................... 60 

Figure 3.5 TGA plot comparing the thermal degradation of the isolated p-CNCs to commercially 

available s-CNCs. The vertical dotted lines refer to the onset of thermal degradation at Td5%=310 

°C for the p-CNCs and Td5%=285 °C for the s-CNCs. These can also be compared to h-CNCs found 

in literature with an onset of Td5%=330 °C.8 ................................................................................. 61 

Figure 3.6 Images showing the 10 mg/mL p-CNC dispersions in water, DMSO, DMF, and THF, 

immediately following sonication, and subsequent times of 1 h, 1 d, and 10 d. The solvents used 

decrease in polarity from left to right. .......................................................................................... 62 

Figure 3.7 Tensile test results obtained with a DMA under controlled force ramp, showing a typical 

stress versus strain plot of neat PU, 10 wt% commercial UMaine s-CNCs in PU, and 10 wt% 

isolated p-CNCs in PU, to determine the reinforcement properties of the p-CNCs. .................... 64 

Figure 4.1 TGA plot of weight loss versus temperature showing the evaporation of water near 100 

°C, followed by the CNC degradation between 260-280 °C and PEGDA degradation between 350-

450 °C.45-47 .................................................................................................................................... 76 

Figure 4.2 Steady shear viscosity as a function of shear rate showing shear thinning properties of 

each bioink over approximately four decades. Increasing viscosities are observed as CNC content 

increases in the bioink compositions. Data points represent actual data, and lines are power-law 

model fits. ..................................................................................................................................... 78 

Figure 4.3 An image showing the optical properties and drying and swelling properties of each 

composition of cast scaffolds. The arrows show the scaffolds going from initially crosslinked to 

dried back to swelled. Deformation of the dried scaffold increases as CNC content increases. 

Opacity also increases with CNC content, however, the scaffolds still remain translucent in the 

swelled state (left most image). .................................................................................................... 80 



xvii 

 

Figure 4.4 Images depicting a) the printing process of each scaffold, laying down the perimeter 

and grid infill pattern, and b) an example of the single material scaffolds (90/10 w/w) after 

crosslinking via UV light. Smooth and uniform dimensions were produced from printing single 

material scaffolds. ......................................................................................................................... 81 

Figure 4.5 Images depicting a) the 10/20/10 (by wt% CNC) sectioned scaffold before and b) after 

crosslinking via UV light, and c) the 10/20 (by wt% CNC) layered scaffold after crosslinking via 

UV light. The sectioned scaffold was less uniform due to small calibration errors in the print heads, 

and demonstrates unique optical properties, switching translucency of compositions after 

crosslinking. The layered scaffold stayed relatively uniform, and the multiple layers can be seen.

....................................................................................................................................................... 82 

Figure 4.6 DMA stress versus strain plot of each composition of cast scaffolds showing strain until 

break. ............................................................................................................................................. 84 

Figure 4.7 DMA stress versus strain plot of each composition of single material scaffolds showing 

strain until break. .......................................................................................................................... 86 

Figure 4.8 DMA stress versus strain plot of each composition of gradient scaffolds showing strain 

until break. Note that the scaffolds were split into sectioned and layered designs, superimposed 

into the graph, with each section of the design containing a different bioink composition. The 

compositions used for each scaffold are shown in Table 4.2, for example, the 10/20/30 layered 

relating to 90/10, 80/20, and 70/30 w/w layers. ............................................................................ 87 

Figure 5.1 Example depiction of measurement methods for induction heating tests of SMP 

composites utilizing a Flir A600 series thermal camera. .............................................................. 97 

Figure 5.2 Depiction of PVAc (left), TPU (middle), and N-11 (right) SMP composite samples with 

varying Fe3O4 NPs content, comparing uniformity of particle dispersion. Initial observations reveal 

a slight difference in the uniformity of particle dispersion within the different polymer matrices, 

increasing in overall particle agglomerations from left to right, i.e. PVAc, TPU, and N-11. Once 

the Fe3O4 NPs concentration reached 1.0 wt% or above, the particles completely filled each 

polymer matrix, even if agglomerations existed. .......................................................................... 99 

Figure 5.3 Above (top) and profile (bottom) images of fabricated SA and CNC hydrogels, with 

increasing SA content from left to right and a constant CNC content of 1.0 wt%. Although all 

hydrogel compositions showed nearly identical characteristics, the specific compositions above 



xviii 

 

exemplify the differences in hydrogel shape formation from various crosslinking speeds due to 

increased SA content, while containing “average” CNC content. .............................................. 100 

Figure 5.4 XRD crystallinity spectra of N-11 composites (pure, 0.005, 1.0, and 10.0 wt% Fe3O4 

NPs) a) before and b) after induction heating from 2 Theta of 5° to 65°, showing the amorphous 

and crystalline regions of the N-11, as well as crystalline structure peaks of the Fe3O4 NPs. It was 

observed that as the N-11 composites were inductively heated, enough thermal energy was 

absorbed to induce reorganization and crystallization shifts of the polymer chains, subsequently 

increasing overall % crystallinity through rapid annealing. ....................................................... 105 

Figure 5.5 Depiction of the hydration and thermal buffering characteristics exhibited by the various 

SA/CNC hydrogel composite compositions, including a) shrinkage from original dimensions due 

to crosslinking (%), b) total water content after swelling (wt%), c) water retention (% water loss/h), 

and d) thermal buffering during heating tests and rate of temperature fluctuation (°C/s). ......... 108 

Figure 5.6 Mechanical characterization plots of a) tensile moduli in kPa, b) ultimate tensile 

strengths (UTS) in kPa, c) elongations at break in % strain, and d) compressive (bulk) moduli in 

kPa, for SA/CNC hydrogel composites of increasing CNC content, as determined by DMA. It was 

observed throughout the majority of the hydrogels, that as the concentration of CNCs increase, 

both the elastic modulus and UTS increased, while the elongation at break decreased. ............ 110 

Figure 5.7 Induction heating plot showing the heating rate (°C/s) of TPU composites with respect 

to Fe3O4 NPs concentration and magnetic field strengths. It should be noted that unlike the other 

two polymer matrices, only a heating rate was observed and plotted, due to the Tg of TPU residing 

well below room temperature.51-53 .............................................................................................. 114 

Figure 5.8 Induction heating characteristics of PVAc and N-11 samples: a) PVAc heating rate; b) 

PVAc activation time; c) PVAc rate of shape recovery; d) N-11 heating rate; e) N-11 activation 

time; f) N-11 rate of shape recovery. A general trend was observed, showing an increase in heating 

rate and rate of recovery, and a decrease of activation time with increasing Fe3O4 NPs content and 

magnetic field strength. (Note the change in x-y scale with b. and e.) ....................................... 117 

Figure 5.9 N-11 thermal gradients during induction heating: a) 2 wt% sample ~ 2 seconds into 

heating b) 5 wt% sample ~2 seconds into heating. ..................................................................... 118 

Figure 5.10 Time plot depicting temperature increase for water suspension containing 10 wt% 

Fe3O4 NP SMP samples heated at 91.3 kA/m, as determined by thermal/IR camera. It can be 



xix 

 

observed that the thermal dissipation of SMP composites into a liquid medium during induction 

heating was relatively negligible within the time required to induce any shape memory effects.

..................................................................................................................................................... 120 

Figure 6.1 Preliminary compression tests of crosslinked gelatin hydrogels of varying gelatin and 

GTA content as determined by DMA. A general trend showed an increase in bulk moduli as both 

gelatin and GTA content increased, with the exception of the 2.0 wt% gelatin scaffolds, which 

showed a decrease due to the lack of structural stability. ........................................................... 134 

Figure 6.2 Plots of observed tensile moduli for 5.0, 10.0, 15.0, and 20.0 wt% gelatin scaffolds with 

varying CNC content and CNF content, as determined by DMA. In plotted order: a) 5.0 wt% 

gelatin with CNCs, b) 5.0 wt% gelatin with CNFs, c) 10.0 wt% gelatin with CNCs, d) 10.0 wt% 

gelatin with CNFs, e) 15.0 wt% gelatin with CNCs, f) 15.0 wt% gelatin with CNFs, g) 20.0 wt% 

gelatin with CNCs, h) 20.0 wt% gelatin with CNFs. A general trend showed an increase in tensile 

moduli with increasing CNC and CNF content for all compositions. ........................................ 139 

 



xx 

 

List of Abbreviations 

2D Two dimensional 

2.5D Two and a half dimensional 

3D Three dimensional 

4D Four dimensional 

AFM Atomic force microscopy 

AM Additive manufacturing 

BCA Bicinchoninic acid 

BSA Bovine serum albumin 

CaCl2 Calcium chloride 

CAD Computer-aided design 

CNC Cellulose nanocrystals 

CNF Cellulose nanofibrils 

CNM Cellulose nanomaterials 

Cu-Ni Copper nickel 

diH2O Deionized water (18 MΩ) 

DLS Dynamic light scattering 

DMA Dynamic mechanical analysis 

DMF N,N’-dimethylformamide 

DMSO Dimethyl sulfoxide 

DSC Differential scanning calorimetry 

ECM Extracellular matrix 

EDS Energy-dispersive X-ray spectroscopy 

FDA Food and Drug Administration (US) 

Fe-Co Iron cobalt 

Fe-Ni Iron nickel 

Fe-Pt Iron platinum 

Fe3O4 NP Iron (III) oxide nanoparticles 

FWHM Full width at half maximum 

γ̇ Shear rate 



xxi 

 

GTA Glutaraldehyde 

HCl Hydrochloric acid 

h-CNC Non-functionalized cellulose nanocrystals 

H&E  Hematoxylin and eosin  

IR Infrared 

K Flow consistency index 

LAP Lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

M-G Masson-Goldner 

MNP Magnetic nanoparticles 

η Viscosity 

n Flow behavior index 

N-11 Polyamide 11 (Nylon-11) 

NaCl Sodium chloride 

NaOH Sodium hydroxide 

NIH National Institute of Health (US) 

NP Nanoparticles 

PBS Phosphated buffer saline 

p-CNC Phosphated cellulose nanocrystals 

PEGDA Poly(ethylene glycol) diacrylate 

PLA Poly(D,L-lactide) 

PLM Polarized light microscopy 

PNC Polymer nanocomposite 

PU Polyurethane 

PVAc Polyvinyl acetate 

SA Sodium alginate 

s-CNC Sulfated cellulose nanocrystals 

SCW Super/Subcritical water  

SEM Scanning electron microscopy 

SLA Stereolithography 

SMP Shape memory polymer 



xxii 

 

Tc Crystallization temperature 

Td5% Onset of 5 wt% thermal degradation  

TEM Transmission electron microscopy 

Tg Glass transition temperature 

TGA Thermogravimetric analysis 

THF Tetrahydrofuran 

TiO2 Titanium dioxide 

Tm Melting temperature 

TPU Thermoplastic polyurethane 

UTS Ultimate tensile strength 

UV Ultraviolet  

vol% Volume percent 

v/v vol% to vol% ratio 

wt%  Weight percent 

w/w wt% to wt% ratio 

XPS X-ray photoelectron spectroscopy 

XRD X-ray powder diffraction 

ZnO Zinc oxide 

 



xxiii 

 

Acknowledgements 

This dissertation comprises efforts of several individuals, without whom this work would 

never have been possible. Above all, I would like to deeply thank my research supervisor, Dr. E. 

Johan Foster, for his many years of mentoring and advising. Over the last six years of my academic 

career, transitioning from undergraduate studies to Masters to PhD, Dr. Foster has shown me 

continuous support, encouragement, patience, guidance, and confidence in my abilities, which I 

am eternally grateful. Through his masterful expertise as an advisor and freedom to pursue my 

specific interests, I have strengthened my knowledge and independence in research, to become an 

expert in biomaterials engineering. Lastly, with infinite gratitude, I would like to show 

appreciation to Dr. Foster for always being there to push me forward, for understanding when 

things got tough, and talking me through all of the ups and downs as I pursued my graduate studies. 

Additionally, I would like to thank my committee members, Dr. Dirk Lange and Dr. 

Orlando Rojas, for their insight into my research and dissertation, as well as their assistance 

throughout my entire transition and academic career at UBC.  

I would like to offer my appreciation to my lab group, Foster Advanced Materials Group, 

as well as my fellow researchers and co-authors, for all of their hard work and assistance over the 

years. I’m thankful for the opportunity to get to know and spend quality time with so many 

wonderful peers during my graduate studies, whom have helped me learn, grow, and become a 

much more diverse researcher.  

I would like to thank the University of British Columbia and the Department of Chemical 

and Biological Engineering for accepting me in my final year of my PhD degree, as well as Kristi 

Chow for all of the help with the requirements for my specific admission conditions.  

Finally, special thanks are owed to my family and my wife for all of their continuous 

support, encouragement, love, and faith in my abilities over the years, especially when things got 

tough and I started to struggle. 



24 

 

Chapter 1: Introduction 

1.1 Introduction to Nanomaterials and Polymeric Nanocomposites 

Polymeric nanocomposites (PNCs) have become increasingly popular in the last few 

decades due to their remarkable properties and application versatility.1-2 As such, they have 

become redefined as their own class of materials, focusing on fundamental structure/property 

relationships, manufacturing techniques, and commercial applications.1-2 Through enhanced 

knowledge of the complex interfacial interactions between nanoparticles and polymer matrices, as 

well as new nanomaterials being discovered regularly, the breadth of PNCs material class is ever 

expanding.1-4 In addition, analysis and understanding of the intercalation process of various fillers 

and polymer matrices, allows for precise nanoparticle incorporation into PNCs without hindering 

the natural abilities of the polymer in which they are embedded.1-3  

Utilizing different types of nanoparticles and polymer matrices, a multitude of uniquely 

tunable characteristics can be obtained, including mechanical reinforcement,5-7 electrical 

conductivity,8-9 smart materials,4,10-12 air and water purification,13-16 among others.1-2,4,17-18 

Furthermore, with the overwhelming advances of new PNC materials regularly, scientific and 

industrial limitations, as well as the gaps between them, are closing significantly.10,17-18 For 

example, a range of industries, such as biomedical, aerospace, electronics, and automotive, are 

continuously investing large amounts of time and resources to find better alternatives for common 

commercial applications through innovative material research.17-18 

Although there are countless nanoparticles used to enhance PNCs,2,17-18 cellulosic 

nanomaterials (CNMs) and magnetic nanoparticles (MNPs) are some of the most widely 

researched due to their unique properties.19-20 Most polymer systems are mechanically soft in 

nature and lack certain intrinsic capabilities, such as electrical conductivity, however, overcoming 

these deficiencies without significantly hindering the natural properties of the polymer itself has 

been a constant problem.10,17-18 By using CNMs, including cellulose nanocrystals (CNCs) and 

cellulose nanofibrils (CNFs), inherently soft polymers can be mechanically reinforced to withstand 

forces well beyond their natural abilities. The incorporation of CNMs can also promote high 

degrees of hierarchical nanostructuration within PNCs through controlled orientation of their large 

aspect ratios.19 Additionally, MNPs incorporated into certain polymers can produce “smart” PNCs 

that are not only electrically conductive, but also respond to magnetic fields during induction 



25 

 

heating. Specifically, the ability of polymers to cross between thermal transitions, in which the 

physical properties can be altered, allows for MNPs to promote shape memory effects through 

internal thermal fluctuations effects.20 Utilization of these two unique nanoparticles have led to an 

influx of innovative PNCs for a variety of research and industrial applications.  

1.2 Cellulosic Nanomaterials  

As the most abundant natural polymer on earth, cellulose has received a high degree of 

interest as an impactful sustainable resource.21 It is mainly found in plant cell walls, as well as a 

few organisms, and consists of a tightly packed linear structure generating high degrees of 

crystallinity and great physical strength for structural support.22-23 Cellulose comprises of 

unbranched homopolysaccharide glucose molecules with 1-4 β linkages, as well as hydrogen 

bonding between the C2 and C6 hydroxyl groups, creating the formation of remarkably strong 

crystalline regions throughout the cellulose chains, shown in Figure 1.22-24  

 

Figure 1.1 General schematic of cellulose nanomaterial extraction from natural and sustainable sources. 

Through various extraction methods, lignocellulosic biomass can be purified by removing lignin and 

hemicellulose to produce pure cellulose, and subsequent CNMs.25 Reprinted with permission through the 

Creative Commons Attribution license for open access articles: Michelin, M. et al. Molecules 2020, 25 (15), 

3411. 

Although cellulose is a useful resource in and of itself, it can be further broken down into 

several components for increased applicability.25 Through various extraction methods, CNMs can 

be isolated from multiple cellulose sources, characterized, and incorporated into a vast range of 
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polymer matrices for improved PNC properties.24-25 Specifically, is the ability of the CNMs to 

drastically improve the mechanical properties and structural integrity of PNCs, as well as 

introducing nanostructuration through percolated networks.20,26 Additionally, through 

manipulation of the aspect ratio and surface functionalization of the CNMs, specific properties 

such as thermal resistance, solvent dispersibility, mechanical reinforcement, enhanced barrier 

properties, and filtration efficiency can be finely-tuned for adaptation into various industries and 

applications.20,26  

1.2.1 Sources and Abundance of Cellulose 

Cellulose is widely-regarded as the most abundant biopolymer in the world, with roughly 

1010 to 1011 tons synthesized and destroyed annually.21,25 A multitude of CNM sources, including 

those from plant biomass,26-32 agricultural waste products,33-38 bacteria,39-42 and tunicates.43-44 

 Plant biomass and agricultural wastes comprise the majority of cellulose sources, 

specifically trees and stalk-like plants, and is directly related to their physical strength and stiffness 

through support in the cell walls.26-38 Cellulose is naturally synthesized and develops functionality, 

flexibility, and high specific strength through its hierarchical structure within cell walls.26-28 Plant 

cell walls are comprised of two-part structures with a common fiber-composite organization, 

similar to that of animal ECMs and reinforced concrete.28,32 Within the overall structure, the most 

important component of the primary cell wall is the fiberglass-like structure of bundled highly-

ordered crystalline cellulose microfibrils that develops to enhance structural integrity as the plant 

cells mature.27-29 Since no two plant species are the same, the biological components that make up 

each vary significantly from species to species. For example, softwood and hardwood trees, such 

as pine, cedar, spruce, oak, and beech, contain roughly 40-50% cellulose, while fibrous plants, 

such as cotton, hemp, and flax, can contain between 30-75% cellulose, all with varying degrees of 

polymerization between 10,000-15,000, depending on the species.25-26,30 Not only does the specific 

plant species impact the quantity and quality of cellulose produced, but the quality of nutrient 

composition found in the soil and surrounding environment in which they grow also play a large 

role.28,32-33 The organic materials and water content found in the soil, as well as the available 

sunlight, temperature, and humidity where the plants grow, directly correlate to the content and 

structuration of the cellulose, ranging from cellulose type Iα, Iβ, II, IIII, IIIII, IVI, and IVII.
25,28,33 

Cellulose Iα and Iβ are  the two main native allomorphs that create the stable structure throughout 
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the plants walls, running in parallel and antiparallel chain packing directions, respectively.25,28,31,33 

The next most common allomorph is cellulose II, which is typically formed through industrial 

alkaline treatment processes needed to purify cellulose sources.25 Through further ammonia 

treatment of cellulose I and II, cellulose IIII and IIIII can be obtained which can be characterized 

as the more disordered phases of cellulose.25,28,33 Lastly, cellulose IVI and IVII are typically 

prepared through heat treatment of cellulose IIII and IIIII in glycerol.25  However, cellulose IIII, 

IIIII, IVI, and IVII can be reverted back to their original allomorphs of cellulose I and II through 

high temperatures and water-saturated environments.25,28,31 

Due to the ease of extraction, large amounts of established protocols, and high crystalline 

cellulose content, wood, cotton, and other fibrous plants have been the main source of cellulose 

for industrial processes and CNM production, specifically in the pulp, paper, and textile 

industries.26,28,30-32 However, agricultural waste and residue are starting to become more widely 

accepted as new sources of cellulose, with subsequent extraction methods being discovered 

regularly.33-38 As landfill occupation continues to increase at alarming rates, large amounts of 

research are being conducted on methods to reduce disposal of materials that can be either recycled 

or reused.34-35 Since roughly 75% of available landfill area is occupied by the nearly 3.7x109 tons 

agricultural waste products disposed of annually, establishing renewable methods to reduce the 

quantities of waste is essential.35-38 Therefore, CNM extraction from otherwise useless agricultural 

waste and residue has been heavily researched to confront this growing demand.35,37-38 For 

example, CNM extraction and isolation studies have been performed on cereals (maize, wheat, 

etc.),32,34-35 rice husks,25,31 soy bean hulls,34-36 sugarcane bagasse,25,32,36 and bamboo,32,37 among 

many others,25,31-38 as progression towards mitigating the enormous waste occupation in landfills. 

As well, similar to the commonly used plant biomass, the variances in sources and agricultural 

processing lead to variances in cellulose structuration and subsequently isolated CNM properties.25 

Along with plant biomass and agricultural wastes, cellulose can be produced and extracted 

from a few organisms, including bacteria and tunicates.32,39-44 The Gram negative bacteria 

Acetobacter xylinum has been the most extensively researched, among Gluconacetobacter 

xylinum, Rhizobium, Komagataeibacter xylinus, and Agrobacterium, for their high purity (>90 %) 

cellulose I and II ribbon formations without the extra lignin, hemicellulose, pectin, and other 
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biological components, demonstrating a few improved characteristics over plant-sourced 

cellulose.32,39-42 A few superior properties include largest aspect ratios, higher crystallinity and 

degree of polymerization, naturally developed ultrafine fiber shapes, non-cytotoxic, and enhanced 

water-holding capabilities (up to 99 % water).29,32,39-42 However, the overall production process is 

very expensive and slow to synthesize, making it more suitable for small research projects and 

limited in industrial uses.39-42 As the only known animal source of cellulose, another extensively 

research organism is the tunicate, which utilizes the relatively pure, high crystalline and aspect 

ratio cellulose in their “tunic” for protection when approached by predators.32,43-44 The cellulose 

in tunicates lend structural and mechanical stability through hydrogen bonding of CNMs within 

the outer-walls, however, they are able to severe these hydrogen bonds to return to an initial relaxed 

and flexible state.43-44 The cellulose extracted from tunicates share characteristics similar to 

bacterial cellulose, in which purity, aspects ratios, crystallinity, and degree of polymerization are 

higher than plant-based sources, although not quite at the same level.32,43-44 However, tunicates are 

relatively easy to source, lending greater applicability for industrial processing, rather than for 

specific research purposes, giving them a leg up on other cellulose sources.43-44 

1.2.2 Extraction Methods of Cellulose Nanomaterials 

In addition to cellulose, most commonly used sources comprise of other biopolymer 

components, which need to be removed during CNM extraction.25-26 Various extraction methods, 

such as acid hydrolysis, mechanical milling, subcritical water (SCW), and enzymatic hydrolysis 

are used to isolate the crystalline regions of cellulose by breaking down the weaker, disordered 

amorphous regions.45-58 Each technique has its advantages and disadvantages, lending uniqueness 

to all of the subsequently produced CNMs with regards to chemical composition, physical 

properties, and morphology, among other characteristics.45-58  

1.2.2.1 Chemical Extraction 

The most commonly used method of CNM extraction is acid hydrolysis, which utilizes 

concentrated acids to breakdown the amorphous region of cellulose, resulting in the isolation of 

the tightly packed crystalline regions, depicted in Figure 2.45-49  
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Figure 1.2 General schematic depicting the process of acid hydrolysis, in which the amorphous regions are 

hydrolyzed to extract isolated crystalline regions (CNMs) with various functional groups. Specifically 

depicted above is the use of sulfuric acid to produce CNMs esterified with sulfate functional groups.59  

Since cellulose sources vary depending on species and habitats, as mentioned previously, 

the structural distribution of crystalline and amorphous cellulosic components vary drastically as 

well.47 Therefore, one of the most significant benefits is the manipulation, adaptation, and adoption 

of various acid hydrolysis procedures for industrial and commercial production, due to ease of use, 

scalability, and widely established protocols.45-49 The typical acid hydrolysis procedures include 

highly-concentrated acid solutions, reacting under strong agitation for 60 to 120 mins at 

temperatures ranging from 60 to 100 °C to break down cellulose fibers into CNFs and CNCs, 

depending on the desired nanoscale and crystallinity.45-46 Sulfuric acid hydrolysis has been the 

most heavily researched and established, due to its reactive strength and subsequent hydroxyl 

group esterification by functional sulfate groups.45-46,59 This particular acid is popular since it is 

able to strongly isolate CNMs, while requiring lower concentrations to hydrolyze the disordered 

cellulose regions when compared to its counterparts.45-48 Along with sulfuric acid, a few other 

lesser studied acids, including hydrochloric acid, phosphoric acid, and acid mixtures, have been 

investigated due to the variety of characteristics obtained through each unique process.45-46 

Hydrochloric acid and phosphoric acids have been studied for their ability to produce CNMs with 

different surface functionalization, further discussed in Section 1.2.3. Specifically, hydrochloric 

acid shows the ability to produce unmodified CNMs, suitable for essential modifications, while 

phosphoric acid produces CNMs with higher thermal stability and biocompatibility.46,48-49 Lastly, 
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other acid combinations, including acetic acid and nitric acid mixtures, have been studied to 

determine any variations in characteristics.46 Unlike other acids, in concentration ratios of 10:1 v/v 

nitric to acetic acid, hydrolysis of the amorphous cellulose regions results in uniquely shaped 

spherical particles with diameters from 6 to 20 nm with no apparent surface charges.46 While acid 

hydrolysis is regarded as the ideal extraction method for CNMs, the overall process leads to large 

quantities of chemical waste needing to be recycled or disposed, making it less environmentally 

friendly than more recently developed methods.45,50-56 For example, after successful acid 

hydrolysis, the resulting CNM suspension still requires centrifugation to decant the supernatant, 

multiple day dialysis to reduce the pH, and lyophilization to completely isolate the CNMs.45-46 

Therefore, methods developed to omit these extra post-processing steps have been increasingly 

researched, including mechanical milling, SCW hydrolysis, and enzymatic hydrolysis.50-58 

1.2.2.2 Mechanical and High Energy Extraction 

 As materials science progresses towards a more sustainable and renewable direction, 

greener and more environmentally friendly methods of processing raw cellulose materials into 

CNMs are being developed, including mechanical milling50-52 and SCW hydrolysis.53-56 

Mechanical milling involves aggressive impact velocities, pressures, and shear forces to break 

apart the disordered amorphous regions through high energy cleaving of the cellulose fibers along 

the longitudinal axis, subsequently forming CNFs and CNCs.45,50-52 To accomplish these high 

energy forces, a few methods have been established, including high energy ball milling, planetary 

milling, high pressure homogenization, and ultrasonification.45,50-52 High energy ball milling and 

planetary milling utilizes stainless steel, titanium, or ceramic balls and high velocity movements 

to generate enormous impact, cleaving cellulose fibrils through force.45,50 Although not as effective 

as traditional isolation methods, it stands as the  most simple, time-conserving, and cost-effective 

“green” extraction method compared to its counterparts.45,50-52 High pressure homogenization 

exerts intense pressures and shear forces into a cellulose slurry by passing it into a vessel at high 

velocities, typically used to cleave cellulose microfibrils into further nanostructured particles.45,51 

Slightly different from the other mechanical methods, ultrasonification uses the process of 

defibrillating cellulose into CNMs through hydrodynamic forces produced by ultrasound.52 When 

submerged, ultrasonic waves create mechanical oscillation within the liquid, resulting in 

formation, expansion, and implosion of microscopic gas bubbles through ultrasonic energy 
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absorption.45,52 Though these methods are effective in isolating CNMs, compared to their acid 

hydrolysis counterparts, mechanical milling tends to produce CNMs with lower crystallinity and 

thermal stability, due to the remaining amorphous regions not completely removed.45,50,52 

Over the last decade, the use of sub/supercritical water as an effective solvent, catalyst, and 

reactant for hydrolytic conversions and extractions of organic compounds has received increased 

interest through a number of successful studies.53-56 SCW hydrolysis is the process of 

simultaneously heating water between 320 to 350 °C, while pressurizing to 25 MPa in a closed 

vessel, in order to extract organic materials through higher diffusion, activity, and ionization of 

water, while reducing the accompanied pyrolysis associated with sub/supercritical temperatures, 

diagramed in Figure 3.53-56  

 

Figure 1.3 Image depicting the a generic SCW reactor setup for organic material extraction, specifically 

CNM extraction.53 Reprinted with permission from Elsevier: Sasaki, M. et al. The Journal of Supercritical 

Fluids 1998, 13 (1), 261-268. 

Recent literature has shown that CNM extraction using SCW conditions on cellulose 

slurries leads to lower corrosion, lower and cleaner effluent, and lower cost of reagents, however, 

the extraction results of CNMs are limited to purified cellulose sources and small scale 
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reactions.53,56 Additionally, SCW as a pretreatment has been shown to remove non-cellulosic 

components to a greater degree than previously established alkali bleaching procedures.53,56 

Unfortunately, SCW hydrolysis requires enormous amounts of energy to promote an ionization 

level high enough to breakdown the disordered amorphous cellulose regions, currently making it 

hard to scale to industrial applicability.53-54 

1.2.2.3 Biological Extraction 

Enzymatic hydrolysis is a biological process that uses enzymes, such as laccase and 

cellulase, for the digestion and modification of cellulose fibers.45,57-58 It involves the 

depolymerization of amorphous cellulose, as well as any residual hemicellulose, while reducing 

the environmental impact from high water demand and chemical waste disposal.45,57-58 However, 

the process involves three arduous steps and mild conditions.57 The first and second steps are 

relatively quick, hydrolyzing roughly 60 to 70 % of the cellulose, yet completion of hydrolysis 

during the third step remains incredibly time consuming, leading to long operation times.45,57 

Although the CNMs produced by enzymatic hydrolysis tend to have increased crystallinity, aspect 

ratios, and thermal stability, due to these significant time demands and overall expense, this 

process still remains in its infantile stages, employed solely for small research applications.57-58 

Another downside of CNMs produced through enzymatic hydrolysis involves a tendency to show 

a higher tendency to agglomerate with lower stability in aqueous suspension.57 

1.2.3 Surface Modification and Functionalization 

As previously mentioned, a multitude of different methods can be used to hydrolyze 

cellulose, creating different surface functionalization on the CNMs with varying chemical and 

physical properties.45-49,60-64 The most common functionalization method involves acid hydrolysis 

through a particularly chosen acid, in which no additional steps are required, therefore, common 

surface modifications include acetate, sulfate, phosphate, hydroxyl, and carboxyl groups.60-64 

However, additional CNM modification can be made post-processing, including TEMPO, acetate, 

and succinic anhydride esterification, among others.60-62 These functional groups not only change 

the chemical structure of the CNMs, but the physical, morphological, optical, and thermal 

properties as well, further discussed below in Section 1.2.4.60-64  
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1.2.4 Characterization (Physical, Chemical, Thermal, and Optical) 

In order to completely characterize the physical, chemical, and optical properties of CNMs, 

countless equipment and techniques have been employed, including SEM, TEM, AFM, DLS, 

ssNMR, XRD, DMA, rheology, Raman spectroscopy, EDS, XPS, CHNS-EA, FTIR, 

conductometric titration, zeta potential, SIMS, TGA, DSC, PLM, UV-vis, and turbidity, among 

many others, as reviewed by Foster et al.65-69 Utilizing these characterization techniques along with 

the vast range of extraction, isolation, and modification methods, CNMs can be thoroughly 

examined for a range of manipulative properties.65-69  

Physical, morphological, and mechanical properties of CNMs are typically analyzed 

through electron microscopy, mechanical testing, and a few spectroscopic techniques, including 

SEM, TEM, AFM, DLS, ssNMR, XRD, DMA, rheology, and Raman spectroscopy.65-67 

Macroscopic morphological properties can be observed through various imaging techniques, 

including SEM, TEM, AFM, and DLS. SEM and TEM bombard CNMs with focused beams of 

accelerated electrons inside of a vacuum, while capturing the various reflected (SEM) and 

transmitted (TEM) particles to generate highly magnified, nanoscale images.65 AFM involves 

running a nano-sized probe across the surface of prepared CNM films, while measuring the 

reflected movements. Through these precise measurements of amplitude, phase, deflection, and 

modulus from the force applied to the needle running across the rough surface, particle size and 

dispersion can be delicately analyzed 65-66 DLS utilizes light scattering techniques in dilute aqueous 

suspensions to measure time-dependent fluctuations in scattered light intensities and determine the 

hydrodynamic “apparent particle size”.65 All of these techniques focus on the macroscopic 

properties of the CNMs, including overall shape, length, width, and aspect ratios.65 Their structures 

consist of rod-like shapes ranging from 100 nm – 10 µm in length, 5 nm – 100 nm in width, and 

aspect ratios of up to 200, depending on the type of CNM (i.e. CNCs, CNFs, MFCs, etc.).32,45,65  

On the micro and nanoscopic scale, morphology and crystallinity are characterized through 

ssNMR and XRD, including analysis of atomic structure, micro-/nano-morphology, allomorphs, 

amorphous contributions, phase structure, bulk crystallinity, crystallite size, and internal structure 

order.65-67 SsNMR uses combined techniques of cross-polarization, magic angle spinning, and 

dipolar decoupling devices to measure the distance between two select labeled heteronuclei, while 

XRD employs a CuXα X-ray tube, diffracted beam graphite monochromator, and NaI scintillation 
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detector to measure diffraction patterns and peak intensities of the crystalline cellulose.65-67 

However, compared to XRD, ssNMR shows greater relevancy and resolution, with abilities to 

measure direct relations between the crystalline indices, the dimensions of the crystals, the 

presence of relatively large amorphous phases, and indicate crystalline index values for a given 

system, providing the morphology of the CNMs.65-67 Crystallinity can range drastically from 40 – 

100 %, with various allomorphs (Cellulose I, II, IIII, IIIII, IVI, and IVII) and internal structure order, 

such as helical, triclinic, and monoclinic metastable structuration, depending on the source and 

extraction method of CNMs.25,45,65-67  

Lastly, mechanical and viscoelastic properties are commonly characterized through AFM, 

DMA, rheology, and Raman spectroscopy.45,65-69 Through these various techniques, crucial 

properties, such as tensile, bulk, and flexural strengths and moduli, viscoelastic properties of gels, 

flow behavior, microstructure formation, particle interactions, suspension viscosities, and stiffness 

of molecular backbone, have been thoroughly studied.65-68 Due to their remarkably high 

crystallinity and tightly packed, hydrogen bonded structure, CNMs demonstrate incredible 

strength to weight ratios, with elastic moduli up to 220 GPa, ultimate tensile strengths up to 10 

GPa, and a low density of roughly 1.6 g/cm3.32,45,65-67 In comparison, these properties make CNMs 

stronger and stiffer than Kevlar fibers, and strength to weight ratio around 8 times higher than 

stainless steel.45,66-67 However, their high stiffness also leads to exceedingly low flexibility, with 

elongation to ruptures typically less than 8 %.32,65-68 

Through the extraction, isolation, and modification methods described above, CNMs can 

vary significantly with regards to chemical properties and composition. To determine these 

variances, chemical and elemental analyses, including EDS, XPS, CHNS-EA, FTIR, 

conductometric titration, zeta potential, and SIMS, have been employed.65-66,68-69 The chemical 

structure of CNMs consist of carbon, hydrogen, and oxygen atoms that form glucose molecules, 

therefore, when additional elements are present through surface modifications, they can be easily 

detected.65,68 EDS and XPS utilizes high-energy beams of charged particles or x-rays to irradiate 

the surface of the material, energizing the core shell electrons enough to escape from their atoms 

to become photoelectrons.65-66 Each core shell electron has a specifically defined energy associated 

with it, therefore, by measuring the energy of the photoelectrons, the chemical compositions of the 

materials can be analyzed.65 Additionally, CHNS-EA and SIMS are used to determine major 
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elemental compositions of organic substances through combustion and ion-sputtering, 

respectively, followed by filtration and detection of specific elements.65-66 FTIR, ssNMR, 

conductometric titration, and zeta potential, on the other hand, are employed to analyze the specific 

surface functionalization with regards to charge density and chemical bonds.65,68-69 The surface 

functionalization and charge density of the CNMs are crucial when determining their colloidal 

stability in a variety of solvents.65 The greater the electrostatic repulsion through increased 

substituent contents (up to 26 mmol/kg cellulose) and associated surface charge densities (up to 

330 mmol/kg cellulose), the greater the stability in suspensions.68-69 As well, the analyzed surface 

adsorption, covalent bonding, and surface chemistry, are necessary to determine the dispersive 

properties within various polymer matrices and cellular interactions in vivo.65,68-69 

Although not as significant as the physical and chemical analyses, with regards to complete 

characterization, as well as industrial applicability, thermal and optical properties also need to be 

characterized.65-66,68-70 Thermal properties are analyzed through TGA and DSC to determine 

degradation temperatures and any thermal transitions, relative to industrial processing 

techniques.65 Their high thermal stability typically ranges between 200 – 350 °C with minimal 

thermal expansion coefficient around 0.01 ppm/K, depending on the crystallinity, size, and surface 

functionalization/modifications, while demonstrating no apparent thermal transitions.45,68-69 

Lastly, optical properties are analyzed through PLM, UV-vis, and optical microscopy, to determine 

turbidity and agglomeration in suspensions, visible light transmittance, and CNM network 

alignment in nanocomposite samples.65-66,70 PLM shows shear birefringence through polarized 

lenses for alignment analysis in PNCs, and UV-vis and turbidity for observing absorption and 

reflection of light over a range of wavelengths (300 nm to 800 nm).65,70 A few demonstrated 

properties are high visible light transmittance over 90 %, opalescent appearance when formed into 

a film, and increased opaqueness with increased suspension concentrations.45,65,70 

1.3 Cellulose Nanocomposites  

CNMs have been well explored in the past few decades, with ever increasing methods of 

isolation and applications. As such, it has been studied as a renewable substitute for countless raw 

polymers and as a nanofiller for improved PNC applications, including better colloidal stabilities, 

mechanical reinforcement,71-76 enhanced barrier properties,77-79 energy storage,80-81 flexible 

electronics,80-81 and tunable hydrophilicity/hydrophobicity,82-83 among many others.29,45,66 Their 
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many unique properties allow for usage in a variety of applications, but are most known for their 

incredible strength to weight ratio for reinforcing nanocomposites, sustainability, and impact on 

environmentally friendly and biodegradable solutions.45,71-76 Through bolstering unique properties 

of PNCs, CNMs have been further employed in multiple industries, including aerospace, 

automotive, biomedical, electronics, water waste/pollution management, and construction, among 

countless others.45,66,71-74  

1.3.1 Mechanical Reinforcement 

Due to their natural rod-like shape, high aspect ratios, and incredibly high crystallinity, 

stiffness, and strength to weight ratio, CNMs have been incorporated into a variety of PNCs for 

substantial mechanical reinforcement.45,71-76 However, in order to maximize the reinforcement 

properties, the polarity of CNMs through high electrostatic repulsion is also significant for ideal 

dispersion among the polymer matrices. Their enhanced ability to disperse in a multitude of 

polymers allows for an exfoliated nanocomposite structure, rather than phase separated or 

intercalated composites, in which an ideal percolation threshold can be achieved.75-76 Exfoliated 

structures imply a complete dispersion with almost 100 % filler-matrix interactions, while 

intercalated and phase separated structures imply a combination of filler-matrix interactions with 

significant filler-filler interactions, observed in Figure 4.76  

 

Figure 1.4 Examples of possible dispersion mechanisms of CNMs in polymer matrices, with subsequently 

formed PNC morphologies.76 Reprinted with permission from Elsevier: Miao, C. et al. Current Opinion in 

Solid State and Materials Science 2019, 23 (4), 100761. 

With increasing filler-filler interactions in the PNCs, a larger quantity of defects typically 

occur through agglomerations acting as stress concentrators.76 For example, studies by Meesorn et 

al.75 and Miao et al.,76 have proven the significance of PNC mechanical reinforcement, given the 
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high electrostatic repulsion, large aspect ratios, and strong hydrogen bonding of the CNMs, 

allowing for an ideal percolation threshold to be reached with lower filler content, in order to retain 

the natural elasticity and durability of the polymer matrix, while still promoting greatly enhanced 

mechanical reinforcement.73,75-76 Additionally, CNMs have been shown to act as effective 

nucleating agents, improving crosslinking capacities and densities of curable polymer resins, 

further bolstering their mechanical reinforcement applicability among a variety of polymer 

matrices.73,76 

1.3.2 Enhanced Barrier Properties 

Similar to mechanical reinforcement, CNMs incorporated into PNCs utilize large aspects 

ratios and high electrostatic repulsion to enhance barrier properties for both air and water films 

and filtration, to improve emissions, packaging shelf life, and fresh water quality, among 

others.45,71-73,77-79 The presence of non-permeable CNMs dispersed in an exfoliated structure 

significantly increases the permeant tortuosity and overall path length, greatly reducing the 

permeability of gases, specifically water vapor and oxygen, depicted in Figure 5.72-73   

 

Figure 1.5 Images depicting the presence of non-permeable crystals (CNMs) in a polymer matrix (left) for 

increased permeant tortuosity and path length to enhance barrier properties against water vapor and oxygen 

compared to an amorphous polymer matrix (right).72 Reprinted with permission from Elsevier: Calvino, C. et 

al. Progress in Polymer Science 2020, 103, 101221. 

Studies performed by Karkhanis et al.77 and Khan et al.,79 have shown that CNMs 

incorporated, even at small quantities (1-5 wt%), can reduce water vapor and oxygen permeability 

by 30-40 % and 65-75 %, respectively.77,79 This significant reduction in both water vapor and 

oxygen permeability has vast applicability for industrial products, such as packaging and coatings. 

For example, PNC films created using CNMs show decreased deteriorative reactions and microbial 

growth when used for food packaging, while also promoting flavor entrapment, aroma barrier, and 
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grease and oil resistance.77 In addition to enhanced barrier capabilities for water vapor and oxygen, 

surface modifications of CNMs can benefit filtration membranes through improving specific ion 

exchange.78-79 Membranes use a variety of filtration methods, including osmosis, high-efficient 

ultrafiltration, heavy metal binding, and electrostatic interactions, all of which produce highly pure 

air and water void of impurities.78-80 A study by Chakrabarty et al. shows the benefits of PNC films 

using CNFs modified with hydroxyl groups reacted with polyglycidyl methacrylate to produce 

cation-exchanging membranes for increased cadmium binding capacity, for water filtration of 

heavy metals.78 Another study by Gopakumar et al. shows the ability of CNM membranes to 

successfully filter heavy metals, microbes, dyes, pesticides, and organic contaminants, through 

CNMs with hydrophobic functionalities, such as silyl groups.80 

1.3.3 Other Properties 

Along with the most notable abilities of mechanical reinforcement and enhanced barrier 

properties, energy storage,74,81-82 flexible electronics,74,81-82 hydrophilicity/hydrophobicity,83-84 and 

cellular adhesion and adsorption,85-87 have also been researched for further sustainable PNC 

applications. CNMs have been studied as a promising candidate for flexible energy storage and 

electronic devices through electrodes on cellulose, such as metal oxides, graphene, carbon 

nanotubes, metal nanowires, and a few conducting polymers.74 By utilizing liquid electrolytes in 

combination with the structural advantage of CNMs, ionic species can traverse between these 

electrode surfaces at room temperature, leading to applications for Li-ion batteries with high 

electrical ionic conductivity approaching 103 S/cm.74,81-82 As for flexible electronics, CNMs have 

shown great potential as a green and renewable advanced electrochemical energy conversion and 

conservation devices, such as solar cells, piezoelectric materials, and supercapacitors.81-82 Utilizing 

CNMs as a reinforcing agent within these devices, attributes including power conversion 

efficiency and piezoelectric performance, can be significantly enhanced.81 

Similar to the effects necessary for enhance barrier properties, CNMs with varying surface 

functionalization and modifications can induce hydrophilicity or hydrophobicity into the PNCs in 

which they are dispersed.83-84 With the abundance of hydroxyl groups found on their surface, 

CNMs demonstrate naturally high degrees of intrinsic hydrophilicity.83 However, certain 

industries and applications, such as packaging and electronics, view hydrophilicity as a deterrent, 

in which moisture causes detrimental effects, thus limiting CNM applicability. Therefore, to 
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combat these limitations, studies by Panchal et al.83 and Farnia et al.84 have shown incorporation 

of CNMs with different surface functionalization (i.e. fluorinated, sulfated, hydroxylated, 

carboxylated, etc.) into various polymers, successfully fabricate PNCs with tunable hydrophilicity 

and hydrophobicity. 

Lastly, CNMs have shown the capability of promoting cellular adhesion and adsorption, 

further discussed in Section 1.6.85-87 Through tunable mechanical reinforcement, inherent 

hydrophilicity, and various surface modifications, incorporation of CNMs into biocompatible 

polymer matrices have proven to increase biomimicry of native ECMs.85-87 

1.4 Magnetic Nanoparticles  

Unlike CNMs, MNPs are less complex with regards to sourcing, production, and 

properties, however, are still equally as useful among PNCs for enhancing applicability and 

stimuli-responsive behavior.20,88-91 MNPs are typically produced through grinding bulk materials, 

however, this method of fabrication technically leads to irregular particle shapes. To combat this 

challenge, more technical methods to synthesize uniform spherical shapes have been developed, 

including plasma atomization, wet chemistry, and deposition from gas phases and aerosols.20,88,90 

Although there are a few types of MNPs, including iron-based, nickel-based, and cobalt-based, 

magnetite nanoparticles (Fe3O4 NPs) are the most common due to their ease of use through 

extensive literature references, as well as remarkable known magnetic capabilities.20,88-91 In 

addition, nickel and cobalt are susceptible to oxidation and prove to be toxic, making their 

applications limited.88 Through incorporation of these MNPs and subjection to applied magnetic 

fields, PNCs can exhibit a variety of magnetic effects, including paramagnetism, diamagnetism, 

ferromagnetism, antiferromagnetism, and ferrimagnetism, depending on the desired 

application.20,90 Additionally, MNPs promote high levels of electrical conductivity within 

otherwise electrically resistant polymers, producing PNCs with the capability of carrying an 

electrical current through electron transference.20,88,90-91  

1.5 MNPs for PNC Smart Materials 

 With the abilities of MNPs to promote stimuli-responsive behaviors in PNCs, a multitude 

of smart materials, including SMPs, have been researched and fabricated for employment in a 

variety of applications.20,88-99 Specifically, are the notable capabilities to promote magnetic, 

thermal, and electrically conductive properties in otherwise inert polymer matrices through both 
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direct and indirect stimulation. As well, by exploiting the remarkable surface-to-volume ratios of 

MNPs, significantly less filler quantity is required to obtain these stimuli-responsive behaviors.88-

99 Through implementation of electrical currents and/or magnetic fields, PNCs embedded with 

MNPs demonstrate 2.5D and 4D hierarchical manipulation, promoting shape memory effects 

through thermal responses.92-94 In order to activate shape memory effects, SMPs need to pass a 

certain thermal transition temperature (Tg), switching between an externally strained and relaxed 

state.92,94,97 This can be achieved using induction heating methods, which involves intense 

magnetic fields activating MNP’s ability to transform electromagnetic energy into heat, and 

dissipating it into the surrounding environment.93 With uniform MNP dispersion and specific 

magnetic field strengths, induction heating has the capability to promote fast and selective site 

heating, without the need for hot liquids or gaseous mediums, among other direct contact 

methods.92-93  

Utilization of these stimuli-responsive PNCs with induction heating capabilities have 

shown great potential in a variety of fields, including nanotechnology, biochemistry, organic and 

physical chemistry, and materials science.97-98 Studies performed by Mohr et al.92 and Bayerl et 

al.97 have employed MNPs into polyurethane, biodegradable multiblock copolymer, high density 

polyethylene, and polyamide 6, to produce magnetically activated PNCs. Utilizing alternating 

magnetic fields (f = 258, 430, and 2500 kHz; H = 30 kA/m) on these cold-drawn PNCs, in which 

residual stresses are captured through cooling under constant strain, drastic shape memory effects 

can be exploited.92,97 Additionally, a few other literature reviews of stimuli-responsive polymers 

by Bayerl et al.,93 Stuart et al.,95 and Roy et al.96 have consolidated the remarkable progress of 

induction heating methods for shape memory activation, showing the versatility of MNPs use in a 

multitude of polymer matrices and composite structures (i.e. fibers, fabrics, 3D constructs, etc.). 

Through careful analysis of MNP morphology and their interactions with the surrounding polymer 

matrices and magnetic fields, electromagnetic responses can be finely tuned for various degrees of 

thermal effects and applications.93,95-96 Specifically, biomedical applications, such as biosensors, 

drug delivery, diagnostics, tissue engineering scaffolds, “smart” optical systems, and actuating 

mechanisms for muscle tissue mimicry, are some of the most widely researched with regards to 

induction heating through MNP incorporation, further detailed in Section 1.6.95-96,108-112 
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1.6 CNM and MNP Polymer Nanocomposites for Tissue Engineering Applications 

In particular, tissue engineering applications utilizing CNMs and MNPs have been rapidly 

rising due to their versatility, biocompatibility, and stimuli responsiveness.32,45,68,85-91,98-112 As 

previously discussed, CNMs demonstrate a vast range of physical and chemical properties through 

different extraction methods and surface modifications.32,45,68 These unique properties allow for 

the fabrication of bio-based scaffolds for tissue engineering, wound healing, drug delivery, and 

regenerative medicine approaches, while promoting sustainability and natural 

biocompatibility.32,45 A plethora primary literature reviews, including those performed by Hickey 

et al.,86 Amalraj et al.,100 Lin et al.,101 Dutta et al.,105 and Joseph et al.,107 have showed tremendous 

adaptation of CNMs for biomedical applications. Natural ECMs not only allow for cell attachment, 

but provides biochemical and biophysical cues for cell and tissue maturation and proliferation as 

well.86 Through incorporation with other biocompatible polymer matrices, CNMs have the 

potential to increase nutrient, cell, protein, and other bioactive adsorption, leading to improved 

ECM structuration and overall tissue growth.100-101 Additionally, the biochemistry obtained 

through various CNM modifications and surrounding environments have significant effects of cell 

differentiation, morphology, adhesion, maturation, proliferation, and subsequent overall 

viability.86-87 For example, CNMs functionalized with negatively charged anionic groups, 

specifically phosphate groups, have shown an increased ability to promote cellular adhesion, 

proliferation, and viability.85,87 

Another key component for tissue biomimicry is the ability to form cohesive 3D scaffold 

constructs, with controlled hierarchical nanostructuration for enhanced ECM generation.85,100-107 

It is imperative for future regenerative techniques to not only possess an increased rate of wound 

healing, but also intricate structuration, integration, and aftermath of tissue regeneration for 

optimal retainment of native physiological functionality.100-107 With the incorporation of CNM 

networks into biocompatible PNCs, 3D-oriented nanostructuration can be achieved and utilized as 

a critical design criteria for the success of future tissue engineering and regenerative medicine 

techniques.85,102,104 Exploiting both biomimetic materials and embedded biological components, 

along with CNM nanostructured CNM networks, cohesive biomaterial composites and tissue 

interactions and integration can be obtained to better mimic natural tissue ECM.85,104-106 For 

example, a study by Espinosa et al.85 utilizes PLA as an amorphous polymer matrix seeded with 
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CNMs to produce a multilayer nanocomposite scaffolds mimicking mature articular cartilage. By 

constructing a three-layer architecture of these scaffolds, the orientation and ECM components of 

natural articular cartilage were proven successful, resulting in improved and guided morphology, 

orientation, and phenotypic states of cultured chondrocytes.85 

Additionally, although not as common, CNMs can be used by themselves to fabricate 

hydrogels and hydrophilic dressings for a few wound healing and tissue engineering applications, 

as discovered through research by Wang et al.,103 Dutta et al.105 and Ferreira et al.106 These 

produced scaffolds demonstrate high levels of hydrophilicity, porosity, structuration, and robust 

strength to weight ratios, all of which play critical roles as analogues to various tissue ECMs.103,105-

106  

 Alongside CNM incorporation for biomedical applications, so can MNPs be employed, 

specifically for enhanced stimuli-responsive PNCs.88-91,98-99,108-112 As previously noted, MNPs 

have the ability to induce indirect stimulation within polymer matrices, resulting in various 4D 

effects.92-93,98-99 In addition to inducing thermal manipulations through absorption of 

electromagnetic energy within PNCs, MNPs also demonstrate excellent chemical stability, non-

toxicity, biocompatibility, and high saturation magnetization, further promoting their utilization 

for biomedical applications of controlled and targeted drug delivery systems, bio-sensors, cell 

labelling, bio-imaging, contrast agents, photothermal and photoablation therapy, UV radiation 

protection, cancer and gene therapy, and hyperthermia.108-112 In particular, literature reviews by 

Cardoso et al.,108 Anderson et al.,109 and McNamara et al.112 embellish not only the abilities of the 

typically used Fe3O4 NPs, but also bimetallic and alloyed MNPs, including Fe-Co, Fe-Pt, Fe-Ni, 

Cu-Ni, ZnO, and TiO2 NPs, further diversifying their exploitation in the biomedical realm. For 

example, these various forms of MNPs have been shown to be an effective treatment for tumors 

through targeted hyperthermia, subsequently destroying cancerous cells with temperatures above 

42 °C.112 Overall, literature reviews of MNPs seeded in polymer matrices have been widely 

researched, however, there are still a few crucial biocompatible questions requiring answers.108-112 
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Chapter 2: Scope and Objectives 

As biomedical technology and clinical practices continue to improve through the decades, 

the need for biomaterials that confront any new arising challenges is essential.1 Specifically, 

biomaterial scaffolds for wound healing applications that increase rate of recovery, as well as 

quality of regenerated tissue.1-3 The research performed in the dissertation is based on the 

hypothesis that utilizing 3D biomaterial constructs with unique nanostructuration and stimuli-

responsive properties will promote enhanced wound healing through better biomimicry of native 

tissue. Further described in several stages, is a novel extraction method of CNCs from the 

renewable agricultural waste source of spent coffee grounds, followed by preparation, fabrication, 

and characterization of innovative biocompatible PNCs for a multitude biomedical applications. 

Moreover, each biocompatible PNC scaffold was designed for a unique purpose, including 

mechanically gradient composite scaffolds for various ECM mimicry for tissue engineering, 

stimuli-responsive substrates with controlled topographical manipulations via induction heating 

for mechanical ejection of embedded cells, and nanostructured hydrogel composite scaffolds for 

enhanced wound healing and regenerated tissue structuration to mitigate scar tissue formation. 

Through the thorough literature review defined in Chapter 1, a few methods have been 

defined to improve these biomedical PNC scaffolds using CNCs and MNPs as nanofillers. 

Biomaterial resins, such as PEGDA, typically have very low viscosities, limiting their 3D 

printability to SLA techniques rather than a variety AM techniques.4 The first method involves the 

production of viscous bioinks to enhance cell embedment and multi-compositional scaffolds with 

gradient mechanical properties through extrusion bioprinting.1-2,4 Along with improving 3D 

printability of biomaterials through increased viscosities, hierarchical structuration of fabricated 

PNC scaffolds is necessary to promote enhanced tissue regeneration through better biomimicry of 

natural ECMs. The second method involves controlled topographical and hierarchical 

manipulation for 2.5D and 4D capabilities using indirect stimulation, promoting cell/biological 

component release, drug delivery, bioseparations, and wound healing applications through higher 

dimensionally structured hydrogel interfaces.5 Lastly, the third method involves nanostructuration 

of 3D constructs to better simulate native ECMs for greater wound healing potential by 

regenerating new healthy tissues with correct orientation, while simultaneously reducing or 
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mitigating scar tissue formation.2-3 From this literature review, the following chapters have been 

researched and produced, further shown in Figure 2.1.  

 

Figure 2.1 Flow diagram depicting the process of research throughout the chapters of this dissertation. 

Starting from the concept of fabricating novel polymer nanocomposites, the flow of research portrayed in this 

schematic shows the progressive steps of choosing specific nanomaterials, followed by extraction, 

characterization, and incorporation, leading to successful applicability for a multitude of biomedical designs. 

Chapter 3 focuses on the extraction and isolation of CNCs from spent coffee grounds, 

otherwise disposed as a massive agricultural waste product. A novel three-step method of 

bleaching, purification, and phosphoric acid hydrolysis, producing CNCs comprising surface 

phosphate moieties is described in detail. Ideal hydrolysis parameters were determined from 

manipulating a previously established procedure by Espinosa et al.,6 in which bleaching process, 

temperature, reaction time, and acid concentration were further varied from the cited study. 

Following extraction, the isolated phosphated CNCs were chemically, physically, and 

mechanically characterized through established techniques by Foster et al.,7 and compared to other 

commercially available and industrial extracted CNCs to determine viability.  

Chapter 4 describes a novel preparation method for mechanically gradient hydrogel 

composite scaffolds for biomedical applications. Bioinks comprised of PEDGA solution and CNC 

suspension were created and characterized through rheology to determine viscosity and shear 
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thinning properties. Following rheological characterization, a unique 3D bioprinting technique was 

employed to establish a protocol of fabricating layer-by-layer scaffolds of varying PEGDA and 

CNC content. To determine the effect of mechanical reinforcement, single-composition scaffolds 

were printed and analyzed individually. As well, multi-composition scaffolds were also studied 

through bioprinting and characterization to show tunability of mechanical gradients for specific 

ECM stiffness, as well as different tissue characteristics.  

In addition to utilizing CNCs as a nanofiller, Chapter 5 reports on the use of MNPs in PNCs 

to produce specific stimuli-responsive behaviors. Multiple concentrations of MNPs were 

incorporated into polymer matrices, including TPU, PVAc, and N-11, to fabricate magnetic PNCs. 

Following fabrication, each PNC substrate was heated past its respective thermal transition 

temperature, strained to roughly 200% of its original length, and subjected to induction heating via 

magnetic fields. The shape memory effects induced through induction heating were studied with 

regards to varying MNP content, inherent polymer crystallinity, thermal transition temperatures, 

and strength of magnetic fields. Additionally, SA and CNC hydrogel composites were fabricated 

with varying mechanical and hydration properties to simulate various ECM properties for cell 

growth, and attached to the PNC substrates. Furthermore, since living cells require incredibly 

specific conditions to maintain vitality, thermal dissipation and hydration studies were conducted 

to ensure the cells would endure no thermal shock nor dehydration. Finally, the combined hydrogel 

and PNC substrate construct was subjected to thermal transition temperatures, inducing internal 

pressure through a topographical shape change, as a novel method of cellular ejection from 

embedded positions with minimal damage.  

With the heavy focus of biomedical applicability in the present dissertation, Chapter 6 

sought to demonstrate the capabilities of CNC/CNF and gelatin composite hydrogel scaffolds to 

enhance wound healing, specifically within skin tissue. The majority of literature references 

researching wound healing materials tend to focus on the rate of wound healing, while disregarding 

the structuration and functionality of the regenerated scar tissue.8 Utilizing solution casting and 

previously established 3D bioprinting techniques, the effects of CNC/CNF alignment on the 

structuration of new cell and tissue growth, while minimizing the generation of fibrous scar tissue, 

were researched. Additionally, biodegradation properties were finely-tuned between 2 days and 8 

weeks to show effects of scaffold degradation rate on new cell and tissue growth. In order to 
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determine the clinical efficacy of scar tissue prevention during wound healing, and following 

scaffold fabrication, characterization, and optimization, in vivo animal studies were theorized on 

how the significance of controlled alignment and structuration of complex hydrogel scaffolds 

would affect inhibition of random tissue orientation during the natural healing processes, reducing 

undesired scar tissue formation.9-10 

Chapter 7 concludes and summarizes the research projects performed throughout the 

dissertation, and lends insight into future work needed to further progress the applicability of these 

biomedical scaffolds into clinical settings. 
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Chapter 3: Isolation of Thermally Stable Cellulose Nanocrystals from Spent 

Coffee Grounds via Phosphoric Acid Hydrolysis 

3.1   Introduction 

Cellulose is one of the most abundant natural, renewable, and biodegradable polymers on 

Earth, and can be obtained from various sources including bacteria, forestry, and agricultural 

wastes (agro-wastes).1-2 It is mainly found in plant cell walls, lending its physical strength to the 

structure of the plant due to its strong, tightly packed structure.1-2 Its linear unbranched 

homopolysaccharide structure comprising of 1-4 β linked glycosidic bonds, as well as the 

hydrogen bonding of the C2 and C6 hydroxyl groups between cellulose molecules, allows for the 

formation of crystalline regions throughout the cellulose chains.3-4 These crystalline regions can 

be isolated by multiple techniques, with acid hydrolysis being the most common. This technique 

utilizes concentrated acids to hydrolyze the amorphous region of cellulose, resulting in the 

isolation of the crystalline regions.5-6 The most common and industrial/commercial acid hydrolysis 

procedure utilizes sulfuric acid due to the ease of use and established protocols, although other 

acids have been employed as well, such as phosphoric acid and hydrochloric acid.5,7-8 These 

isolated crystalline nanomaterials, better known as cellulose nanocrystals (CNCs) and cellulose 

nanofibrils (CNFs), have been proven to have significant impacts on the field of polymer science.5-

6  

CNCs and CNFs have been well explored in the past few decades, with ever increasing 

methods of isolation and applications.5-6 As previously mentioned, multiple different acids can be 

used to hydrolyze cellulose, which create different functionalizations on the surfaces of CNCs (i.e. 

sulfate, phosphate, and hydroxyl groups, among others), and lead to varying chemical and physical 

properties.8-10 Although their structures are relatively the same, consisting of rod-like shapes 

ranging from 100 nm-1000 nm in length and 5 nm-20 nm in width, the varying functionalization 

of the surface change properties such as dispersion in solvents, thermal stability, biocompatibility, 

and crystallinity or stiffness.8,11-12 Their many unique properties allow for usage in a variety of 

applications, but are most known for their incredible strength to weight ratio for reinforcing 

nanocomposites, sustainability, and impact on environmentally friendly and biodegradable 

solutions in industry.5-6,13 The use of CNCs as a reinforcing agent in polymer nanocomposites, has 

seen a drastic rise in the last few years, leading to many new applications in many different 
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fields.14-17 When CNCs are added into a polymer, they have the ability to not only change the 

mechanically behavior, but also to increase properties such as water absorption in hydrophilic 

polymers, produce repeatable actuation, and promote particle adsorption and cell growth and 

viability.5-6,11-12,18-19 Some applications in particular that have been explored are reinforcement in 

polyethylene, polyester, and polyurethane nanocomposites for use in automotive, textile, and 

biomedical industries,11-12,14,20-22 as well as use in optical,23 electronic,24 and stimuli responsive 

materials,25-29 and airborne filtration systems.30 The usefulness of CNCs and CNFs have given rise 

to a growing market for cellulose nanomaterials, with nearly 10,000 tons being produced per year 

and used in high-end industrial products as reported by Future Market Inc. (2019).13  

As previously mentioned, trillions of tons of cellulose are produced globally annually, 

making it an almost inexhaustible feed source. For example, over six billion cups of coffee are 

consumed daily, leading to enormous amounts of raw cellulosic material just from spent coffee 

grounds.1,4,31-32 However, much of the cellulose is discarded as waste into landfills to eventually 

biodegrade.33 One of the biggest impacts on landfill occupation has been from the agro-wastes 

produced by crop harvesting, food industry waste, and textile industry waste.33-35 Due to the 

overwhelming amount of cellulosic materials discarded every year, extracting useful materials 

from various waste sources could potentially decrease landfill area, while leading to useful 

applications of the extracted material.33-34 For example, corn stover,36-37 rice husks,38 cotton,39 and 

sugarcane bagasse40 have had extensive research performed on the extraction of cellulose 

nanomaterials utilizing acid hydrolysis. However, there remains many other cellulose sources that 

have yet to be studied, such as spent coffee grounds, of which this research will focus.  

Although research has been successful with isolating CNCs from coffee husks and coffee 

silverskins, spent coffee grounds have yet to be researched.41-42 This report seeks to provide a 

method of CNC extraction from spent coffee grounds utilizing adaptations of known purifying and 

hydrolyzing procedures.8,43 Once extracted, the CNCs are thoroughly characterized by current 

techniques and compared to literature to determine the viability of spent coffee grounds as a source 

for isolation of useful CNCs.9 One of the most important factor of success will be determining the 

new CNC’s ability to mechanical reinforce a polymer. The greater the mechanical reinforcement, 

the greater the ability to fine tune polymer nanocomposites, which will increase the variety of 
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potential applications, as mentioned above.11-12,21,44 If proven successful, this research could 

provide an alternative way to recycle and reuse an otherwise useless waste material.  

3.2 Experimental Methods 

3.2.1 Materials 

Café Bustello very fine coffee grounds were purchased from Food Lion in Blacksburg, 

Virginia. All chemicals including toluene, ethanol, 85% v/v phosphoric acid, sodium hydroxide 

pellets, acetic acid, N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), tetrahydrofuran 

(THF), and bovine serum albumin (BSA) were purchased from Sigma-Aldrich. McKesson 3% 

topical hydrogen peroxide was purchased from Amazon.com. Nanovan stain consisting of a 

suspension of vanadium particles in water was purchased from Nanoprobes. Texin RxT85A 

thermoplastic polyurethane (PU) was purchased from Covestro. Commercial cellulose 

nanocrystals (CNCs) were purchased from the University of Maine Nanocellulose Facility. 

3.2.2 Purification and Bleaching of Cellulose 

Café Bustello coffee grounds were run through a Keurig K series coffee machine to make 

a normal 8 oz. cup of coffee. It should be noted that the coffee grounds going through the heated 

water of the Keurig (roughly 90 °C) experienced no thermal decomposition. As well, the initial 

roasting of the coffee beans to enhance flavor happens between 180-240 °C, therefore the cellulose 

within coffee grounds underwent no prior thermal decomposition before use.45 The spent coffee 

grounds were then left out to dry overnight before starting the cellulose extraction process. The 

relative composition of the spent coffee grounds after drying and before purification is shown 

below in Table 3.1.31-32,46 

Table 3.1 Relative chemical composition of spent coffee grounds, adapted from Mussatto et al. and 

Ballesteros et al.31-32,46 

Chemical Component Dry Weight (g/100g) 

Cellulose 8-10 

Hemicellulose 36-39 

Lignin 23 

Protein 13-17 

Fat 2-3 

Acetyl Groups 2 
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Ashes 1-2 

Other (Not Specified) 4-15 

 

The following purification and bleaching procedure was adapted from Marett et al. and 

Mueller et al.43,47 Approximately 40 g of dried spent coffee grounds were measured out and 

purified utilizing a Soxhlet extraction procedure with a 1000 mL mixture of 1/3 ethanol and 2/3 

toluene by volume. The solvent mixture was added to a round bottom flask under the extractor and 

placed into a silicone oil bath at 120 °C to be boiled overnight, ensuring a significant amount of 

time to remove soluble monomers such as lipids. After roughly 24 h of extraction, the coffee 

grounds were removed and left to dry overnight.  

Following the Soxhlet extraction, a 1 M sodium hydroxide bath was used to remove the 

soluble hemicellulose. The base wash was created by mixing 120 g of sodium hydroxide pellets 

with 3000 mL of deionized (DI) water and heating to 70 °C while continuously stirring until all of 

the pellets were dissolved. The extracted material was added to the solution for 4 h and 

subsequently separated via vacuum filtration. The resulting material was then washed with DI 

water until the liquid remained clear, approximately six times. This entire procedure was repeated 

one more time due to the extensive quantities of hemicellulose. 

Immediately following the base washes, the almost-pure cellulose was added to a hydrogen 

peroxide/acetic acid solution in order to remove the remaining non-cellulosic components 

including lignin. The wash comprised of 1440 mL of 3% hydrogen peroxide, 60 mL of acetic acid, 

and 1500 mL of DI water (48 v/v, 2 v/v, and 50 v/v of each component, respectively) and was 

heated to 60 °C while stirring constantly. The cellulose was added to the wash for 4 h before 

separation via vacuum filtration. The resulting cellulose was then washed with DI water until the 

liquid remained clear, approximately four times. Again, this entire procedure was repeated one 

more time due to the extensive quantities of the remaining non-cellulosic components.  

3.2.3 Acid Hydrolysis of Cellulose 

The following phosphoric acid hydrolysis procedure was adapted from Espinosa et al.8 

Two grams of the purified cellulose was added to 100 mL of DI water and cooled in an ice bath 

for 15 min. Phosphoric acid was slowly added dropwise via a dripping funnel, while maintaining 

a solution temperature of below 20 °C, until a phosphoric acid concentration of 10.7 M was 

achieved (approximately 292 mL). After the addition of the acid was complete, the solution was 
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placed in a silicone oil bath preheated to 100 °C and stirred for a predefined time of 2 h. After the 

completion of the reaction, the solution was immediately moved into an ice bath until room 

temperature was reached. The phosphorylated CNCs (p-CNCs) were separated from the 

supernatant by centrifugation at 10000 rpm for 10 min. The separated supernatant was decanted, 

replaced by an equal amount of DI water, and centrifuged again. This step was repeated until the 

supernatant remained clear (approximately five times). The p-CNCs dispersion was dialyzed 

against DI water for 7 days, replacing the water every day, until a neutral pH of 7 was reached. 

The yield of p-CNCs was approximately 10%, however, it should be noted that the yield was 

highly dependent on the small content of cellulose residing in the raw spent coffee grounds.31-32,46 

To dry the p-CNCs, the suspension underwent a solvent exchanged into acetone by replacing 2/3 

of the aqueous suspension with equal parts of acetone using the previously described sonication 

and centrifugation techniques. This process was repeated roughly 4 to 5 times to ensure complete 

exchange. Once the p-CNCs were exchanged into acetone, the suspension was poured into a Teflon 

petri dish and dried on a hotplate overnight. The subsequently dried p-CNCs were then used in the 

following characterization techniques, Sections 3.3.4 – 3.3.11, and redispersed into respective 

solvents as needed.  

3.2.4 Microscopy 

SEM samples were prepped by dispersing p-CNCs in DMF with a concentration of 0.1 

mg/mL, and sonicating at 110 W and frequency of 40 kHz with a Branson M2800 ultrasonic bath 

for 1 h. A droplet of the dispersion was then placed onto a silicon wafer attached to an aluminum 

SEM stand, and left in a desiccator to dry overnight. Each sample was sputter coated with 5 nm of 

iridium using a Leica ACE600 Sputter to prevent charge buildup, and imaged using a LEO 1550 

field-emission SEM at 5 kV. 

TEM samples were prepped by dispersing p-CNCs in DI water with a concentration of 0.01 

mg/mL, and sonicating at an amplitude of 40 with a 20 kHz Q55 Qsonica horn sonicator for 10 

mins. Next a solution of BSA in DI waster was created at a concentration of 0.2 mg/mL, and mixed 

with the p-CNC dispersion in a 1:1 ratio. The subsequent mixture was then sonicated further at 

110 W and frequency of 40 kHz with a Branson M2800 ultrasonic bath for 1 h. A droplet of the 

mixture was placed onto a copper TEM grid and left for 1 min to ensure attachment of p-CNCs. A 

drop of NanoVan stain was then added to the TEM grid for 30 s, before being quickly submerged 
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in a beaker of DI water to remove any excess materials. The grid was left in a desiccator to dry 

overnight. Imaging was performed using a JEOL 2100 TEM.  

3.2.5 Energy-dispersive X-ray Spectroscopy  

EDS samples were prepped similarly to the SEM samples, however instead of dispersing 

in DMF, the p-CNCs were dispersed in DI water with a concentration of 10 mg/mL. The dispersion 

was sonicated at 110 W and frequency of 40 kHz with a Branson M2800 ultrasonic bath for 1 h. 

A drop of the dispersion was placed on a silicon wafer and left in a desiccator to dry overnight. As 

well, phosphorus has a relatively similar signal as iridium, therefore the samples were sputter 

coated with 5 nm of gold-palladium. Analysis was performed using a LEO 1550 field-emission 

SEM at 10 kV.  

3.2.6 X-ray Photoelectron Spectroscopy 

XPS samples were prepped similarly to the EDS samples, however a concentration of 1.0 

mg/mL was used. The dispersion was sonicated at 110 W and frequency of 40 kHz with a Branson 

M2800 ultrasonic bath for 1 h. A drop of the dispersion was placed on a silicon wafer and left in a 

desiccator to dry overnight. The samples were not sputter coated prior, and analysis was performed 

using a PHI Quantera SXM-03.  

3.2.7 Conductometric Titration 

Conductometric titration was performed following a known protocol by Foster et al. 0.15 

g of p-CNCs were dispersed in 300 mL of DI water and sonicated in an ultrasonic bath for 1 h. 5 

mL of 0.5 M NaCl solution and 0.02 M HCl solution were added to the dispersion prior to titrating.9 

Titration was carried out by a Metrohm 905 Titrando automatic titrator dosing 0.05 mL of 0.02 

NaOH solution per data point using an Metrohm 800 Dosino automatic doser, and measuring 

conductivity and pH with a Metrohm 856 conductivity module. Due to the addition of the NaCl, a 

calculated conductivity was used instead of the measured conductivity, following the equation 

used in Foster et al.9 The data was plotted and analyzed using Excel, and surface charge density 

calculated using an adapted protocol and equation by Espinosa et al.8 

3.2.8 X-ray Powder Diffraction 

XRD was performed on dry p-CNCs in powder form using a Panalytical X’Pert powder 

XRD system. A CuKα radiation source was used at 45 kV and 30 mA, and scattered radiation was 
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detected in the range of 2θ = 0°-50°. Percent crystallinity was determined using the peak 

deconvolution method similar to that of Zhang et al.48  

3.2.9 Thermogravimetric Analysis 

TGA was performed on dry p-CNCs in powder form using a TA Instruments TGA Q500 

thermal analyzer. 10 mg of p-CNCs were measured into a platinum TGA pan, and heated from 25 

°C to 500 °C at a rate of 10 °C/min. The decomposition temperature was determined by the loss 

of 5 wt% after the residual water had been removed from the sample. 

3.2.10 Dispersability and Dynamic Light Scattering 

The dried p-CNCs were dispersed in DI water, DMSO, DMF, and THF, decreasing in 

polarity, with a concentration 10 mg/mL. Each dispersion was sonicated using a 20 kHz Q55 

Qsonica horn sonicator at an amplitude of 40 for 10 mins, followed by further sonication in an 

ultrasonic bath for 1 h. The dispersions were lined up in order of decreasing polarity and imaged 

immediately after sonication, and 1 h, 1 d, and 10 d post-sonication.  

DLS samples were prepped by dispersing p-CNCs into DMF at a concentration of 0.01 

mg/mL. The dispersion was sonicated using the same protocol mentioned above for dispersibility 

studies. The dispersions were then transferred to a quartz cuvette, and analyzed using a Malvern 

Zetasizer Nano-ZS DLS instrument to determine relative particle size within a suspension. 

3.2.11 Mechanical Reinforcement  

Three different compositions of composites were fabricated for mechanical reinforcement 

testing; neat PU, 10 w/w commercial CNCs in PU, and 10 w/w p-CNCs in PU, following an 

adapted procedure from Frost et al.21 The CNCs were dispersed in DMF at a concentration of 10 

mg/mL using the same sonication protocol discussed in dispersibility testing. The PU was 

dissolved in DMF at a concentration of 40 mg/mL using a hot plate at 140 °C while stirring at 

1000 rpm for 1 h or until all the PU pellets had dissolved.  Once the CNC suspensions and PU 

solution were completely homogenous, they were mixed together in the ratios specified above. 

The combined mixture was placed in an oil bath at 140 °C while stirring at 750 rpm until enough 

DMF was evaporated to increase viscosity (to the ‘viscosity of molasses’).  The viscous mixture 

was then transferred to a Teflon dish, set on a hot plate at 100 °C, and left overnight to slowly 

evaporate the DMF.  After drying overnight, the samples were put into a vacuum oven at 80 °C 

and -27 in*Hg for 2 h or until all DMF was removed. 
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After complete removal of the solvent, each composition was hot pressed using a 3851-0 

Carver Press at 140 °C and 3 MPa of pressure for 5 min, using 0.9 mm– 1.0 mm aluminum spacers 

to ensure uniformity of thickness throughout the film.  Each pressed film was cut with a razor 

blade into five 1.0 cm wide ribbons for tension testing. Tension testing was performed utilizing a 

TA Q800 Dynamic Mechanical Analyzer (DMA) on five of each composite composition to 

determine the mechanical reinforcement properties of the composites. Each sample was tested 

using an isostatic force test with a force ramp rate of 3 N/min at 25 °C until a maximum of 18 N 

was reached. 

 

3.3 Results and Discussion 

3.3.1 Isolation of p-CNCs from Spent Coffee Grounds 

Due to the excessive amount of non-cellulosic components in the spent coffee grounds,31-

32,46 the bleaching and purification process was adjusted to obtain a purer form of cellulose, 

yielding an off-white, slightly tan color. Of the 40.0 g of dried spent coffee grounds, a resulting 

4.2 g yield was left after the bleaching and purification process, which correlates well to the 

previously reported amount of cellulose found in spent coffee grounds.31-32,46 Following the 

extensive bleaching and purification process, extraction of p-CNCs from spent coffee grounds 

utilizing phosphoric acid hydrolysis proved successful. The cellulose was hydrolyzed using the 

same parameters as the procedure by Espinosa et al., however, an extra 30 min was added to the 

reaction time in order to fully hydrolyze the cellulose.8 Phosphoric acid hydrolysis was chosen 

over the conventional sulfuric acid hydrolysis because of the difference in the resulting physical 

and chemical properties. Compared to traditional sulfated CNCs (s-CNCs), p-CNCs have a lower 

surface charge, decreasing dispersibility in many organic solvents, leading to more agglomerations 

within polymer composite systems. However, they have also been shown to have a higher thermal 

stability and biocompatibility (better cell growth and viability), which is crucial for multiple 

polymeric applications.5,8,11-12 The p-CNCs were successfully characterized, Table 3.2, following 

current analyzing techniques in literature and compared to other fabricated p-CNCs and current 

industrial CNCs.8-9,49-50 

Table 3.2 Physical and chemical properties of fabricated p-CNCs compared to fabricated p-CNCs in 

literature and commercial s-CNCs from UMaine and CelluForce.5,8,49-50 
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Coffee 

p-CNCs 

p-CNCs 

(Espinosa)7 

p-CNCs 

(Vanderfleet)8 

UMaine 

s-CNCs 

CelluForce 

s-CNCs 

Substituent content 

(phosphate and 

sulfate groups, 

respectively) 

(mmol/kg cellulose)1 

25.8 ± 9.6 3.95 ± 0.8 18.8 ± 3.3 
1.06 ± 

0.2 
8.1 ± 0.05 

Charge concentration 

(mmol/kg cellulose)2 
48.4 ± 6.2 10.8 ± 2.7 N/A 330 ± 15 255 ± 10 

Carbon (%)1 58.5 ± 0.39 44.19 ± 0.15 N/A ~77 ~77 

Oxygen (%)1 40.5 ± 0.39 49.5 ± 0.08 N/A ~23 ~23 

Length (nm)3 199 ± 27 316 ± 127 326 ± 70 134 ± 52 183 ± 88 

Diameter (nm)3 17 ± 4 31 ± 14 N/A 7 ± 2 6 ± 2 

Aspect ratio3 12 ± 3 11 ± 1.5 N/A 19 31 

Apparent crystallinity 

(%)4 
74.2 81 95 85 89.9 

Onset of thermal 

decomposition, Td5% 

(°C)5 

310 305 ~300 ~260 ~263 

Mechanical 

reinforcement tensile 

modulus at 10 wt% 

CNCs (MPa)6 

58.6 ± 2.7 N/A N/A 
113.7 ± 

9.7 
N/A 

Mechanical 

reinforcement yield 

stress at 10 wt% 

CNCs (MPa)6 

2.6 ± 0.1 N/A N/A 3.6 ± 0.0 N/A 

1 Determined by XPS (Section 3.3.6) 

2 Determined by conductometric titration (Section 3.3.7) 

3 Determined by TEM (Section 3.3.4) 
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4 Determined by XRD (Section 3.3.8) 

5 Determined by TGA (Section 3.3.9) 

6 Determined by DMA (Section 3.3.11) 

7 Referenced from Espinosa et al.8 

8 Referenced from Vanderfleet et al.49 

 

3.3.2 Microscopy: SEM and TEM 

Both SEM and TEM were employed to determine whether p-CNCs were successfully 

obtained, and if so, to characterize the average aspect ratio. SEM imaging was performed first and 

compared to literature, to establish a preliminary presence of p-CNCs. The SEM images show the 

distinct rod-like shape of the p-CNCs, however, lack of a more diluted dispersion caused 

aggregation of the particles while drying. The resulting mat of material, shown in Figure 3.1, is 

assumed to be the aggregated p-CNCs due to its common drying agglomeration, similar results 

found in literature.43,51-52  

 

Figure 3.1 Preliminary SEM images of the p-CNCs to establish their existence. 

TEM was subsequently conducted to determine the length, width, and aspect ratio of the 

p-CNCs, shown in Figure 3.2, and compared to those found in literature [8,11,49].8,11,49 It should 

be noted that although the images in Figure 3.2 show a darkened region from the agglomeration 

of BSA protein around the p-CNCs, the measurements were not affected. ImageJ image 

measurement software was used to measure 15 individual p-CNCs from varying images, resulting 

in an average length of (199 ± 27) nm, average width of (17 ± 4) nm, and aspect ratio of 12 ± 3. 

Although the aspect ratio of the p-CNCs resides in the lower range of literature values5-6 (for 
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reference, 10 for cotton and 67 for tunicates)12, there should still be significant amount of 

mechanical reinforcement when introduced into a polymer matrix, discussed later in Section 3.4.8.  

       

 

Figure 3.2 TEM images of isolated p-CNCs dispersed in a 1:1 mixture of 0.01 mg/mL p-CNCs in DI water 

and 0.2 mg/mL BSA solution. The BSA was shown to produce a darker halo around the p-CNCs due to 

agglomeration of the protein. 

3.3.3 Chemical Composition: EDS and XPS 

EDS and XPS were conducted for elemental analysis of the p-CNCs, specifically for 

carbon, oxygen, and phosphate content. The elemental analysis resulted in a carbon content of 

(58.5 ± 0.39) wt%, and an oxygen content of (40.5 ± 0.39) wt%, which are typical values for 

cellulose and its derivatives.8 The phosphate content was shown to be (0.08 ± 0.03) wt%, which 

was then converted to (25.83 ± 9.6) mmol/kg cellulose for a more accurate comparison to literature 

values.8,49 It is typical to see a lower phosphate content for p-CNCs when compared to other 

functionalized CNCs, specifically the sulfation of s-CNCs, which ranges from 80 mmol/kg 

cellulose-350 mmol/kg cellulose.43,49 However, the phosphate content observed for the p-CNCs is 

much higher than expected when compared to other studies (i.e. 3.95± 0.8 mmol/kg cellulose for 

Espinosa et al. and 8.2 mmol/kg cellulose-44.5 mmol/kg cellulose from Vanderfleet et al.).8,49 

Spent coffee grounds contain a certain wt% of phosphorus, and although it is assumed that all of 

the non-cellulosic materials were extracted during the bleaching and purification process, there is 
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a potential chance for some of the phosphorus to remain, resulting in a higher phosphate content.31-

32,46 

3.3.4 Surface Charge Density: Conductometric Titration 

During acid hydrolysis, CNCs often become functionalized with associated groups of the 

acid being used, for example phosphate groups via phosphoric acid hydrolysis. Conductometric 

titration was employed to obtain the surface charge density of the functionalized p-CNCs, shown 

in Figure 3.3. With the addition of phosphate substituents attached to the cellulose via ester bond, 

the surface charge should increase when compared to a blank titration. Utilizing adapted 

procedures from Foster et al. and Espinosa et al.,8-9 surface charge density was calculated to be 

(48.4 ± 6.2) mmol/kg cellulose.  

 

Figure 3.3 Plot of conductometric titration data, showing conductivity versus volume of NaOH added. Each 

individual region of titration is shown, i.e. HCl titration, p-CNC titration, and excess NaOH. The equations 

shown were used to calculate the surface charge density of the p-CNCs using an established protocol by 

Espinosa et al.8 

Although the surface charge is relatively high for p-CNCs compared to literature (10.8 ± 

2.7 mmol/kg cellulose by Espinosa et al.8), it correlates to the higher phosphate content of the spent 

y = -0.0142x + 1.5864

y = 0.0026x + 1.5488

y = 0.0093x + 1.52

1.52

1.54

1.56

1.58

1.6

1.62

1.64

0 2 4 6 8 10 12 14

C
o

n
d

u
ct

iv
it

y
 (

m
S

/c
m

)

Volume NaOH (mL)

HCl titration

p-CNC titration

NaOH excess



59 

 

coffee ground p-CNCs observed by EDS and XPS during elemental analysis.49 The higher surface 

charge density will allow for easier dispersion in polar solvents such as water, DMSO, and DMF, 

however, will inherently lower the onset of thermal degradation, further discussed Section 3.4.6 

and 3.4.7, respectively. 

3.3.5 Crystallinity: XRD 

XRD was performed to obtain the apparent crystallinity of the p-CNCs, shown in Figure 

3.4. The crystalline peaks occur at 2θ values of 16.5°, 20.5°, 22.5°, and 34.5°, which line up with 

the 110, 012, 200, and 004 planes, respectively, and indicative of cellulose type I.53 It is common 

that an additional peak appears at 14.5° lining up with a 11̅0 peak, when analyzing CNCs, however 

no peak occurred for the p-CNCs.53-54 This could indicate that not all of the amorphous region was 

hydrolyzed during the extraction process, leading to a slightly lower crystallinity. Under the 

assumption that the 11̅0 and 110 peaks were the same intensity, a peak deconvolution method 

adapted from Zhang et al. was used to remove the amorphous material regions and calculate an 

apparent crystallinity of 74.2%.48 The typical crystallinity of CNCs reported in literature ranges 

from 64% to 90%, with the majority residing in the mid to upper 70s.53,55 Crystallinity is crucial 

for CNCs because the higher the crystallinity, the higher the stiffness they will impart on a polymer 

matrix during mechanical reinforcement.5,56 The p-CNCs showed a normal percent crystallinity 

compared to literature, which is suggested correlate to increased mechanical reinforcement 

properties. As well, each peak was separated and analyzed using the Scherrer equation with full 

width at half maximum (FWHM) to determine the size of each crystal plane, following an analysis 

by Kumar et al. and Das et al.57-58 The resulting crystallite sizes were 8.6 nm, 5.7 nm, 3.4 nm, and 

2.9 nm, for the 110, 012, 200, and 004 planes, respectively.  
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Figure 3.4 XRD spectra showing the crystalline peaks associated with the p-CNCs compared to those of 

commercial UMaine s-CNCs, with the 110, 012, 200, and 004 planes indicative of cellulose type I. The s-CNCs 

show an additional peak at the 1𝟏̅0 plane which is associated with a higher crystallinity.55 

3.3.6 Thermal Stability: TGA 

P-CNCs have been shown in literature to have an increased onset of thermal degradation 

when compared to other functionalized CNCs. This is believed to be caused by the instability of 

higher number of surface charges attributed to different functionalization, such as sulfate or 

carboxyl groups instead of phosphate groups.8,49 As surface charge increases or decreases, thermal 

stability responds oppositely, resulting in changing onsets of thermal degradation, i.e. 285 °C and 

330 °C for s-CNCs and unmodified CNCs (h-CNCs), respectively.8 It should be noted that h-CNCs 

possess only unmodified hydroxyl groups produced from hydrolysis via hydrochloric acid. TGA 

of p-CNCs showed an onset of thermal degradation, measured at a loss of 5 wt% after the loss of 

humidity content (Td5%), of 310 °C, shown in Figure 3.5. This correlates well with other reported 

onsets of p-CNCs ranging from 290 °C-330 °C, sitting in between the higher and lower Td5% of the 

s-CNCs and h-CNCs.8,49,56 It should be noted that the Td5% of each sample was shifted with respect 

to the humidity content of roughly 4 wt%, 6 wt%, and 3 wt% for the p-CNCs, s-CNCs, and h-
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CNCs, respectively. The difference in humidity content can be attributed to increasing water 

absorption by the CNCs as surface charge density increases.5-6 Higher thermal stabilities have 

proven to be useful for multiple applications, such as casting and melt pressing films, and extrusion 

processing, without causing degradation or reduction of properties of the CNCs.14,22,59 

 

Figure 3.5 TGA plot comparing the thermal degradation of the isolated p-CNCs to commercially available s-

CNCs. The vertical dotted lines refer to the onset of thermal degradation at Td5%=310 °C for the p-CNCs and 

Td5%=285 °C for the s-CNCs. These can also be compared to h-CNCs found in literature with an onset of 

Td5%=330 °C.8 

3.3.7 Dispersibility and DLS 

After initial sonication in the solvents, the p-CNCs showed good dispersion in water, 

DMSO, and DMF, while remaining agglomerated in THF. Continuing to monitor the dispersions, 

the p-CNCs did not show precipitation or agglomeration in either the water, DMSO, or DMF after 

a full ten days, as shown in Figure 3.6. Furthermore, the p-CNCs dispersed in DMSO and DMF 

continued to improve over time, and showed no signs of precipitates or agglomerations after an 

extended time of over two months. The higher clarity within the DMSO and DMF suspensions 
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show ideal dispersions with no precipitates or subsequent refraction of light.8,43,60-61 Therefore, it 

should be noted that although birefringence behaviors were not displayed using crossed nicols, the 

dispersability is still comparable to literature references for both with and without birefringence, 

in which precipitates can be seen in non-ideal solvents such as THF and partially for water.8,43,60-

63 A key factor of CNCs dispersion has to do with the amount of charge on the surface, and how 

well they repel each other and accept the solvent. As surface charge increases due to higher 

phosphate contents or different functionalization (i.e. sulfate groups or carboxyl groups), 

dispersion in solvents increases since repulsion between CNCs is greater.5-6  

 

Figure 3.6 Images showing the 10 mg/mL p-CNC dispersions in water, DMSO, DMF, and THF, immediately 

following sonication, and subsequent times of 1 h, 1 d, and 10 d. The solvents used decrease in polarity from 

left to right. 

Further characterizing dispersibility of the p-CNCs, DLS was used to determine apparent 

particle size in a diluted DMF dispersion. DMF was chosen as the dispersant of choice due to 

overwhelming literature regarding CNC dispersion in DMF.8,21 DLS of the p-CNC suspension 

showed typical bimodal peaks with an apparent size of 139 nm-562 nm, which resides on the larger 



63 

 

end of literature, with normal sizes ranging from 163 nm-250 nm for Vanderfleet et al. to upwards 

of 400 nm-500 nm for Shanmugarajah et al.49,64 The larger size range can be attributed to the 

difficulty of perfectly redispersing dried p-CNCs into solvents, therefore retaining small 

aggregates within the suspension is possible and probable. The ability for CNCs to disperse readily 

in solvents is crucial for integrating them into polymer composites. Uniform dispersion in the 

polymer matrix creates ideal networks between CNCs and the matrix, allowing for isotropic 

behaviors while retaining little to no defects from CNC agglomeration.21  

3.3.8 Mechanical Reinforcement in Composites 

The p-CNCs dispersed in the PU matrix showed a significant increase in mechanical 

properties compared to the neat PU, increasing the tensile modulus from (20.8 ± 0.8) MPa to (58.6 

± 2.7) MPa and increasing yield stress from (1.8 ± 0.1) MPa to (2.6 ± 0.1) MPa, respectively. 

However, the p-CNC composites showed lower mechanical properties when compared to 

commercial UMaine s-CNC composites, with a tensile modulus of (113.7 ± 9.7) MPa and yield 

stress of (3.6 ± 0.0) MPa, shown in Figure 3.7. Although there was not as much of an increase in 

mechanical reinforcement with the p-CNCs as with the s-CNCs, significant reinforcement with 

regards to the pure polymer shows potential for use in many polymer composite applications. The 

ability of the p-CNCs to reinforce the polymer matrix is crucial to the variety of applications of 

which it can be useful, such as strengthening a polymer for automotive industry compared to use 

in intervertebral disc or cartilage replacement.11-12,21,44  

To avoid common misconception, it should be noted that although tension testing is 

typically run using controlled crosshead displacement or strain ramp on an Instron,65-67 stress 

versus strains curves, and subsequent tensile moduli, can be determined through controlled force 

ramps using a DMA.21,43,68-69 DMA uses an input of force while measuring the resultant strain, 

leading to an acceptable linear regime for tensile moduli analysis.21,43,68-69 
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Figure 3.7 Tensile test results obtained with a DMA under controlled force ramp, showing a typical stress 

versus strain plot of neat PU, 10 wt% commercial UMaine s-CNCs in PU, and 10 wt% isolated p-CNCs in 

PU, to determine the reinforcement properties of the p-CNCs. 

These differences can be caused by many variables, however, the most probable are surface 

charge density, crystallinity, and aspect ratio. As discussed previously in Section 3.4.7, surface 

charge density has a drastic impact on the ability of CNCs to disperse in a solvent. P-CNCs show 

a lower dispersibility than commercial s-CNCs in common solvents, which can lead to a less 

uniform dispersion and more agglomerations within the polymer matrix.8 A continuous network 

of CNCs and high number of CNC-polymer interactions are needed to create a mechanically robust 

composite. These problems can cause defects in the continuous CNC network, reducing the overall 

mechanical properties from lower CNC-polymer interactions.8 As alluded in Section 3.4.5, 

crystallinity plays a major role in the reinforcement of a polymer matrix. The higher the 

crystallinity of the CNCs, the higher the stiffness and strength, which directly correlates to 

increased reinforcement.43,52 However, the p-CNCs produced in this study showed an around 

average crystallinity, therefore is assumed to not have had much impact on the decreased 

reinforcement. The final notable variable for the lower mechanical reinforcement is the aspect ratio 

of the p-CNCs compared to the commercial s-CNCs, most likely caused by the source of 
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cellulose.11-12 The p-CNC aspect ratio of 12 ± 3, which were derived from spent coffee grounds, 

is on the lower end of the 10-40 aspect ratio range for the commercial s-CNC derived from wood 

pulp. As aspect ratio increases, the critical percolation threshold in the polymer composites 

decreases, resulting in less CNCs needed to create a continuous network and mechanically 

reinforce the polymer.12 Therefore, at 10 wt% CNCs in PU, the commercial s-CNCs will have 

greater stress transfer between the CNCs and polymer matrix due to a larger, stiffer continuous 

network of CNCs.11-12,70 However, it has been shown that as long as the aspect ratio is at or above 

10, significant reinforcement is achieved in most polymer composite systems, as proven by the p-

CNCs in this study.12 

3.4 Conclusions 

This study sought to establish a protocol for the isolation and characterization of p-CNCs 

from spent coffee grounds as a potential cellulosic waste material. The extraction of p-CNCs from 

the amorphous cellulose via phosphoric acid hydrolysis was proven successful, and further 

chemical and physical characterization determined the viability of the p-CNCs’ usefulness. The 

resulting p-CNCs showed an aspect ratio of 12 ± 3, an apparent crystallinity of 74.2%, and a high 

phosphate content and surface charge density of (25.8 ± 9.6) mmol/kg cellulose and (48.4 ± 6.2) 

mmol/kg cellulose, respectively. The p-CNCs showed dispersibility in multiple organic solvents, 

with DMSO and DMF being the best candidates for dispersion. Nanocomposites were made using 

10 wt% isolated coffee p-CNCs in PU and 10 wt% commercial UMaine s-CNCs in PU, and 

compared to determine the mechanical reinforcement ability in p-CNCs in a polymer-based 

nanocomposite. Although the nanocomposite reinforced with p-CNCs did not exhibit the same 

mechanical reinforcement as the commercial s-CNCs, there was still a three-fold increase in tensile 

modulus when compared to the neat PU. The dispersibility and mechanical reinforcement bodes 

well for the ability of the p-CNCs to be used in many polymer nanocomposite applications, in 

which fine tuning of p-CNC concentration is needed to achieve the necessary mechanical 

properties.11-12,21 As well, the high phosphate content will increase the biocompatibility of the p-

CNCs and cell adhesion and growth when introduced into a biocompatible polymer system.44 The 

produced p-CNCs from spent coffee grounds compared well to other isolated CNCs from 

agricultural wastes throughout literature. Although the yield of CNCs was only about 8%-10% of 

the starting raw material, the nearly limitless source of spent coffee grounds worldwide allows for 
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potential mass quantities to be produced, regardless of low yield. With this in mind and the promise 

shown in this study, advancements toward industrial scalability should be further researched to 

determine the overall economic and environmental benefits of these results.  Specifically, by the 

known sulfuric acid hydrolysis procedure already used in many industrial CNC manufacturers, 

such as University of Maine and Celluforce.50  
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Chapter 4: Gradient Poly(ethylene glycol) Diacrylate and Cellulose 

Nanocrystals Tissue Engineering Composite Scaffolds via Extrusion 

Bioprinting 

4.1 Introduction 

Additive manufacturing (AM) technology, also known as rapid prototyping, was originally 

introduced towards the end of the 1980s, and has grown substantially in the last few decades.1-2 

The process involves a “bottom-up” approach by adding materials layer by layer to create three-

dimensional parts directly from computer-aided design (CAD) models, rather than the typical 

subtractive manufacturing approach.1-3 The major AM processes include directed energy 

deposition, vat polymerization, powder bed fusion, material jetting and extrusion, sheet 

lamination, and binder jetting. All of these can be sub-sectioned into many other specific categories 

based on applications for which they are applied.3-6 Additionally, AM processes have been 

expanded to multiple materials ranging from metal alloys, to polymer composites, to ceramics and 

concrete, lending to the current state of materials development and functionality.3,5,7-8 With the 

many recent improvements in AM technology, a variety of industrial applications are now being 

discovered and commercialized, including applications in aerospace, automotive, architecture, 

electronics, medicine/biomedical, and even sports.3,5-6,9 Most notably however, is the rise of 

biomedical applications, such as bioprinting/biofabrication of tissues, orthopedic implants and 

prosthetics, and regenerative medicine, among many others.5-6,9-11 Bioprinting has experienced 

rapid growth in the last few years, becoming an important aspect in the biomedical field.10-13 It 

utilizes multiple aspects of tissue engineering such as biomimicry, autonomous self-assembly, and 

mini-tissue building blocks through precise layer by layer positioning of compatible bioinks to 

produce complex 3D functional living tissues.11-14 These bioinks typically consist of biologically 

compatible materials, with or without seeded cells, in a resin or ink form that can be cast, printed, 

or otherwise molded, and subsequently crosslinked by a stimulus to create a biomaterial scaffold.11-

14  

The four main types of bioprinting techniques are laser-assisted bioprinting, inkjet 

bioprinting, extrusion bioprinting, and stereolithography (SLA), all of which have been heavily 

studied in the bioprinting field.13-19 Each of these techniques use unique processes such as thermal, 

piezoelectric, mechanical, and light energy, to develop complex tissue scaffolds with high 
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resolution (1-500 µm) and high cell viability (80-98%).13-19 Although all of these techniques have 

been used for bioprinting of tissue engineering and regenerative medicine applications, each have 

their limitations and disadvantages. For example, SLA can only print single photocurable polymer 

resins with a single cell type, while extrusion bioprinting can print multi-material assemblies with 

varying cell types.13,18-19 However, extrusion bioprinting falls short with bioinks needing to possess 

a certain viscosity in order to hold shape after printing.13-14,17-18 Therefore, research has been 

poured into improving these techniques to broaden their capabilities in the bioprinting field,13-19 

with this study focusing on the extrusion bioprinting technique and compatible bioinks.  

These printing techniques combined with advancing cell biology and biomaterials have 

allowed for the progression of tissue engineering and regenerative medicine to applications, such 

as organ replication and wound repair.11-14,20-21 Initially, the challenges facing bioprinting were 

biological in nature, relating to cell viability and long-term functionality after printing 

(apoptosis).6,10,14 Thus, bioprinting began as a way to print complex 3D biocompatible and 

biodegradable scaffolds that could later be seeded with cells and support matrices such as 

extracellular matrix.10 Countless research to solve this limitation has since pushed bioprinting 

techniques past the challenges of integrating cells into bioinks, and towards printing functional 

tissue scaffolds.6,11,13-14 However, these advancements have led to even more challenges, with 

further progression needed for improved reliability and functionality of bioprinting for major 

medical applications.6,10-11,13-14,21 For example, the availability of transplantable organs is 

drastically lower than the demand for organ transplant patients.20 The demand of organ transplants 

in the US in 2015 was 121,070 individuals, while only 2,553 were available, leading to an average 

of 22 people dying from waiting, per day.21 With efficient and effective bioprinting technologies, 

this major problem could become much less significant in a society with the ability to artificially 

replicate functional organs.20-21 Thus, research focused on improving bioprinting in specific areas 

such as bioprinter technology, biomaterials, cell sources, vascularization, innervation, maturation, 

and complex 4D functionalization is crucial to address the medical problems facing society.11  

Recent research has started to explore the areas of embedded stem cells and gradient 

scaffolds in pursuit of future tissue replacement.12,21-26 The nearly limitless ability of stem cells to 

differentiate into functional cells promises to contribute to the regeneration of mesenchymal 

tissues such as bone, cartilage, muscle, ligament, tendon, and adipose, and could lead to much 
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more complex 4D tissue engineering concepts utilizing bioprinting techniques.12,21-24 A few studies 

by Tasoglu et al., Irvine et al., and Moore et al., have demonstrated the ability and significance of 

embedding stem cells into 3D bioprinted scaffolds, which could offer great potential for multiple 

regenerative medicine applications and further development of regenerative therapies.12,21-23 With 

environmental factors playing a major role in stem cell differentiation and growth, gradient (multi-

material) scaffolds utilizing different materials and biological components could be of significant 

importance with regards to complex 4D bioscaffolds for tissue engineering applications.21-23,25 

Gradient scaffolds have been recently researched for tissue engineering applications in a few 

studies by Bracaglia et al., An et al., Woodfield et al., and Bittner et al., proving the efficacy of 

bioprinting complex 4D scaffolds.25-28 However, these studies, among others, focus mainly on 

porosity gradients for cell integration and growth, rather than utilizing gradients of materials, 

stiffness, cell types, and biological factors.25-28 Furthermore, these studies use SLA bioprinting, or 

other similar techniques, which only focus on a single cell type and material per scaffold instead 

of broadening the variety of gradients by other bioprinting techniques such as extrusion 

bioprinting.11,25-28  

With current trends leading towards gradient scaffold fabrication and stem cell embedment, 

this paper seeks to further progress the field of bioprinting by fabricating novel poly(ethylene 

glycol) diacrylate (PEGDA)/cellulose nanocrystal (CNC) bioinks with varying ratios of PEGDA 

to CNCs, that can be used with a pneumatic extrusion bioprinting method to create single material 

scaffolds and gradient scaffolds for potential complex 4D tissue engineering applications. PEGDA 

and CNCs are both biocompatible materials that have been researched extensively for biomedical 

applications such as tissue engineering and regenerative medicine, however there are still many 

useful applications that have yet to be explored.29-36 Most, if not all, of the PEGDA bioscaffolds29-

33 and CNC-reinforced bioscaffolds33-36 have been fabricated using SLA and direct light curing 

due to their low viscosity, only allowing for the use of one material in resin form and one type of 

cell. Extrusion bioprinting has the ability to overcome these limitations by allowing different print 

heads to carry different compositions and/or materials and imbedded cell types, increasing the 

available complexity of the printed scaffolds.11 Different ratios of PEGDA to CNCs will be used 

to tune the viscosity and resulting mechanical properties of each bioink, in order to allow 

printability of gradient scaffolds varying in composition, stiffness, and hydration. Cast scaffolds 
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will also be fabricated to compare the extrusion printing method with conventional casting and 

curing methods. These bioinks and printed scaffolds will be rheologically and mechanically tested, 

respectively, to determine the success of CNC reinforcement within the PEGDA matrix, as well 

as the variation in properties from a single composition scaffold to a gradient composition scaffold. 

Although it was not within the scope of this study, embedment of stem cells within each 

composition of PEGDA/CNC bioinks could prove effective in varying differentiation based on the 

different stiffness and hydration regions of the gradient scaffolds.12,21-22,24 This ability to 

incorporate not only stem cells, but also multiple types of cells in varying bioinks using multiple 

print heads, could be used to increase the availability of tissue engineering applications featuring 

multi-component tissue replacements, such as ligaments, tendons, and membranes.11-12,21-22  

4.2 Experimental Methods 

4.2.1 Materials 

Poly(ethylene glycol) diacrylate (PEGDA, Mn 575) and lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) were purchased from Sigma-Aldrich. Commercial sulfated 

cellulose nanocrystals (CNCs) in the form of an 11.8 wt% aqueous suspension was purchased from 

the University of Maine Nanocellulose Facility. The CNCs were extracted from a wood source 

and characterized with average dimensions of 150-200 nm in length and 5-20 nm in width, sulfur 

content of 0.94 wt%, and surface charge density of 330 ± 15 mmol/kg cellulose. All printing 

consumables including UV-resistant amber print cartridges, disposable plastic petri dishes, and 30, 

25, and 22 gauge sterile high-precision conical bioprinting nozzles were supplied by CELLINK.   

4.2.2 Fabrication of Bioinks 

The 11.8 wt% aqueous CNC suspension was diluted to a 10 wt% suspension using DI water 

for ease of composition calculations (i.e. 11.8 mL of DI water was added to 100 mL of the 11.8 

wt% CNC suspension to create a 10 wt% CNC suspension). PEGDA was then added to the 10 

wt% CNC suspension to create a 500 mL mixture with ratios of 95/5, 90/10, 80/20, 70/30, and 

60/40 w/w PEGDA to CNC mixtures, excluding wt% of the water. To reduce water content and 

increase viscosity, the mixtures were dried in an IKA RV 10 Auto Pro V-C Rotary Evaporator set 

at 20 mbar and 32 °C, and rotating at 70 rpm for 1 h. This resulted in gels resembling a thick paste, 

like that of Elmer’s® glue. After rotary evaporation, 0.067 wt% LAP was added to each gel. The 

resulting gels of each composition were weighed in the wet state, then air-dried in a fume hood 
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and weighed again to determine the actual composition of the bioinks to be used for printing, 

shown in Table 4.1. All bioinks were transferred into laboratory glass containers and stored in the 

refrigerator until use. 

Table 4.1 Final bioink compositions, including wt% DI water, after 1 h in the rotary evaporator, determined 

by drying and verified by TGA. 

The actual bioink compositions, mentioned in Table 4.1, were verified using 

thermogravimetric analysis (TGA). 10 mg of each bioink was measured into a platinum TGA pan, 

and heated from 25 to 500 °C at a rate of 10 °C/min using a TA Instruments TGA Q500 thermal 

analyzer. The bioink compositions were determined based on the weight left after complete water 

loss, shown in Figure 4.1. 

4.2.3 Rheology 

Rheology measurements were performed on an TA Instruments ARG2 torsional rheometer 

with a 40 mm plate upper geometry and a Peltier plate lower geometry with a trim gap of 1050 μm 

and a testing gap of 1000 μm. All measurements were carried out at 25 °C with a solvent trap. 

Each sample was pre-sheared at 1 s-1 for 30 seconds and allowed to equilibrate for 5 minutes. Yield 

stress measurements were conducted with a stress sweep, applied from 0.01 Pa to 1000.0 Pa with 

10 points per decade at a frequency of 1.0 Hz with 10 samples taken per cycle. Steady shear 

measurements were conducted over the range 0.005 - 100.0 s-1 with 10 points per decade with a 

tolerance of 5% torque for 3 consecutive cycles. A 5 s delay was implemented to avoid rate ramp 

artifacts, and measured results were averaged over a 30 second time period. Yield stress values 

were calculated using the Trios onset function. A power-law model (Eq. 1) was fit to each set of 

shear sweep data, where the power-law is traditionally used to model the shear-thinning region of 

polymeric fluids. In this model η is the viscosity, K is the flow consistency index, γ̇ is the shear 

rate, and n is the flow behavior index. 

 

Composition (w/w PEGDA/CNC) wt% PEGDA wt% CNC wt% Water 

95/5 71.1 3.7 25.2 

90/10 46.8 5.2 47.9 

80/20 28.6 7.1 64.3 

70/30 27.9 11.9 60.1 

60/40 20.0 13.0 66.6 
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 𝜂 = 𝐾𝛾̇𝑛−1 Eq. 1 

 

4.2.4 Casting PEGDA/CNC Scaffolds 

Two methods were used for preparing the cast PEGDA/CNC scaffolds: casting and curing 

in a Teflon petri dish, and injecting and curing in between glass microscope slides. The casting 

process was made with the intention of determining the curing ability and swelling/drying 

capabilities of the bioink scaffolds. A 5 mL syringe, without the needle, was used to extract 5 mL 

of each PEGDA/CNC bioink composition. Each bioink was then extruded into a 60 mm Teflon 

petri dish and let to sit for 1 h. This allowed ample time for the bioinks to settle and ensure that the 

surfaces were flat and uniform. It should be noted that the bioinks remained stable over the hour 

and no settlement of CNCs was observed. UV initiating light from a UVP UVL-21 compact UV 

lamp with a wavelength of 365 nm at 4 W, 0.16 A, 115 V, and 60 Hz was applied directly to each 

bioink for 60 s to ensure full curing, following an adapted procedure from Fairbanks et al.32  

The injection process was made with the intention of making usable cast bioink scaffolds 

for mechanical testing. Two 76 mm x 51 mm plain glass microscope slides were separated using 

1.0 mm thick Teflon sheeting on each end, while the center region remained open. Each end was 

then clamped with a RV 05.10 balljoint clamp and tightened to ensure no slippage would occur 

and uniformity throughout the scaffold. As above, a 5 mL syringe, without the needle, was used 

to extract 5 mL of each PEGDA/CNC bionink composition. Each bioink was then injected in the 

open center between the two glass slides. Although 5 mL of the bioink was not needed to fill in 

between the glass slides, all of the material was injected to ensure removal of all air bubbles and 

potential defects. Once a uniform film was obtained, the bioink was cured using the previously 

mentioned curing technique, following an adapted procedure from Fairbanks et al.32 The samples 

were then removed from the glass slides, and cut into 5.0 mm wide ribbons for future mechanical 

testing.  

Swelling and drying tests were performed on the cast scaffolds to determine shrinking and 

permanent deformation with environmental changes. Each bioink scaffold that was cast and cured 

in the Teflon petri dishes was removed and immediately imaged. They were then left to dry for 24 

h in a fume hood, and subsequently imaged again. After the drying process, each scaffold was 

submerged into 100 mL of DI water and left for another 24 h before being imaged again.  



73 

 

4.2.5 Bioprinting PEGDA/CNC Scaffolds  

Each bioink composition was loaded into a 3 mL UV-resistant amber print cartridge 

(CELLINK, Blacksburg, VA), and capped on both the open end and nozzle end to prevent the 

bioinks from leaking and losing water. All scaffold printing used a three-printhead printer 

(CELLINK BIO X, Blacksburg, VA).  

Preliminary printing using a generic rectangle configuration with a rectilinear infill pattern 

of 25% was conducted to determine the highest resolution printing parameters. Each composition 

started under the same initial printing conditions of 25 °C under air, 20 kPa of pressure, and 

extrusion rate of 10 mm/s using a 30-gauge nozzle. If the bioink was not successful in extruding 

through the 30-gauge nozzle using the initial conditions, the pressure was increased in increments 

of 5 kPa until a maximum of 75 kPa was reached. If there was still no success of extrusion at 75 

kPa of pressure, the nozzles were changed to a higher gauge (25-gauge, then 22-gauge). The 

pressure settings were returned to initial conditions and the 5 kPa incremental increase was 

repeated until the extrusion was successful. The final high resolution printing parameters 

determined the ideal nozzle gauge to be 25-gauge, with pressure continually decreasing as CNC 

content increased from compositions of 90/10 – 60/40 w/w respectively, and were used as the 

initial printing conditions for the bioink scaffolds. 

4.2.5.1 Single Material Scaffolds 

A basic rectangle scaffold of dimensions 35 x 7 x 1 mm was designed using Autodesk 

Fusion 360 AutoCAD software, with the intention of being used for tension testing during 

mechanical characterization. Each single material scaffold was printed using a single composition 

of bioink, except for the 95/5 w/w, which showed poor printing properties. The printing conditions 

were initially set at the highest resolution parameters, and were adjusted based on how the material 

extruded during printing. As previously determined, a 25-gauge nozzle was used for all bioink 

compositions, and pressures were set at 45, 20, 15, and 12 kPa, decreasing as CNC content 

increased from compositions of 90/10 – 60/40 w/w, respectively. It should be noted that the 

printing resolution increased as well as, with increasing CNC content, further discussed in the 

rheology data, Section 4.4.1.  Each scaffold composition was printed at least three times using a 

grid infill pattern of 100% at 25 °C under air, and UV-cured using a Gesswein 110V, 365 nm UV 
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post curing chamber for 60 s following an adapted procedure from Fairbanks et al.32 Each scaffold 

was stored in a container filled with 50 mL of DI water until time of mechanical testing.  

4.2.5.2 Gradient Scaffolds 

As with the single material scaffolds, a basic rectangle scaffold of dimensions 35 x 7 x 1 

mm was used for each gradient scaffold in order to maintain uniformity during mechanical 

characterization. However, the rectangular scaffolds were split into different designs, with each 

section of the design containing a different bioink composition, shown in Table 4.2. The four 

different designs include a three-layered rectangle, a two-layered rectangle, a three-sectioned 

rectangle, and a two-sectioned rectangle, shown in Figure 4.5 and 4.8. The compositions of 90/10, 

80/20, and 70/30 w/w were the three chosen based on the mechanical properties determined from 

tension testing of the single material scaffolds. The 95/5 w/w was unable to print and the 60/40 

w/w was too brittle to test reliably.  

Table 4.2 The compositions of different sections used for each gradient scaffold. 

It should be noted that each of the three available print heads contained one composition 

of bioink as follows: print head 1 = 90/10 w/w; print head 2 = 80/20 w/w; and print head 3 = 70/30 

w/w. Additionally, the BIO X printer software was not yet capable of printing with multiple print 

heads from an AutoCAD assembly design STL file. Therefore, since multiple print heads were 

used for printing the gradient scaffolds, the AutoCAD design needed to first be exported to Slic3r, 

and assembled into a workable multi-material scaffold capable of using three print heads. After 

the scaffold was reworked in Slic3r, the design was exported as a GCode file and transferred to 

the BIO X printer. At least 3 of each gradient scaffold was printed using the same parameters as 

the single material scaffolds, with a grid infill pattern of 100% at 25 °C under air. Each scaffold 

was then UV-cured using the previously mentioned curing technique for the single material 

scaffold, following an adapted procedure from Fairbanks et al. [32]. The scaffolds were 

subsequently stored in a container filled with 50 mL of DI water until time of mechanical testing. 

Scaffold Design 
Layer/Section 1  

(w/w PEGDA/CNC) 

Layer/Section 2  

(w/w PEGDA/CNC) 

Layer/Section 3  

(w/w PEGDA/CNC) 

Three-Layers  90/10  80/20 70/30 

Two-Layers 90/10 80/20 N/A 

Three-Sections 90/10 80/20 90/10 

Two-Sections 90/10 80/20 N/A 
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4.2.5.3 Mechanical Testing and Characterization 

After the printed samples had been cured, three of each composition from both single 

material scaffolds and gradient scaffolds, as well as three of each cast scaffolds were mechanically 

tested utilizing a TA Q800 Dynamic Mechanical Analyzer (DMA). Each sample was tested in 

tension using an isostatic force test with a force ramp rate of 3 N/min at 25 °C until either the 

scaffold fractured or a maximum of 18 N was reached. It should be noted that all samples remained 

submerged in DI water to stay hydrated until time of testing. 

4.3 Results and Discussion 

4.3.1 Bioink Characterization  

PEGDA and CNCs were chosen as the polymer matrix and reinforcing agent, respectively, 

for the composite bioscaffolds due to biocompatibility, tunability, and extensive research on the 

materials [29-36]. PEGDA shows very low viscosity at room temperature, limiting this material to 

SLA bioprinting and other similar techniques. Almost all related studies have shown success with 

printing PEGDA scaffolds for biomedical applications using SLA, however this technique only 

allows for one material resin and one cell type to be printed per scaffold [18-19,29-32]. CNCs have 

shown the ability to vary mechanical properties of polymer composites and scaffolds based on 

varying content within the polymer matrix [33-34,37-40]. The addition of CNCs will therefore 

help to increase viscosity and stiffen the bioinks in order to limit the deformation and help to 

maintain their structure before photocrosslinking [41-42]. This ability to hold their shape is crucial 

to expanding the printability of PEGDA to extrusion bioprinting techniques, which will lead to 

more complex printing structures compared to SLA, such as gradient scaffolds using multiple 

materials and cell types. As well, the ability to use multiple printheads of an extrusion printer, each 

containing bioinks of varying CNC content, allows for the fabrication of gradient scaffolds with 

varying stiffness, and potential incorporation of multiple types of cells that can be specifically 

placed among the scaffold [28]. In further comparison, gradient scaffolds with regards to porosity 

can be obtained through SLA, while scaffolds with stiffness gradients and multiple cell types 

cannot.25-28 Therefore, these bioink compositions could progress the field of extrusion bioprinting.  

Drying tests and TGA were performed to determine the water content, and subsequent dry 

weight of PEGDA and CNC within the bioinks, shown in Table 4.1 and Figure 4.1. A few trends 

were observed with varying CNC concentration, including higher water content and char yield 
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with increasing CNC content, while maintaining nearly identical degradation onsets of each 

component in the bioink. Polymer composites using CNCs as a reinforcing agent have been shown 

in literature to increase water absorption with increasing CNC content, even for hydrophobic 

polymer composite systems.38,43-44 As water comes into contact with the CNC network, the 

hydrogen bonds between the CNCs are broken leading to increased space and swelling within the 

composite or bioink.38-39,43-44 With regards to the onset of thermal degradation, the expected results 

agreed with the observed trends, in which each bioink component degraded within its respective 

range (i.e. water near 100 °C, sulfated CNCs between 260-280 °C,45-46 and PEGDA between 350-

450 °C47-48). It should be noted that at the 90/10 w/w composition, the bioink goes through a 

transitioning point from low to high viscosity and develops agglomerates of separate discrete 

phases within the PEGDA. It is assumed that the clumps lead to the discontinuity in weight loss 

during the onset of PEGDA degradation. 

 

 

 

Figure 4.1 TGA plot of weight loss versus temperature showing the evaporation of water near 100 °C, 

followed by the CNC degradation between 260-280 °C and PEGDA degradation between 350-450 °C.45-47 
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Steady shear torsional rheometry of the bioinks revealed shear thinning behavior of the 

PEGDA/CNC suspensions over all measured rates. This behavior is typical of CNCs within a 

suspension or viscous matrix, such as a melt or a gel, in which shear thinning increases as shear 

rate increases due to the alignment of the CNCs in the shear direction.49-51 Figure 4.2 displays the 

viscosity as a function of the shear rate for each of the bioinks. As expected, higher CNC loading 

corresponds to higher viscosities, however, above 20 wt% CNC there is minimal change in steady 

shear behavior. The 95/5 w/w PEGDA/CNC sample presented issues due to its low viscosity, 

approaching the lower load limit of the transducer. Figure 4.2 also displays the power-law model 

(Eq. 1) fits for each composition. The flow consistency index and flow behavior index are provided 

in Table 4.3. Aside from the 95/5 composition, the flow index was similar at approximately 0.11 

for all samples, suggesting similar shear thinning behavior across all compositions. Furthermore, 

the flow consistency index reflects the increasing zero-shear viscosity of the samples as CNC 

content is increased. Table 4.3 also presents the yield stress for each sample, which increase with 

CNC content. A higher yield stress should withstand higher load before induced flow, allowing 

for more layers to be deposited before photo-curing is necessary to retain the scaffold shape. While 

this is beneficial for printing taller scaffolds quickly, it also necessitates higher stresses on any 

cells that may be printed at the same time. As a result, tuning of these parameters is necessary for 

successful printing of both the geometry and the cell lines. Similarly, both the flow rate and the 

corresponding viscosity of the bioink must be carefully tuned to control road volume and to avoid 

pressure buildup within the printer. 
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Figure 4.2 Steady shear viscosity as a function of shear rate showing shear thinning properties of each bioink 

over approximately four decades. Increasing viscosities are observed as CNC content increases in the bioink 

compositions. Data points represent actual data, and lines are power-law model fits. 

 

Table 4.3 Yield stress and power law model parameters for each bioink composition. 

Composition 

(w/w PEGDA/CNC) 

Yield 

Stress (Pa) 

Flow Consistency Index, K 

(Pa·sn) 
Flow Behavior Index, n 

95/5 0.79 0.95 0.37 

90/10 37.75 23.08 0.12 

80/20 40.09 56.41 0.12 

70/30 57.63 65.57 0.11 

60/40 60.94 70.67 0.10 
 

4.3.2 Cast PEGDA/CNC Scaffolds 

Each composition of bioink was cast into a Teflon petri dish and cured using UV light, 

resulting in the disc-shaped scaffolds shown in Figure 4.3. Drying and swelling tests revealed that 

the higher CNC content scaffolds (80/20, 70/30, and 60/40 w/w) start to deform and actuate when 
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dried, and fully recover their initial shape after subsequent swelling. The lower CNC content 

scaffolds (95/5 and 90/10 w/w) showed less deformation and change during drying and swelling, 

maintaining their disc-like shape throughout the process, however, fracture occurred during 

swelling from rapid expansion of the brittle cross-linked PEGDA.52-53 It is believed that as CNC 

content increases, the crosslinking of the PEGDA is increasingly inhibited, leading to shorter 

chains and networks throughout the composite. This phenomenon induces greater strains on the 

longer, less mobile networks of chains when the lower CNC compositions are swelled.54 This leads 

to a higher chance of fracture, unlike more elastic polymers such as polyurethane, where the 

swelling of the composite would result in no fractures.38 As well, the drying and reswelling 

properties themselves showed novelty compared to typical CNC hydrogels found in literature.55-57 

Usual trends observe that as CNC content within the scaffolds increases, specifically above 5 wt%, 

the swelling properties drastically decrease and lead to further embrittlement.55-57 The composite 

scaffolds in this study showed a surprisingly opposite effect, in which additional CNC content 

resulted in higher swelling properties and lower fracture potential upon drying and reswelling. 

These unique properties can be attributed to efficient dispersion of CNCs within the scaffolds and 

increased defects in the PEGDA crosslinking due to higher inhibition from increased CNC content, 

leading to additional free volume within the scaffold. The optical properties also fluctuated with 

varying CNC content, increasing in opaqueness as CNC content increased.38 Although color and 

transparency varied between the scaffold compositions, they all demonstrated enough transparency 

to see lettering underneath, shown in Figure 4.3. 
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Figure 4.3 An image showing the optical properties and drying and swelling properties of each composition of 

cast scaffolds. The arrows show the scaffolds going from initially crosslinked to dried back to swelled. 

Deformation of the dried scaffold increases as CNC content increases. Opacity also increases with CNC 

content, however, the scaffolds still remain translucent in the swelled state (left most image). 

4.3.3 Bioprinted PEGDA/CNC Scaffolds  

Scaffolds of each bioink composition and gradients of bioink compositions were 3D 

bioprinted using a three-headed printer (CELLINK BIO X, Blacksburg, VA). Unlike the casting 

technique, the bioprinting technique allowed for ordered scaffolds with specific infill patterns and 

CNC alignment with subsequent crosslinking alignment of PEGDA. When the bioink is extruded 

through the print head nozzles, they experience a shear stress that aligns the CNCs in the direction 

of the print head movements.58-59 The alignment of CNCs can be utilized to design complex 

hierarchical structures leading to directionality of mechanical properties and, when introduced, 

specific cell alignment.58-60 This alignment also creates a larger barrier in one direction due to the 

aspect ratio of the CNCs, inhibiting the crosslinking of PEGDA in certain directions, leading to a 

general alignment of the crosslinked networks in the scaffolds.61-62 This can be compared to the 

typical SLA technique, which exhibits random CNC orientation within the scaffold from the 

dispersion in the liquid polymer resin.18-19,29 These comparisons can also be applied to cells and 
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other biological components within the scaffolds, in which extrusion bioprinting has the ability to 

align and place in specific locations.11,18,33,60 

Each single material scaffold was printed using the parameters listed in Section 4.3.5.1, 

however the 95/5 w/w bioink was unable to print due to the low viscosity. Instead of holding its 

shape after printing, the low surface energy caused the bioink to adhere and wet the surface. The 

single material scaffolds showed a higher uniformity in its dimensions compared to both the cast 

and gradient scaffolds, shown in Figure 4.4 and 4.5a. Since the cast scaffolds were cut into strips 

using a razor blade, the brittleness of the crosslinked PEGDA led to rough, defected edges, while 

the printer was able to lay down a much smoother perimeter of bioink to hold the dimensions of 

the scaffolds before crosslinking.  

       

Figure 4.4 Images depicting a) the printing process of each scaffold, laying down the perimeter and grid infill 

pattern, and b) an example of the single material scaffolds (90/10 w/w) after crosslinking via UV light. Smooth 

and uniform dimensions were produced from printing single material scaffolds. 

The gradient scaffolds were printed using the parameters listed in Section 4.3.5.2. Although 

the gradient scaffolds were printed using the same parameters as the single material scaffolds, they 

showed a decreased uniformity due to the use of multiple print heads, shown in Figure 4.5a. Each 

print head had to be calibrated identically. However, the calibration was manually performed, 

therefore the dimensions were not as uniform as the single material scaffolds. The layered gradient 

scaffolds showed higher uniformity, similar to that of the single material scaffolds, shown in 

Figure 4.5b. Although the dimensions were slightly less uniform, the gradient scaffolds showed 

a) b) 
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distinct regions in which different bioink compositions were used. Unfortunately, even with 

distinct regions printed, the relatively low yield stress properties of the bioinks caused the different 

compositions to flow slightly into one another. This creating crosslinking between the sections and 

layers. Additionally, the 90/10 and 80/20 w/w compositions, shown in Figure 4.5a, demonstrated 

a unique optical property, switching translucency after crosslinking.63 

 

Figure 4.5 Images depicting a) the 10/20/10 (by wt% CNC) sectioned scaffold before and b) after crosslinking 

via UV light, and c) the 10/20 (by wt% CNC) layered scaffold after crosslinking via UV light. The sectioned 

scaffold was less uniform due to small calibration errors in the print heads, and demonstrates unique optical 

properties, switching translucency of compositions after crosslinking. The layered scaffold stayed relatively 

uniform, and the multiple layers can be seen. 

4.3.4 Mechanical Testing and Characterization 

Three samples of each composition of cast, single material, and gradient material scaffolds 

were mechanically tested and characterized using a controlled force ramp in a DMA, resulting in 

the mechanical properties shown in Table 4.4. Throughout all of the samples, a general trend was 

observed in which the elastic moduli and yield stresses decreased as CNC content increased. The 

strain at break however, showed no observable trend for the cast scaffolds, and a decreasing trend 

with additional CNC content for the single material scaffolds. The gradient scaffolds showed 

unique characteristics and trends, borrowing certain properties from each composition of bioinks 

used, which is typical for multi-material composites.34,64-66  

Table 4.4 Mechanical properties of the cast, single material, and gradient scaffolds as determined by DMA. 



83 

 

Cast Scaffolds 

Composition 95/5 w/w 90/10 w/w 80/20 w/w 70/30 w/w 60/40 w/w 

Elastic Modulus (MPa) 27.8 ± 5.8 18.3 ± 2.5 9.6 ± 0.5 1.7 ± 0.1 0.4 ± 0.1 

Yield Stress (MPa) 0.7 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 0.2 ± 0.1 0.1 ± 0.0 

Strain at Break (%) 12.9 ± 11.3 14.2 ± 9.6 7.5 ± 3.5 14.5 ± 6.3 22.9 ± 8.9 

Single Material Scaffolds 

Composition 95/5 w/w 90/10 w/w 80/20 w/w 70/30 w/w 60/40 w/w 

Elastic Modulus (MPa) 

N/A 

16.5 ± 3.0 7.5 ± 3.3 2.7 ± 0.2 0.9 ± 0.1 

Yield Stress (MPa) 0.3 ± 0.1 0.1 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 

Strain at Break (%) 46.7 ± 22.3 22.1 ± 4.8 15.5 ± 8.9 8.1 ± 2.3 

Gradient Material Scaffolds 

Composition* 10/20/30 

Layered 

10/20 

Layered 

10/20/10 

Sectioned 

10/20 

Sectioned 

Elastic Modulus (MPa) 11.3 ± 0.7 16.7 ± 1.3 14.7 ± 2.4 12.1 ± 2.6 

Yield Stress (MPa) 0.3 ± 0.1 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 

Strain at Break (%) 40.9 ± 30.2 8.7 ± 3.4 17.6 ± 8.5 8.0 ± 3.6 

*As previously discussed in Section 4.3.5.2, the numbers refer to the wt% CNC in the 

composition 

4.3.4.1 Cast Scaffolds 

The DMA data acquired for the cast scaffolds during tensile testing revealed a general trend 

of decreasing elastic moduli and tensile yield stresses with increasing CNC content, shown in 

Figure 4.6. It should be noted that the elastic moduli were determined by the taking the slope of 

the linear viscoelastic region and tensile yield stresses were determined by the break in linearity 

from the linear viscoelastic region. Although this disagrees with most literature, in which CNCs 

typically increase the mechanical integrity of the composites,34,37-40,67-68 these observations can be 

explained by the unique crosslinking inhibition of the CNCs in PEGDA, as well as the increased 

water absorption through higher degrees of hydrophilicity.29,61-62 As the CNC content increases, 

the PEGDA chains have less ability to form crosslinked networks from the barrier formed by the 

CNCs.61-62,69 Additionally, the hydrophilicity of CNCs caused an increased plasticization within 

the composites by breaking the hydrogen bonds between CNC networks.29,35-36 Furthermore, the 

cast scaffolds maintained random orientation of CNCs within the PEGDA, causing the lower CNC 
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compositions (95/5, 90/10, and 80/20 w/w) to stay under the percolation threshold.38 This allowed 

the cast scaffolds to be slightly more reinforced than their bioprinted single-material scaffold 

counterparts, discussed in Section 4.4.4. However, as the CNC content increased into the 30 wt% 

regime, the random orientation of the CNCs caused the scaffolds to pass the percolation threshold 

isotropically, resulting in defects and lower mechanical properties.38 The strain at break showed 

no specific trend with increasing CNC content, however the 80/20 w/w scaffolds showed the 

lowest value of 7.5 ± 3.5%, while the other compositions were at minimum above 10%.  

 

Figure 4.6 DMA stress versus strain plot of each composition of cast scaffolds showing strain until break. 

4.3.4.2 Single Material Scaffolds 

The DMA data obtained for the single material scaffolds revealed a similar trend to the cast 

scaffolds, decreasing in elastic moduli and tensile yield stresses with increasing CNC content, 

shown in Figure 4.7. Like the cast scaffolds, this trend disagrees with most literature reporting 

increased tensile mechanical reinforcement with increasing CNC content.34,37-40,67-68 As previously 

discussed, this is believed to be caused by the increase of CNCs inhibiting the crosslinking ability 

of the PEGDA, with the additional plasticization via increase in water content .35-36,61-62 However, 

another general trend was observed that agrees with most literature, in which the strain at break 

decreased with increasing CNC content.38-40,67-68 The 90/10 w/w showed the best mechanical 

properties of higher reinforcement and strain at break compared to all other compositions. 
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Although the elastic moduli for the 90/10 and 80/20 w/w compositions were slightly below the 

cast scaffolds, the higher CNC content of 70/30 and 60/40 w/w compositions showed almost 

double the elastic moduli in comparison. Further, the 90/10, 80/20, and 70/30 w/w compositions 

showed higher strains at break than their cast scaffold counterparts. The tensile yield stresses of 

all compositions, however, maintained lower values than the cast scaffolds. These changes in 

mechanical properties may be caused by the alignment of the CNCs within the printed scaffolds.58-

59 As previously discussed, when the bioinks are extruded through the print head, the CNCs 

undergo shear stresses that align them in the direction of the nozzle and its motion.58-59 Since a 

grid infill pattern was used for the single material scaffolds, printing at ± 45° angles to the 

perimeter, the mechanical properties followed the trends of a traditional composite material at 

those same angles, such as carbon fiber composites made with alternating sheet angles.70-72 This 

allowed for nearly identical mechanical reinforcement properties as the cast scaffolds, however, 

drastically improved the strain at break for the lower CNC compositions, due to the “scissor” 

effect.72-74 Moreover, since the CNCs were aligned at ± 45° angles to the tension testing clamps, 

the tensile yield stresses showed a decrease from the cast scaffolds due to the same “scissor” 

effect.72-74 It should be noted that previous studies have shown CNC and material alignment 

through polarized Raman spectroscopy, when shear force is applied through either rheology, 

extrusion, or 3D printing.44,51,75-76 And although polarized Raman spectroscopy was not performed 

in this study to show CNC alignment, based on current literature references of CNC alignment 

properties through shear, it can be inferred that some alignment within the structure in the direction 

of the printing nozzle occurred, leading to the observed mechanical properties and trends.44,51,75-76 

Since the 95/5 w/w composition had too low of a viscosity to print successfully, the properties 

could not be compared with the 95/5 w/w cast scaffold.  
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Figure 4.7 DMA stress versus strain plot of each composition of single material scaffolds showing strain until 

break. 

4.3.4.3 Gradient Material Scaffolds 

The DMA data for the gradient scaffolds did not show any specific trend with regards to 

CNC content increasing, however, demonstrated properties from all compositions used within the 

scaffolds, shown in Figure 4.8. The best mechanical properties were exhibited by the layered 

scaffolds, increasing the overall elastic moduli and tensile yield stresses when compared to the 

higher CNC compositions of the cast and single material scaffolds. The layered scaffolds show an 

ideal distribution of loads, in which the weaker compositions increased in mechanical toughness 

and the flexible compositions increased the elongation of the gradient composites,34,64-66 shown in 

Table 4.4. The sectioned scaffolds showed a similar combination of characteristics from the use 

of multiple bioink compositions, however, the seams of the sections led to failure through 

separation.77 The force applied by the DMA was perpendicular to the crosslinked seams within the 

sectioned scaffolds, causing failure to occur at those stress points,77 as opposed to the layered 

scaffolds having equally distributed force among all of the layers.78 It should be noted that the 

layers did not delaminate during tensile testing. As well, the network of CNCs maintained the same 

alignment effects as the single material scaffolds, lending the flexibility of the “scissor” effect to 

the structure, while the strength of the 90/10 w/w composition was utilized.72-74 These scaffolds 
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demonstrated stiffness gradients that could be fine-tuned by using different bioinks of 

PEGDA/CNC ratios, while most other studies show the ability of porosity gradients.25-28 

 

Figure 4.8 DMA stress versus strain plot of each composition of gradient scaffolds showing strain until break. 

Note that the scaffolds were split into sectioned and layered designs, superimposed into the graph, with each 

section of the design containing a different bioink composition. The compositions used for each scaffold are 

shown in Table 4.2, for example, the 10/20/30 layered relating to 90/10, 80/20, and 70/30 w/w layers. 

Overall, the gradient scaffolds showed increased mechanical properties when compared to 

the cast and single material scaffolds of similar compositions. For example, the 10/20/30 layered 

gradient scaffold showed lower mechanical properties than the cast and single material 90/10 w/w 

compositions, however, they showed drastic improvements for both the 80/20 and 70/30 w/w 

compositions in all categories (elastic modulus, tensile yield stress, and strain at break). These 

results prove the ability to print multiple materials in a single scaffold, allowing for the tunability 

of the gradient scaffolds as a whole. 

4.4 Conclusions 

Bioprinting has advanced through many challenges and limitations in the past few decades, 

with research focusing on improving bioprinter technology, biomaterials, cell sources and 

viability, vascularization, innervation, maturation, and complex 4D functionalization. Recent 

advances such as novel bioinks, gradient scaffolds, and stem cell differentiation within scaffolds 
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have paved the way for complex 4D tissue scaffolds with improved reliability and functionality 

for modern biomedical applications. This study focused on expanding the bioprinting field through 

fabrication of PEGDA/CNC bioinks for extrusion bioprinting of single material and gradient 

scaffolds. The bioinks and scaffolds were thermally and mechanically characterized by TGA, 

rheology, and DMA. The final compositions of bioinks were determined, and a general trend of 

increasing water content and decreasing rheological yield stress with increasing CNC content was 

established. The 90/10, 80/20, 70/30, and 60/40 w/w bioinks showed high enough viscosities to 

print successful scaffolds, while the 95/5 w/w bioink not only demonstrated a low viscosity, but 

also showed slippage during rheology resulting in poor data. Unlike most CNC composites shown 

in literature,35,37-39 as the CNC content increased, the scaffolds demonstrated a decrease in both 

elastic modulus and yield stress, while no specific trend was observed for the strain at break. The 

cast scaffolds showed higher mechanical properties for the 90/10 and 80/20 w/w compositions, 

and lower mechanical properties for the 70/30 and 60/40 w/w compositions when compared to the 

single material scaffolds. The gradient scaffolds showed unique mechanical properties, utilizing 

the benefits of each composition to increase mechanical properties of the scaffold as a whole. The 

bioinks and gradient scaffolds successfully demonstrated tunability of their mechanical properties 

by varying CNC content within the bioink composition and the compositions used in the gradient 

scaffolds. This work makes strides to overcome the main disadvantages of SLA printing which 

consist of the inability to print multiple cell types and materials in resin form, the lack of controlled 

directionality of materials, and the inability to place fillers, cells, and other biological components 

in specific locations among the scaffolds.13,18-19,29-33 The PEGDA/CNC bioinks and scaffolds 

produced in this study seek to progress biomaterials and bioprinting technologies, by transitioning 

SLA-dominated PEGDA bioprinting to extrusion bioprinting, in order to produce more complex, 

functional scaffolds for tissue engineering. Extrusion bioprinting will allow for controlled 

directionality, cell placement, and increased complexity of materials and cell types, improving the 

reliability and functionality of the scaffolds for tissue engineering applications. 
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Chapter 5: Controlled Shape Memory Effects of Magnetic Polymer 

Nanocomposites via Induction Heating 

5.1 Introduction 

Stimuli-responsive materials, sometimes referred to as “smart materials”, are those with 

the ability to change and adapt based on external stimuli and their surrounding environment.1-2 

Over the last few decades, functional polymeric materials have been designed and developed with 

this specific interest in mind, rapidly expanding their applications in scientific fields, such as 

nanotechnology, organic and physical chemistry, materials science, aerospace, biomedicine, tissue 

engineering, and regenerative medicine.1-5 Although a multitude of characteristics can be obtained 

through different stimuli-responsive materials, 4-dimensional shape memory effects have been of 

particular interest.4-7 These 4-dimensional effects are typically regarded as physical characteristics 

that can change over time. For example, the shape memory polymers (SMPs) that exhibit a time-

controlled ability to change their hierarchical structure in response to external stimuli, such as 

chemical, electrical, thermal, light, moisture, and mechanical force, can be referred to as 4-

dimensional materials.7-11 By identifying suitable polymer architectures and functionalizing them 

through tailored programming, SMPs can respond to specific controlled stimuli, allowing them to 

be employed in a wide variety of applications.11 Specifically, SMPs have found increasing interest 

in biomedical applications, such as tissue engineering, regenerative medicine, medical devices, 

and drug delivery, for their ability to behave similarly to the natural functions and movements of 

the human body.9,11-16 When activated by stimulation, SMPs pass a thermal transition point, 

typically the glass transition temperature (Tg) of the polymer, which causes them to switch between 

an externally stressed and relaxed state.9-11 These properties have been able to promote minimally 

invasive surgery, provide structural support, exert stabilizing forces, elute therapeutic agents, and 

biodegrade.12-16  

Although the majority of SMPs are activated through direct contact with stimuli, such as a 

hot plate, chemical reaction, or electrical signals, some applications prevent direct contact resulting 

in a need for noncontact methods.7-9,12-14,16-17 Common noncontact heat transfer methods include 

sources such as gaseous mediums, sunlight, or radiation to transition the SMPs past their activation 

temperature, but newer methods are being progressively researched.17-18 Recently, increased 

attention has been given to SMP composites with the ability to undergo thermally activated shape 
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change by way of noncontact induction heating.18-21 However, since polymeric materials do not 

contain electrical or magnetic properties, the addition of ferromagnetic nanoparticles embedded 

into SMP matrices is necessary to induce a thermal transition through induction.17,20 Through 

varying ferromagnetic particle loading and strength of magnetic fields, defined movements of 

implants can be controlled and triggered directly, via different heating rates, final temperatures, 

and finely-tuned hierarchical changes.14,17-21 This ability to finely-tune the SMP activation and 

movements significantly increases the potential of induction heating as a technically advanced 

noncontact heat transfer method.17-18,20  

Although SMPs can mimic certain functions of natural human tissues by adapting and 

changing to external stimuli, they lack the hierarchical complexity and functionality mimicking 

the intricate ensembles of various cell types within well-defined extracellular matrices (ECM) 

needed for most biomedical purposes.22-25 Hierarchical tissue structures are of significant 

importance to biological functions, lending abilities of protection, support, mechano-sensitivity, 

electro-activity, and shear stress-sensitivity through complex nanotopography.26-29 However, this 

same intricacy that promotes vital biological functions, also creates a barrier in tissue engineering, 

due to the enormous variety of properties needed to replicate natural tissue function, growth, and 

recovery.23-24,26-28 Therefore, in order to better mimic the complex architectural design of various 

biological tissues, hydrogel scaffolds have been exhaustively researched, making significant 

impacts in the biomedical field for their tunable and complex hierarchical structures, and ability to 

keep tissue hydrated, fight infection, and biodegrade.30-33 Specifically, complex hydrogel 

fabrication from an abundance of both natural and synthetic polymeric materials, growth factors, 

and living cells, has been in the forefront of literature for their ability to replicate natural tissues.30-

33 And as such, have been employed in a variety of applications such as wound healing, promoting 

natural cell and ECM growth, and drug delivery.23,28,34-37  

The final consideration that needs to be taken into account, is the viability of living cells 

within a given environment.38-40 Very specific conditions are needed for cell survival, such as 

constant temperature of 37 °C, hydration, and sources of nutrients, and a hindrance of any of these 

conditions will result in significant decrease or complete termination of cell growth and 

viability.22,27,38-41 Typically, SMPs have transition temperatures well above 37 °C, making 

induction heating a potential danger to cell survival, while most hydrogels lack the shape-memory 
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effects needed to actuate through stimuli.17,20,30-33 Therefore, by combining the induction heating 

of SMPs composites with the intricate 4-dimensional structures and thermal buffering of hydrogel 

scaffolds, controlled hierarchical shape changes can take effect within the hydrogel without 

damaging cells due to excess heating and lack of hydration.  

This research seeks to combine the biomedical enhancements and intricacies of hydrogel 

scaffolds with the ability to control hierarchical change using induction heating of an attached 

ferromagnetic SMP composite substrate. All polymers used are FDA-approved and biocompatible, 

with varying Tg and crystallinity, to show a wide range of thermal activation capabilities. 

Polyurethane, polyvinyl acetate, and nylon-11 were used as the SMP matrix with various iron 

oxide nanoparticle (Fe3O4 NPs) loadings, from 0 to 10 wt%, for induction heating variance. Each 

SMP composite was thermally characterized using thermogravimetric analysis, differential 

scanning calorimetry, and x-ray diffraction spectroscopy, and inductively heated using a multitude 

of magnetic field strengths. The hydrogel scaffolds were fabricated with varying ratios of sodium 

alginate (SA) to cellulose nanocrystal (CNCs) to finely-tune the mechanical properties, as 

determined by tension testing using a dynamic mechanical analyzer. Once all material 

characterizations were complete, a finalized scaffold was fabricated by crosslinking the hydrogel 

mixture directly onto the SMP composite substrate surface to induce mechanical interlocking 

between components, with the purpose of growing desired cells, based on any given application. 

The scaffold was then heated to produce controlled topographical shrinkage within the hydrogel, 

subsequently increasing internal pressure, to theoretically mechanically eject any embedded cells 

or components for enhancing replating techniques and tissue engineering applications. This study 

showed the benefits of creating a multi-functional scaffold with the ability to exhibit finely-tuned 

hierarchical changes through a noncontact stimulus method for a variety of potential biomedical 

applications, such as controlled cell proliferation and ejection, stimuli-responsive drug delivery 

and growth factor release, and various stem cell differentiation through manipulation of external 

environments. 

5.2 Experimental Methods 

5.2.1 Materials 

Texin RxT85A, an FDA-approved, biocompatible thermoplastic polyurethane (TPU), was 

purchased from Covestro, with further material specifications detailed from the given reference.56 
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Polyvinyl acetate of Mw = 100,000 g/mol (PVAc), FDA-approved sodium alginate (SA) extracted 

from brown seaweed with M/G ratio of approximately 1.12, iron oxide nanoparticles of 50-100 

nm diameter with 97% trace metals basis (Fe3O4 NP), calcium chloride (CaCl2), N,N-

Dimethylformamide (DMF), and acetone were all purchased from Sigma-Aldrich. Nylon-11 (N-

11) was purchased from McMasters-CARR, with further material specifications detailed from the 

given reference.43 Never-dried cellulose nanocrystals (CNCs) suspension of 11.8 wt%, 5-10 nm 

diameter, 150-200 nm length, and surface sulfation of 0.94 wt% sufur in sodium form, were 

manufactured by the US Forest Service’s Cellulose Nanomaterials Pilot Plant and purchased from 

University of Maine Process Development Center.44 Polymers were chosen based on varying glass 

transition temperatures (Tg) ranging from below room temperature (-50-(-30) °C) for TPU, 

roughly body temperature (35-40 °C) for PVAc, and significantly higher than room temperature 

(60-70 °C) for N-11. In addition, Fe3O4 NPs were loaded in each polymer matrix of varying 

concentrations from 0.0 to 10.0 wt%, detailed further in Table A. 

5.2.2 Fabrication of pre-strained TPU composites  

TPU was dissolved in DMF to create a concentrated stock solution of 100 mg/mL. 

Similarly, Fe3O4 NPs were dispersed in DMF to create a concentrated stock suspension of 50 

mg/mL. The stock solutions were mixed together in the pre-determined composition ratios to form 

a final dry sample weight of 10.0 g. The mixed solution was then cast into a Teflon petri dish, and 

left on a hotplate at 80 °C until complete evaporation of the solvent (verified by TGA). The films 

were then repeatedly melt pressed at 148 °C to ensure uniform thickness of 500 µm and dispersion 

of Fe3O4 NPs throughout the entire film. Each film was subsequently cut into 5 cm x 1 cm ribbons 

for induction heating tests. It should be noted that due to the low Tg of the TPU, the samples were 

not able to retain any residual strain.  

5.2.3 Fabrication of pre-strained PVAc composites  

Following a similar initial procedure as TPU, PVAc was dissolved in acetone to create a 

concentrated stock solution of 100 mg/mL, and Fe3O4 NPs were dispersed in acetone to create a 

concentrated stock suspension of 50 mg/mL. The stock solutions were mixed together in the pre-

determined composition ratios to form a final dry sample weight of 10.0 g. The mixed solution 

was then cast into a Teflon petri dish, and left on a hotplate at 60 °C until complete evaporation of 

the solvent (verified by TGA). The films were then melt pressed at 60 °C to a uniform thickness 
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of 500 µm, and cut into 2 cm x 1 cm rectangles. Each rectangle was heated to 40 °C, strained over 

200% to dimensions of roughly 5 cm x 1 cm, and immediately quenched to retain the induced 

strain. All ribbons were stored in a refrigerator to ensure the retainment of residual strain before 

heating testing. 

5.2.4 Fabrication of pre-strained Nylon-11 composites 

Pure Nylon-11 (N-11) was melt pressed into films at 205 °C. Fe3O4 NPs were dispersed in 

Acetone at 50 mg/mL, added onto the films in pre-determined wt% compositions, and allowed to 

dry. The films were then melt pressed repeatedly until uniform dispersion of Fe3O4 NPs was 

achieved. A final melt press was performed on each film to a uniform thickness of 500 µm, 

immediately quenched, and cut into rectangles with dimensions of roughly 5 cm x 1 cm for 

induction heating testing. To induce residual strain for shape memory effects, each ribbon was 

heated until just below the melting point (~180 °C), bent in half, and immediately quenched. 

Following the quench, the resulting deformed ribbons were manually re-straightened at room 

temperature to induce cold straining within the polymer matrix.  

It should be noted that at higher Fe3O4 NPs concentrations, agglomerations started to 

develop within the N-11 polymer matrix. Therefore, to obtain better dispersion of Fe3O4 particles, 

high energy ball milling of the N-11 and desired Fe3O4 NPs wt% prior to melt pressing should be 

performed. This allows for the embedment of Fe3O4 NPs into the N-11 matrix prior to melt 

pressing, subsequently limiting agglomerations of particles.  

5.2.5 Fabrication of alginate and CNC hydrogel composites 

SA and CNC hydrogel composites were fabricated using a solution mixture, solution 

casting method, and a subsequent crosslinking agent, following an adapted procedure by Kuo et 

al.45 SA was dissolved in 18 MΩ deionized water (diH2O) to create a concentrated stock solution 

of 100 mg/mL. As well, the 11.8 wt% never-dried CNC suspension was diluted with diH2O to a 

10 wt% (100 mg/L) concentrated stock solution. The solutions were mixed together in varying 

ratios of SA to CNCs, with compositions detailed in Table B, to create a multitude of mechanically 

tunable hydrogel composite scaffolds for different types of cell growth.46-47 The samples were 

named for the SA and CNC content respectively, i.e. the 5 wt% SA and 2 wt% CNC composition 

was labeled 5A2C, with further labeling detailed in Table B. The combined SA and CNC mixtures 

were then heated and sonicated to remove any excess air bubbles, cast into roughly 2 cm diameter 
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Nalgene vials, and crosslinked using either a 100 mM, 500 mM, or 1M aqueous solution of CaCl2, 

through 60 s of vortexing and 48 h of room temperature storage for complete gelation. It should 

be noted that only the SA molecules were chemically crosslinked, forming entrapping networks 

around the CNCs. Once crosslinked, the hydrogel composite scaffolds were cut into ribbons with 

cross-sections of 5 mm x 1 mm, and cylindrical disks with dimensions of 7 mm x 7 mm (d x h) for 

mechanical testing.  

5.2.6 Thermogravimetric analysis (TGA) of SMP composites 

TGA was performed on each polymer composite composition, Table 5.1, using a TA 

Instruments TGA Q500 thermal analyzer. Each composite film was cut into 15 mg samples, 

measured into a platinum TGA pan, and heated from 25 °C to 500 °C at a rate of 10 °C/min. The 

decomposition temperature was determined by the loss of 5 wt%, Td5%, after any residual 

moisture/solvent had been removed from the sample. 

5.2.7 Differential scanning calorimetry (DSC) of SMP composites 

DSC was performed on each polymer composite composition, Table A, using a TA 

Instruments DSC Q10 differential scanning calorimeter. The PVAc and N-11 composites were cut 

into small samples and placed into Tzero DSC pans and lids, and tested using a heat/cool/heat 

cycle, with heating and cooling rates of 10 °C/min from 0 °C to 250 °C. Due to the low Tg of the 

TPU, the heat/cool/heat cycle used the same heating and cooling rates of 10 °C/min, but was cycled 

from -50 °C to 250 °C using liquid nitrogen. The data was analyzed using the cooling curve and 

second heat curve, in order to negate any prior processing conditions.  

5.2.8 X-ray powder diffraction (XRD) of SMP composites 

XRD was performed on each polymer composite composition, Table A, using a Philips 

PW3040 X’Pert High Resolution X-Ray Diffractometer to quantify changes in crystallinity in the 

polymer nanocomposites before and after induction heating. A 2θ range from 5º to 65º provided 

the necessary spectra to measure both the polymer structure, as well as the principle crystalline 

peaks of the iron oxide nanoparticles. The XRD utilized Cu-Kα X-rays, which have a wavelength 

of 0.15418 nm. XRD principle peaks for the iron oxide nanoparticles were verified with the 

RRUFF database.48  
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5.2.9 Hydration properties and thermal buffering properties of SA and CNC hydrogels 

Following 48 h of Ca2+ crosslinking and gelation, each hydrogel composition in Table B 

were tested for general hydration properties, including water loss during crosslinking, water 

absorption, and water retention, as well as thermal buffering properties using each SMP polymer 

matrix (TPU, PVAc, and N-11) as a substrate. Before and after 48 h crosslinking of each hydrogel 

composite, sample dimensions were measured and recorded to determine initial water content, 

followed by any shrinking and water loss that occurs during crosslinking, following a similar 

procedure by Kuo et al.45 Each hydrogel composite was then submerged into 50 mL of 18 MΩ 

diH2O for 24 h to determine any subsequent water absorption properties following complete 

crosslinking. Once swelled for 24 h, each sample was left in an uncovered Teflon petri dish on a 

tabletop at room temperature for 24, 48, 72, and >96 h to determine total water content and 

retention, measuring sample dimensions and weight at each time point.  

To determine the thermal buffering properties of the hydrogel composites, each were cut 

into rectangular samples with identical dimensions to the SMP composite ribbons described 

previously. To more accurately simulate cellular and in vivo applicability, all samples were 

submerged and incubated at 37 °C for 24 h prior to testing. The rectangular hydrogel samples were 

then placed on top of TPU, PVAc, and N-11 composite ribbons with Fe3O4 NPs concentrations of 

10 wt%, and placed on a pre-heated hotplate set to the respective temperature needed to induce 

shrinking within each substrate (TPU = >37 °C, PVAc = 40 °C, N-11 = 70 °C). The thermal 

conductivity from the substrate to the hydrogel, and subsequent thermal dissipation of the 

hydrogel, were measured using a thermal probe for 20 s of heating to determine the thermal 

buffering properties of the hydrogel composites. 

5.2.10 SA and CNC hydrogel mechanical characterization 

To determine the mechanical characteristics of the varying hydrogel compositions, Table 

B, a TA Instruments Q800 Dynamic Mechanical Analyzer (DMA) was employed for tension and 

compression testing. For tension, five 5 mm x 1 mm ribbons of each hydrogel composition were 

tested at room temperature (roughly 25 °C) using an isostatic force ramp of 1 N/min until failure 

occurred, or a maximum force or displacement was reached. Stress and strain were recorded for 

each test, and analyzed to determine tensile moduli, ultimate tensile strengths, and elongations at 

break. For compression, five cylindrical disks with roughly dimensions of 7 mm x 7 mm (d x h) 
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were tested at room temperature (roughly 25 °C) using an isostatic force ramp of 1 N/min until 

failure occurred, or a maximum force or displacement was reached. Stress and strain were recorded 

for each test, and analyzed to determine compressive (bulk) moduli. It should be noted that neither 

ultimate compressive strength nor deformation until failure were recorded for compression, as all 

of the samples were classified as incompressible hydrogels. 

5.2.11 Induction heating and thermal camera imagery 

All induction heating processes for this study were performed on all polymer composite 

compositions, Table A, using an Ambrell EasyHeat LI 8310, 10 kW, 150-400 kHz induction 

heater. The working coil used in the processes consisted of a 7-turn, square-tube copper coil with 

an inside diameter of 25 mm and a length of 44 mm, which, when coupled with the internal 

capacitor bank, resulted in a resonant frequency of 305 kHz. By varying the current passing 

through the coil between 600 A and 200 A, a range of magnetic field magnitudes from 110 kA/m 

to 30 kA/m, respectively, were generated for testing the polymers. A semi-circular, 3-D printed 

platform provided support for the polymer samples and ensured that they remained close to the 

geometric center of the working coil during heating, which coincides with the region of highest 

magnetic flux.  

A Flir A600 series thermal camera supplied the thermal imaging for this study. For each 

trial, the camera was angled in a manner that allowed the full length of the polymer sample to be 

in focus within the coil. During heating, a selected area temperature measurement was gathered, 

as shown in Figure 5.1, which indicated the maximum temperature of the sample at a particular 

frame. Flir Tools+ software allowed these temperature measurements to be interpreted with respect 

to time. The analyzed temperature curves were then used to calculate heating rates for each trial.  
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Figure 5.1 Example depiction of measurement methods for induction heating tests of SMP composites 

utilizing a Flir A600 series thermal camera. 

In addition to temperature measurements, the length of each PVAc sample was measured 

both before (lb) and after (la) heating to quantify the rate of shape recovery (Eq. 1). In the case of 

the N-11 samples, the angle of the sample was measured before (θb) and after (θa) heating to 

calculate an angular rate of shape recovery (Eq. 2), where Δt is the measured time.  

 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑃𝑉𝐴𝑐 =
𝑙𝑏−𝑙𝑎

∆𝑡
 (1) 

 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑁−11 =
𝜃𝑏−𝜃𝑎

∆𝑡
 (2) 

5.2.12 Heat transfer and dissipation through induction heating methods  

In addition to utilizing the thermal camera to monitor temperature gradients throughout the 

SMP samples, heat dissipation into an aqueous environment was also measured. Monitoring the 

thermal transport from the SMPs to the surrounding water provided a reasonable methodology to 

simulate hydrogel thermal buffering (i.e. the heat transfer occurring between SMP substrate and 

the hydrogel). SMP samples (TPU, PVAc, and N-11) with the highest concentration of NPs (10 

wt.%) were fully submerged in 6 mL of deionized water. The submerged SMP samples were 

heated via induction at the optimal magnetic field strength (determined from the thermal camera 

analysis), while a fiber optic thermocouple monitored the temperature of the surrounding water. 
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5.3 Results and Discussion 

5.3.1 Fabrication of SMP composite films and optical variations 

Due to the various fabrication methods of the SMP composites, slight differences occurred 

between the varying polymer matrices, such as Fe3O4 NPs dispersion uniformity and 

agglomeration, uniform sample size, and ability to induce residual stresses. The TPU and PVAc 

composites were fabricated utilizing solution casting methods, in which the Fe3O4 NPs were 

dispersed in the same solvent used for each respective polymer. This allowed for optimal 

dispersion of the Fe3O4 NPs through a mixture of similar solutions, prior to solvent evaporation 

and solidification of the composites. Therefore, ideal particle dispersion was maintained 

throughout both the TPU and PVAc matrices before, during, and after melt pressing into uniform 

films, including the composites with higher Fe3O4 NPs loading content. N-11, however, had some 

additional challenges, since the polymer is less soluble than TPU and PVAc in commonly used 

solvents. Therefore, N-11 composites were created strictly by continuous melt pressing processes, 

allowing the Fe3O4 NPs to further disperse with each repeated pressing cycle. This inability to 

uniformly disperse the Fe3O4 NPs within the polymer matrix prior to melt pressing, led to large 

agglomerations throughout the majority of the N-11 composites, drastically increasing with 

increased particle loading. These agglomerations at higher Fe3O4 NPs content, especially within 

the N-11 composites, can be visibly seen in Figure 5.2, alongside uniformly dispersed composites. 

          

 

PVAc     TPU         N-11 

Pure 

0.005 wt%  

0.05 wt% 

0.5 wt% 

1.0 wt% 

2.0 wt% 

5.0 wt% 

10.0 wt% 
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Figure 5.2 Depiction of PVAc (left), TPU (middle), and N-11 (right) SMP composite samples with varying 

Fe3O4 NPs content, comparing uniformity of particle dispersion. Initial observations reveal a slight difference 

in the uniformity of particle dispersion within the different polymer matrices, increasing in overall particle 

agglomerations from left to right, i.e. PVAc, TPU, and N-11. Once the Fe3O4 NPs concentration reached 1.0 

wt% or above, the particles completely filled each polymer matrix, even if agglomerations existed. 

Although most of the defect-causing variations within each SMP composite were a result 

of the differing fabrication methods, the few remaining variations were caused by the specific 

properties of each individual polymer matrix. One such variation is the ability to change shape 

through the application of induction heating, which is highly dependent on the transition 

temperatures of the polymer, as well as the crystallinity residing in the macrostructure.49-50 All of 

the aforementioned factors, further discussed in later sections, play a significant role in whether or 

not a given polymer will be useful for SMP applications, and if so, which specific applications 

they can successfully be employed.49-50  

5.3.2 SA and CNC hydrogel fabrication and observed variations 

Unique hydrogel composites were created through crosslinking of various SA and CNC 

wt% ratios, in order to obtain a multitude of samples exhibiting a wide range of hydration, thermal 

buffering, and mechanical properties. During the fabrication process, a few distinct characteristics 

were observed, including shrinkage from crosslinking, variation in hydrogel opacity, and shape of 

the final composite. Comparable to the study performed by Kuo at al., the variations observed 

were all affected by the concentration of the CaCl2 aqueous solution, the SA content, and the CNC 

content.45 As SA and CNC content increased within the hydrogel, the shrinking decreased post-

crosslinking, while an inversely proportional result occurred through increasing concentration of 

the CaCl2 aqueous solution. As well, it was noticed that an increase in all of the previous variables 

caused significant increases in densification, opacity, and overall shape change within the final 

crosslinked hydrogels, shown in Figure 5.3.  

 

 

1.0 wt% SA  2.0 wt% SA  5.0 wt% SA  10.0 wt% SA 
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Figure 5.3 Above (top) and profile (bottom) images of fabricated SA and CNC hydrogels, with increasing SA 

content from left to right and a constant CNC content of 1.0 wt%. Although all hydrogel compositions 

showed nearly identical characteristics, the specific compositions above exemplify the differences in hydrogel 

shape formation from various crosslinking speeds due to increased SA content, while containing “average” 

CNC content. 

The change in densification can be justified by the rapid crosslinking caused by the increase 

in available Ca2+ ions in the higher concentrated CaCl2 solutions. The higher the availability of 

Ca2+ ion content enhances inter- and intra-molecular interactions, shortening the average distance 

between ionic crosslinks, and subsequently decreasing the void space left by longer crosslinking 

distances.45,52 Like densification, the changes in the overall shape can be attributed to the rapid 

surface crosslinking of the SA and CNC mixtures, enveloping the unreacted mixture in a 

congealed, crosslinked coating.45,52 Therefore, when vortexed, the centrifugal force shaped the 

composites into various forms while crosslinking progressed, as shown in Figure 5.3. Although 

the largest changes in hydrogel opacity seemed to vary with increased CNC content, the rapid 

crosslinking of higher CaCl2 concentration and SA content showed slight affects as well. With 

increasing CNC content, the quicker crosslinking resulted in the formation of larger 

agglomerations and particulate sizes, further reflecting light causing significant changes to the 

increasing opacity.45,53  

5.3.3 Thermal properties of SMP composites 

TGA and DSC were performed on all SMP composite compositions to determine if an 

increasing concentration of Fe3O4 NPs caused any significant effects to the thermal characteristics 

of the polymers. Although neither TGA nor DSC results validated significant thermal changes due 

to variations in Fe3O4 NPs concentrations, TGA showed more variance in the thermal degradation 

onsets, than changes observed in Tg, Tc, and Tm through DSC. It should be noted that all thermal 

characterization data were recorded in Table 5.1.  
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Table 5.1 Thermal properties of TPU, PVAc, and Nylon-11 composites with increasing Fe3O4 NPs content as 

determined by TGA and DSC. 

 
wt% Fe3O4 in TPU 85A 

Pure 0.005 0.05 0.5 1.0 2.0 5.0 10.0 

Tg (°C)1 < 40 < 40 < 40 < 40 < 40 < 40 < 40 < 40 

Tm Peak 

(°C)1 
195-205 195-205 195-205 195-205 195-205 195-205 195-205 195-205 

Tc Peak 

(°C)1 
~90 ~90 ~90 ~90 ~90 ~90 ~90 ~90 

Td5% 

(°C)2 
313/400 313/402 315/407 307/397 309/405 310/406 298/405 294/404 

 
wt% Fe3O4 in PVAc* 

Pure 0.005 0.05 0.5 1.0 2.0 5.0 10.0 

Tg (°C)1 38.5 38.6 38.7 37.0 34.0 33.0 35.0 35.3 

Td5% 

(°C)2 
315/440 312/448 314/445 312/453 312/454 313/455 313/454 314/454 

 
wt% Fe3O4 in Nylon 11 

Pure 0.005 0.05 0.5 1.0 2.0 5.0 10.0 

Tg (°C)1 46.9 47.2 46.0 46.5 45.0 44.8 44.9 44.0 

Tm Peak 

(°C)1 
185.1 185.5 184.6 185.0 184.5 184.6 185.0 184.7 

Tc Peak 

(°C)1 
159.3 158.1 158.3 158.5 159.5 159.4 160.1 160.3 

Td5% 

(°C)2 
395 393 392 423 422 433 442 436 

1 Determined by DSC  

2 Determined by TGA 

* PVAc is amorphous, therefore no melting or crystallization temperatures were observed. 

For all SMP composites, it was observed that as Fe3O4 NPs content increased, there was a 

proportional increase in remaining mass after completion of TGA attributed to the non-volatilized 

metal residue.54 As well as the difference in residual mass, each polymer showed slight additional 
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changes due to the incorporation of Fe3O4 NPs.54 TPU SMP composites showed two opposing 

shifts with increasing Fe3O4 NPs content, a decrease in the initial Td5% of the soft segments, 

followed by an increase in the secondary Td5% of the hard segments, as recorded in Table 5.1. As 

heat is absorbed by the Fe3O4 NPs, a quicker heating flux is introduced to the urethane bonds, 

leading to a faster initial decomposition and formation of various radical fragments/small 

molecules, including isocyanates and polyol containing ester, caprolactone, or amide groups.51,55 

Simultaneously, the heat absorbed by the Fe3O4 NPs leads to slight heat flux variations within the 

resulting radical fragments/small molecules, causing an additional minute increase in the 

secondary Td5%.55  

Similar to the TPU composites, the PVAc SMP composites showed two distinct stages of 

thermal degradation, an initial decomposition and volatilization of the acetate groups, followed by 

a secondary decomposition of the ethylene backbone.56-57 As Fe3O4 NPs content was increased 

within the PVAc composites, no significant changes were observed within the initial Td5% of the 

acetate groups, while an increase occurred within the secondary Td5% of the ethylene backbone, as 

detailed in Table 5.1. When metal nanoparticles are added to the PVAc matrix, they act as a 

crosslinking catalyst at lower temperatures, leading to a higher crosslinking density within the 

composite prior to reaching the second stage of thermal degradation.57-58 This phenomenon causes 

a shift in the secondary Td5%, as more energy is needed to sever the bonds of the crosslinked 

polymer chains.57-58  

N-11 SMP composites showed only one stage of thermal decomposition, however, the 

variations observed from increased Fe3O4 NPs loading were greater than those previously seen in 

both the TPU and PVAc composites. As Fe3O4 NPs content increased past 0.05 wt%, the Td5% of 

the N-11 samples exhibited an increase as well, resulting in higher thermal stability at higher 

loading capacities, recorded in Table 5.1. The observed trends can be attributed to the addition of 

Fe3O4 NPs within the N-11 matrix essentially acting as an effective physical barrier, inhibiting the 

release of any volatile products during thermal decomposition, which becomes more prominent as 

higher particle loading is employed.59 As well, the metallic nanoparticles act as a thermal 

“magnet”, absorbing larger amounts of the applied heat, and dissipating the energy throughout the 

larger Fe3O4 NPs agglomerations, ultimately resulting in the need for additional thermal energy to 

activate decomposition.59  
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It should be noted that, although TGA data is important to fully characterize the SMP 

composites, the main factors involved during induction heating are the thermal transition 

characteristics, Tg, Tc, and Tm, specifically the glass transition temperature. Therefore, the results 

obtained by DSC have greater relevance to the actuation predictions of the SMP composites when 

heated inductively.17-18,60-61 It was determined that since negligible changes were observed during 

DSC, SMP composites proved optimal ability to maintain nearly identical thermal transitions to 

the natural polymers, regardless of the variance in Fe3O4 NPs content, further detailed in Table 

5.1. This feature is highly important because similarities in thermal transitions allows for easily 

manageable, reliable, and repeatable induction heating methods and shape memory effects.  

Thermal transition ranges of the semi-crystalline TPU composites remained relatively the 

same with the introduction of Fe3O4 NPs, regardless of loading content, comparing very well to 

the manufacturer’s (Covestro) specified thermal properties of the TPU.42 All compositions were 

shown to reside within the thermal ranges specified by Covestro, specifically Tg < -40 °C, Tc = 

~90 °C, and Tm = ~200 °C.56 Unlike the TPU composites, PVAc composites showed only a single 

sharp thermal transition, Tg = 35-38 °C, since it is completely amorphous and does melt or 

recrystallize without the aid of another component, such as a polymer blend.62-63 The N-11 

composites are semi-crystalline, showing all relative thermal transitions, Tg = 44-47 °C, Tc = ~159 

°C, and Tm = ~185 °C. Although the Tm of all compositions remained nearly identical, DSC 

resulted in a shift in the individual sharpness of bimodal melting peaks within the composites, 

relating to the melting of the small and large crystals.61,64 This phenomenon is attributed to the 

addition Fe3O4 NPs hindering crystallite growth within the N-11 matrix, therefore, decreasing 

overall crystal size, and subsequently shifting the intensities of the bimodal melting peaks.65  

It should be noted that the only slight variations observed in thermal transitions, were in Tg 

for both PVAc and N-11 composites with the addition of Fe3O4 NPs. However, the decreases 

observed within the Tg range with increased loading were insignificant, especially with regards to 

the induction heating experiments. Therefore, DSC proved that each SMP composite, regardless 

of matrix or Fe3O4 NPs loading, maintained almost identical thermal transition ranges, which is 

crucial for both successful applicability of induction heating and inducing optimal shape memory 

effects.17-18,60  
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5.3.4 Crystallinity properties of SMP composites 

Structure, crystallinity, and crystallization of polymer matrices and composites are all 

significant for shape memory properties, and subsequent success of induction heating.60,66 

Although the methods of induction heating used within this study will not cause the composites to 

surpass the recrystallization temperature, when the polymer is heated past the Tg, the residual strain 

induced prior to heating will be relieved and should produce noticeable shifts and variations in the 

XRD results.60,66-67 In general, all of the composites showed a similar trend of increasing 

crystallinity with increasing Fe3O4 NPs content, due to the additional crystalline peaks of the 

metallic nanoparticles.61 As well, each composite matrix also showed slight individual trends 

related to their specific morphological structures. However, due to slightness of change observed 

for the PVAc and TPU composites and lack of visual clarity when plotted, only XRD of N-11 

composites were exemplified in Figure 5.4.  
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Figure 5.4 XRD crystallinity spectra of N-11 composites (pure, 0.005, 1.0, and 10.0 wt% Fe3O4 NPs) a) before 

and b) after induction heating from 2 Theta of 5° to 65°, showing the amorphous and crystalline regions of 

the N-11, as well as crystalline structure peaks of the Fe3O4 NPs. It was observed that as the N-11 composites 

were inductively heated, enough thermal energy was absorbed to induce reorganization and crystallization 

shifts of the polymer chains, subsequently increasing overall % crystallinity through rapid annealing. 

As previously discussed, the Tg of the TPU SMP composites resides well below room 

temperature, resulting in an identical semi-crystalline structure both before and after induction 

heating, further revealed by XRD.42 When given enough thermal energy to transition from a glassy 

state to a rubbery state, polymer chains start to reorganize into a more suitable structure and relaxed 

state.68 Therefore, since the TPU composites are consistently above their Tg at room temperature, 

and no additional thermal transition range was surpassed, the structure of the composites remained 

the same throughout the entire induction heating process, regardless of Fe3O4 NPs content.68-69  

XRD of the PVAc SMP composites showed negligible shifts and variations in the 

crystalline content and/or peak intensities as a result of induction heating. Since PVAc is a 

completely amorphous polymer, it does not possess the ability to manifest crystalline structures 

through heating, cooling, or annealing, regardless of additional filler content.68,70 Although 

literature suggests PVAc composites can obtain crystallinity through various processes, including 

copolymerization, as an individual polymer, PVAc will always remain amorphous.70-71 However, 

PVAc does exhibit a Tg above room temperature (~35-40 °C), which allows for the retaining of 

internal stresses from induced strains above that Tg followed by immediate quenching.68-72 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

0 10 20 30 40 50 60 70

In
t 

(c
/s

)

2Theta (degrees)

Pure Nylon

0.005 wt% FeO

1.0 wt% FeO

10.0 wt% FeO



106 

 

Therefore, even with the lack of crystallization abilities, PVAc composites can prove useful in 

many SMP composite applications utilizing induction heating.72  

Due to the semi-crystalline structure of N-11 and Tg well above room temperature, the N-

11 SMP composites showed the greatest variations of crystalline content, peak shifts, and peak 

intensities, when analyzed through XRD, Figure 5.4. Although Tc and Tm were not reached during 

induction heating, the induced annealing temperatures surpassed the Tg of the N-11, allowing for 

the reorganization of the amorphous regions through the relief of residual stresses.68-73 As the 

amorphous regions begin to move and reorganize into a lesser stressed state, the N-11 matrix starts 

to become more crystalline in nature causing variations in the crystalline peaks and intensities, 

when observed through XRD.60-61,73 As well, XRD revealed varying crystalline 2 Theta peaks 

within the N-11 matrix, with the addition of Fe3O4 NPs. This can be attributed to the thermal 

history obtained during the N-11 SMP composite processing, in which a shift in the Tm bimodal 

peaks occurs with increasing Fe3O4 NPs content, due to differences in small and large crystal 

structures.61 Therefore, as induction heating rates and temperatures of the N-11 SMP composites 

increase with larger Fe3O4 NPs content, the crystalline peaks start to shift lessening the gaps 

between the large and small crystal structures formed through sample melt processing.61,73  

5.3.5 Hydration and thermal buffering properties of hydrogel composites 

Similar to what has been observed in literature by Kuo et al., the hydrogels produced in 

this study showed vast differences in characteristics, such as shrinking, water absorption, water 

retention, thermal buffering, opacity, and mechanical stability and strength, through variation of 

CaCl2 aqueous solution concentrations, SA content, and CNC content, shown in Figure 5.4, 

Figure 5.5, Table 5.2, and Table 5.3.45,52-53  

Table 5.2 Dimension change after crosslinking, hydration properties (i.e. swelling, water retention), and 

average thermal buffering properties. 

 Hydrogel shrinkage (% original size) with increasing wt% CNC 

Alginate Content (wt%) 0 0.5 1.0 2.0 5.0 

1.0 28.0 49.0 52.0 69.0 79.0 

2.0 66.0 63.0 70.0 78.0 90.0 

5.0 85.0 88.0 88.0 92.0 95.0 

10.0 95.0 96.0 94.0 98.0 99.0 
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 Total water content (%) with increasing wt% CNC 

Alginate Content (wt%) 0 0.5 1.0 2.0 5.0 

1.0 95.18 94.75 94.97 91.44 89.19 

2.0 94.76 94.30 94.76 92.38 88.23 

5.0 92.53 92.17 92.01 90.78 88.56 

10.0 85.12 87.91 85.61 83.66 82.81 

 Water retention (%/h) with increasing wt% CNC 

Alginate Content (wt%) 0 0.5 1.0 2.0 5.0 

1.0 -0.92 -0.95 -1.03 -1.03 -1.06 

2.0 -1.01 -1.03 -1.05 -1.05 -1.04 

5.0 -1.39 -1.00 -1.00 -1.02 -1.00 

10.0 -0.99 -1.01 -1.03 -1.03 -1.01 

 Thermal buffering (°C/s) with increasing wt% CNC 

Alginate Content (wt%) 0 0.5 1.0 2.0 5.0 

1.0 0.040 0.040 0.047 0.047 0.063 

2.0 0.040 0.043 0.047 0.050 0.063 

5.0 0.043 0.047 0.050 0.057 0.080 

10.0 0.043 0.047 0.047 0.053 0.083 

 

In general, the hydration properties of the hydrogel composites decreased with increasing 

SA and CNC content, as well as higher CaCl2 aqueous solution concentrations. As briefly 

mentioned, an increase in SA and CNC content resulted in less post-crosslinking shrinkage, while 

an increase in availability of Ca2+ ions resulted in higher shrinkage, shown in Figure 5.5a. For 

example, it was observed that samples 1A0C shrunk to nearly 25% of its original size, while the 

10A5C samples retained nearly 99%. Furthermore, the increase of all variables caused significant 

increases in the densification of the crosslinked hydrogels. Both of these factors play significant 

roles in limiting the availability of fluid uptake and retention to a certain quantity before the 

hydrogel becomes oversaturated, shown in Figure 5.5b and 5.5c.45,52-53 Therefore, when the 

hydrogel shrinks excessively due to crosslinking, the total expansive volume the hydrogel can 

achieve through swelling and retention of water or other aqueous solutions is negatively 
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affected.74-75 Likewise, as density of crosslinking increases, less void space is available between 

the crosslinked sites for the water to penetrate and reside.76-77  

 

Figure 5.5 Depiction of the hydration and thermal buffering characteristics exhibited by the various SA/CNC 

hydrogel composite compositions, including a) shrinkage from original dimensions due to crosslinking (%), b) 

total water content after swelling (wt%), c) water retention (% water loss/h), and d) thermal buffering during 

heating tests and rate of temperature fluctuation (°C/s). 

The fabricated hydrogel composites in this study agree with correlations discussed in 

literature, in which hydration properties can be manipulated through variation of SA content, CNC 

content, and availability of Ca2+ ions for crosslinking.45,74-80 These factors become exceedingly 

important with regards to biological mimicry and preservation of living cells through varying 

degrees of hydration, and subsequent thermal dissipation with the introduction of heat.75,77-81 The 

optimal hydration capabilities of biological tissues, and tunable scaffolds engineered to mimic 

those tissues, are essential for biological functionality, including maintenance of cell 

differentiation, proliferation, maturation, and viability, as well as dissipation of thermal energy to 

prevent cell apoptosis and necropsy due to excessive heat fluctuations.40,79-87 Countless studies 

have been reported in literature detailing optimal conditions for cell survival, and the specific 

selectivity of conditions based on various cell types, with a great deal of emphasis on the state of 
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hydration and thermal regulation.83-87 Cells are known to not only thrive in well-hydrated 

environments, but also withstand much greater variations of stress with significantly limited cell 

death.83-86 Additionally, cell necropsy and apoptosis both decrease significantly when thermal 

fluctuations are minimal in either direction, greatly preventing thermal shock within cellular 

structures.86-87 Therefore, maintaining ideal cell culture conditions within the hydrogel composites 

throughout the induction heating process is vital to the success of their biological functionality. 

As depicted in Figure 5.5c and 5.5d, the hydration properties of the hydrogel composites, 

specifically total water content, have a direct contribution to the ability of the hydrogels to dissipate 

externally applied heat. Since both CNCs and SA possess higher thermal conductivity, yet lower 

specific heat capacity than water, each material takes less energy to heat, while simultaneously 

transferring that heat more quickly.88-90 Therefore, with increasing concentrations of either CNCs 

or SA, the thermal insulation abilities of the hydrogels became more limited, exemplified in Figure 

5.5d and Table 5.2. It was determined that when compared to a purely liquid medium, the 

hydrogels exhibit a lesser ability to dissipate thermal energy. However, since the hydrogels were 

characterized as having at least 82% water content within the least hydrated composition (10A5C), 

with upwards of 96% water content in the most hydrated (1A0C), variations between the liquid 

medium and hydrogel composites were proven to be minute.  

5.3.6 Mechanical properties of hydrogel scaffolds 

Mechanical characterization was carried out on all SA/CNC hydrogel compositions, Table 

B, utilizing a DMA for both tension and compression testing. To ensure uniformity of hydration 

and testing results between the hydrogel composites, all of the samples from each composition 

were submerged in 30 mL of diH2O for at least 48 h to reach maximum water content, and only 

removed when it needed to be tested. It should be noted that only samples crosslinked with the 1.0 

M CaCl2 aqueous solution were used due to the higher structural stability needed for testing. The 

other samples experienced less robust mechanical characteristics, leading to a lack of testing 

ability. As well, the hydrogels were deemed incompressible, therefore, only compressive (bulk) 

moduli were recorded for compression testing.  

As hypothesized from literature,45,53,91 the hydrogels showed a general trend of increased 

overall strength and toughness with increasing SA and CNC content, while reducing elongation to 

failure (in tension). However, in lower SA content hydrogels, specifically the 1.0 wt% 
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composition, the higher CNC content led to an oversaturation of filler, subsequently causing a 

decrease in all mechanical properties during tension, depicted further in Figure 5.6a, 5.6b, and 

5.6c.  

 

Figure 5.6 Mechanical characterization plots of a) tensile moduli in kPa, b) ultimate tensile strengths (UTS) in 

kPa, c) elongations at break in % strain, and d) compressive (bulk) moduli in kPa, for SA/CNC hydrogel 

composites of increasing CNC content, as determined by DMA. It was observed throughout the majority of 

the hydrogels, that as the concentration of CNCs increase, both the elastic modulus and UTS increased, while 

the elongation at break decreased. 

This phenomenon is due to the filler network exceeding the percolation threshold.92 When 

the proper filler concentration is employed, the formation of an ideal percolating network of 

interconnected nanoparticles occurs, which inhibit free movement of polymer chains through 

interfacial interactions.91-93 However, when the filler concentration exceeds that needed to produce 

such a network, the nanoparticles start to agglomerate, leading to defects and stress concentrators 

within the composite structure.92 This prominent mechanism for mechanical reinforcement was 

observed CNC content increased past a certain threshold unique to each varying SA concentration, 

exemplified in Figure 5.6a, 5.6b, 5.6c, and Table 5.3. Inversely, during compression testing, 

increasing CNC content led to greater compressive moduli, even within the oversaturated 

composites, shown in Figure 5.6d. This can be attributed to the greater overall strength and 
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stiffness of the CNCs themselves, in which the network of agglomerated CNCs begin to support 

the majority of the compressive load at higher concentrations.92  

Table 5.3 Mechanical properties of the hydrogel composite scaffolds with varying alginate and CNC content 

as determined by DMA tension testing. 

 Tensile Modulus (kPa) with increasing wt% CNC 

Alginate Content 

(wt%) 
0 0.5 1.0 2.0 5.0 

1.0 110.8 ± 33.5 125.2 ± 17.5 82.3 ± 25.1 75.2 ± 5.3 63.7 ± 22.4 

2.0  388.5 ± 27.5 484.9 ± 6.6 313.2 ± 84.5 176.8 ± 73.6 172.3 ± 25.1 

5.0 1149 ± 51.3 2621 ± 142.3 1285 ± 163.6 1140 ± 101.3 1278 ± 281.1 

10.0 2907 ± 163.2 1978 ± 205.7 2208 ± 153.9 3073 ± 228.3 2576 ± 250.7 

 Ultimate Tensile Strength (kPa) with increasing wt% CNC 

Alginate Content 

(wt%) 
0 0.5 1.0 2.0 5.0 

1.0 15.4 ± 5.0 20.8 ± 1.4 22.2 ± 7.2 18.1 ± 0.5 8.3 ± 2.5 

2.0 42.4 ± 13.6 80.5 ± 17.4 60.4 ± 6.8 37.5 ± 5.1 34.6 ± 7.4 

5.0 201.9 ± 22.4 210.7 ± 26.5 202.7 ± 45.9 150.9 ± 11.6 114.7 ± 9.9 

10.0 185.8 ± 7.6 232.4 ± 37.4 261.2 ± 3.6 236.8 ± 8.7 208.9 ± 20.2 

 Elongation at Break (%) with increasing wt% CNC 

Alginate Content 

(wt%) 
0 0.5 1.0 2.0 5.0 

1.0 73.8 ± 24.0 82.4 ± 8.2 79.6 ± 7.1 83.3 ± 1.7 64.8 ± 6.4 

2.0 134.7 ± 9.2 87.7 ± 3.9 77.2 ± 5.5 68.5 ± 3.7 65.1 ± 14.0 

5.0 78.4 ± 11.3 90.3 ± 12.1 88.5 ± 6.2 100.9 ± 9.1 84.6 ± 10.0 

10.0 99.7 ± 13.3 123.1 ± 5.8 106.5 ± 8.5 75.1 ± 4.1 71.4 ± 3.1 

 Compressive (Bulk) Modulus (kPa) with increasing wt% CNC 

Alginate Content 

(wt%) 
0 0.5 1.0 2.0 5.0 

1.0 7.1 ± 4.4 8.9 ± 0.6 10.3 ± 1.3 21.6 ± 0.9 25.3 ± 1.8 

2.0 26.9 ± 8.7 33.7 ± 3.9 36.5 ± 3.5 58.5 ± 7.3 69.2 ± 3.6 
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5.0 199.5 ± 31.0 234.9 ± 32.9 160.2 ± 22.0 176.8 ± 23.1 185.5 ± 19.5 

10.0 427.2 ± 56.1 420.3 ± 15.5 456.4 ± 50.8 469.8 ± 11.0 467.5 ± 26.1 

 

Overall, the addition of CNCs as a reinforcement filler, along with varying SA 

concentrations, led to significant improvements in tunability of mechanical properties. The 

obtained results prove that the mechanical property ranges can be accurately tuned to suit the 

unique needs of various cell types and ECMs, to promote proliferation, growth, and viability, 

which can drastically range in moduli depending on cellular functions (i.e. 13-68 kPa for 

osteogenic differentiation and proliferation).83,94-96 As well, with the vast hydrogel mechanical 

properties ranging from 63.7 ± 22.4 kPa to 3.1 ± 0.2 MPa for tensile moduli, 8.3 ± 2.5 kPa to 261.2 

± 3.6 kPa for UTS, 64.8 ± 6.4 % to 134.7 ± 9.2 % for elongation to failure, and 7.1 ± 4.4 kPa to 

469.8 ± 11.0 kPa for compressive (bulk) moduli coupled with the aforementioned hydrational 

tunability, the applicability for other biomedical solutions is further increased, potentially to those 

such as drug delivery, stem cell differentiation, and other tissue engineering applications.95,97 For 

example, researched performed by Shan et al. revealed promising skin healing characteristics in 

rats, such as wound closer, granulation tissue, and collagen content control, utilizing hydrogels 

with tunable tensile moduli ranging from 14.3 to 25.6 MPa.97 Additionally, a study conducted by 

Li et al. designed hydrogel delivery systems, in which the mechanical and physiochemical 

properties could be finely manipulated to produce precise release profiles for various therapeutic 

agents, including small-molecule drugs, macromolecular drugs, and cells.97 

5.3.7 Shape memory characterization of SMP composites 

Induction heating served as the driving force behind the remote thermal activation of the 

SMP composites. Essentially, the dispersed NPs provided a uniform, internal thermal load that 

initiated the shape memory response; the iron oxide NPs, due to their relatively high magnetism, 

interact strongly with the magnetic field generated by the induction heater. Several factors play a 

role in the magnitude of thermal energy generated during induction heating,99 with the most 

prominent being nanoparticle concentration and the strength of the applied magnetic field. The 

heating rate of each SMP composite was analyzed in terms of varying concentration (wt%) and 

magnetic field strength (kA/m). In addition, the shape memory response of each SMP was 
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observed as well, and quantified in terms of activation time (i.e. heating time elapsed until response 

occurs) and rate of recovery (i.e. the speed at which the material recovers its shape).   

5.3.8 Induction heating of TPU SMP composites 

As stated earlier, the TPU composites were analyzed solely in terms of their heating rate, 

since they were not able to retain any residual strain.51-53 The heating rates of the TPU samples 

were gathered at NP concentrations ranging from 0 - 10 wt% and at magnetic field strengths 

ranging from 36.6 – 110 kA/m. Figure 5.7 illustrates the results graphically to better visualize the 

observable trends. The complete dataset can be found below in Table 5.4.  

Table 5.4 Thermal activation properties* of TPU composites with increasing Fe3O4 NPs content and 

increasing magnetic field strength, as determined by induction heating and thermal camera. 

 TPU Heating Rates (°C/s) with increasing wt% Fe3O4 NPs 

Magnetic 

Field (kA/m) 
0 0.005 0.05 0.5 1.0 2.0 5.0 10.0 

36.63 0.01 0.01 0.03 0.56 1.09 2.45 4.79 8.86 

55.0 0.07 0.07 0.10 1.06 2.04 2.94 9.14 20.50 

73.7 0.09 0.13 0.16 1.47 2.59 5.09 8.19 15.20 

91.3 0.14 0.14 0.16 1.46 2.31 4.95 9.03 13.11 

110 0.12 0.15 0.17 1.32 2.31 4.68 8.29 21.72 

*It should be noted that the TPU composites were above Tg prior to induction heating, resulting in 

a negligible activation. Therefore, activation time and recovery rate could not be recorded. 
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Figure 5.7 Induction heating plot showing the heating rate (°C/s) of TPU composites with respect to Fe3O4 

NPs concentration and magnetic field strengths. It should be noted that unlike the other two polymer 

matrices, only a heating rate was observed and plotted, due to the Tg of TPU residing well below room 

temperature.51-53 

The heating behavior of the TPU composites coincided with initial expectations. Since NP 

thermal output tends to maintain proportionality with magnetic field strength and NP 

concentration, it was unsurprising that the highest heating rate (21.7 ºC/s) was observed during the 

test where both of those parameters were maximum (110 kA/m and 10 wt%). In terms of 

concentration, the heating rate decreased exponentially as the concentration approached 0 wt%. At 

the lowest concentrations, it became apparent that the NP heating contribution was negligible, and 

the majority of the measured thermal load originated from the copper coil (i.e. heat conducted from 

the coil to the sample as a result of Joule heating). This conducted thermal load is largely managed 

by the circulating water within the coil; however, due to high amperages, the coils do get slightly 

warmer during testing. 

5.3.9 Induction heating of PVAc and N-11 SMP composites 

Similar to the TPU samples, the thermal camera analyzed the temperature gradients within 

the PVAc and N-11 SMP composites; however, since both of these samples were able to retain 

residual strain, their shape memory responses were noted as well. Figure 5.8 provides a visual 

representation of their thermal response, activation time, as well as rate of recovery. Full datasets 

can be found below in Tables 5.5 and 5.6.  
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Table 5.5 Thermal activation properties of PVAc composites with increasing Fe3O4 NPs content and 

increasing magnetic field strength, as determined by induction heating and thermal camera. 

 PVAc Heating Rates (°C/s) with increasing wt% Fe3O4 NPs 

Magnetic 

Field (kA/m) 
0 0.005 0.05 0.5 1.0 2.0 5.0 10.0 

36.63 0.01 0.02 0.05 0.53 1.14 1.01 1.98 5.23 

55.0 0.03 0.06 0.15 0.88 1.44 1.76 2.50 11.72 

73.7 0.11 0.07 0.18 1.04 1.57 4.39 2.19 12.09 

91.3 0.17 0.13 0.21 1.00 1.67 3.59 6.86 21.50 

110 0.16 0.12 0.23 1.56 1.82 4.49 4.45 10.42 

 PVAc Activation Time (s) with increasing wt% Fe3O4 NPs 

Magnetic 

Field (kA/m) 
0 0.005 0.05 0.5 1.0 2.0 5.0 10.0 

36.63 N/A N/A N/A 54.60 37.72 17.50 11.32 4.28 

55.0 N/A N/A N/A 39.72 22.56 8.00 7.08 1.08 

73.7 N/A N/A N/A 17.96 20.88 5.40 13.48 1.16 

91.3 N/A N/A 170.00 25.08 21.26 5.84 3.88 1.00 

110 42.92 N/A 122.12 15.12 15.52 4.32 3.80 1.32 

 PVAc Rate of Recovery (cm/s) with increasing wt% Fe3O4 NPs 

Magnetic 

Field (kA/m) 
0 0.005 0.05 0.5 1.0 2.0 5.0 10.0 

36.63 N/A N/A N/A 0.03 0.06 0.01 0.38 0.25 

55.0 N/A N/A N/A 0.02 0.02 0.36 0.22 0.42 

73.7 N/A N/A N/A 0.08 0.02 0.37 0.16 1.00 

91.3 N/A N/A 0.02 0.03 0.02 0.22 0.51 1.37 

110 0.00 N/A 0.01 0.03 0.06 0.12 0.19 1.03 

 

Table 5.6 Thermal activation properties of Nylon-11 composites with increasing Fe3O4 NPs content and 

increasing magnetic field strength, as determined by induction heating and thermal camera. 
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 Nylon-11 Heating Rates (°C/s) with increasing wt% Fe3O4 NPs 

Magnetic 

Field (kA/m) 
0 0.005 0.05 0.5 1.0 2.0 5.0 10.0 

36.63 0.01 0.12 0.04 1.50 5.95 5.68 5.48 3.86 

55.0 0.06 0.19 0.14 1.85 7.83 15.56 13.68 6.07 

73.7 0.13 0.53 0.42 3.63 16.05 19.95 10.23 7.63 

91.3 0.11 0.35 0.34 4.29 12.29 27.90 21.25 9.45 

110 0.10 0.11 0.19 2.37 8.36 16.35 11.07 7.84 

 Nylon-11 Activation Time (s) with increasing wt% Fe3O4 NPs 

Magnetic 

Field (kA/m) 
0 0.005 0.05 0.5 1.0 2.0 5.0 10.0 

36.63 N/A N/A N/A N/A 12.32 17.76 4.22 16.36 

55.0 N/A N/A N/A N/A 6.16 3.08 2.16 9.28 

73.7 N/A N/A N/A 13.64 4.04 3.32 1.28 6.08 

91.3 N/A N/A N/A 5.96 5.52 3.16 2.08 2.48 

110 N/A N/A N/A 16.96 6.00 2.00 2.00 7.00 

 Nylon-11 Rate of Recovery (deg/s) with increasing wt% Fe3O4 NPs 

Magnetic 

Field (kA/m) 
0 0.005 0.05 0.5 1.0 2.0 5.0 10.0 

36.63 N/A N/A N/A N/A 1.18 1.76 0.98 1.5 

55.0 N/A N/A N/A N/A 2.05 2.40 3.91 5.49 

73.7 N/A N/A N/A 0.65 3.43 3.99 9.72 3.08 

91.3 N/A N/A N/A 0.22 0.78 2.67 21.42 12.59 

110 N/A N/A N/A 1.51 2.41 5.92 15.87 9.95 
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Figure 5.8 Induction heating characteristics of PVAc and N-11 samples: a) PVAc heating rate; b) PVAc 

activation time; c) PVAc rate of shape recovery; d) N-11 heating rate; e) N-11 activation time; f) N-11 rate of 

shape recovery. A general trend was observed, showing an increase in heating rate and rate of recovery, and 

a decrease of activation time with increasing Fe3O4 NPs content and magnetic field strength. (Note the change 

in x-y scale with b. and e.) 

In terms of thermal output, the PVAc samples behaved similarly as to the TPU samples: 

the heating rate increased with respect to both magnetic field strength and concentration. However, 

the optimal magnetic field strength was recorded at 91.3 kA/m, rather than at the highest strength 

(110 kA/m), Figure 5.8a. A similar occurrence can be found with the N-11 samples, where the 

optimal field strength is 91.3 kA/m, yet, in terms of concentration, the highest heating rate peaked 

at 2 wt% rather than 10 wt%, Figure 5.8d. Observations such as these imply that optimal heating 

is a function of the polymer material properties rather than the NPs, and it could be advantageous 

in terms of overall process efficiency. If optimal heating occurs at lower magnetic field strengths, 

then the induction heater expends less energy to achieve a more favorable result. Similarly, if 

optimal heating occurs at a lower NP concentration, then less iron oxide is needed during 

fabrication, which presents a more cost-efficient option. Another key observation made during 

heating showcased poor dispersion within the N-11 samples, resulting in non-uniform heating (i.e. 

heating in discrete regions within the SMP), Figure 5.9a. Poor dispersion within the N-11 matrix 
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encouraged the formation of NP clusters, which, during heating, created these discrete regions of 

elevated temperature.  

 

Figure 5.9 N-11 thermal gradients during induction heating: a) 2 wt% sample ~ 2 seconds into heating b) 5 

wt% sample ~2 seconds into heating. 

For both PVAc and N-11, activation times varied inversely to the measured heating rates; 

however, since N-11 requires a higher temperature to initiate a response, the activation times were 

slightly longer. The shortest activation time for PVAc (1 s) was observed at 10 wt% and 91.3 

kA/m, which coincided with the highest heating rate. In the case of N-11, the lowest activation 

time (1.28 s) occurred at 5 wt% and 73.7 kA/m, which deviated from the highest heating rate 

mentioned earlier. Non-uniform heating explained this discrepancy. The thermal camera recorded 

the maximum temperature within the composite; however, this max temperature in N-11 occurs 

within one of the discrete clusters of NPs. The thermal energy must be given time to diffuse 

throughout the polymer, increase the average temperature, and initiate the shape memory response. 

In the 2 wt% sample, Figure 5.9a, the NP clusters created regions of higher temperature, which 

resulted in a high heating rate; however, due to relatively low concentration, these clusters were 

few in number, resulting in a slower thermal transport throughout the polymer and slower 

activation time (3.16 s). With the 5 wt% sample, Figure 5.9b, the higher concentration resulted in 

a much more uniform average temperature increase, which lowered the time to activation (1.28 s). 

Rate of recovery for both samples tended to vary inversely with activation time (proportionally to 

heating rate). For the PVAc samples, the highest rate of recovery (1.37 cm/s) originated in the 

a. b. 
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same sample with the lowest activation time (10 wt%, 91.3 kA/m). Since the rectangular PVAc 

samples were deformed in the axial direction, their shape memory response is represented as a 

linear speed (cm/s); however, for the N-11 samples, the represented speed is in terms of angular 

velocity (°/s). Similar to the activation time measurements, the fastest rate of recovery for the N-

11 samples occurred at 5 wt%; however, 91.3 kA/m was indicated to be the optimal magnetic field 

strength. For both samples, the average speed declined with decreasing concentration and magnetic 

field strength. Studying activation times and recovery rates proved that while analyzing the 

polymers in terms of max heating rate can prove to be beneficial, observing the shape memory 

response can provide a more holistic view of the remote activation brought upon by induction 

heating.  

It should be further noted that although shape recovery ratios and shape fixation ratios were 

not determined within this study, according to previous SMP composites studies by Behl et al., 

Mohr et al., and Lendlein et al., in which upwards of 10 wt% magnetic nanoparticles were 

employed, if the specific thermal transition temperatures of the polymer matrix are achieved, the 

ratios will act independently from the particle content.11,14,17 In addition, the success shown by the 

SMP composites to hold and recover their shape through each Fe3O4 NP loading content, suggests 

that the nanoparticle loading does not play a significant role on the shape recovery ratio and shape 

fixation ratio. 

5.3.10 Heat dissipation during induction heating 

An important parameter to consider when adhering hydrogels to the SMP composites is the 

role of thermal buffering. Essentially how the temperature of the hydrogels will increase during 

the shape recovery process. A simple experiment quantified this change in temperature by 

submerging SMP samples in a 6 mL deionized aqueous suspension and observing the rise in local 

temperature with a thermocouple, Figure 5.10.  
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Figure 5.10 Time plot depicting temperature increase for water suspension containing 10 wt% Fe3O4 NP 

SMP samples heated at 91.3 kA/m, as determined by thermal/IR camera. It can be observed that the thermal 

dissipation of SMP composites into a liquid medium during induction heating was relatively negligible within 

the time required to induce any shape memory effects. 

The temperature plots indicated very promising results. Within the 20 second measurement 

period, the change in temperature of the surrounding water did not exceed 2 ℃. Surprisingly, even 

when completely submerged in water, a shape recovery response was observed for both the PVAc 

and N-11 samples. While this is not necessarily a direct comparison with the actual hydrogel 

composites, the test indicated that the SMP substrate could quickly undergo a shape memory 

response remotely via induction with limited thermal transport into the hydrogel. Limiting this 

thermal transport is necessary to maintain cell viability, which reiterates the novelty of these SMP 

substrates.86-87 

5.4 Conclusions 

Shape-memory materials, specifically shape-memory polymers (SMP), have received a 

substantial increase in research interest due to the vast array of applications for which they can be 

employed. Typically, SMPs are activated through direct contact of stimuli, however, higher 

degrees of control and applicability are being discovered for SMPs that can be activated through 

indirect methods of simulations. One of the most prominent methods of indirect stimulation is 

through induction heating, in which strong magnetic fields are used to energize magnetic 

nanoparticles embedded within polymer matrices to induce a thermal shape change. This study 

sought to utilize this method of indirect stimulation to concisely control shape-memory effects 
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among a variety of different SMP composites comprised of magnetite nanoparticles (Fe3O4 NPs) 

dispersed in three commonly employed biocompatible polymers, TPU, PVAc, and N-11. Once 

fabricated, each SMP composite was successfully characterized through a series of thermal, 

morphological, and induction heating tests, resulting in promising shape-memory activation that 

could be rapidly triggered and controlled through manipulation of Fe3O4 NPs content and magnetic 

field strengths. As well, a multitude of tunable biocompatible SA and CNC hydrogel composites 

were fabricated and analyzed through mechanical, hydrational, and thermal experimentation to 

determine the potential biological functionality. A large variance of hydrational and mechanical 

properties were observed within the span of hydrogel composites, ultimately deeming them 

capable of supporting a wide variety of cellular structures through mimicry of specific extracellular 

matrix necessities, as well as providing a great deal of thermal shock buffering. 

Although separately these functional materials possess interesting characteristics, when 

combined to produce a multi-composite scaffold, similar to the study performed by De France et 

al., the resulting highly unique properties allow for greater applicability through a range of 

scientific fields.37 Specifically noted, is the ability to control hierarchical topographical changes 

within the hydrogel composites through activation of the SMP composite substrate shape-memory 

effects, without inducing thermal shock in seeded biological components. This unique capability 

lends itself to significant compatibility for biological functionality, including the ability to 

maintain cellular differentiation, proliferation, growth, and maturation through both thermal and 

physical manipulation of their environments. Along with the potential cell culture aspects, these 

multi-composite scaffolds could create a segue into new and improved biological applications, 

including controlled drug delivery, tuned ejection of biological components, and in vivo 

manipulation of biomaterial implants. 
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Chapter 6: Mechanically and Directionally Tunable Gelatin and Cellulose 

Nanocrystal/Nanofibril Composite Hydrogel Scaffolds for Multi-Functional 

Scar Tissue Prevention 

6.1 Introduction 

The human body is one of the most advanced and intricate biological systems in the world, 

comprising of complex ensembles of living cells and tissues responsible for all of the vital 

functions needed to support life.1-3 In particular, as the largest organ of the body, human skin 

exemplifies the necessity for unification of biological complexity, from the multitude of biological 

components working in ensemble to the specific orientation and structuring of individual cells and 

fibers.4-6 Skin is constructed of both epithelial and connective tissues, including nearly ageless 

dermal collagens, elastic fibers, proteoglycans, and hyaluronic acid, to create very particular 

chemical and mechanical properties.4-8 The cohesive contributions of these two tissues are of vital 

importance to sustaining the intricate molecular composition and protective structure of the skin.4-

8 Therefore, when faced with injuries, including burns, lacerations, chronic ulcers, disease, and 

impact hemorrhaging, a range of defects can occur within the natural composition and structuration 

of the skin.9-11 Following an injury, an immediate biological response is initiated, typically 

involving hemostasis, inflammation, formation of granulation tissue, re-epithelialization, and 

matrix remodeling, in order to recover and heal the damaged skin tissues.11-13 Although effective, 

this natural method of wound healing leads to the formation of undesired scar tissue.14 Comprised 

of the same collagen as the original tissue, yet due to overexpression and crosslinking of collagen 

fiber networks, scar tissue lacks elasticity through formation of fiber entanglements, subsequently 

compromising the natural integrity of the biological tissue.13-15 

Since skin comprises of nearly 5-6% of the entire body’s mass and fully encases all internal 

systems, retaining its natural protective barrier through the treatment of scar tissue is vital to its 

biological functions.6,11-15 In the United States alone, millions of people are afflicted by significant 

scar tissue formation annually, leading to an estimated $12 billion scar treatment market.14 In 

addition to the high number of cases and medical costs, due to media-defined “beauty”, individuals 

with deforming scars tend to suffer from social stigma ridicule and psychological trauma, as well 

as the long-term physical dysfunction.14,17 As such, research interest to enhance natural wound 

healing and scar tissue reduction through a variety of medical and tissue engineering techniques 



123 

 

has drastically risen, especially given the low quantity and efficacy of organ transplantation and 

regenerative medicine techniques following severe injuries.14-16 The most common techniques for 

minor injuries and scarring are cosmetic treatments employed by dermatologists and plastic 

surgeons, including chemical peels, filler injections, laser treatment, radiotherapy, topical silicone, 

steroids, plastic surgery, and vitamins, however, nearly all of these treatment options fail to prevent 

or completely eradicate scar tissue.14,17-18 Instead, they only involve rehabilitating previously 

formed scar tissue to reduce size, shape, and noticeability, while attempting to increase elasticity 

and mechanical integrity.14,17,19  

In the case of severe injuries, such as third degree burns and full-thickness tears or 

lacerations of the tissue, natural wound healing will not always suffice, leading to infections, 

maiming, amputation, and potentially death.9-11 Therefore, in an effort to further increase the rate 

of wound healing and mitigate the potential complications above, a multitude of tissue engineering 

and regenerative medicine techniques have been researched to enhance hydration and complex cell 

growth, while reducing infections through antimicrobial properties.20-25 For example, a review by 

Yu et al. explores the enormous clinical significance of skin tissue engineering techniques for 

supporting the regeneration of the native cellular and physiological functions of skin.20 Similarly, 

hybrid biomaterials comprised of biocompatible matrices housing cellular cultures have been 

heavily researched, in order to enhance integration of foreign scaffolds, while enhancing the 

prevention of water loss via evaporation and signaling for wound closure.21-22 Other reviews 

performed by Khan et al. and Tay et al. exemplify the necessity for complex structuration of three-

dimensional nano-engineered biomaterial scaffolds to promote cell growth and morphogenesis of 

new tissues through interactions with human cells.23-24 Yet, many of these still face major scientific 

and clinical challenges, especially when it comes to completely healing the skin injury, while 

simultaneously maintaining the native structuration and cellular composition.21-22,24 For example, 

a particular study recently performed by Shan et al. shows significantly improved wound healing 

through gelatin and sodium alginate hybrid scaffolds, however, the major challenge of subsequent 

scar tissue formation remains, leading to incomplete total wound healing capabilities.25 Therefore, 

it is imperative for future regenerative techniques to possess not only the same rate of wound 

healing potential, but also the structuration, integration, and aftermath of tissue regeneration for 

optimal retainment of native physiological functions of the skin.26-30 A plethora of recent literature 
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reviews and perspectives, such as those by Jones et al., Mir et al., and Kargozar et al., discuss 

critical criteria for the success of future tissue engineering and regeneration techniques, including 

three-dimensional nanostructuration utilizing both biomimetic materials and embedded biological 

components, cohesive biomaterial and tissue interactions and integration, and in situ tissue repair 

initiated in the host tissue.26,29-30  

The ability of current techniques to meet the discussed critical criteria, specifically those 

for skin tissue engineering and regeneration, is still lacking in practical application.27-29 As well, 

nearly all of these techniques tend to focus on decreasing the overall time of wound healing and 

affliction, yet somewhat neglect the complete quality of the healed tissue and ability to mitigate 

scar tissue formation.25-26,29 Therefore, in order to combat these challenge, this research seeks to 

enhance the overall quality of regenerated tissue through three simultaneously working 

components: 1) supplying an enhanced ECM environment for cell growth and viability; 2) 

inhibition of scar tissue formation due to overexpression of collagen fiber growth in sporadic 

orientation; and 3) generating alignment and structuration of new cells and tissues that most closely 

mimic native tissues to prevent fiber entanglements that lack elasticity and relaxation abilities. 

Highly tunable, multicomponent hydrogel composites, comprised of microbiological gelatin and 

cellulose nanocrystals (CNC) and nanofibrils (CNF) were fabricated through solution casting and 

bioprinting techniques in an attempt to form complex structures with controlled alignment 

resembling natural skin tissues. In addition, through manipulation of hydrogel compositions, 

mechanical properties, filler orientation, biodegradation rate, and scaffold nanostructuration, this 

research investigated increased adaptability for multiple skin injuries and scar tissue prevention. 

The hydrogel scaffolds were characterized for swelling capabilities, gelatin degradation, 

glutaraldehyde release, mechanical properties, and filler alignment, via swelling and drying tests, 

UV spectroscopy, dynamic mechanical analysis, and polarized light microscopy (PLM). 

Following scaffold fabrication, characterization, and optimization, in vivo animal studies were 

theorized on how the significance of controlled alignment and structuration of complex hydrogel 

scaffolds would affect inhibition of random tissue orientation during the natural healing processes, 

reducing undesired scar tissue formation.25,31-32  
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6.2 Experimental Methods 

6.2.1 Materials 

Type A microbiological gelatin (300 g Bloom) from porcine skin, 50 wt% glutaraldehyde 

(GTA) aqueous solution, molecular biology BioUltra glycine, 1X BioPerformance certified 

phosphate buffer saline (PBS) packets, BioReagent urea powder, and ACS Reagent copper(II) 

sulfate pentahydrate were all purchased from Sigma-Aldrich. Bicinchoninic acid solution (BCA 

Reagent A) was purchased from G-Biosciences. The BCA solution, copper(II) sulfate 

pentahydrate, and PBS were used to create a typical BCA protein assay kit. Never-dried 

commercial sulfated cellulose nanocrystals (CNCs) in an 11.8 wt% aqueous suspension were 

purchased from the University of Maine Nanocellulose Facility.  The CNCs were extracted from 

a wood source and characterized with average dimensions of 150-200 nm in length and 5-20 nm 

in width, sulfur content of 0.94 wt%, and surface charge density of 330 ± 15 mmol/kg cellulose. 

TEMPO-oxidized cellulose nanofibrils (CNFs) in a 1.0 wt% aqueous suspension were purchased 

from the US Department of Agriculture Forest Products Laboratory. The CNFs were extracted 

from a wood source and characterized with average dimensions of up to several hundred microns 

in length and nominal width of 50 nm, and a sodium carboxylate salt content of 1.4x10-3 mmol/kg 

cellulose.  

6.2.2 Fabrication and characterization of gelatin and CNC/CNF composite hydrogels 

Crosslinked gelatin samples of varying concentrations and crosslinking densities were 

fabricated from an adapted procedure established by Bigi et al.33 Microbiological gelatin was taken 

as received and added to deionized water (diH2O) in a concentration of 40 wt% (400mg/mL), to 

create a stock solution for all subsequent hydrogel fabrication. The 40 wt% gelatin stock solution 

and a beaker of diH2O were set on a hotplate at 40 °C to restrict the gelatin from congealing before 

crosslinking. From the stock solution, 10 mL samples were created by diluting with additional 

heated diH2O to the desired concentrations of 2, 5, 10, 15, and 20 wt% gelatin. While in liquid 

form, GTA was added to the samples in varying ratios ranging from 0.1 to 2.0 wt% to ensure 

uniform crosslinking throughout the entire gelatin sample. The final solution was cast into a 5 cm 

Teflon petri dish, and left for 24 h before testing to allow for full crosslinking throughout the 

hydrogel sample, as previously determined by Bigi et al.33 After a full 24 h, each sample was 

removed from the petri dish and washed thoroughly with a 1M urea aqueous solution and 
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additional diH2O to terminate and remove any remaining unreacted aldehyde groups of the GTA. 

Each hydrogel composition was subsequently stored in a closed environment to ensure retainment 

of moisture until testing. The hydrogels were named by composition of gelatin and GTA 

crosslinker content, e.g. 10 wt% gelatin and 0.5 wt% GTA was labeled 10G0.5X, with further 

compositions and naming noted in Table C for easier reference throughout the manuscript. 

Following preliminary characterization of the gelatin hydrogels above, shown in Table 6.1 

and 6.2, CNCs and CNFs were introduced into the 5, 10, 15, and 20 wt% gelatin hydrogels to 

determine their effect as a reinforcing agent and ability to manipulate mechanical properties. It 

should be noted that the 2 wt% gelatin hydrogel was omitted from further studies due to poor 

performance and lack of mechanical stability. The 11.8 wt% CNC aqueous suspension was diluted 

with additional diH2O to create a 10 wt% stock solution for easier measurements. CNCs and CNFs 

were introduced into the hydrogels with compositions of 0.5, 1.0, 2.0, and 5.0 wt% CNCs, and 0.1, 

0.2, and 0.5 wt% CNFs. Samples were produced by taking the required volume from the stock 

gelatin solution and either stock CNC or CNF suspensions to total a volume of 10 mL with the 

pre-determined compositions, further detailed in Table D. Following mixtures, CNC and CNF 

shear alignment was obtained through established 3D bioprinting techniques prior to crosslinking, 

and verified utilizing polarized light microscopy (PLM).34-36 PLM was performed on all composite 

compositions using a Leica DM750 P microscope equipped with cross-polarized filters, following 

a protocol established by Hausmann et al.35 

As stated above, the hydrogels were named by the composition of gelatin, GTA, and either 

CNC or CNF content, e.g. 10 wt% gelatin, 0.5 wt% GTA, and 2 wt% CNC was labeled 

10G0.5X2CNC, with further compositions and naming noted in Table D for easier reference 

throughout the manuscript. It should be noted that the 20 wt% gelatin hydrogels were too viscous, 

pre-crosslinking, to add greater than 2 wt% CNC and 0.2 wt% CNF and still form stable, uniform 

hydrogels.  

6.2.2.1 Swelling tests 

Swelling tests were performed utilizing a drying and swelling method, similar to Bigi et al. 

and Ofner et al., to determine water uptake of each hydrogel composition.33,37 Each composition 

of crosslinked gelatin films were cut into three samples with dimensions measuring 1x1x0.5 mm3 

and weighed. Following the initial measurement, all samples were air-dried for at least 24 h under 



127 

 

a movable ventilation hood. After drying, each sample was reweighed and submerged in 20 mL of 

0.01 M PBS at 37 °C to swell for 72 h. Following swelling, each sample was removed from the 

PBS, surface dried with a Kimwipe EX-L to remove excess liquid, and reweighed to determine 

final swelled mass. All sample measurements were normalized to the dry mass to ensure accurate 

measurements from any variations in sample size or weight. The amount of absorbed water was 

then determined using the equation below, Eq. 1 and Eq. 2, and reported as swelling percent and 

recovery percent in Table 6.1. To determine the effects of CNC and CNF addition on the swelling 

and recovery of the hydrogels, sample composition of 15G0.5X was chosen and reinforced with 

all CNC and CNF compositions. The effects of CNCs and CNFs on the swelling and recovery 

abilities of the hydrogels were recorded further in Table 6.2.  

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 % =
(𝑊𝑆−𝑊𝐷)

𝑊𝐷
× 100    Eq. 1 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 % =
(𝑊𝑆−𝑊𝐷)

(𝑊𝑖−𝑊𝐷)
× 100    Eq. 2 

WS = Final weight after 72 h of swelling, WD = Dry weight after 24 h of drying, Wi = Initial weight 

of hydrogels immediately after crosslinking. 

6.2.2.2 Gelatin degradation and GTA release profiles 

Hydrogel scaffold degradation studies were performed on all gelatin compositions with 

varying GTA crosslinker content to determine the release profile of both gelatin and GTA in vitro, 

reported in Table 6.3 and 6.4.  

Gelatin degradation studies were performed following an establish procedure by Bigi et al. 

to determine the degradation/leaching of gelatin within the crosslinked hydrogels.33 Before each 

degradation study, the samples were thoroughly and repeatedly washed with diH2O. The 

degradation of gelatin was evaluated by immersing 50 mg of each gelatin film composition into 5 

mL of PBS and stored at 37 °C for 24 h, 2 d, 4 d, 1 w, 2 w, and 4 w, exchanging the 5 mL of PBS 

release buffer each time. The gelatin content within the release buffer was determined using a BCA 

protein colorimetric assay. A 200 µL fraction of the collected release buffer was added to 2 mL of 

an assay solution comprising of 4 wt% copper (II) sulphate pentahydrate solution and BCA reagent 

A in a 1:50 v/v final ratio, respectively. The final volume of each sample was brought up to 5 mL 

using additional PBS, and subsequently cooled to room temperature. The absorbance of each final 

solution was measured at 562 nm using an Agilent Cary 60 UV-Vis spectrophotometer, and 
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compared to a calibration curve formulated from blank protein assays to determine concentrations 

of gelatin degradation from each composition. The obtained degradation results were recorded in 

Table 6.3. 

GTA release studies were performed following an established procedure by Bigi et al. to 

ensure the removal of all the GTA as a potential toxin to the body.33 Before each release study, the 

samples were thoroughly and repeatedly washed with diH2O. The release of GTA was evaluated 

by immersing 50 mg of each gelatin film composition into 3 mL of PBS and stored at 37 °C for 

24 h, 1 w, 2 w, and 4 w, exchanging the 3 mL of PBS release buffer each time. The collected 

release buffer was then added to 7 mL of 0.1 M glycine solution, and further stored at 37 °C for 

24 h, or until a stable coloring was reached. The absorbance of each final solution was measured 

at 436 nm using an Agilent Cary 60 UV-Vis spectrophotometer, and compared to a calibration 

curve formulated from blank solutions of varying GTA to determine concentrations of GTA 

release from the samples. The obtained release concentrations were recorded in Table 6.4. 

6.2.2.3 Mechanical tests and characterization 

Both compression and tension tests were used for mechanical characterization, performed 

with a TA Q800 dynamic mechanical analyzer (DMA), due to the soft mechanical properties of 

the hydrogels. Preliminary compression tests were conducted on each gelatin hydrogel 

composition, refer to Table C, to determine initial bulk mechanical properties. Each hydrogel was 

cut into five 27 mm diameter samples, and tested using a non-constrained, controlled isostatic 

force ramp of 3 N/min at 27 °C, until sample failure was achieved or DMA was maxed out in force 

and/or displacement. Tension tests were conducted on each hydrogel composite composition, refer 

to Table D, to determine the tensile properties, including elastic modulus, ultimate tensile strength, 

and elongation at failure. Each hydrogel composite was cut into five ribbons with cross-sections 

of 5 x 1 mm2 samples, and tested using a controlled isostatic force ramp of 1 N/min at 27 °C, until 

sample failure was achieved or DMA was maxed out in force and/or displacement. All data was 

recorded at a rate of 0.5 s/pt, and analyzed using TA universal analysis. 

It should be noted that a DMA was used instead of a typical Instron universal testing 

machine, in order to determine more accurate viscoelastic properties of the hydrogels, since there 

is no lag time between sample displacement and the force needed to maintain the rate of 

displacement.36-37 The controlled force ramp allows for the viscous and elastic portions of the 
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material to take equal effect, rather than displacement ramp, which allows the viscous component 

to take a greater effect on the material properties.38-39 

6.3 Results and Discussion 

6.3.1 Characterization of composite hydrogel scaffolds 

A multitude of composite hydrogel scaffolds were fabricated using solution casting and 

established 3D bioprinting techniques,34-36,40 and characterized following similar procedures by 

Bigi et al., Ofner et al., and Yin et al.33,37,41 Through manipulation of the gelatin, CNC/CNF, and 

GTA components, each unique scaffold composition was able to show distinct variation in 

hydration, biodegradation, and mechanical properties. It should be noted that during fabrication, 

the CNCs and CNFs were not chemically crosslinked, but rather formed a percolating network that 

became entrapped by the crosslinked gelatin proteins.42 

6.3.1.1 Swelling behavior 

Swelling tests were performed to determine the hydration and water retention abilities of 

the hydrogel scaffolds. In addition, recovery tests were performed to determine the ability of the 

hydrogel scaffolds to return to their original water content after being completely dried. The results 

concluded that after 72 h of swelling, each scaffold composition was able to swell well beyond its 

dried state, however, not enough to reconstitute its original water content, detailed in Table 6.1.  

Table 6.1 Preliminary swelling and recovery data of varying crosslinked gelatin hydrogels after 72 h of 

submersion in PBS. All values were normalized to the respective sample’s dried weight. 

Swelling % after 72 h of Submersion 

Gelatin Content 

(wt%) 

Glutaraldehyde Content (wt%) 

0.1 0.5 1.0 2.0 

2.0 411 628 N/A N/A 

5.0 422 307 410 368 

10.0 747 298 266 318 

15.0 637 355 250 252 

20.0 619 553 333 N/A 

Recovery % after 72 h of Submersion 

Gelatin Content 

(wt%) 

Glutaraldehyde Content (wt%) 

0.1 0.5 1.0 2.0 
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2.0 11.4 15.4 N/A N/A 

5.0 21.8 16.6 23.0 24.6 

10.0 89.2 36.2 33.6 45.7 

15.0 137.3 77.7 57.7 59.8 

20.0 193.9 167.6 106.0 N/A 

 

As gelatin content increased and GTA content decreased, swelling equilibrium drastically 

increased from 250% up to 750% due to excess space within a less-dense crosslinked gelatin 

network and larger pore sizes,25 further discussed in the Section 6.4.1.2. In addition, hydrogel 

scaffolds produced with CNCs and CNFs caused no significant change in swelling and hydration 

properties, shown in Table 6.2.  

Table 6.2 Preliminary drying, swelling, and recovery data of 15G0.5X hydrogels with CNCs and CNFs. 

 
CNC Content (wt%) 

0.0 0.5 1.0 2.0 5.0 

Swelling % 331 ± 11 247 ± 15 254 ± 17 198 ± 4 244 ± 14 

Recovery % 52 ± 3 37 ± 2 41 ± 2 34 ± 1 53 ± 1 

 
CNF Content (wt%) 

0.1 0.2 0.5 1.0 

Swelling % 314 ± 54 296 ± 19 236 ± 2 364 ± 60 

Recovery % 55 ± 7 54 ± 2 44 ± 1 71 ± 10 

 

Proper hydration of wounds is crucial to the regeneration and protection of new tissues, 

through mimicry of the native tissue’s highly-saturated ECM.44-46 Therefore, the promising 

swelling behaviors exhibited by the hydrogel scaffolds are crucial features for improving skin 

regeneration capabilities, specifically, maintaining wound moisture balance, protecting against 

foreign bodies, positively influencing diffusion of nutrients, and enhancing absorption of 

exudates.25,43-45 
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6.3.1.2 Degradation profile and release of gelatin and GTA 

 Preliminary gelatin biodegradation and GTA release studies for in vivo testing were 

simulated through an 8-week incubation process of the hydrogel scaffolds in a PBS media. The 

release profiles of gelatin and GTA were established and detailed in Table 6.3 and 6.4, with 

measurements recorded after 24 h, 2 d, 4 d, 1 w, 2 w, 4 w, and 8 w. Based on gelatin content and 

crosslinking density, degradation rates were successfully manipulated over an 8-week incubation 

period, showing initial to complete degradation between 2 days and 8 weeks. Although quantitative 

release profiles were not established, qualitative results in Table 6.3 show biodegradation over the 

necessary time period of typical wound healing in rats (~21-28 days).25,43-45 

Table 6.3 Qualitative gelatin release profile over an 8-week span, where X = no visible degradation, + = 

beginning of noticeable degradation, and 100% = fully-degraded samples. 

 Cumulative Gelatin Release Over Time (wt%) 

Hydrogel Composition 24 h 2 d 4 d 1 w 2 w 4 w 8 w 

5G0.1X X X + + 100% 100% 100% 

5G0.5X X X X X + 100% 100% 

5G1X X X X X 100% 100% 100% 

10G0.1X X X X + 100% 100% 100% 

10G0.5X X X X X X + 100% 

10G1X X X X X X X X 

15G0.1X X X X + 100% 100% 100% 

15G0.5X X X X X + 100% 100% 

15G1X X X X X X X + 

20G0.1X X + + 100% 100% 100% 100% 

20G0.5X X X X + 100% 100% 100% 

20G1X X X X + + 100% 100% 
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Higher GTA content intrinsically increases the crosslinking density within the hydrogel 

scaffolds by reducing the amount of non-crosslinked amide bonds along the gelatin backbone.46-47 

However, an opposite effect is observed with increasing gelatin content, in which excess non-

crosslinked gelatin pockets reside within the hydrogel. Both of these factors can be finely-tuned to 

manipulate crosslinking density within the scaffolds, causing variable biodegradation properties 

through changes in water molecule penetration.47 As more water is allowed to penetrate the 

crosslinked network, higher degrees of swelling occurs, leading to faster hydrolysis of  the amide 

bonds and overall biodegradation.46-47 For example, the low amount of crosslinking and excess 

gelatin within the 20G0.1X scaffold allows for a large amount of water molecules to penetrate the 

hydrogel, disrupting the bonds between the non-crosslinked gelatin peptides through hydrolysis.46-

47 It should be noted that gelation hydrogels undergo enzymatic degradation in vivo, as well as 

hydrolysis, which would further increase the biodegradation rates when compared to the recorded 

values in Table 6.3.47 

As well as biodegradation studies, the release of GTA during degradation was also 

observed since its presence can induce cytotoxic effects within living tissue.48 In the case of 

humans, the National Institute of Health (NIH) regulations state that active GTA content needs to 

be less than 2 ppm when in contact with living tissue to show no cytotoxic effects.49 Since GTA 

release was no longer detected after the first 24 hours, content was determined over the first 24 

hours. The majority of the scaffolds showed promising results for GTA release content, with only 

a few scaffolds, 5G0.5X, 5G1X, and 10G1X, showing quantities greater than 2 ppm, detailed in 

Table 6.4.  

Table 6.4 Glutaraldehyde release. Less than 2 ppm is considered okay by NIH regulations. 

 GTA Release Over 24 h (ppm) 

Gelatin Content (wt%) 0.1 wt% GTA 0.5 wt% GTA 1.0 wt% GTA 

5.0 1.62 ± 0.14 4.59 ± 0.29 6.66 ± 0.20 

10.0 0.81 ± 0.43 0.37 ± 0.06 2.25 ± 0.14 

15.0 0.23 ± 0.10 0.63 ± 0.20 1.14 ± 0.05 

20.0 0.47 ± 0.02 0.77 ± 0.10 0.12 ± 0.08 
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These results are not only promising for precise biodegradation tunability, but also for 

potential drug delivery and sustained release applications, including tissue regeneration, various 

chronic wound healing, and cancer cell targeting, among others.46-47,50-52 As the scaffold degrades, 

it provides the wound with a natural source of hydrolyzed collagen and moisture as a starting 

material for new ECM generation and tissue growth.46-47,51 In addition, the remaining CNC and 

CNF networks act as a hierarchical structure for promoting proliferation and natural alignment of 

new cell and tissue growth through enhanced cellular and protein adsorption, while lending 

mechanical support and stability.26,52-53 

6.3.1.3 Mechanical characterization  

 Dynamic mechanical analysis was performed on each hydrogel composition, listed in 

Table C and D, to determine the variability and tunability of tensile and compressive mechanical 

properties with varying crosslinking densities and addition of CNCs and CNFs. Preliminary 

compression data obtained was crucial for determining the effects of varying gelatin and GTA 

content, and subsequently crosslinking density on bulk material properties. The results showed 

insightful variations to the bulk moduli of the scaffolds, as well as the structural integrity of the 

hydrogel scaffolds prior to the addition of CNCs and CNFs. As shown in Figure 6.1 and Table 

6.5, hydrogel mechanical properties vary significantly due to both gelatin and GTA content, with 

bulk moduli ranging from 1.6 ± 0.5 kPa for 2G1X to 162.4 ± 6.0 kPa for 15G2X. Higher GTA 

content led to enhanced mechanical strength, however, induced brittle fractures within the 

hydrogels from increased crosslinking densities.37,54-55 Similarly, higher gelatin content also led to 

enhanced mechanical strength, yet contrastingly more viscous properties from increased swelling 

and loosely bonded gelatin.33,37,54-55  

Table 6.5 Preliminary mechanical data for gelatin hydrogels (bulk/compressive moduli in kPa). 

Gelatin Content 

(wt%) 

Glutaraldehyde Content (wt%) 

0.1 0.5 1.0 2.0 

2.0 3.6 ± 0.9 2.0 ± 0.4 1.6 ± 0.5 N/A 

5.0 3.8 ± 0.8 2.2 ± 0.1 4.2 ± 1.6 5.0 ± 0.7 

10.0 9.7 ± 0.8 37.1 ± 8.8 50.7 ± 2.0 44.3 ± 1.5 

15.0 49.2 ± 4.8 80.6 ± 6.4 118.4 ± 6.4 162.4 ± 6.0 

20.0 68.1 ± 8.2 95.4 ± 10.5 134.5 ± 12.2 N/A 
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Figure 6.1 Preliminary compression tests of crosslinked gelatin hydrogels of varying gelatin and GTA content 

as determined by DMA. A general trend showed an increase in bulk moduli as both gelatin and GTA content 

increased, with the exception of the 2.0 wt% gelatin scaffolds, which showed a decrease due to the lack of 

structural stability. 

In order to further finely-tune the mechanical strength and durability of the hydrogel 

scaffolds, CNCs and CNFs were added in varying concentrations to form interconnecting networks 

throughout the crosslinked gelatin networks.56 With an increasing addition of CNCs and CNFs, 

mechanical characterization revealed a general increase in both tensile moduli and ultimate tensile 

strength, while causing distinctive variability in the amount of tolerated strain before failure, 

detailed in Table 6.6 and 6.7.  

Table 6.6 Mechanical properties of CNC composite hydrogels, including tensile moduli, UTS, and elongation 

at failure. 

Tensile Moduli (kPa) 

Ideal Gelatin 

Compositions 

CNC Content (wt%) 

0.0 0.5 1.0 2.0 5.0 

5G0.1X 17.1 ± 6.0 17.3 ± 7.2 10.9 ± 1.1 26.6 ± 3.6 85.4 ± 5.1 

5G0.5X 28.5 ± 5.6 12.4 ± 3.8 5.8 ± 0.9 18.0 ± 7.4 68.4 ± 14.5 

1

10

100

0 0.4 0.8 1.2 1.6 2

B
u

lk
 M

o
d

u
li

 (
k

P
a

)

GTA Content (wt%)

2.0 wt% Gel 5.0 wt% Gel 10.0 wt% Gel

15.0 wt% Gel 20.0 wt% Gel



135 

 

5G1X 22.8 ± 4.9 10.7 ± 1.4 12.7 ± 4.3 19.5 ± 1.7 49.3 ± 13.5 

10G0.1X 44.5 ± 7.9 39.3 ± 2.9 48.2 ± 3.8 56.6 ± 5.9 101.7 ± 12.6 

10G0.5X 63.8 ± 1.5 74.6 ± 2.9 52.1 ± 4.7 75.6 ± 14.6 218.5 ± 13.0 

10G1X 48.0 ± 2.2 64.2 ± 10.1 87.8 ± 5.7 95.2 ± 20.5 221.8 ± 23.7 

15G0.1X 71.2 ± 6.3 83.4 ± 14.2 91.6 ± 26.9 112.0 ± 12.9 159.4 ± 13.9 

15G0.5X 84.8 ± 6.6 85.1 ± 13.6 78.9 ± 2.7 118.3 ± 17.1 204.2 ± 3.7 

15G1X 121.7 ± 9.2 129.3 ± 18.6 171.3 ± 16.8 154.1 ± 25.7 250.9 ± 24.5 

20G0.1X 99.8 ± 5.9 120.5 ± 7.0 96.2 ± 2.0 146.9 ± 12.1 N/A 

20G0.5X 116.9 ± 9.6 117.1 ± 14.8 111.5 ± 3.7 165.1 ± 2.1 N/A 

20G1X 144.4 ± 3.6 198.2 ± 8.3 273.7 ± 53.5 235.8 ± 16.3 N/A 

Ultimate Tensile Strength (kPa) 

Ideal Gelatin 

Compositions 

CNC Content (wt%) 

0.0 0.5 1.0 2.0 5.0 

5G0.1X 7.2 ± 0.7 9.8 ± 2.0 12.5 ± 0.6 17.6 ± 6.5 27.5 ± 0.5 

5G0.5X 5.9 ± 1.1 4.3 ± 0.3 5.9 ± 0.4 7.7 ± 1.4 8.7 ± 1.6 

5G1X 3.8 ± 0.3 2.2 ± 0.3 3.1 ± 0.9 8.0 ± 0.9 13.2 ± 2.5 

10G0.1X 30.3 ± 8.5 42.1 ± 7.4 59.7 ± 0.6 64.4 ± 3.4 53.3 ± 5.6 

10G0.5X 15.9 ± 0.8 22.1 ± 3.6 28.1 ± 1.4 48.9 ± 10.7 91.1 ± 6.8 

10G1X 14.6 ± 0.8 13.8 ± 1.5 23.5 ± 3.8 32.0 ± 2.3 104.4 ± 3.0 

15G0.1X 65.8 ± 6.9 97.7 ± 8.9 119.9 ± 4.0 136.0 ± 15.5 124.9 ± 3.5 

15G0.5X 24.3 ± 1.1 49.8 ± 3.6 56.9 ± 11.4 98.3 ± 13.7 144.4 ± 12.4 

15G1X 41.5 ± 0.6 49.5 ± 15.2 34.1 ± 7.7 45.0 ± 3.4 40.1 ± 2.9 

20G0.1X 82.6 ± 17.7 153.2 ± 12.1 116.2 ± 2.6 120.3 ± 7.1 N/A 

20G0.5X 51.0 ± 7.8 55.3 ± 16.5 76.5 ± 12.5 111.5 ± 9.4 N/A 

20G1X 25.8 ± 3.3 58.5 ± 10.2 73.4 ± 12.0 113.1 ± 6.6 N/A 

Elongation at Failure (% Strain) 

CNC Content (wt%) 
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Ideal Gelatin 

Compositions 

0.0 
0.5 1.0 2.0 5.0 

5G0.1X 129.5 ± 6.5 104.3 ± 8.1 121.8 ± 24.4 70.0 ± 14.9 120.2 ± 0.8 

5G0.5X 90.0 ± 21.2 128.3 ± 7.7 127.1 ± 31.5 77.3 ± 9.7 55.9 ± 7.2 

5G1X 74.7 ± 16.5 62.7 ± 10.9 65.1 ± 15.7 74.9 ± 1.0 57.3 ± 16.3 

10G0.1X 127.7 ± 14.3 186.3 ± 14.5 347.9 ± 37.1 324.3 ± 23.5 160.0 ± 57.6 

10G0.5X 97.8 ± 12.3 90.4 ± 8.2 104.9 ± 12.0 96.9 ± 27.1 120.9 ± 3.1 

10G1X 44.7 ± 13.2 51.6 ± 3.6 73.7 ± 7.9 76.0 ± 8.7 115.9 ± 33.0 

15G0.1X 422.7 ± 29.5 431.9 ± 9.2 426.2 ± 10.9 428.2 ± 16.1 414.8 ± 9.9 

15G0.5X 66.1 ± 6.3 148.3 ± 5.1 116.5 ± 15.0 171.2 ± 89.2 374.0 ± 27.9 

15G1X 84.2 ± 14.2 81.8 ± 25.2 54.2 ± 12.1 74.9 ± 7.0 50.7 ± 6.9 

20G0.1X 322.1 ± 56.0 389.4 ± 6.0 420.9 ± 10.3 467.8 ± 4.9 N/A 

20G0.5X 124.7 ± 18.2 118.5 ± 44.7 192.3 ± 60.4 274.9 ± 42.0 N/A 

20G1X 34.4 ± 5.0 60.1 ± 13.5 97.1 ± 31.8 186.5 ± 19.7 N/A 

 

Table 6.7 Mechanical properties of CNF composite hydrogels, including tensile moduli, UTS, and elongation 

at failure. 

Tensile Moduli (kPa) 

Ideal Gelatin 

Compositions 

CNF Content (wt%) 

0.0 0.1 0.2 0.5 

5G0.1X 17.1 ± 6.0 27.5 ± 9.6 25.7 ± 4.1 44.9 ± 4.7 

5G0.5X 28.5 ± 5.6 17.2 ± 0.2 28.3 ± 7.1 22.9 ± 1.6 

5G1X 22.8 ± 4.9 11.6 ± 0.7 14.9 ± 0.9 25.6 ± 1.4 

10G0.1X 44.5 ± 7.9 34.0 ± 11.5 52.3 ± 8.4 53.5 ± 3.4 

10G0.5X 63.8 ± 1.5 55.1 ± 9.9 59.1 ± 9.9 79.5 ± 12.0 

10G1X 48.0 ± 2.2 55.1 ± 7.9 50.5 ± 10.6 61.3 ± 14.2 

15G0.1X 71.2 ± 6.3 78.0 ± 5.9 92.1 ± 3.9 101.5 ± 4.0 

15G0.5X 84.8 ± 6.6 126.0 ± 22.1 90.8 ± 0.9 96.2 ± 2.1 

15G1X 121.7 ± 9.2 130.8 ± 23.6 146.8 ± 42.1 207.9 ± 4.5 
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20G0.1X 99.8 ± 5.9 109.5 ± 17.4 125.5 ± 6.9 N/A 

20G0.5X 116.9 ± 9.6 125.1 ± 8.4 148.1 ± 17.1 N/A 

20G1X 144.4 ± 3.6 222.2 ± 45.6 316.1 ± 54.5 N/A 

Ultimate Tensile Strength (kPa) 

Ideal Gelatin 

Compositions 

CNF Content (wt%) 

0.0 0.1 0.2 0.5 

5G0.1X 7.2 ± 0.7 11.5 ± 0.9 17.5 ± 0.3 17.4 ± 1.8 

5G0.5X 5.9 ± 1.1 6.0 ± 1.0 9.9 ± 0.9 12.7 ± 0.2 

5G1X 3.8 ± 0.3 6.3 ± 0.6 5.6 ± 0.5 8.1 ± 0.4 

10G0.1X 30.3 ± 8.5 49.9 ± 7.2 58.0 ± 7.2 39.4 ± 1.0 

10G0.5X 15.9 ± 0.8 23.1 ± 1.3 24.8 ± 4.3 53.1 ± 2.6 

10G1X 14.6 ± 0.8 21.7 ± 2.1 31.9 ± 4.0 20.3 ± 0.9 

15G0.1X 65.8 ± 6.9 95.4 ± 15.9 115.4 ± 8.5 131.1 ± 6.5 

15G0.5X 24.3 ± 1.1 78.6 ± 0.7 41.3 ± 4.3 77.0 ± 4.7 

15G1X 41.5 ± 0.6 40.9 ± 3.4 52.5 ± 3.7 59.3 ± 5.7 

20G0.1X 82.6 ± 17.7 116.8 ± 20.7 139.3 ± 11.7 N/A 

20G0.5X 51.0 ± 7.8 47.5 ± 4.0 91.4 ± 9.5 N/A 

20G1X 25.8 ± 3.3 61.8 ± 12.8 88.5 ± 18.0 N/A 

Elongation at Failure (% Strain) 

Ideal Gelatin 

Compositions 

CNF Content (wt%) 

0.0 0.1 0.2 0.5 

5G0.1X 129.5 ± 6.5 168.9 ± 16.3 221.7 ± 19.4 85.8 ± 9.2 

5G0.5X 90.0 ± 21.2 85.9 ± 11.0 123.6 ± 30.9 119.1 ± 9.7 

5G1X 74.7 ± 16.5 131.2 ± 7.9 141.2 ± 46.5 63.6 ± 1.7 

10G0.1X 127.7 ± 14.3 328.3 ± 9.1 390.3 ± 3.9 185.9 ± 2.8 

10G0.5X 97.8 ± 12.3 89.5 ± 6.2 80.0 ± 12.0 125.1 ± 3.4 

10G1X 44.7 ± 13.2 84.1 ± 2.6 125.5 ± 18.4 108.1 ± 13.1 
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15G0.1X 422.7 ± 29.5 360.1 ± 12.8 393.0 ± 15.9 343.6 ± 11.0 

15G0.5X 66.1 ± 6.3 205.6 ± 0.9 103.1 ± 2.1 254.0 ± 38.9 

15G1X 84.2 ± 14.2 101.2 ± 7.4 195.6 ± 10.3 92.8 ± 11.7 

20G0.1X 322.1 ± 56.0 351.3 ± 19.3 423.8 ± 19.3 N/A 

20G0.5X 124.7 ± 18.2 90.7 ± 20.1 174.5 ± 37.4 N/A 

20G1X 34.4 ± 5.0 68.3 ± 13.5 94.5 ± 31.8 N/A 

 

With lower concentrations of CNCs and CNFs, combined with higher non-crosslinked 

gelatin molecules, there was a lack of a percolating network between the CNCs and CNFs, while 

promoting a denser network of gelatin molecules interactions.40,56 This phenomenon not only led 

to an increase in reinforced properties through gelatin-filler interactions, but also lower plastic 

deformation and higher elongation until failure through maintained gelatin-gelatin interactions.40 

Contrastingly, as filler content rose to high enough levels within lower gelatin content hydrogels, 

the networks of CNCs and CNFs exceeded the percolation threshold, leading to increased 

brittleness from defects caused by agglomerations of filler-filler interactions.57 Following similar 

trends found in literature with regards to reinforced hydrogels, Figure 6.2 shows the tensile moduli 

variations with varying CNC and CNF content, generally increasing with increased filler 

content.40,56 

 

  

0

20

40

60

80

100

0 1 2 3 4 5

T
en

si
le

 M
o
d

u
lu

s 
(k

P
a
)

CNC Content (wt%)

5G0.1X

5G0.5X

5G1X

0

10

20

30

40

50

60

0 0.1 0.2 0.3 0.4 0.5

T
en

si
le

 M
o
d

u
lu

s 
(k

P
a
)

CNF Content (wt%)

5G0.1X

5G0.5X

5G1X

a. b. 



139 

 

  

  

  

Figure 6.2 Plots of observed tensile moduli for 5.0, 10.0, 15.0, and 20.0 wt% gelatin scaffolds with varying 

CNC content and CNF content, as determined by DMA. In plotted order: a) 5.0 wt% gelatin with CNCs, b) 

5.0 wt% gelatin with CNFs, c) 10.0 wt% gelatin with CNCs, d) 10.0 wt% gelatin with CNFs, e) 15.0 wt% 

gelatin with CNCs, f) 15.0 wt% gelatin with CNFs, g) 20.0 wt% gelatin with CNCs, h) 20.0 wt% gelatin with 

CNFs. A general trend showed an increase in tensile moduli with increasing CNC and CNF content for all 

compositions. 

Through variations in gelatin, GTA crosslinker, CNC, and CNF content, mechanical 

properties could be successfully fine-tuned, with tensile moduli ranging between 5.8 ± 0.9 kPa for 

5G0.5X1CNC to 316.1 ± 54.5 kPa for 20G1X0.2CNF, ultimate tensile strength ranging between 
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2.2 ± 0.3 kPa for 5G1X0.5CNC to 153.2 ± 12.1 kPa for 20G0.1X0.5CNC, and elongation until 

break ranging between 34.4 ± 5.0 % for 20G1X to 467.8 ± 4.9 % for 20G0.1X2CNC, further 

recorded in Table 6.6 and 6.7. The ability to manipulate mechanical properties is vital to wound 

healing and tissue engineering applications, specifically with regards to mimicking the natural 

ECM of native tissues and lending structural support to newly developing tissues.58-61 Previous 

literature studies have not only shown the wound healing benefits of matching natural ECM as 

closely as possible, but also how detrimental it can be the further strayed from biomimetic 

design.59,61 For example, a particular study by Chen et al. shows the difference between low, 

medium, and high stiffness hydrogel scaffolds with comparison to open wound healing on rats.59 

As the induced wounds healed, the medium stiffness hydrogel, which most closely resembled the 

modulus of skin, produced new tissue growth and wound contraction approximately 50% faster 

than the control and 25% faster than the low and high stiffness hydrogels. In addition, after Day 5 

of healing, the medium stiffness group showed over 200% increase of positive cell growth 

compared to all other groups tested.59 This study, among others, demonstrates the necessity for 

maximum mechanical property manipulation of hydrogel scaffolds to induce the greatest wound 

healing effect based on ECM and native tissue mimicry.58-61 

6.3.1.4 Shear alignment of CNCs and CNFs  

Polarized light microscopy (PLM) was performed on the cast and 3D printed hydrogel 

scaffolds to determine alignment of CNCs and CNFs through shear forces produced by the 3D 

printer, similar to studies by Hausmann et al. and Siqueira et al.35-36 PLM revealed that CNCs and 

CNFs can be successfully aligned through shear forces introduced during extrusion bioprinting. 

Although no quantitative results were measured, the alignment comparison between the cast and 

3D printed hydrogel scaffolds could be assessed through qualitative visual assessment.  

6.4 Conclusions 

Although a multitude of techniques have been researched to enhance the rate of wound 

healing, each method lacks the ability to promote “complete” tissue regeneration. While faster 

wound healing is beneficial, the subsequently produced scar tissue consisting of fibrous collagen 

I and II overgrowth and entanglements, still poses substantial challenges. This buildup of unsightly 

scar tissue leads to both physical and mental dysfunctionalities, including reduction of hydration, 

innervation, thermal regulation, elasticity, and barrier properties, as well as causing anguish to 
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those suffering from disfiguring scars and the social stigma of “beauty”. The research performed 

in this study not only focused on the rate at which the wounds healed, but also the quality of 

regenerated tissue and its biomimicry to the native tissues. In order to accomplish this goal, a few 

objectives were set in place: 1) fabrication of mechanically and directionally tunable scaffolds 

utilizing CNCs and CNFs embedded in a gelatin matrix; 2) characterization of the hydrogel 

composite scaffolds through mechanical, hydration, and biodegradation analyses; and 3) proposing 

the utilization and benefits for in vivo animal studies, while inferring potential benefits from 

reviews of current literature. Tunable gelatin-based, CNC and CNF biodegradable hydrogel 

composites with controlled nanostructuration, were successfully produced in order to promote 

better biomimicry of regenerated tissue and improve the overall healing quality of wounds. Initial 

characterizations consisting of swelling potential, hydration retention, biodegradation rate, and 

GTA release, were performed on crosslinked gelatin scaffolds without any nanofillers to determine 

the ability to maintain a hydrated environment for optimal wound healing, while simultaneously 

producing a natural source of hydrolyzed collagen for new ECM generation through 

biodegradation. It was observed that depending on the degree of crosslinking, hydration 

equilibrium within the hydrogels change drastically between 250 and 750 wt% diH2O, as well as 

tunable biodegradation rates from 2 days to 8 weeks. Additionally, negligible GTA release was 

detected, falling within the acceptable limit established by the NIH for cytotoxicity. Following 

initial characterization, CNCs and CNFs were introduced into the hydrogel matrix to create 

mechanically reinforced and nanostructurally aligned composite scaffolds. Through variation of 

CNC and CNF content, tensile modulus was tuned between 5.8 ± 0.9 kPa and 316.1 ± 54.5 kPa, 

while maintaining high elasticity of over 400 % strain. Along with mechanical tunability, 3D 

extrusion printing techniques allowed for the controlled orientation of CNC and CNF networks 

throughout the hydrogel matrices to better represent the natural structuration found in skin ECM 

and tissues.  

Although in vivo testing was out of the scope of this study due to time constraints, these 

aligned nanofiller networks have been shown in literature to promote better wound healing and 

quality of regenerated tissue through guided cell proliferation and tissue growth.53 However, the 

overall results proved successful in fabricating a novel hydrogel composite with oriented 

nanofillers for controlled nanostructuration and mechanical tunability. As such, this concept of 



142 

 

skin ECM biomimicry through hierarchical 3D constructs, has the potential to pose significant 

benefits for both biomedical and tissue engineering designs, along with clinical applicability for 

improving native tissue growth during wound healing, while reducing the amount of fibrous scar 

tissue formed.  
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Chapter 7: Conclusion and Outlook 

7.1 Conclusions 

Tissue engineering and regenerative medicine is progressing at a rapid rate, as new 

materials and techniques are continuously improving, while biological impairments are becoming 

more problematic.1 Through enhanced knowledge of human biology, biomaterials processing, 

structuration, and characterization, and internal interactions, advancements can be achieved 

through intensive research.2 Recent advances such as novel bioinks, gradient scaffolds, and cellular 

embedment within scaffolds have paved the way for complex 4D tissue scaffolds with improved 

reliability and functionality for modern biomedical applications.1-2 This dissertation sought to 

provide novel methods and approaches for extraction and utilization of CNMs and MNPs to 

enhance PNCs for biomedical applications through various independent research investigations. 

Specifically, the abilities to finely tune nanostructuration and mechanical robustness through 

addition of CNMs, as well as induce controlled shape-memory effects through addition of MNPs, 

show great promise.3-4  

The novel extraction and isolation method of p-CNCs from spent coffee grounds in Chapter 

3, shows the potential for a new agricultural waste product to be recycled and reused in substantial 

materials research applications. Through intensive bleaching, purification, and phosphoric acid 

hydrolysis processes, p-CNCs were successfully isolated from spent coffee grounds. Through 

chemical and physical characterization techniques previously established by Foster et al.,5 the 

morphology, thermal stability, surface charge density, dispersibility, and reinforcing capabilities 

of the isolated p-CNCs, were evaluated and characteristics compared to those in literature, as well 

as those commercially produced. A few crucial characteristics revealed were an aspect ratio of 12 

± 3, an apparent crystallinity of 74.2%, and a high phosphate content and surface charge density 

of 25.8 ± 9.6 mmol/kg cellulose and 48.4 ± 6.2 mmol/kg cellulose, respectively. Specifically, the 

ability to offer mechanical reinforcement in a PU matrix by a factor of 2 shows promise for the 

viability of these isolated p-CNCs for industrial uses. Finally, although the yields were found to 

be minimal due to the lack of cellulose within the raw material, the abundance of spent coffee 

grounds disposed around the world annually lend well to the viability of this process to be scaled 

to levels of commercial production. 
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Subsequently, Chapters 4-6 defines multi-step methods of the utilization of CNMs and 

MNPs into unique biomaterial PNCs, which were successfully fabricated for specific biomedical 

applications. Described in Chapter 4 is the first PNC biomedical application, in which a 3D 

bioprinting method for fabricating tunable CNC and PEGDA scaffolds with mechanical property 

gradients was established. One major challenge that bioprinting AM technology currently faces is 

the inability to accurately fabricate multi-compositional scaffolds. Due to the low viscosities of 

most biomaterial resins, specifically PEGDA, multi-step procedures are typically required for 

multiple material resins and cell types, being used almost exclusively in SLA.6 With the goal of 

expanding the bioprinting field, viscous bioinks comprised of PEGDA/CNC compositions ranging 

between 90/10 to 60/40 w/w were created to produce single and multi-composition scaffolds of 

varying and gradient mechanical properties through multi-nozzle extrusion, as opposed to SLA. 

Both solution cast and 3D bioprinted scaffolds were compared for their mechanical characteristics, 

showing tunable ranges from 0.4 ± 0.1 to 27.8 ± 5.8 MPa for elastic modulus, 0.1 ± 0.0 to 0.7 ± 

0.1 MPa for yield stress, and 7.5 ± 3.5 to 46.7 ± 22.3 % for strain at failure. Additionally, complex 

gradient scaffolds of multiple compositions were successfully fabricated, demonstrating the 

unique ability to utilize the benefits of each incorporated composition to increase overall 

mechanical integrity. Through the success of this work, progress towards transitioning from SLA-

dominated PEGDA bioprinting to extrusion bioprinting is achieved, opening further potential for 

more complex and functional scaffolds, including those with controlled directionality, cell 

placements and variety, and multi-material components.  

In a following independent study, Chapter 5 pursued the challenge of creating a 2.5D and 

4D hydrogel construct with the ability to change topographically through indirect stimulation of 

an attached substrate. This chapter explored a different attribute of PNCs, in which MNPs were 

incorporated into three polymer matrices (TPU, PVAc, and N-11) to control shape memory effects 

through induction heating using various Fe3O4 NP loading capacities and magnetic field strengths. 

Initial characterization of the substrates consisted of induction heating tests and thermal camera 

imaging to determine the thermal absorption and dissipation abilities, rate of shape change, and 

initial recovery response of each PNC. Observations revealed that the PVAc and N-11 composite 

substrates reacted well to induction heating, specifically at Fe3O4 NP concentrations between 5.0 

wt% and 10.0 wt% for PVAc and 2.0 wt% and 5.0 wt% for N-11, and magnetic field strengths 
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above 73.7 kA/m. Contrastingly, the TPU composite substrates showed no shape recovery during 

induction heating, as the Tg was well below room temperature, therefore could not hold any 

residual strain. Thermal dissipation experiments indicated very promising results for all PNC 

substrates, in which the maximum heating conditions produced less than a 2 °C change in the 

surrounding water after a 20 s measurement period. Additionally, SA and CNC hydrogels of 

various compositions were fabricated and analyzed for tunable mechanical, hydration, and thermal 

buffering properties. Characterization of the hydrogels established mechanical tunability from 63.7 

± 22.4 kPa to 3.1 ± 0.2 MPa for tensile modulus, a minimum water content and retention of 82 

wt%, and average thermal buffering properties of 0.052 ± 0.011 °C/s. The mechanical tunability, 

hydration properties, thermal dissipation, and thermal buffering characterization showed great 

potential for the combined hydrogel and PNC substrates to support a multitude of cellular 

structures, while providing a large degree of protection from thermal shock. With the success of 

this study, in combination with the brief works published in literature,7 hydrogel constructs with 

improved hierarchical structuration can be used and manipulated indirectly to produce vast 

topographical and morphological changes. This could significantly improve the biomedical and 

regenerative medicine fields through enhanced control of drug delivery, embedded cell and 

biological component release, stem cell replating, biosensing, and interfacial interactions, to list a 

few. 

Chapter 6 followed similar methods to Chapter 4 to produce mechanically and directionally 

tunable scaffolds utilizing CNCs and CNFs in a gelatin matrix for wound healing applications. 

Typical biomaterials and tissue engineering scaffolds focus on the rate of wound healing rather 

than the quality of the regenerated tissue. As such, a few significant discoveries have already been 

made, producing biomaterial scaffolds that promote wounds to heal at a more rapid pace compared 

to the natural healing process.1-2,8 However, the quality of regenerated scar tissue is lesser than that 

of native tissue, comprising of an overexpression and entanglement of fibrous collagen I and II.8 

This chapter focused on fabricating a tunable gelatin-based biodegradable hydrogel composite 

with controlled nanostructuration, in order to promote better biomimicry of regenerated tissue and 

improve the overall healing quality of wounds, as opposed to focusing on the rate of healing. Initial 

hydrogel characterization consisted of swelling potential, hydration properties, biodegradation 

rate, and GTA release to determine the ability to maintain a hydrated environment for optimal 
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wound healing, while simultaneously producing a natural source of hydrolyzed collagen for new 

ECM generation through biodegradation. Depending on the degree of crosslinking, the hydrogels 

showed remarkable swelling properties reaching equilibrium between 250 and 750 wt% diH2O, as 

well as tunable biodegradation rates from 2 days to 8 weeks with negligible GTA release. 

Following gelatin hydrogel characterization, CNCs and CNFs were introduced into the hydrogel 

matrix to create mechanically reinforced and nanostructurally aligned composite scaffolds. 

Through variation of CNC and CNF content, tensile modulus was tuned between 5.8 ± 0.9 kPa 

and 316.1 ± 54.5 kPa, while maintaining high levels of elasticity over 400 % strain. Along with 

mechanical tunability, 3D extrusion printing techniques allowed for the controlled orientation of 

CNC and CNF networks throughout the hydrogel matrices to better represent the natural 

structuration found in skin ECM and tissues. Although not specifically tested, aligned nanofiller 

networks have been shown to promote better wound healing and quality of regenerated tissue 

through guided cell proliferation and tissue growth, similar to results described by Espinosa et al.9 

The overall results proved successful in creating a novel mechanically reinforced hydrogel 

composite with oriented CNCs and CNFs for controlled nanostructuration. By utilizing this 

concept of tissue mimicry through hierarchical 3D constructs, regeneration of tissue closer to that 

of native tissue was improved in rodent models, while significantly reducing the amount of fibrous 

scar tissue formed. Additionally, significant clinical implications can be drawn from this research, 

in which further study and progression could have vastly beneficial effects in the biomedical field 

for wound healing and other tissue engineering applications. 

7.2 Outlook and Future Work 

Through the described works performed in this dissertation, the complexity and 

relationships of biomaterial PNC compositions, structuration, and applications, gain an increased 

depth in the biomedical field and respective literature. This is shown through publication validation 

of the works in Chapters 3, 4, and 5, U.S. patent of the work in Chapter 5, as well as clinical trials 

and future publication of Chapter 6. However, the added support of these studies to literature are 

still in the infantile stages, as significantly more research is required to pursue clinical 

implementation, specifically with regards to the biological components and further cell and tissue 

engineering studies.  
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Although the discovered method of extrusion bioprinting was only applied to PEGDA 

scaffolds using CNCs as the nanofiller to increase viscosity, this same concept can be extrapolated 

to other biomaterial resins, in which SLA is the dominating AM technique. Through increasing 

viscosities of biomaterial resins utilizing specific bioinert NPs, multi-nozzle extrusion bioprinting 

can be further adapted to other PNC hydrogel systems to improve ECM replication, gradient 

physical and chemical properties, and various cell type embedment, while mitigating the need for 

multiple processing stages. In order to continue the progression of this novel 3D printing method 

towards large scale implementation, research incorporating a variety of NPs and biomaterial resins 

should be performed to better justify the breadth and universal application of this technique. 

Additionally, embedded cells, growth factors, and other biological components should be 

incorporated to determine efficacy of printable tissue engineering scaffolds for in vitro and in vivo 

applications. 

Expanding on this established method, extrusion bioprinting can be used to develop 

innovative constructs with 2.5D and 4D hierarchical nanostructuration within hydrogel scaffolds, 

as discussed in Chapters 4 and 6. Furthermore, it allows for integration of specifically calculated 

topographical changes through controlled orientation of nanofiller networks (i.e. uniaxial, biaxial, 

and isotropic), as well as finely-tuned mechanical and hydration properties. Extensive hydrogel 

composite characterization showed the successful ability to manipulate a multitude of properties 

to better mimic the natural properties of the tissues being regenerated, however, materials 

characterization on its own is not enough to prove efficacy for wound healing potential in vivo. 

Consequently, cell cultures and animal studies will need to be performed to determine in vitro and 

in vivo benefits through guided cell growth and mechanical, biodegradable, hydration, and 

nanostructure tunability. Following in vitro and in vivo studies, histology and pathology of 

regenerated cells and tissues through H&E and M-G staining can be observed to determine efficacy 

of scar tissue reduction/prevention for future clinical implementation. 

Lastly, the use of MNPs to produce magnetic capabilities and shape memory effects in 

electrically resistant polymer matrices are being continuously researched as an indirect stimuli-

responsive promoter. As a new up-and-coming technology for SMP manipulation, induction 

heating utilizing MNPs has vast potential in a wide breadth of technical fields, in which indirect 

shape memory activation is required with minimal secondary responses. The results in Chapter 5 
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show the capabilities of PNCs embedded with MNPs to undergo hierarchical shape memory 

changes through thermal transitions brought about by absorption of magnetic energy within the 

polymer matrix. Additionally, the ability to induce shape memory effects with negligible thermal 

dissipation, allows for the incorporation and viability of living cells without the potential damage 

from thermal shock. Therefore, progression of this technique with the use of living cells could 

benefit the biomedical field in a variety of ways, including drug delivery, stem cell replating, 

hyperthermia, tissue engineering, theranostics, and site specific magnetic targeting and imaging. 

However, more research is needed to prove viability for clinical implementation, such as cellular 

cultures with mechanical ejection, embedded growth factor release, and potential controlled drug 

delivery release profiles.  

Overall, the works in this dissertation have shown innovative approaches to combat a few 

crucial challenges in the biomedical and biomaterial fields, while lending greater depth and 

understanding to the current literature. However, looking to the future, each study will need to be 

further researched with a larger variety of NPs, polymer matrices, cellular studies, and in vitro and 

in vivo testing to justify the continuation into clinical applications. Furthermore, potential 

collaborations with industrial and clinical partners should be investigated to provide significant 

progression of these works. 
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Appendices 

A.1 Induction Heating Sample Composition Labeling 

Table A Compositions and labeling of all fabricated composites for TPU, PVAc, and Nylon-11, embedded 

with Fe3O4 NPs. 

Polymer 

Matrix 

Fe3O4 NP Composition (wt%) 

Pure 0.005 0.05 0.5 1.0 2.0 5.0 10.0 

RxT85A 

TPU 
TPU 0.005TPU 0.05TPU 0.5TPU 1TPU 2TPU 5TPU 10TPU 

PVAc PVAc 0.005PVAc 0.05PVAc 0.5PVAc 1PVAc 2PVAc 5PVAc 10PVAc 

Nylon-11 N11 0.005N11 0.05N11 0.5N11 1N11 2N11 5N11 10N11 

 

Table B Compositions and labeling of all fabricated hydrogel composite scaffolds with varying alginate and 

CNC content. 

 CNC Content (wt%) 

Alginate Content (wt%) 0 0.5 1.0 2.0 5.0 

1.0 1A0C 1A0.5C 1A1C 1A2C 1A5C 

2.0 2A0C 2A0.5C 2A1C 2A2C 2A5C 

5.0 5A0C 5A0.5C 5A1C 5A2C 5A5C 

10.0 10A0C 10A0.5C 10A1C 10A2C 10A5C 
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A.2  Gelatin and CNC/CNF Hydrogel Composition Labeling 

Table C Varying compositions of gelatin hydrogels crosslinked with glutaraldehyde content, and subsequent 

sample naming of each. 

Gelatin Content 

(wt%) 

Glutaraldehyde Content (wt%) 

0.1 0.5 1.0 2.0 

2.0 2G0.1X 2G0.5X 2G1X 2G2X 

5.0 5G0.1X 5G0.5X 5G1X 5G2X 

10.0 10G0.1X 10G0.5X 10G1X 10G2X 

15.0 15G0.1X 15G0.5X 15G1X 15G2X 

20.0 20G0.1X 20G0.5X 20G1X 20G2X 

 

Table D Compositions of workable crosslinked gelatin hydrogels with varying CNC/CNF content, and 

subsequent sample naming of each. 

Ideal Gelatin 

Hydrogels 

CNC Content (wt%) 

0.5 1.0 2.0 5.0 

5G0.1X 5G0.1X0.5CNC 5G0.1X1CNC 5G0.1X2CNC 5G0.1X5CNC 

5G0.5X 5G0.5X0.5CNC 5G0.5X1CNC 5G0.5X2CNC 5G0.5X5CNC 

5G1X 5G1X0.5CNC 5G1X1CNC 5G1X2CNC 5G1X5CNC 

10G0.1X 10G0.1X0.5CNC 10G0.1X1CNC 10G0.1X2CNC 10G0.1X5CNC 

10G0.5X 10G0.5X0.5CNC 10G0.5X1CNC 10G0.5X2CNC 10G0.5X5CNC 

10G1X 10G1X0.5CNC 10G1X1CNC 10G1X2CNC 10G1X5CNC 

15G0.1X 15G0.1X0.5CNC 15G0.1X1CNC 15G0.1X2CNC 15G0.1X5CNC 

15G0.5X 15G0.5X0.5CNC 15G0.5X1CNC 15G0.5X2CNC 15G0.5X5CNC 

15G1X 15G1X0.5CNC 15G1X1CNC 15G1X2CNC 15G1X5CNC 

20G0.1X 20G0.1X0.5CNC 20G0.1X1CNC 20G0.1X2CNC N/A 

20G0.5X 20G0.5X0.5CNC 20G0.5X1CNC 20G0.5X2CNC N/A 

20G1X 20G1X0.5CNC 20G1X1CNC 20G1X2CNC N/A 

Ideal Gelatin 

Hydrogels 

CNF Content (wt%) 

0.1 0.2 0.5 
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5G0.1X 5G0.1X0.1CNF 5G0.1X0.2CNF 5G0.1X0.5CNF 

5G0.5X 5G0.5X0.1CNF 5G0.5X0.2CNF 5G0.5X0.5CNF 

5G1X 5G1X0.1CNF 5G1X0.2CNF 5G1X0.5CNF 

10G0.1X 10G0.1X0.1CNF 10G0.1X0.2CNF 10G0.1X0.5CNF 

10G0.5X 10G0.5X0.1CNF 10G0.5X0.2CNF 10G0.5X0.5CNF 

10G1X 10G1X0.1CNF 10G1X0.2CNF 10G1X0.5CNF 

15G0.1X 15G0.1X0.1CNF 15G0.1X0.2CNF 15G0.1X0.5CNF 

15G0.5X 15G0.5X0.1CNF 15G0.5X0.2CNF 15G0.5X0.5CNF 

15G1X 15G1X0.1CNF 15G1X0.2CNF 15G1X0.5CNF 

20G0.1X 20G0.1X0.1CNF 20G0.1X0.2CNF N/A 

20G0.5X 20G0.5X0.1CNF 20G0.5X0.2CNF N/A 

20G1X 20G1X0.1CNF 20G1X0.2CNF N/A 

Note: Workable gelatin hydrogel compositions were determined by ranges of mechanical 

properties. 


