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ABSTRACT

CELLULOSE NANOCRYSTALS EXTRACTED FROM HEMP AGRO-WASTE AS A

POTENTIAL COATING FOR TITANIUM MEDICAL DEVICES

Increases in biowaste worldwide have created a unique opportunity to extract natural
polymers for a variety of uses. Over the last few decades, hemp has increased in popularity as a
desirable industrial agricultural plant. Increases in hemp production for commercial product use
have increased the amount of hemp agro waste (HAW). This agro-waste is a potentially great
source for extraction of the natural polymer cellulose and the creation of a circular economy.
Cellulose can be found ubiquitously in plants and has gained great interest as an alternative to
synthetic polymers. In this work, cellulose nanocrystals (CNCs) were extracted from HAW using
a one-step ammonium persulfate (APS) oxidation method. APS oxidation was used due to its
reduction in hazardous wastes, making it a more environmentally friendly method for CNC
extraction compared to other chemical methods. HAW, specifically the woody core of hemp
known as hurd, underwent CNC extraction and the properties of the final product were analyzed.
Depending on the initial source and method of extraction, CNCs properties have been shown to
vary, creating a potential for selectivity when applying CNCs for different uses. It was found that
changes in reaction time directly impact CNCs size, surface properties, final product mass, and
hydrophilicity. Of note, as reaction time increased from 8 hours to 48 hours, the size of the
nanocrystals significantly decreased in length and width. While other properties, such as
mechanical strength, morphology, surface charge, and cytotoxicity, underwent no statistically

significant changes due to increases in reaction time. The results suggest that HAW is a good



source for CNC extraction and that changes in APS oxidation can allow for selective tuning of

some CNC properties.
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CHAPTER 1: INTRODUCTION

With the demand for sustainable industrial crops increasing globally, hemp is emerging as
a good alternative to other crops such as cotton. As hemp production increases, so does the need
for sustainable means for disposing of the hemp biowaste. By repurposing and using this
biowaste as a source to extract cellulose, value can be added to the industrial crop industry, as
well as other manufacturing industries, by creating a circular economy. Cellulose, being
ubiquitous in plants, is a sustainable and biodegradable natural polymer. The amount of cellulose
available varies between plant species. Hemp biowaste, specifically hemp hurd, has a relatively
large percentage of cellulose, 40 — 48%, making it a great source material for cellulose
extraction. In order to extract cellulose, all other non-cellulosic material must be removed. The
removal of non-cellulosic material can be done mechanically, chemically, or using a
mechanical/chemical combination. Chemical methods for removing non-cellulosic material can
aid in breaking large cellulose fibers into cellulose nanocrystals (CNCs). These methods of CNC
extraction, generally, require harsh chemical treatment and the use of these chemicals can
produce large amounts of hazardous waste. Ammonium persulfate oxidation (APS), however, has
emerged in the last decade as a potential environmentally friendly alternative for the extraction
of CNCs. APS is a one-step method for CNC extraction that reduces hazardous waste production.
Furthermore, APS waste materials can be recovered post extraction, significantly reducing waste.
Thus, APS oxidation in tandem with hemp biowaste, offers great potential for the extraction of

CNCs in an eco-friendly manner to increase cellulose production.

CNCs have natural properties, such as biodegradability and biocompatibility, that make it

an ideal material to replace synthetic polymers that are otherwise nonbiodegradable. The natural
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properties of CNCs make this material versatile due to its tunability and usable for many
different applications. These nanoparticles have been extracted from many different plant
materials, as well as different types of waste materials such as denim and cardboard. Their
properties have been documented and it has been shown that CNCs from different sources can
vary in size, morphology, thermal, surface, and mechanical properties. To date the use of APS to
extract CNCs from hemp biowaste has not been researched. Thus, raising the question, can
CNC:s be extracted from hemp hurd using APS and what properties do the resulting nanoparticles
have. It was hypothesized that CNCs can be extracted from hurd using APS. The primary
objective in chapter 2 was to analyze the nanoparticles material properties, with a particular
interest in the mechanical properties of individual CNCs. The secondary objective was to
determine if CNCs in various states, such as agglomerated in large groups or separated into

individual particles, would cause differences in the measured Young’s modulus.

One quality of CNCs that has gained a lot of attention over the years is their tunability.
These nanoparticles can have their surface chemistry and charge altered by adding or removing
different functional groups. Not only functional groups, but proteins, polymers, and drugs can be
added to the surface of the nanoparticles. By changing the method of CNC extraction, the final
product can be altered. This brought the question to mind, how does changing specific
parameters using APS extraction impact CNCs from hemp hurd? It was hypothesized that CNC
properties will have noticeable differences when changing the reaction time, holding all other
reaction parameters constant. In chapter 3, the primary objective was to analyze material
property changes to CNCs by varying reaction time from 8 to 48 hours. Chemical,
morphological, and surface properties were all analyzed. Of particular interest was how reaction

time impacted mechanical properties and cytocompatibility. Furthermore, hydrophilicity of these
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particles were analyzed to determine changes, if any, that could be seen when using the

nanoparticles to coat the surface of Titanium.

CNCs were successfully extracted from hemp biowaste using a modified APS oxidation
method. CNCs were found to be uniform and reproducible between batches extracted using the
same method (reaction time). However, these nanocrystals were found to have slight variations

in properties between groups depending on changes in the method of extraction.

The research presented in this master’s thesis is one of few studies focused on the
extraction of cellulose from hemp biowaste using APS oxidation and the only study currently
found that investigates the mechanical properties of individual CNCs from hemp biowaste using
atomic force microscopy-force/distance spectroscopy. This investigation addresses the
hypothesis that the Young’s modulus of CNCs vary depending on source material/method of
extraction. The studies purpose is to quantitatively determine the characteristics of CNCs from
hemp biowaste. The findings of this series of experiments in this document offer insights into the
differences in CNCs based on changes to extraction methods and how those differences can be

utilized to specifically tune CNCs for different desirable applications.
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CHAPTER 2: MECHANICAL AND MORPHOLOGICAL PROPERTIES OF CELLULOSE

NANOCRYSTALS EXTRACTED FROM INDUSTRIAL HEMP AGRO-WASTE

2.1 Summary

Cellulose nanocrystals (CNCs) were produced directly from hemp agro-waste (HAW)
using ammonium persulfate (APS) oxidation. Industrial hemp growth in the US has been
accompanied with HAW production. While hemp has previously been shown as a source for
CNCs, studies on CNCs from HAW (specifically hemp hurd) have not been reported on.
Furthermore, studies on the mechanical characteristics of individual CNCs extracted using APS
are lacking. Herein, the one-step oxidation treatment was followed by a purification step to
remove impurities and hence to colloidally stabilize CNCs in aqueous suspensions, then analysis
of the morphological and mechanical properties was performed. Purified and unpurified CNC
samples were compared for potential differences in morphological and mechanical properties.
Morphological analysis was performed using atomic force microscopy (AFM): purified CNCs
had an average length of 183.1 + 73.9 nm, unpurified CNCs had an average length of 202.0 +
79.2, and both samples had an average diameter of 4 + 2 nm. Mechanical analysis of individual
CNCs using Force-Distance Spectroscopy (FDS) suggested both samples had little differences
with average values of Young’s modulus 2.19 + 0.15 GPa, maximum loading force of 6.29+ 0.09
nN, and adhesion energy of 1.57 + 1.12e-16 J. No statistical differences between purified and
unpurified CNCs were found in Young’s modulus and maximum loading forces measurements,
suggesting the impurities had minimum impact on mechanical strength. These results highlight

the potential for mechanical assessment of individual CNCs extracted using APS from HAW via
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FDS and the need for further exploration into the methodology of this type of mechanical

analysis.

Key Words: Biowaste, Ammonium persulfate, Cellulose Nanocrystals, Atomic force microscope,

Force/distance spectroscopy, Young’s modulus of elasticity

14



2.2. Introduction

Cellulose is the most abundant and renewable organic material produced on the planet
with current estimates of cellulose production at over 10 metric tons per year ! It is a
semicrystalline material composed of crystalline and amorphous regions. Crystalline regions can
be separated from each other by removing the amorphous regions, resulting in significantly small
components known as CNCs which are considered as the building blocks of cellulose. CNCs are
needle like in structure with diameters between 5-50 nm and lengths ranging anywhere from 100
to 500 nm 2 on average. CNCs have unique properties which make them valuable, including
large aspect ratios, low density, water insolubility, desirable mechanical properties (large Young’s
modulus and tensile strength), biocompatibility, biodegradable, renewable, non-toxic, and have a
highly modifiable surface >*. CNCs natural occurrence in plant cell walls makes them a great
source for sustainable and environmentally-friendly material >. Due to these unique properties,
there are many applications for CNCs such as: antimicrobial/antiviral systems, tissue
engineering, drug/gene delivery, modified drug release, biosensors, protein scaffold/biocatalyst,
enzyme immobilization, water purification/waste-water treatment, supercapacitors, conductive

films, sensors, energy storage, biodegradable plastics, food storage, and much more ¢,

Wood is the primary source used for CNC production, however, CNCs have also been
produced from cotton, alfalfa, tunicate, wheat straw, rice straw, sugarcane bagasse, algae, and
more °, making it a virtually inexhaustible resource. It has also been shown that CNCs can be
extracted from hemp '°'3. Recently, the ‘2018 US Farm Bill’ has enabled the legal growth of
hemp, a plant with some of the highest cellulose content (70-78%) next to cotton (65%) 4. Hemp
crop requires fewer fertilizers, herbicides, insecticides and water than cotton, increasing the

number of states in the U.S. in which hemp can be grown. Furthermore, hemp provides higher
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annual yields than cotton even with the requirement of little to no agrochemical input !°. An
increase in hemp production has recently occurred in the United States, resulting in both
opportunities and challenges. One of these challenges is associated with agro-waste volume
from hemp production. Biowaste production from industrial hemp growth highlights Hemp
Agro-Waste (HAW) byproduct as a potentially underutilized source for large scale CNC

synthesis.

Cellulose and CNCs can be extracted in various ways. Current methods for CNC
synthesis include: subcritical water extraction '°, ball milling !7, high-intensity ultrasonication
(Wang and Cheng 2009), acid hydrolysis, Ionic liquid !°, oxidation via TEMPO with
homogenization 2°, and oxidation using Ammonium persulfate '°. The most common method for
CNC extraction reported is acid hydrolysis, however, this method is not optimal. Acids create
lots of hazardous waste, they are corrosive, and some biowastes require additional procedures
prior to acid hydrolysis for CNC extraction. More environmentally friendly methods have been
studied, such as subcritical water extraction and enzymatic extraction, but these methods require
prior steps before they can be utilized effectively for the production of CNCs '©2122 In 2011 the
first article using APS oxidation was published, highlighting the use of a one-step method for
CNC synthesis '°. Since its original publication, the use of APS oxidation has increased in
popularity 2*8 due to it being cheaper, more eco-friendly, having low toxicity, high solubility, no
need for pretreatment, using a simple production process, and being less corrosive than other
methods *7. Upon heating APS, the peroxide bond is cleaved resulting in two SO, radical ions;
simultaneously hydrogen peroxide (H,0,) is formed. Together these compounds oxidized
CH,O0H located at the C6 position, removing the amorphous regions of cellulose > and releasing

the crystalline regions of cellulose. This one-step method not only requires fewer chemicals and
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the byproducts from the reaction process can be recovered allowing for responsible waste
management. APS produces two main by-products, sulfate ions (H,S0,) and ammonium sulfate
(AS). With the NH,OH to neutralize the reaction and then precipitation with EtOH allows for
recover of AS 2. Being able to recover waste products reduces hazardous waste and introduces
the potential for large scale production via chemical synthesis, making it a more environmentally

friendly procedure that can support the extraction of CNCs from biowaste.

Applications of CNCs require a knowledge of the source material and its impact on these
nanoparticles. CNC properties can vary depending on what they were extracted from *>° and the
method in which they were extracted *!. These manifest in the form of different sizes, potential
differences in the surface chemistry, and changes in mechanical properties. While size and
morphology of CNCs have been studied thoroughly from various sources using different
synthesis methods, mechanical properties are an area that could use further research. Methods for
mechanical property evaluation of nano particles and nano fibers currently include: Raman
Spectroscopy *?, X-Ray Diffraction #*, Inelastic X-Ray Scattering (IXS) *, AFM — Scanning
Electron Microscopy (AFM-SEM) #°, AFM — 3 point bending (AFM-3PB) 4*  AFM — nano
indentation (AFM-NI) *, AFM-FDS (Wagner, Raman, and Moon 2010). While there are other
methods for determining the characteristics of nanoparticles, AFM has shown to be a powerful
tool for use in the micro and nanoscale world. AFMs can easily assess size, morphology, and
mechanical characteristics with great accuracy, making it a more suitable candidate for
evaluating the characteristics of individual CNCs. Of the methods used by AFMs for measuring
mechanical characteristics, AFM-3PB has been one of the more recognized. However, methods
for creating grooves to suspend the nanoparticles across is required. Current manufacturing

4648

methods are hard-pressed to make grooves smaller than 227 nm across , therefore, using
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AFM-FDS is a more feasible option to readily test mechanical properties of CNCs smaller than
300 nm in length (Wagner, Raman, and Moon 2010). To date there have been no articles
published on the mechanical properties of CNCs extracted from hemp. Furthermore, there have
been no publications on the mechanical properties of CNCs extracted using the one-step APS

oxidation method.

The work reported hereby successfully demonstrates the extraction of CNCs from HAW,
specifically hemp hurd, using a one-step APS method. The results of this study show that HAW
is a potentially viable option for large scale CNC synthesis. In conjunction with the ability to
recover waste byproduct materials, discussed in previous literature >, using a post processing
method, this study further suggests the potential of decreasing the ecological impact of industrial
hemp growth/waste in America by using it as a source of CNC synthesis. This study also
highlights the mechanical properties of CNCs derived from HAW found using AFM-FDS for
suspended CNCs as well as CNCs lying flat on a surface. Specifically, AFM-FDS was used to
evaluate Young’s modulus, adhesion energy, and maximum load. Limitations of the AFM-FDS
method are summarized and the results point to the usefulness of more thorough testing for
validation of this mechanical testing method on CNC:s.

2.3. Materials and Experiments
2.3.1 Materials

Raw Hemp (Cannabis Sativa L.) hurds, collected from HAW after fiber removal via
retting and mechanical separation, were donated by a local hemp farm (Fort Collins, CO). The as
received hemp hurds were processed using a mechanical blender (Cincred MC-BL618) into fine

powder. Ammonium Persulfate (>98%, Aldrich) was purchased from Sigma Aldrich and Sodium
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Hydroxide (99.4%, Fisher) purchased from Fisher Scientific. All chemicals used were of reagent

grade and used without further purification.
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Figure 2.1: Synthesis of cellulose nanocrystals from hemp agro-waste: (a) Major synthesis steps
and (b) Purification process.

2.3.2 Synthesis of CNC Nanoparticles

APS treatment was a method previously reported by Leung et. al [2011]. Hemp hurd was
used as the starting material and ground down to make a fine HAW powder. 2 grams of raw
HAW powder was added to 100 mL of 46% w/v (2 M) APS solution. The mixture was heated to
80 °C and mechanically stirred continually at 350 rpm for 96 hours. The suspension was

collected using a centrifuge at 6000 rpm for 15 minutes. Supernatant was decanted, distilled
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H,0 was then added to CNC tube and resuspended using vortex machine till thoroughly mixed,
and then centrifuged for 15 minutes. Wash cycles were performed 4 times or until pH 4 was

reached resulting in an unpurified CNC (UP-CNC) product (Fig. 1a).

The purification process began by collecting UP-CNCs and resuspending them in
distilled water. CNC/water suspension was brought to pH 7 using 1M NaOH added drop wise
and was closely monitored using an electronic pH meter (OAKTON pH700). Suspension was put
through a second round of wash/centrifuge cycles. Collected CNCs were resuspended in distilled
H, 0 by ultra-sonication (Fisher Scientific FB-505) in an ice-bath using a 1/8” probe (Fisher
Scientific FB4418) at 30% of max amplitude (500 Watts at 6 kHz) for 15 minutes (Fig. 1b). Final
product was poured onto hydrophobic surface and placed in desiccator until completely dried.
Three different samples were prepared for further analysis: (i) HAW in powdered form, (ii) UP-

CNC, and (iii) purified APS treated CNC (P-CNC).

Percent yield was determined by using the final dried weight of the collected CNCs and
dividing it by the percent content of cellulose in the HAW powder. The calculation was

performed using equation 1:

dry CNC weight (g)
HAW powderx%cellulose content (g)

%yield =

x 100 (1)

2.3.3 Chemical Analysis

CNC chemical structure was evaluated using attenuated total reflectance-Fourier
transform infrared spectroscopy (FTIR, Agilent Cary 630). FTIR spectra were recorded in 4000-
650 cm™! range with resolution of 2 cm™?! and an accumulation of 32 scans. In addition, element
analysis of samples was performed using a Scanning Electron Microscopy and Energy

Dispersive X-ray Spectroscopy (SEM-EDS, JEOL JSM-6500 Field Emission Scanning Electron
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Microscope). A UP-CNC thin film sample was placed on carbon tape, due to the sample having
been pre-dried before analysis, and a P-CNC sample was measured on a silicon wafer substrate,
due to the sample being in solution prior to analysis. P-CNC, with a concentration of 2% w/v,
was dried onto silicon wafers using a drop-casting method. UP-CNC thin film was directly
placed on carbon tape. Gold sputter-coating was performed for 15 seconds to deposit a 10 nm
thin film on samples prior to analysis (Denton Vacuum Desk II). SEM-EDS was then used to
determine the specific makeup of UP-CNC and P-CNC samples to check for major differences in
element composition.
2.3.4 Crystallinity Measurement

X-ray Diffraction (XRD) measurements were obtained on a Bruker D-8 Discover
DaVinci X-ray diffractometer. HAW, P-CNC and UP-CNC samples were scanned with (Cu-Ka
X-ray source, line focus) radiation in the 20 range of 5-80°. The crystallinity index (Crl) was

calculated according to Segal’s Equation:

cr1 = Leolam) 40 )

I200

500 1s the peak intensity at 200 and [, is minimum point between the 110 and 200 peaks. All
samples were further analyzed using DIFFRAC.EVA v.6.0 software in conjunction with globally
recognized databases accessed by the software to asses all peaks from samples for all possible
crystal structures.

2.3.5 Size and Morphological Characterization

The particle size and zeta potential of CNCs were analyzed (Malvern Instruments
Zetasizer Nano ZS). Dynamic light scattering (DLS) using a DTS0012 disposable cuvette was

performed to assess the hydrodynamic radius of CNCs. Two samples were prepared before
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measurements: (i) UP-CNC and (ii) P-CNC, by suspending CNCs in distilled water at room
temperature at pH 7. Suspensions were diluted to concentrations of 0.0002% w/v. Tests on
samples were run in triplicates and the means were averaged together. Mix-mode measurement
phase analysis light scattering (M3-PALS) was performed using a DTS1070 disposable capillary
cuvette for zeta potential measurements. An aqueous suspension of P-CNC in distilled water at a
concentration of 0.0002% w/v, pH 7, and at room temperature was prepared. Measurements were

performed in triplicate and the means were averaged.

In addition, AFM (Park Systems XE-70) was performed for dimension analysis. Two
CNC aqueous dispersions were used for this study: (i) UP-CNC suspension and (ii) P-CNC
suspension. UP-CNC and P-CNC samples were diluted to concentration of 0.002% w/v. The
diluted samples were then dropped onto separate optical glass slide covers and dried in the air.
The dry samples were scanned at room temperature using both contact and non-contact modes.
Non-contact cantilever (Park Systems OMCL-AC160TS) and contact cantilever (Park Systems
CONTSCR) were used for imaging. Before evaluation of CNC morphology, XEI-70 was
calibrated for accuracy. Proprietary XEI software (Park Systems) was used to measure the height
of CNC particles. Images collected were then used to analyze the length and width of P-CNC

and UP-CNC using ImageJ for further dimensional analysis of CNCs.

2.3.6 Mechanical Analysis

Mechanical characteristics for agglomerated and single CNCs were tested on the AFM
using FDS (Park Systems XE-70). Four different Samples were prepared for FDS analysis: (1)
unpurified Agglomerated CNCs, (ii) purified agglomerated CNCs, (iii) unpurified single CNCs,
and (iv) purified single CNCs. Each sample underwent mechanical testing using a contact

cantilever (Park Systems CONTSCR). All CONTSCR cantilevers used had a tip radius of
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curvature <10 nm and a spring force constant possessing nominal values of 0.2 N/m. Before FDS
measurements were taken of the CNC samples, the glass substrate was tested to identify the
mechanical forces of the substrate itself. This step was done to verify that FDS measurements
were taken of CNC particles only. Measurements of CNCs in agglomerated samples were taken
at varying locations along their axis, avoiding locations of direct overlap, for at least 50 random
CNC particles. Measurements of single CNCs were taken by locating particles that had no
overlap with another particle and were flat on the glass substrate. At least 50 measurements were
taken of single CNCs to ensure reasonable distributions. A new contact cantilever was used for
each sample to ensure that measurements of each sample was not skewed due to tip deformation
from previous samples. During FDS the XEI software measured Young’s modulus (E), maximum
force (N), and adhesion energy (J), and the average and standard deviation were calculated from
these results. P-CNCs and UP-CNCs were tested using two distinct groups: agglomerated
particles and single particles.

Statistical analysis was conducted for the mechanical properties: Young’s modulus (E),
maximum force (N), and adhesion energy (J). Two-way ANOVA and Tukey multiple range tests
were performed using Rstudio statistical software. Analysis and comparisons of purified vs
unpurified samples for Agglomerated and Single CNC particles were made. Results for Young’s

modulus (E), adhesion energy (J), and maximum load (N) all underwent statistical analysis.

2.4 Results and Discussion

This study assesses the impact remaining residues from the extraction process have on
CNCs. For many applications, especially in the medical field, CNCs may be introduced to
various media prior to application. This brought up the question, does the presence of other

substances around CNCs alter their mechanical properties? CNCs were extracted from HAW
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using the modified APS method shown in Fig. 1. Hemp hurd has a cellulose content of 40—48%
3! Using this range the CNC yield was calculated to be between 3.06-3.68%, which was done
using equation 1 located in the materials and methods section. Hemp fibers used for extracting
CNCs via APS treatment reported a percent yield between 26-36% !'°. Percent yield found by the
extraction of CNCs from Jute fiber using APS were found to be 64%, 61%, 57%, and 54% for
rection times of 6 hours, 8 hours, 12 hours, 16 hours, and 24 hours, respectively 2°. This
highlights the role extraction time plays in CNC yield and could potentially elucidate the cause

of such a low yield for our experiment.
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Figure 2.2: Zeta potential for colloidally stable CNC particles in water; (a) Purified CNC

suspension, (b) Graphic of purified CNCs in water, and (c) Distribution of zeta potential for
CNC.

Zeta potential measured using M3-PALS was used to determine the stability of our
particles. It has been reported that nanoparticles with a Zeta Potential lower than -25 mV are

colloidally stable in a suspension *°>. CNCs extracted from various sources have been reported to
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10.13.25.4041.52-55 ‘g 2 illustrates the uniform dispersion of CNCs throughout

be colloidally stable
the purified CNC suspension after three days. Evaluation of long-term colloidal stability in
suspension will be further investigated in future work. It can be seen in the image that the CNC
aqueous suspension is homogeneous and absent of any visible aggregates, suggesting colloidal
stability. Analysis of zeta potential measurements by M3-PALS gave a value of -38.6+0.6 mV for
P-CNC. Other research groups that have used APS oxidation report zeta potentials between -30
mV and -40 mV ?*3° which are in agreement with the zeta potential in this study. Note, analysis
of UP-CNC zeta potential was not performed. Due to M3-PALS sensitivity to parameters such as
pH, the medium in which the particles are suspended, ionic strength, and concentration of the
suspension ¢, contamination of UP-CNC may prevent accurate measurement of the CNC surface
charge. Detailed analysis into the contaminants of the UP-CNC samples is required to take into
account how CNC surface potential is impacted and determine with relative accuracy the
actually surface charge, which was outside of the scope of this work.
2.4.1 Chemical and Elemental Composition

Cellulose chain molecules are compose of many glucose residues linked by B-1,4-
glycosidic bonds creating a linear homopolymer *’ which can be categorized into one of four
major polymorphic forms: I (containing sub-allomorphs Ia and 1), II, III (containing sub-
allomorphs I1I; and I1Iy), and IV (containing sub-allomorphs IVi and IVi)*°. Higher order plants
have cell walls that are rich in I but also contain small amounts of Ia. >. HAW, UP-CNC, and P-
CNC samples were characterized via their chemical composition and surface functionality using
FTIR spectra shown in Fig. 3a. All three samples showed characteristic cellulose peaks at 3312
cm™1 and 2881 cm ™! which represent the stretching vibration of -OH groups and CH- groups

13:29.31.33.35 respectively. HAW sample has noticeable peaks at 1729 cm™! and 1234 cm™? (Fig.
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3738 respectively, but are not present

3a) that are typically associated lignin ** and hemicellulose
on P-CNC sample. Interestingly, a peak at 1729 cm™! can be seen in the UP-CNC sample, this
could imply that a trace of lignin was still present in the sample before NaOH treatment was
applied for thorough cleaning. The intense peak at 1604 cm™! is indicative of the presence of
—COONa b that occurred during NaOH treatment 2* of the UP-CNC during the final CNC

1 and

purification process. Presence of peaks at 1420 cm™1, 1160 cm™1, 1102 cm™1, 1022 cm™
891 cm™1 are in line with previous studies suggesting those representative of cellulose ' and to
be more specific, cellulose I 2.

The FTIR results show that P-CNC has more intense and well-defined peaks than the
other samples, which could be indicative of the potential purity of cellulose within the sample.
The findings shown are in line with literature, confirming the successful synthesis of CNC from

HAW. To verify the results found in FTIR analysis concerning the peak at 1604 cm ™1

, samples
were analyzed using SEM-EDS. Fig. 3b and 3¢ show an element map spectrum for UP-CNC
(Fig. 3b) and P-CNC (Fig. 3c¢), respectively. There is a large spike of Na on the P-CNC graph,
suggesting the formation of —COONa on the CNC surface during NaOH treatment, which has
been previously reported 2. It is interesting to note the presence of chlorine in the P-CNC
sample. UP-CNC has a higher carbon concentration than P-CNC. This higher amount of carbon
to oxygen ratio could potentially be related to the carbon tape that the sample was placed on,
depending on the depth of penetration during sample measurement and the thickness of the UP-
CNC film. It should be noted that there is a small peak of silicon on the P-CNC, which is likely
from the silicon wafer substrate used to prepare the P-CNC sample for SEM-EDS measurements.

However, the UP-CNC also had a large peak representative of silicon. Because the UP-CNC was

deposited on a caron tape, not a silicon wafer, there might have been some contamination during
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CNC extraction prior to purification. Both samples show significant peaks from gold due to the

samples undergoing gold plating before SEM analysis.
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Figure 2.3: Chemical and Elemental analysis of CNCs: (a) FTIR spectra, (b) SEM-EDS of UP-
CNC, and (c) SEM-EDS of P-CNC.

Crystalline structure and crystallinity were analyzed using XRD and the results are shown
in Fig. 4. The spectra for HAW, UP-CNC, and P-CNC were recorded and the CI was determined.
There are six types of allomorphs of cellulose *. Native cellulose found in most plants is
comprised of cellulose I and is found as a combination of suballomorphs Io. and If 2. HAW is
primarily composed of cellulose If, which is confirmed by the primary peak at 22.7° , 16.5°, and

15.1° %3,
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Figure 2.4: XRD graphs for HAW, UP-CNC, and P-CNC samples.

In addition, the ratio of Ia and I is dependent on the source plant. Further analysis of P-
CNC suggested that cellulose I was the primary cellulose suballomorph composing P-CNC,
which is in line with previous reports on higher plant cellulose composition *°. The crystallinity
Index (CrI) for HAW, UP-CNC, and P-CNC samples were found to be 50.9 %, 44.4 %, and 71.9
%, respectively. The purification improved the CI of CNCs by 27.5 %, suggesting the importance
of purification in the CNC extraction. Of note there is a sharp peak at 26 = 26.9° that upon
investigation pointed to the possible presence of two potential candidates: sulfur oxide amide
(S(NH,),0,) and hydrogen ammonium sulfate sulfamate (H(NH,),(50,)(SO;NH,)).

Furthermore, P-CNC has a peak at 12° and a visible “shoulder” at approximately 21° which
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correspond to 1-10 and 110, respectively, suggesting the potential presence of cellulose II in this
sample as well. The UP-CNC sample had a primary peak at 22.7° that was significantly lower
than the other two samples and was missing a distinct peak at 15.1°. Also, of note for the UP-
CNC sample is the presence of sharp peaks at 26.9°, 27.5°, and 27.9° that are not in line with
HAW and P-CNC, which was likely due to the lack of thorough cleaning of the UP-CNC sample.
Investigation into these impurities illuded to the possible existence of Sulfur Oxide Amide
(S(NH,),0,) and cellulose II in the sample. The potential presence of cellulose II in the UP-
CNC sample could be due to a chemically induced gradual change of the crystal lattice from
cellulose I to cellulose 11 2. However, it is important to note the lack of sulfur molecules in the
EDS analysis. Due to limitations using XRD and FTIR, resulting in poor characterization of UP-
CNC, more research would be required to determine the potential presence of sulfur containing

compounds and cellulose II in future work.
2.4.2 Size and Morphology Analysis

Fig. 5 includes size distributions of the hydrodynamic radius of CNC particles for P-CNC
(Fig. 5a) and UP-CNC (Fig. 5b) samples, as well as depictions representing these suspensions
(Fig. 5c and Fig. 5d). DLS measurements found the hydrodynamic radius of CNC particles for
the P-CNC and UP-CNC samples were 151.6 nm and 173.2 nm respectively, shown by Fig. 5a
and Fig. 5b respectively. The size distributions were found using particle intensity and displayed
in Fig. 5 showing that the P-CNC samples (Fig. 5a) had more consistent measurement overlap
than the UP-CNC samples (Fig. 5b). Consistent overlap of the P-CNCs confirms that the
purification process is valuable in the removal of unwanted materials other than cellulose.
However, Fig. 5a shows that there were larger particles (900 — 2000 nm) present in the P-CNC

solution. This is most likely from agglomeration of CNC particles due to difficulties surrounding
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redispersion in water after they have been dried at the end of the APS method >*. On the other
hand, the UP-CNCs were easier to redisperse after drying, potentially preventing large
agglomerations of CNCs (Fig. 5b). Redispersion of UP-CNCs may be due to residues present

reducing adhesion between CNC particles.
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Figure 2.5: DLS size distribution of CNC were analyzed using multiple runs on each sample.
Measurements were performed on two samples and the size distributions are shown: (a) P-CNC
size distribution and (b) UP-CNC size distribution. Visual representations of the individual
solutions shown: (¢) P-CNC graphic including CNC Zeta Potential and (d) UP-CNC graphic.

AFM Images of both P-CNC and UP-CNCs shown in Fig. 6 suggested that the CNCs
derived from hemp are needle-like in shape, which is in a good agreement with previous reports
1339 Fig. 6a and 6b are good representations of the average CNCs found using topographical and
force imaging techniques, respectively, on the AFM. The length and width of P-CNC and UP-
CNC size distributions are shown in Fig. 6d. However, convolution of the tip shape in

conjunction with the sharp edges of the nanocrystals can make the width of CNCs appear to be
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much larger than what they truly are >°, therefore it is best to estimate width using the AFM
height %°.

Fig. 6¢ shows multiple graphs, measured with the line function via the XEI software,
depicting the height profiles (actual widths) of CNCs. Lines (i, ii, and iii in Fig. 6¢) were drawn
over areas with as little overlap as possible to accurately show the heights of individual CNC:s.
This was done with multiple images (not shown in this text) to ensure consistency and accuracy
of measurements. The measured height of individual P-CNCs and UP-CNCs range between 2 to
6 nm. Both UP-CNCs and P-CNCs had an average height of 4 + 2 nm. Length and width of
CNCs were separated into their respective groups, P-CNC and UP-CNC and the mean was
determined by averaging over 200 CNCs for each group using ImageJ. The average length was
183 £ 74 nm and 202 + 79 nm for P-CNC and UP-CNC, respectively. The average width was
29 + 10 nm and 27 + 9 nm for P-CNC and UP-CNC, respectively. As previously stated, due to
tip convolution it is hard to known the true width of the CNCs. Therefor we used the average
height instead of width and the average length for each sample to calculating the aspect ratio.
The average aspect ratios were calculated to be 30 for P-CNC and 33 for UP-CNC. These results
are similar to other reported aspect ratios for hemp extracted using APS oxidation '3, cotton
extracted using acid hydrolysis, and tunicate extracted using acid hydrolysis *°. It was reported
by Leung et al. that hemp-derived CNCs measured using AFM have an average length of 148 nm

and average diameter of 5.8 nm. Vanderfleet and Cranston (2020) also reported lengths between
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100 nm - 200 nm for CNCs using sulfuric acid hydrolysis. Morphological results found in this
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study are on par with those previously reporte

Unpurified CNC Purified CNC
‘3_.? . i’, .
g‘:"(') 5‘_5__(“)
&£ 30- 2 Mean = 183.1 2739
5 20 Mean =202.01£792 Gy
2 10- s
E E
=2 p = - - -
z O AL, .. . L L .S z LA A AR ) T e iyt LR AL
0 S0 100 150 200 250 300 350 400 450 SO0 S50 600 0 50 100 150 200 250 300 350 400 450 500 550 600
Length (nm) Length (nm)

0- Mean=295+97

MNumber of Particles
MNumber of Particles

.n.
J'

2 30 3 40 45

Width {nm)

'S
o

-
S

o ] 0 15 20 25 30 X

‘Wldlh tnrﬁ

)

Figure 2.6: AFM images with size distributions of CNCs derived from hemp waste. (a) Topology
image taken from UP-CNC sample, (b) Force image taken from P-CNC sample, (c¢) Topology for
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field of CNCs with height profile graphs (i, ii, and iii), and (d) Length and width size profile
histograms of UP-CNC samples (i) and P-CNC samples (ii).

2.4.3 Mechanical property analysis

FDS using an AFM (Fig. 7) was employed to study mechanical properties of the hemp-
derived CNCs. This method can be split into 3 parts: (i) the approach of the needle to the surface
of the particle shown in Fig. 7a, (ii) the downward depression of the needle onto the particle
shown in Fig. 7b, and (iii) the upward retraction from the particle depicted in Fig. 7c. The overall
process generates a force/distance curve that can be used to measure the Young’s modulus (Pa),
adhesions energy (J), and maximum applied load (N) of the particle. Maximum force refers to
the force that was applied by the cantilever during indentation, and this value is dependent on the
stiffness of the cantilever . Adhesion energy is the energy required for the tip of the cantilever
to detach from the sample surface upon retraction. The results from our mechanical analysis are
shown in Fig. 7 (f), (g), and (h), respectively. Large error bars found in most of the FDS
measurements are likely due to locations of sampling taken along a ‘suspended’ CNC in large
agglomerations.

First, the maximum load (~6.3 nN) applied to the four samples, shown in Fig. 7e, were
statistically similar. However, the unpurified-agglomerated (UP-CNC-A) sample was noticeably
lower than the other samples. This lower value (~6.15 nN) of the UP-CNC-A sample is most
likely due to the presence of impurities within the sample, allowing more compression to occur
at a lower load. Second, the adhesion energy (Fig. 7f) has statistically significant differences
among all four samples with the purified-agglomerated (P-CNC-A) sample having the largest
average value of 2.83E-16 J and the UP-CNC-A sample having the lowest average value of
3.40E-17 J. This attractive force is most likely the cause of larger reported adhesion energy.

However, the lowest adhesion energy measured was that of the UP-CNC-A sample. Such drastic
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differences between samples containing agglomerated CNCs may be due to the impurities within
the unpurified sample obstructing the attractive forces between the CNCs and ultimately

reducing the overall adhesion energy.
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Figure 2.7: Force/distance mechanical measurement and measured mechanical characteristics of
CNC: (a) AFM cantilever approaching CNC, (b) AFM cantilever upward deflection during
indentation, (c) AFM Cantilever downward deflection during retraction, (d) Force/distance
spectroscopy curve measurement, (¢) Maximum applied load (nN) of cantilever applied to CNC,
(f) Adhesion energy (aJ) between CNC and cantilever, and (g) Young’s modulus (GPa) of CNC.
CNCs are known to agglomerate when they dry due to attractive forces between the particles >,

It is important to note that the second lowest adhesion energy of 9.71E-17 J was that of the
purified-single CNC (P-CNC-S) sample. This low adhesion energy is most likely due to the lack

of attractive forces between the glass substrate and the CNCs with minimum impurities. Lack of
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attractive forces between the substrate surface and CNC surface would impact the reported

adhesion energy by noticeably decreasing it.

Lastly, Young’s modulus was of most interest (Fig. 7g). Young’s modulus for CNCs is
separated into two distinct directions: (i) Transverse elastic moduli (E7) which is measured
perpendicular to the chain axis (along the cross-section of the CNC) and (ii) Axial elastic moduli
(E4) which is measured parallel to the chain axis (Lahiji et al. 2010) (along the length of the
CNCQC). E4 for CNCs has been reported by multiple sources to be between 110 — 200 GPa both
theoretically and experimentally ®!, however, it should be noted that there were no current
sources that include reports for either E; or E4 of hemp sourced CNCs. Methods for
experimentally measuring E4 include: Raman spectroscopy, combining AFM and SEM, FDS
with AFM, w/H bonding, wave propagation, and X-ray diffraction *"#%61:62' AFMs are primarily
used to find E7 one of two ways: (i) using FDS (Abbasi Moud 2022; Lahiji et al. 2010; Iwamoto
et al. 2009; Wagner, Raman, and Moon 2010) or (ii) Nano-Indentation . Nano-indentation can
be used for determining elastic-plastic behavior of nanorods, nanowires, and nanofibers, but due
to difficulties with probing curved surfaces, it is not widely used or studied 3. Therefore, the
Young’s moduli shown in Fig. 7g are the E of the hemp-derived CNCs. The average recorded
value of E; for all four samples is between 2 and 2.3 GPa. Values around 2 GPa are in line with
reported theoretical estimates of E between 2 and 37 GPa, reported for CNCs derived from
tunicates (Wagner, Raman, and Moon 2010). It is known that CNC mechanical properties can
vary depending on the source or the method of synthesis ****!. Differences are found not only in
the morphology of the particles but also in other characteristics such as thermal stability %,
chemical properties ®, and mechanical properties >°. For example, a method similar to the one

used in this study was performed on a single tunicate CNC on a mica substrate using FDS and
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reported an Er of 9 GPa with a standard deviation of 2 GPa (Wagner, Raman, and Moon 2010).
Fig. 7g shows large deviations for both agglomerated samples with values as high as 8 GPa,
which is within the range of tunicate CNC reported previously (Wagner, Raman, and Moon
2010). Of note, these large deviations in measured E+ may have to do with the location along the
length of suspended CNCs that measurements were taken *%. Interestingly, there were no
statistically significant differences found among all four samples (agglomerated and single
particles), which is in good agreement with previous reports using cantilevers that had maximum
load below 10 nN “3. Therefore, the current measurements of E; were within an acceptable
theoretical range. In comparison with the current measurement on Er using FDS on an AFM, a
3-point-bending method has been previously reported to have rod-like nanoparticles such as
CNCs’ mechanical analysis which requires the particles to be placed over gaps on the substrate
surface *’. However, it has been reported that E; can still be measured for particles without
undergoing 3-point-bending tests (Wagner, Raman, and Moon 2010), graphical depiction of this
model shown in Fig. 7(a-c). Another study was performed on the properties of the cantilevers
used for FDS and their impact for experiments on nanofibers %, suggesting that the cantilevers
with lower stiffnesses that are unable to accommodate maximum load forces greater than 10 nN
do not show significant differences between particles on the substrate versus those above a
groove **. Fig. 7d shows a typical force/distance profile of the CNC measured using a contact
cantilever, particularly this graph represents the measurement from a single purified CNC. The
cantilevers used in this study had maximum loads well under 10 nN averaging approximately
6.30 nN, therefore 3-point bending tests would not yield significantly different results from those
performed on particles flat on the substrate. Therefore, the current method shown in Fig. 7(a-c)

was able to produce valid and acceptable results on mechanical analysis. However, it is
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important to note experimental limitations, specifically, contact cantilevers with a low stiffness
and CNCs were tested on a flat surface. This low E7 could be connected to the use of a contact

cantilever with a low stiffness of less than 10nN 8,

In addition, mechanical analysis of the purified and unpurified CNCs derived from hemp,
revealed the correlation between the purification process and the mechanical properties. There
are no statistically significant differences between any of the samples’ E; and maximum load,
suggesting that the trace impurities have little impact on E; (2.19 + 0.15 GPa) and maximum
load (6.29 + 0.09 nN). This also suggests that the APS treatment is efficient in producing high
quality CNCs from hemp waste. However, the purification played an important role in
determining adhesion energy of the CNCs. Without purification, agglomerated CNCs had the
lowest reported adhesion energy of 3.40E-17 J, which may be due to the impurities reducing the
interaction between adjacent particles. This is further evidenced by the fact that the purified
agglomerated CNC sample had the largest adhesion energy of 2.83E-16J. In summary, the
purification after the APS treatment of hemp waste to produce clean CNCs played a major role in
determining adhesion energy of hemp-derived CNCs, but a minor role in determining Young’s

modulus and maximum load of the hemp-derived CNCs.

2.5 Conclusion

CNCs were successfully extracted from HAW and then mechanically tested using AFM-
FDS. FDS in an AFM was utilized on individual CNCs that were located on a flat glass surface
as well as in larger agglomerations to investigate their mechanical properties. Mechanical
properties were limited to Young’s modulus, maximum load, and adhesion energy of four HAW-
derived CNC samples; (i) unpurified agglomerated CNCs, (i) unpurified single CNCs, (iii)

purified agglomerated CNCs, and (iv) purified single CNCs. All four samples of agglomerated
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and single CNCs before and after purification were reported to have an average Young’s modulus
of 2.19 GPa and average maximum load of 6.3 nN, showing no statistically significant
differences. The overall mechanical properties of CNC particles were not impacted whether they
were located in agglomerations of particles or by how well they had been cleaned during
extraction. However, statistically significant differences before and after purification in CNC
extraction were found for adhesion energy measurements, suggesting that the adhesion energy on
the surface of the CNCs are impacted which could be due to impurities coating the surface that
might possibly mask the attractive forces of the CNCs to one another as well as other surfaces.
Additionally, Young’s modulus of the HAW-derived CNCs was on the low end of the range
previously reported for the CNCs derived from other sources (cotton, tunicate, etc.) using
different extraction methods. These results demonstrate that using AFM-FDS on CNCs located
either directly on a flat surface or within agglomerated groups could be a potential approach for
mechanical testing of small nanoparticles. Further research into the use of AFM-FDS on single
and agglomerated CNCs using cantilevers with higher stiffness would be valuable for validating
this approach of mechanical analysis. More thorough analysis of mechanical characteristics
would increase our understanding of CNC mechanical behaviors and accommodate our ability to
tune them with higher specificity, especially in the medical field. While impure residues from
CNC extraction would want to be avoided, pure CNCs mechanical characteristics could be
analyzed after adding them to biological media. Understanding how CNCs interact with different
medias and how those medias impact CNCs adhesion capabilities could allow for more precise
tuning. This potentially would enhance customization of medical applications and devices for
things like cell attachment, drug delivery, and controlled disintegration of scaffolded implants.
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CHAPTER 3: EFFECTS OF AMMONIUM PERSULFATE OXIDATION REACTION TIME
ON PERFORMANCE PROPERTIES OF CELLULOSE NANOCRYSTALS DERIVED FROM

HEMP AGRO-WASTE

3.1 Summary

This study aimed to assess the effect of ammonium persulfate (APS) swelling and
oxidation time on the characteristics of cellulose nanocrystals (CNCs) from hemp agro-waste
(hurd). Specifically, this study focused on how varying reaction time impacted surface charge,
size, chemical structure, mechanical characteristics, wettability, and cytotoxicity of the extracted
CNC:s. Increasing reaction time from 8 hours to 48 hours caused notable differences in size,
chemical structure and wettability. Atomic force microscopy (AFM) analysis showed that length
decreased from 4674277 nm to 159+67 nm and width decreased from 31.949.26 nm to
19.9£3.42 nm, with increasing reaction time from 8 hours to 48 hours, respectively. Fourier
transform infrared spectroscopy (FTIR) evaluated the surface chemistry of CNCs and changes
that occurred with increasing reaction times via the removal of hemicellulose and lignin as well
as the addition of sodium carboxyl groups. Mechanical characteristic analysis using force
distance spectroscopy (FDS) showed that reaction time does not have an impact on the intrinsic
mechanical characteristics of CNCs, having a Young’s modulus of around 73 GPa for all reaction
times. CNCs were used to coat the surface of titanium (Ti) to study surface wettability,
suggesting that reaction time has a noticeable impact on the CNCs hydrophilic nature of the
treated Ti surface. Lastly, CNCs were not found to be cytotoxic, regardless of reaction time.
Thus, controlling reaction time has the potential to aid in tuning CNCs to exhibit desirable

characteristics for surface coating biomedical applications.
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3.2 Introduction

Cellulose is the most abundant natural polymer in the world and is produced at a current
estimate of over 10 metric tons per year!. It is composed of many glucose residues linked by B-
1,4-glycosidic bonds creating a linear homopolymer. These glucose chains have amorphous and
crystalline regions, where the crystalline regions can be separated from each other by removing
the amorphous regions. Cellulose nanocrystals (CNCs) have been reported to range in diameter
between 5-50 nm and lengths between 100-500 nm on average?. Other than being ubiquitous in
nature, CNCs have unique properties such as large aspect ratios, high mechanical strength,
biocompatibility, biodegradability, a modifiable surface, and natural hydrophilic nature. These
properties allow for a wide range of potential applications for CNCs including: tissue
engineering, tunable drug delivery and release, gene therapy, antimicrobial systems, and surface
coating for medical devices/apparatuses™*. Various mechanical and chemical methods have been
used for the extraction of CNCs>®. Chemical methods for CNC extraction are much more
commonly used, with acid hydrolysis being one of the most common methods. However, over
the last decade, ammonium persulfate (APS) oxidation has begun to grow in popularity®22.

APS oxidation has emerged in the last decade as a biofriendly method for CNC
extraction'®. When in solution, at room temperature, APS can be mixed gently with the starting
plant waste material allowing for a swelling period. During this swelling period, APS is absorbed
into the starting material prior to initiating oxidation and extraction of CNC. Application of heat
catalyzes the reaction by decomposing peroxydisulfate (S20s%" ) in a chain reaction into sulfate-
free radicals that penetrate the amorphous region of the cellulose chain, effectively removing the
amorphous regions and leaving the crystalline region in-tact. Furthermore, oxidation via the

sulfate-free radical followed by peroxyl radical oxidation at the surface of the CNCs allows the
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addition of carboxylic acid (COOH) groups'>. APS oxidation is used for the direct extraction of
carboxylated CNCs'%!3!6. This method for CNC extraction has been used on various waste
materials such as: recycled medium density fiberboard'?, jute fiber”, industrial denim waste!!,

poplar residues®®, balsa and kapok fibers?’, rice straw?!, and hemp agro-waste.

CNC characteristics vary depending on their source material and method of extraction.
These differences include their size, morphology, crystallinity, thermal stability, surface
properties, and cytotoxicity. APS, as previously discussed, add carboxyl groups to the surface of
CNCs while acid hydrolysis adds sulfate groups to the surface of CNCs. Knowing that CNC
properties vary, it begs the question, does varying different reaction conditions impact CNC
properties. APS oxidation reaction time has become an area of interest by some research groups.
These groups have looked into how reaction time impacts CNCs nanostructure, size, surface
chemistry, crystal structure, thermal stability, and surface charge®!"!*?°. Being able to control
CNC properties by slightly adjusting extraction conditions could allow for the development of

specifically tuned nanoparticles.

Tuning CNCs for specific surface coating applications can be used to improve medical
device and implant compatibility with the body?*. Titanium (Ti) is one of the most common
materials used for bone implants because of its corrosion resistance, hardness, and
biocompatibility?>?>. However, research is ongoing to reduce the body’s natural immune
response and improve the integration of Ti implants, for overall improvement in longevity of the
devices®®. Ti surfaces must be able to promote cell migration and attachment to increase long-
term acceptance and integration with the body. Currently, there is a focus on modifying the
surface of Ti with focus on things such as: micro-/macro-structure, wettability, cytocompatibility,

mechanical strength matching, and antimicrobial effects?>2°.

47



The work reported hereby successfully demonstrates how varying reaction time of APS
oxidation can impact the properties of CNCs extracted from hemp hurd. To date, no research
groups have reported on how changing APS reaction time effects CNC mechanical
characteristics, cytotoxicity, and hydrophilicity. The results of this study show that using CNCs
as a coating material for Ti impacts the wettability of the surface in relation to reaction time, thus
having potential to be tunable for different desirable applications. Specifically, varying reaction
time has a noticeable impact on size and surface properties. Furthermore, this study highlights
the effects, or lack thereof, that reaction time has on CNC mechanical properties and
cytotoxicity.

3.3. Materials and Experiments
3.3.1 Materials

Raw Hemp (Cannabis Sativa L.) hurds, collected from HAW after fiber removal via
retting and mechanical separation, were donated by a local hemp farm (Fort Collins, CO). The as
received hemp hurds were processed using a mechanical blender (Cincred MC-BL618) into fine
powder. Ammonium Persulfate (>98%, Aldrich) was purchased from Sigma Aldrich and Sodium
Hydroxide (99.4%, Fisher) purchased from Fisher Scientific. All chemicals used were of reagent

grade and used without further purification.

3.3.2 Synthesis of CNC Nanoparticles

APS assisted swelling and oxidation was previously reported by Wang et. al [2020].
Hemp hurd was used as the starting material and ground down to make a fine HAW powder. 2
grams of raw HAW powder was added to 100 mL of 46% w/v (2 M) APS solution. The mixture
mechanically stirred continually at 150 rpm for 3 hours to allow for adequate swelling. APS

reaction was catalyzed by increasing the temperature to 60 °C and stirring speeds to 350 rpms.
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Reactions were run for different time intervals: 8 hours (8-CNC), 12 hours (12-CNC), 16 hours
(16-CNC), 20 hours (20-CNC), 24 hours (24-CNC), 36 hours (36-CNC), and 48 hours (48-
CNC). The suspension was collected using a centrifuge at 6000 rpm for 15 minutes. Supernatant
was decanted, distilled H>0 was then added to CNC tube and CNCs were resuspended using
vortex machine till thoroughly mixed, and then centrifuged for 15 minutes. Wash cycles were
performed 4 times or until pH 4 was reached. After washing, the product was then placed into 50
mL of distilled water and CNC/water suspension was brought to pH 7 using 1M NaOH added
drop wise and was closely monitored using an electronic pH meter (OAKTON pH700). The
suspension was put through a second round of wash/centrifuge cycles. After the final cleaning
cycle, supernatant was decanted and remaining CNC product was kept in a wet state for further
analysis. Seven samples, three batches per sample, were prepared for further analysis: (i) 8-CNC,
(i1) 12-CNC, (iii) 16-CNC, (iv) 20-CNC, (v) 24-CNC, (vi) 36-CNC, and (vii) 48-CNC.

Samples for further analysis were prepared in two ways: (i) lyophilization was used to
dry CNCs and (ii) aqueous suspensions made using wet CNCs. Wet CNCs were weighed and a
4% w/v aqueous suspension was initially prepared for all seven samples. Aqueous suspensions
were vortexed for 10 minutes then underwent ultra-sonication (Fisher Scientific FB-505) in an
ice-bath using a 1/8” probe (Fisher Scientific FB4418) at 30% of max amplitude (500 Watts at 6

kHz) for 12 minutes.

3.3.3 CNC percent yield

Lyophilization was performed on each CNC sample. Distilled water was added to the
entire wet CNC sample until a total volume of 10 mL HoO/CNC suspension was realized. CNCs
were then dispersed in water using a vortex machine for 12-15 minutes. Ultra-sonication was

performed on samples for 12 minutes. Samples were then frozen at -80 °C for 24 hours. Frozen
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CNC were then dried using a lyophilizer (Labconco FreeZone 4.5 -50C Freeze Dryer
Lyophilizer) for 24 hours, or until samples were completely dry. Percent yield was determined by
using the final dried weight of the collected CNCs and dividing it by the percent content of

cellulose in the HAW powder. The calculation was performed using equation 1:

dry CNC weight (g)
HAW powderx%cellulose content (g)

%yield = x 100 (1)

Momeni et al. reported hemp hurd to have a cellulose content of 40-48%3°. For this research,

40% cellulose content will be used to determine the percent yield.

3.3.4 Fourier transform infrared spectroscopy (FTIR)
CNC chemical structure was evaluated using attenuated total reflectance-Fourier
transform infrared spectroscopy (FTIR, Agilent Cary 630). FTIR spectra were recorded in 4000-

1

650 cm™! range with resolution of 2 cm ™! and an accumulation of 32 scans. CNC samples for

analysis were prepared from lyophilized CNC product.
3.3.5 Dynamic Light Scattering (DLS) and Zeta Potential

The particle size and zeta potential of CNCs were analyzed (Malvern Instruments
Zetasizer Nano ZS). DLS using a DTS0012 disposable cuvette was performed to assess the
hydrodynamic radius of CNCs. Seven samples were prepared before measurements: (i) 8-CNC,
(i1) 12-CNC, (iii) 16-CNC, (iv) 20-CNC, (v) 24-CNC, (vi) 36-CNC, and (vii) 48-CNC, by
suspending CNCs in distilled water at room temperature at pH 7. Suspensions were diluted to
concentrations of 0.0004% w/v. Tests on samples were run in sextuplicate. Mix-mode
measurement phase analysis light scattering (M3-PALS) was performed using a DTS1070

disposable capillary cuvette for zeta potential measurements. An aqueous suspension for all
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samples were prepared in distilled water at a concentration of 0.0004% w/v, pH 7, and at room
temperature. Measurements for zeta potential were performed in sextuplicate.
3.3.6 Atomic Force Spectroscopy (AFM)

Seven CNC aqueous dispersions were used for this study: (i) 8-CNC, (i1) 12-CNC, (ii1)
16-CNC, (iv) 20-CNC, (v) 24-CNC, (vi) 36-CNC, and (vii) 48-CNC. All samples were diluted to
0.04% w/v using the wet weight of CNC samples. 100 pL Poly-L-Lysine (PLL, 0.01% Thomas
Scientific) was aliquoted onto mica (Ted Pella 50-20) surface and left to sit for 10 minutes. Mica
was washed five times using distilled water and dried. 50 pL of 0.04% w/v CNC suspension was
aliquoted onto PLL covered mica surface and spun for 25 seconds at 1000 rpms to evenly
disperse CNCs. CNC covered mica samples were placed in desiccator and dried. Dry samples
were scanned at room temperature using AFM (Park Systems XE-70). Contact cantilever (Park
Systems CONTSCR) were used for imaging. Prior to imaging and CNC evaluation, XEI-70 was
calibrated for accuracy. Images collected were used to analyze the length and width of samples
using ImageJ for dimensional analysis of CNCs.

3.3.7 AFM — Force Distance Spectroscopy (FDS)

Mechanical characteristics for 8-CNC, 24-CNC, and 48-CNC samples were tested on the
AFM using FDS (Park Systems XE-70). Each sample underwent mechanical testing using a
contact cantilever (Park Systems NC-LC). One NC-LC cantilever was used for all three samples
to have a more direct comparison between samples. NC-LC cantilevers have a cone shape tip
with radius of ~20 nm and a spring force constant possessing nominal values of 100 N/m. Before
FDS measurements were taken of the CNC samples, cantilever properties were set in XEI
software as follows: Resonance frequency min = 300 kHz, max = 600 kHz, nominal = 450 kHz;

Force-constant A-B sensitivity = 76.000 V/um, force constant = 100 N/m; NCM amplitude gain
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=1.00 V/V. This step was done to verify that FDS measurements were consistent for all samples
and ensure a direct comparison between mechanical properties. Individual CNCs were measured
and a total of 50 measurements were performed for each sample, resulting in 50 CNCs tested per
sample. During FDS the XEI software measured Young’s modulus (E) and adhesion energy (J).
3.3.8 Wettability

Commercially available Titanium (Ti, 0.5 mm thick pure Titanium) was used to asses
CNC wettability. Ti samples were cut into 4 cm? pieces and cleaned. The samples were soaked in
acetone for 3 min and sonicated for 10 min to clean debris from the surface. The samples were
further cleaned using diluted Micro 90 (International Products Corp.) cleaning solution and
isopropanol followed by 10 min sonication in isopropanol first then deionized water (DI). The
cleaned Ti samples were dried inside a desiccator prior to CNC coating. 1 mL of 4% w/v CNC
aqueous suspension were aliquoted onto the Ti pieces, covering the entire surface. CNC coated
Ti pieces were covered in a petri dish and placed in a desiccator until completely dry. Contact
angle (CA) measurements were obtained using a Biolin Scientific Attension Theta Flex for all
reaction time samples, as wells as pure Ti.
3.3.9 Cytotoxicity

Human adipose derived stem cell (ADSC) cell culture and cytotoxicity study was
performed per method by Madruga et al. (2020). Human ADSCs isolated from adipose tissue and
at passage three were obtained from Dr. Kimberly Cox-York’s laboratory at Colorado State
University. The protocol for ADSC isolation from healthy individuals was approved by Colorado
State University Institutional Review Board. ADSC cells at passage 6 were cultivated in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and

1.0% penicillin/streptomycin and maintained at 37 C and 5% COx. 48-micro well plate was
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seeded with ADSCs 20,000 cells/mL concentration for 24 hours. During the culture period,
CNCs were prepared using dried CNC material. Img/mL of CNCs were soaked in growth media
(MEM Alpha Modification, HyCloneTM) (CNC/MEM) for 12 hours prior to being dispersed via
ultra-sonication for 10 minutes. CNC/MEM samples were placed in hot water bath prior to use,
during which time growth media was removed from seeded cell wells. Using a syringe and 0.22
nylon syringe filter (Fisher Scientific 03-253-901), 100 uL of CNC/MEM suspension was added
to seeded cell wells. LDH assay was performed after 1 day of culture to evaluate the toxicity of
CNC samples toward the cells. After 24 h of cell culture in media containing CNC samples, 50
uL of media with the samples was added to an equal amount of LDH (QuantichromBio Assay
Systems) in a 96 well plate, followed by an incubation time of 30 min. The absorbance of the
solution in each well was measured at 490 nm and 680 nm (n = 5) using a plate reader (BMG
LABTECH FLUOstarOmega) 3'.
3.3.10 Statistical Analysis

Statistical analysis was conducted for size, mechanical properties, wettability, and
cytotoxicity. Two-way ANOVA and Tukey multiple range tests were performed using Rstudio
statistical software. Analysis and comparisons of all CNC reaction times were made.
3.4 Results and discussion
3.4.1 CNC dispersion and colloidal stability

This study assesses the impact that reaction time has on CNC properties. For medical
applications, it would be beneficial to be able to account for specific changes to CNCs by
modulating various extraction parameters. CNCs were extracted from hemp waste via APS
assisted swelling followed by oxidation? for varying reaction times. The use of APS adds a

carboxyl group to the surface of CNCs, creating a net negative charge at the surface of the
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nanoparticle. Zeta potential measured using M3-PALS was used to determine the surface charge,
and by extension the stability of the CNC particles. Charges lower than -25 mV are reported to
be colloidally stable in a suspension?’. CNCs at all reaction times were found to have zeta
potential lower than -25 mV (Fig. 11). The mean and standard deviation for all CNC reaction
times are shown in Table 1. Other research groups that have also used APS oxidation reported
zeta potentials between -30 mV and -40 mV®22, which are in good agreement with the values

reported in this study.
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Figure 3.1: 4% w/v CNC aqueous dispersions (top row), DLS hydrodynamic radius (h), and Zeta
potential of 8-CNC (a), 12-CNC (b), 16-CNC (c), 20-CNC (d), 24-CNC (e), 36-CNC (f), and 48-
CNC (g).
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To highlight the colloidal stability of our samples, 4% w/v CNC aqueous suspension were made
and left for up to 3 months. 36-CNC and 48-CNC were the most transparent aqueous
suspensions, while 8-CNC and 12-CNC were the opaquest. This trend of decreasing opacity with
respect to increasing reaction time was previously reported®’. 8-CNC and 12-CNC (Fig. 1 a and
b) had visible aggregates in the aqueous suspension, thus implying that they were not colloidally
stable. 16-CNC, 20-CNC, 24-CNC, 36-CNC, and 48-CNC (Fig. 1 ¢, d, e, f, and g respectively)
aqueous dispersions were homogeneous and absent of any visible aggregates, suggesting that
they were colloidally stabile. Interestingly, while the zeta potential for all samples reported
surface charges well below -25 mV with 8-CNC reporting the lowest surface charge of -47 mV,
the aqueous suspensions of 8-CNC and 12-CNC began to aggregate and settle after sitting for 3
months. Due to the change in opacity of the samples with reaction time, we decided use DLS to
quickly asses if there were changes in particle size. As reaction time increased, the hydrodynamic
radius of the samples shown in Fig. 1h and table 1, suggesting an overall trend relating reaction
time to CNC size (Fig. 1h). Of note, this relationship between opacity and CNC size raises the
question if size impacts opacity. This study, however, will not be assessing the potential
relationship between CNC size and aqueous suspension opacity.

3.4.2 Size and morphology

Upon further investigation into the impact of CNC properties with reaction time, % yield and
CNC size were assessed. Fig. 2 shows lyophilized CNCs for all reaction times. As reaction time
increased the color of the CNCs changes from a tanish color to a very white color (Fig. 2 a-g).
Also, the amount of CNCs seemed to decrease with increased reaction time; 8-CNC, 12-CNC,
16-CNC, 20-CNC, 24-CNC, 36-CNC, and 48-CNC dry weights were 709, 412, 294, 188, 270,

200, and 22 mg, respectively (Table 1). Percent yield was found by taking the dried CNC weight
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and using equation 1 reported in the methods section, with values as follows: 88.6%, 51.5%,
36.8%, 23.5%, 33.8%, 25%, and 2.76% for 8-CNC, 12-CNC, 16-CNC, 20-CNC, 24-CNC, 36-

CNC, and 48-CNC, respectively.

Figure 3.2: Dried CNC samples: 8-CNC (a), 12-CNC (b), 16-CNC (c), 20-CNC (d), 24-CNC (e),
36-CNC (f), and 48-CNC (g).

Bashar et al. reported CNC yields of 64%, 61%, 57%, and 54% for reaction times of 6 h, 8 h, 12
h, 16 h, and 24 h, respectively, from Jute fiber using APS oxidation’. Our results align with these
previeously reported results, implying a potential relationship between reaction time and final
product yield.

AFM images of all CNC samples were taken using a CONTSCR cantilever. This
cantilever was chosen due to its tip being <10 nm. This is important because convolution of the
tip shape in conjunction with the sharp edges of the nanocrystals can make the width of the
CNCs appear to be larger than they truly are*2. While this phenomenon is relevant, for our
purpose to assess potential changes in CNC samples size with respect to reaction time, it was

acceptable to perform size comparisons using this method. Thus, using a cantilever with a
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significantly small tip, such as a CONTSCR, was desirable for imaging and comparing CNC
sizes. Fig. 2 row 2 show AFM force images taken with the CONTSCR. At all reaction times, the
CNCs appear to have a similar needle-like shape morphology, which is in good agreement with
previous reports>>*. Taking note of the scale bars for 8-CNC and 12-CNC in Fig. 3a and 3b,
respectively, they are 1000 nm while the scale bars for the remaining samples are 500 nm (Fig.
3c-g). With this information it is more pronounce that the decrease in size and dispersion of
particles is related to increases in reaction time. As reaction time increases CNCs seem to be able
to separate more effectively, as well as become smaller and more uniform in size. 8-CNC had
very large CNC particles that were closer together, with noticeable overlap in some areas (Fig.
3a). This difficulty separating these CNCs was also evidenced in the 4% aqueous suspension
shown in Fig. 1a, with the aggregation of particles.

Sample size distributions for length and width are shown by the graphs in Fig. 3 h and i,
respectively. The mean and standard deviation for all samples is located on tables shown in Fig.
2h and 1, as well as in Table 1. Looking at the CNC size distributions, 8-CNC had the largest
distribution as well as the largest mean value for both length and width with values of 467 + 277
nm and 31.9 + 9.26 nm, respectively. As reaction time increased CNC size showed large
statistically significant differences for both length and width between 8-, 24- , and 48-CNC
reaction times. However, there were no significant differences between 12-, 16- , and 20-CNC or
between 20- , 24-, and 36-CNC reaction times. 48-CNC nanoparticles were the smallest, with a
length and width of 159 £+ 63 nm and 19.9 & 3.42 nm, respectively. The aspect ratio for 8-CNC,
12-CNC, 16-CNC- 20-CNC, 24-CNC, 36-CNC and 48-CNC were 14.9 = 8.54, 10.8 +4.21, 10.4
+5.24,8.30+2.91,9.47 £5.30,9.56 £ 5.18, and 8.06 + 3.09, respectively. Overall, it appears

that aspect ratio decreases with increasing reaction time, with a few noticeable deviations from
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the trend. Of note, as reaction time increased, not only did the size of the CNCs decrease, the
distribution also narrowed (Fig. 3h and 1), indicating that the particles became more uniform and

consistent in size.
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Figure 3.3: AFM images (first and second rows), length distribution (h), and width distribution

(i) of 8-CNC (a), 12-CNC (b), 16-CNC (c), 20-CNC (d), 24-CNC (e), 36-CNC (f), and 48-CNC

(g).

All of this implies that reaction time has a strong effect on CNC extraction, effecting %yield,

size, and colloidal stability.
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Tabel 3.1: CNC Size and Surface Properties

- 161+ 13 472 + 709 88.6 467 + 319 + 149 =+
6.6 277 9.26 8.54

- 160 <+ 30 427 + 412 515 298 + 281 £ 10.8 &
6.8 115 4.69 421

- 134+ 8.6 397 + 294 36.8 257 + 261 £ 104 @+
1.9 132 4.01 5.24

- 126 + 12 449 + 188 235 236+90 28.6 + 830 +
2.0 4.74 2.91

- 137+ 10 331+ 270 33.8 215 + 228 + 947 +
5.2 120 3.71 5.30

- 103 + 31 454  + 200 25 211 + 221 + 956  +
3.7 112 4.56 5.18

- 113+9 413 + 22 276 159+63 199 + 806 +
4.8 3.42 3.09

A direct comparison of chemical structure between sample reaction times was performed.
Cellulose, in plants, are accompanied by other cellulosic material, such as lignin and

hemicellulose®*3°

, prior to extraction. Furthermore, it has been documented that APS oxidation
attaches carboxyl groups to the surface of CNCs during extraction'®3”-3, 8-CNC, 12-CNC, 16-
CNC, 20-CNC, 24-CNC, 36-CNC, and 48-CNC samples were characterized via their chemical
composition and surface functionality using FTIR spectra, shown in Fig. 4. All samples showed
characteristic cellulose peaks at 3340 cm™ and 2890 cm™! which correlate with the stretching

2033 respectively. 8-CNC has a noticeable peak at 1734 cm™!

vibration of -OH and CH- groups
and 1238 cm! (Fig. 4) which are typically associated with lignin** and hemicellulose*’,
respectively. It should also be noted, that while the intensity of each of these peaks is greatly

reduce, they are still present for 12-CNC. These peaks do not show on any other sample,

suggesting that lignin and hemicellulose are completely removed by 16 hours reaction time.
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3.4.3 FTIR analysis

— 48-CNC
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Figure 3.4: FTIR spectra of hemp extracted CNCs at different reation times: 8-CNC, 12-CNC,
16-CNC, 20-CNC, 24-CNC, 36-CNC, and 48-CNC.
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It appears that there is a peak at 1604 cm™!, which is indicative of the presence of sodium
carboxylate (-COOH NA™)!>1638 a5 early as 8-CNC, and this peak increases with intensity as the
reaction time goes to 24 hours (Fig. 4). Interestingly, the peak at 1604 cm™ seems to have the
greatest intensity at 24-CNC and there is a decrease in intensity reaction time increases to 48
hours. Thus, lignin and hemicellulose are fully removed after 12-CNC and sodium carboxylate
seems to be present for all reactions. These results suggest that the only chemical change to the
CNC are at the surface. This can be inferred by looking at all other characteristic peaks, 3340 cm”
1,2890 cm!, 1424 cm™, 1160 cm™, 1102 cm!, 1030 cm™, and 898 cm™!, and their lack of any
significant changes in intensity.
3.4.4 CNC mechanical properties

FDS using AFM was used to study the mechanical properties of individual hemp-derived
CNCs for different APS oxidation reaction times. Previous studies have shown the use of FDS as
a viable method to measure CNC mechanical properties on a flat surface*'. In our previous study
we illustrated how FDS can be used on single or agglomerated CNCs, and that there was no
significant difference in the mechanical characteristics between these groups. Furthermore, we
also showed that impurities do not impact the young’s modulus (Et) of CNCs. This is important
since there is evidence that lignin and hemicellulose may still be present on 8-CNC and 12-CNC
samples (Fig. 4). Therefore, during this study we measured the young’s modulus and adhesion
energy of 50 individual CNCs per group, whether they were aggregated or separate from other
surrounding CNCs. Some of other results during this study indicate that the samples that show
the greatest differences are between 8-CNC, 24-CNC, and 48-CNC. Specifically, there was a

notable difference in size and chemical characteristics between these samples. Moving forward
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we chose to perform a mechanical study on only 8-CNC, 24-CNC, and 48-CNC for the

previously mentioned reasons.
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Figure 3.5: AFM-FDS adhesion energy (a) and Young's modulus (b) of SCNC, 24-CNC, and 4§-
CNC.

The adhesion energy and Et are shown in Fig. 5a and Fig. 5b, respectively. Adhesion
energy reports how hard it was for the cantilever to lift off the sample. This measurement can
give an insight into how well a material is able to adhere to another surface. 8-CNC, 24-CNC,
and 48-CNC had adhesion energies of 198 + 145 aJ, 170 £ 118 aJ, and 256 + 215 al, respectively
(Fig. 5a and Table 2). 48-CNC had a larger mean, which could imply that these CNCs may have
had a slightly more attractive force at their surface than the other samples. However, statistical
analysis showed that there was no significant difference between these samples. Thus, more
analysis would need to be performed to test if there is a difference in attractive forces between
the samples.

Wagner et al. reported the Et of tunicate derived CNCs, using acid hydrolysis, to be
between 2 and 37 GPa*!'. Multiple sources have reported the axial elastic modulus (Ea) of wood

and tunicate derived CNCs, using acid hydrolysis, to be between 110 and 200 GPa. We
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previously reported Et values of ~ 2 GPa for hemp derived CNCs, using APS oxidation, via a
CONTSC cantilever (0.2 N/m). For this investigation, however, an NC-LC cantilever was chosen
to perform these measurements due to it having a higher stiffness (100 N/m). It was also
important that all measurements performed used the same NC-LC cantilever. This was done to
ensure that potential differences in cantilevers did not influence our measurements causing
erroneous differences between groups that did not truly reflect the impact of APS reaction time
alone. 8-CNC, 24-CNC, and 48-CNC had Et values of 73.3 £ 7.69 GPa, 72.0 + 6.58 GPa, and
73.5 £ 7.63 GPa, respectively (Fig. 5b and Table 2). These values are larger than what Wagner et
al. reported, and smaller than what other research groups have reported. However, what is of
most importance to us is how reaction time may have caused potential differences in Er.
Statistical analysis of these results show that there is no statistically significant difference in the
mechanical characteristics of these CNCs due to reaction time.

Table 3.2: CNC Mechanical Properties

E8RE T 73.3 £ 7.69 198 + 145
AR 72.0 +6.58 170 + 118
M8 73.5+7.63 256+215

3.4.5 Surface wettability

CA is the angle at which water that is in contact with a surface makes at the edges of the
droplet and is a common method used to determine the wettability of a material*?, such as Ti. Ti
has become a commonly used material for implants** due to its superior biocompatible, which is
determined by it surface properties®>. One of those important surface properties is the
hydrophilicity at the location of contact between living tissue and Ti. Using Ti as a base material,
we assessed how our samples impacted the its surface wettability to see if there is a relationship

between reaction time and CNC hydrophilicity. Fig. 6 rows 1 and 2 show pictures of titanium
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coated with our samples. 8-CNC behaved in the most unique way (Fig. 6a) by forming a film

that pealed away from the surface of the Ti.
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Figure 3.6. Titanium coated with CNCs (row 1 and 2) and surface wettability (i) of 8-CNC (a),
12-CNC (b), 16-CNC (c), 20-CNC (d), 24-CNC (e), 36-CNC (f), 48-CNC (g), and pure Titanium
(h). Statistical significances (p-value) were represented as * p < 0.05 and *** p < 0.0001.

This can be seen by how different the texture of 8-CNC is compared to all other samples (Fig. 6
a-h). All other samples appeared to have a more secure attachment to the Ti surface, but further

research would be required to determine attachment properties.Interestingly, as can be seen in
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Fig. 6d, e, g, and to a smaller degree Fig. 6c, there is a rainbow effect. This has to do with the
chiral nature of CNCs** and the angle the light was hitting the surface of the samples®2. Even
though it cannot be seen in the images, all samples showed this chiral nature when you rotated
the samples at different degrees in the light. While this phenomenon was interesting, no research
was performed at this time to see if the chiral nature of CNCs had any relationship to the

hydrophilic nature of the CNCs.

Fig. 6i is a violin plot showing the CA of water with the surface of the samples. This plot
was chosen to give a better understanding as to how the contact angle behaved with time. First,
we measured a pristine Ti sample (Fig. 6h) to use as our control. At all times, the contact angle
remained below 90°, suggesting that Ti has a natural hydrophilic nature*’, with a mean value of
73.8°. All treated surfaces exhibited a significantly reduced CA compared to pure Ti, implying
that coating Ti with CNCs improves the hydrophilic nature of the surface. 8-CNC had the lowest
average CA value of 12.8°, however the distribution of measured angles is very spread out. This
has to do with the fact that the water quickly spread out over the surface after being dropped onto
the sample. Zhang et al. reported on hemicellulose, stating that it has a hydrophilic nature*. This
could potentially have something to do with the surface topography. 8-CNC has an obvious
topography that is completely different from all other samples, and the film separating from the
Ti surface could have played a role in the hydrophilicity of the sample. Furthermore, taking into
account the FTIR results (Fig. 4) in conjunction with the extremely low CA of 8-CNC (Fig. 6a),
it seems possible that hemicellulose is still present and has increased the hydrophilicity of this
sample. This is further evidences when looking at 12-CNC (Fig. 61), whose CA has a mean value
of 28.2°, and that this sample also shows evidence of containing hemicellulose (Fig. 4). 20-CNC

has the most stable CA distribution of all the samples, as well as the largest mean value of 38.9°
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(Fig. 61). This may suggest that at this point all hemicellulose has bee successfully removed from
the samples. With increasing reaction time above 20 hours, the CA starts to drop back down. It
may be, that after the complete removal of hemicellulose the size of the CNCs themselves start
to play a larger role in the hydrophilic nature of the surface of Ti. Further research would be
required to verify if the size of CNC particles plays a direct role in the hydrophilicity of the Ti
surface. Statistical analysis was performed, comparing all samples with one another, and it was
found that all samples had a statistically significant difference from one another. Suggesting the

potential to control surface wettability by adjusting APS reaction time.

3.4.6 CNC cytotoxicity

For this study, CNCs at a concentration of 1 mg/mL were suspended in MEM growth
media, that was used to culture ADSCs, for 24 hours. Using LDH analysis, the cytotoxicity of the
CNCs were estimated in order to evaluate the number of cells that would lyse or die in the
culture media containing our filtered CNCs. Upon cell damage, cell plasma membranes will lyse,
releasing the LDH enzyme into the surround media. In order to determine the cytotoxicity a
control sample was prepared that would undergo normal cell growth and death in MEM,
providing a spontaneous release of LDH from ADSCs in a healthy environment. Following
CyQuant LDH Cytotoxicity Assay Kit protocol, another control group was made that had a
lysing agent, Triton, added to the growth media in order to ensure maximum cell
death/membrane lysis®*'**®. Fig. 7 shows the LDH release measured for both controls (control and
Triton) and all 7 CNC samples (8-CNC, 12-CNC, 16-CNC, 20-CNC, 24-CNC, 36-CNC, and 48-
CNC). Our samples had a much lower release of LDH compared to Triton, and the LDH values
were statistically similar to the positive control sample. Thus, implying that all our samples,

when introduced to ADSCs, were not cytotoxic. Of note, further analysis by coating a surface,
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such as Ti, with our samples and introducing cells would need to be performed to confirm the

above results.
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Figure 3.7 Cytotoxicity studies of CNCs against ADSCs. The values are represented as
absorbance values at 490 and 680 nm. Control and Triton represent spontaneous and maximum
LDH release values. Statistical significances (p-value) were represented as ** p < 0.001.

A hemocompatibility and cell viability study are recommended to determine if there are any
differences between CNC reaction times and their effect on cells for biomedical applications.
3.5. Conclusion

APS swelling and oxidation shows that reaction time, ranging between 8 and 48 hours,
has a significant impact on CNCs during the extraction process. Changes to the CNCs surface

properties, colloidal stability, and size were confirmed by FTIR, long term aqueous suspension,
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and AFM imaging, respectively. Surface charge also changed with reaction time, but there was
no discernable pattern that we could see as to how the charge was impacted by reaction time.
Mechanical analysis of 8-CNC, 24-CNC, and 48-CNC showed that there was no significant
difference in the mechanical properties of CNCs with respect to reaction time, suggesting that
reaction time does not impact the intrinsic mechanical properties of this material. Coating Ti with
CNCs showed that reaction time does have an impact on the wettability of a surface. Lastly, it
was found that APS oxidized CNCs are not cytotoxic towards ADSCs, and that reaction time has
no impact on the nanoparticle’s cytotoxicity. This study suggests that controlling reaction time
could allow for more desirable and precise tuning of CNCs for various applications, particularly
with medical implants. Future research would need to focus on attachment of the CNCs to Ti

surfaces as well as hemocompatibility and cell viability, for desirable outcomes of Ti implants.
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CHAPTER 4: CONCLUSIONS AND FUTURE WORK

4.1 Conclusions

The goal of this work was to extract CNCs from hemp biowaste using APS oxidation and
analyze the physical properties of these particles. Furthermore, it was important to address if and
how changing reaction time would impact CNCs physical, chemical, morphological, and

mechanical properties. Extraction of CNCs was clearly demonstrated by two separate projects.

One-step APS oxidation was used to extract CNCs from hemp biowaste. CNCs were
separated into two groups: one groups only underwent washing using distilled water and a
second group had an additional cleaning step to completely remove all non-cellulose materials.
Differences between groups were seen using chemical analysis techniques, indicating the
effectiveness of using an additional cleaning step during the CNC cleaning process. However,
there were no differences in the size of the nanoparticles, suggesting that the additional cleaning
step purely removed remaining unwanted materials after extraction. Mechanical analysis
performed on CNCs using Force/Distance spectroscopy showed that the additional purification
step also does not affect CNCs Young’s modulus. Furthermore, it was found that the CNCs
Young’s modulus was not impacted whether individual CNCs were distinctly separated from one

another or agglomerated in large groups.

A modified one-step APS oxidation technique was used that greatly reduced the reaction
time required to extract CNCs from hemp biowaste, compared to the first study. Results
demonstrated that adjusting reaction time, while keeping all other reaction conditions the same,
had a direct impact on final product. As reaction time increased, the size of CNCs decreased and

became more uniform and the amount of final product also decreased. Changing reaction time
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impacted some of the surface properties of CNCs and had an effect on Ti surfaces hydrophilicity.
Reaction time did not, however, have a statistically significant impact on surface charge,
cytotoxicity, or Young’s modulus of the final product. CNCs at all reaction times were found to

be cytocompatible with ADSCs.

The overall results of the experiments contained in this document advocate the use of
hemp biowaste as a source of CNC extraction via APS oxidation as an environmentally friendly
method. Use of hemp biowaste and APS can create a circular economy and decrease
environmental hazardous waste. The results suggest that certain CNC properties, such as size and
final product volume, can be adjusted by varying reaction parameters, but properties, such as
Young’s modulus, are strictly determined by the source material.

4.2 Future Work

4.2.1 CNC binding to Titanium

Titanium is commonly used for medical implants!. CNCs are natural polymers that could
be used as biomaterials as a potentially valuable method for modifying Ti surfaces on implants to
increase attachment and longevity of the device in a body?. It was observed that coating Ti with
CNCs caused a significant increase in the wettability of its surface. Future work could be
directed at optimizing binding of CNCs to Ti. This would result in better attachment of CNCs on
the surface and prevent unwanted loss during sterilization processes prior to implantation.
Furthermore, this would potentially add micro- and nano-scale changes to the surface
topography, potentially aiding in cellular attachment as well as overall integration of Ti

implants®.
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4.2.2 CNC surface modification

CNCs have highly modifiable surfaces. These surfaces can undergo modification via the
removal or addition of chemicals, molecules, polymers, and proteins using various reaction*?>.
This was seen by removal of lignin and hemicellulose during extraction and the addition of
carboxyl groups. Future research could be directed at modifying the surface of CNCs either prior
to or after application on Ti surfaces. Selectively modifying CNCs attached to Ti surfaces could
potentially increase chemotaxis, cytocompatibility, hemocompatibility, and cellular attachment to
a Ti implant surface.
4.2.3 Electrospinning CNCs

Electrospinning is an additive manufacturing application that can be used to create many
different kinds of things. Electrospinning nanofibers and microfibers has been utilized for the
application of bandages and films in biomedical applications®. CNCs have been shown to
increase films and nanocomposite mechanical strength by being used as a natural polymer’. It
would be of interest to include these nanoparticles into electrospun fibers to increase mechanical
properties. Also, the use of CNCs to replace synthetic polymers could increase electrospun fibers
biocompatibility for use in various wound applications. Furthermore, it has been shown that
CNCs impact diffusion of molecules when they are incorporated into various medical products®”.
Therefore, it would be interesting to research how CNCs incorporated into electrospun fibers

with drugs would impact their controlled release at wound sites.
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